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Abstract

A review of micro resonant force gauges 1s presented A theoretical description 1s given of gauges operating 1n a
flexural mode of vibration, including a discussion of non-hnear effects Gauge factor and quality factor are defined
and their relevance 1s discussed Performance 1ssues such as sensitivity, stability and resolution are addressed Design
aspects, including the means for excitation and detection of the vibration, and examples of sihicon microfabrication

technologies are described

Introduction

A micro resonant force gauge comprises a
(small) vibrating mechanical element, 1¢, the res-
onator, which converts an externally apphed (ax-
1al) force into a shift of the resonance frequency
of the element It 1s used as a sensing device
for measurning quantities such as pressure, force
(weight), mass flow, temperature or acceleration
The term micro refers to the method of realization,
1e, (silicon) microfabrication technologies Reso-
nant force gauges can be used directly as sensors
to convert the unknown applied force into a fre-
quency-shift output They can also form the heart
of a sensor, for imstance, be applied as strain
gauges, where the measurand 1s first converted
into a strain, which 1s subsequently converted into
a frequency-shift of the resonant gauge Generally
speaking, micro resonant force gauges belong to
the class of resonant sensors [1, 2] Resonant sen-
sors are very attractive i the precision measure-
ment field, because of therr high sensitivity and
resolution, and further because of their semi-digi-
tal output, 1€, a frequency shift, which ehminates
problems such as intensity fluctuations associated
with analog signals

In general, the resonance frequency of a me-
chanical structure 1s affected by a perturbation of
its potential or kinetic energy [3] Potential energy
perturbations can be caused by mechanically
stramning the resonator or by changing the shape,
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and thus the stiffness, of the resonator In a reso-
nant force gauge, the frequency shift 1s a result of
potential energy perturbations caused by mechani-
cal strain To avoid error readings, kinetic energy
perturbations, e g, caused by a change of the
resonator mass or by changes of the density of the
surrounding medium, should be elimmated This
can be done by hermetically sealing the resonator
1 an evacuated or inert cavity to provide a stable
environment

Although a resonant force gauge can have a
variety of shapes and vibrate in various modes, the
gauges considered 1n more detail 1n this paper are
restricted to flexurally vibrating elements that are
mounted at two end points Special attention 1s
paid to prismatic homogeneous beams that are
clamped at both ends Analytical expressions are
reviewed for the resonance frequencies of the
beam, including a quantitative large-deflection
analysis As a measure for the sensitivity of the
gauge, gauge factors are defined and expressed n
terms of dimensions and residual stress Further,
the mechanisms of energy losses are discussed and
ways of reducing them are indicated A discussion
of the various means of excitation and detection of
the vibration 1s also included Finally, silicon fab-
rication technologies are briefly reviewed and state
of the art examples are given on how to fabricate
sealed resonators For more information regarding
applications and other aspects of resonant sensors,
reference 1s made to a number of review articles
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written 1 recent years [1-6] Specifics of quartz
resonating sensors are not a subject of this paper,
but can be found 1n the literature [7-9]

Resonance frequencies

For an mtially flat prismatic homogeneous
beam, subjected to a (tensile) axial force N, the
equation of motion governing the transverse deflec-
tion w(x, ) as a function of the position x along the
beam length and the time 7 1s given by the following
linear partial differential equation [10]

o*w(x, 1) %w(x, f) 0%w(x, 1)
N a0

(D

where E and p are the ‘effective’ Young’s modulus
[11] and specific mass of the beam matenal, 4 and
I the cross-sectional area and second moment of
nertia, respectively, and g(x, ¢) indicates the driv-
g force per umt length To find the eigen-
functions or natural modes together with the cor-
responding eigenvalues or natural frequencies, the
homogeneous part of eqn (1) 1s solved by employ-
1ng a separation of variables approach mn the form
w(x, 1) = ¢(x) exp(jwt) Or, in other words, 1t 18
assumed that the beam 1s oscillating at an angular
frequency w with a mode shape ¢(x) For a
clamped —clamped beam (w(0, ) =w(l,#) =0 and
w'(0, ) =w'(l, £) =0, where / 1s the length of the
beam), non-trivial solutions are obtained if the
following condition, 1 e, the charactenstic equa-
tion, 1s satisfied

Er + pA

cos(A!) cosh(ul) — ! (Iil - %) sinh(u!l) sin(Al) =1

2
(2)

where

Ml = kl[(a* + 1) — g]'? (32)

ul = kll(a® + 1)\ + a]'? (3b)

and

a=N2EIk? (4a)

k*=pAw?/EI (4b)

This yields the following expression for the mode
shape functions

cos(Al) — cosh(ul)
l_l simnh(ul) — sin(Al)

¢(x) = cos(Ax) — cosh(ux) +

X (sm(lx) —g smh(ux)) (5)

The characteristic eqn (2) 1s satisfied for a dis-
crete set of solutions yielding a discrete number
of values for %, 1e, k, for n=1,2, The
corresponding natural frequencies or eigenfre-
quencies «, are found from eqn (4) and the
associated mode shapes ¢, from eqn (5) Because
of the transcendental nature of the characteristic
equation, a closed-form expression for the natural
frequencies as a function of the axial load N and
the beam parameters cannot be obtained Ap-
proximate solutions can be found, for example,
by employing Rayleigh’s energy method [12] The
following expression for the natural frequencies
can be obtamned this way

NIZ\12
wn(N) zw,,(O)(l +1n 1—25) (6)
where

o, { EI\'?
wu(0) =,—z(p—A) ™

and the coefficients a, and 7y, can be found from
I3 {

= ([ (£29 ax/ [G.rax)” oo
0

0
! 4

B (587 )

where ¢,,(x) represents an approximate shape func-
tion for a particular mode n When ¢,(x) corre-
sponds to the exact shape function, eqn (6) yields
the exact value for the natural frequency, otherwise
the result of eqn (6) will always be an upper bound
of the natural frequency [12] A good approxima-
tion for the natural frequencies of a beam subjected
to a non-zero axial load can be obtained 1if the
shape functions of the same beam for zero apphed
axial load are substituted for ¢,(x) For a
clamped —clamped beam, these functions are given
by eqn (5) for A = pu =k, where k 1s determined
from eqn (2), which for N=0 reduces to
cos(kl) cosh(kl) =1 For the fundamental mode
this yields o, = 4 730 and v, =0 295, and for the
first harmonic, o, =7 853 and y,=0145 This 1s
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Fig 1 Normalized angular resonance frequency of the fundamental
mode and the first harmonic as a function of the normahzed axial
force for an imtially flat prismatic clamped—clamped beam, see also
eqn (6)

graphically illustrated in Fig 1 The error 1n the
approximation for the natural frequency 1s
smaller than 0 5% if y,NI?/12EI <1 [13] An em-
pirical correction 1n the form of an additional
quadratic term m the axial force under the square
root has been proposed by van Mullem et al
[14]

In mucromechanical devices, very often beams
with a rectangular cross section and a large width
(b > 5h [15]) are used and eqns (6)—(7) can con-
vemently be written as

. 2 E 1/2
@) = J_(p(l )>

h Ly 2\ 12 0
l(+y"Ebh(_ )()) 9

where v and E are Poisson’s ratio and Young's
modulus of the beam material, respectively, and b
and h are the width and thickness of the beam,
respectively

In the model described above, effects due to
shear deformation and rotary inertia are not
taken mto account These effects are neghgible
for slender beams, 1 e, beams with a large length/
thickness ratio and for small values of the mode
number n [12, 16] Besides the shift in the reso-
nance frequency as a result of the induced axial
force, the frequency also changes shghtly as a
result of changes in the dimensions of the beam
The latter effect, however, 1s small compared to
the effect of the induced axial force (see also
Section on gauge factors) Further, the model
does not apply for beams with a non-zero imtial
deflection, e g, beyond the Euler buckling point
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In this case, additional terms have to be included
m the equation of motion [13,17] The effect of
an elastic support on the resonance frequencies
was discussed by Bouwstra and Geyselaers [13],
and the analysis showed that the support forms a
reasonable stiffness against bending, but not
against axial elongations The latter imples that,
in the case of an elastic support, the frequency
shifts are smaller than predicted by the equations
above Torsional modes were discussed by Geyse-
laers and Tydeman [18] The effects of damping
terms and non-linear (large deflection) deforma-
tion are not accounted for here, but will be
briefly discussed below

Force, stress or strain?

The resonance frequencies of doubly supported
beams respond to the apphied axial force N This
1s easly understood from an mspection of the
equation of motion of the beam, eqn (1) The
frequency dependence 1s expressed by eqn (6) If
the beam 1s used as a measuring device 1t can
therefore be designated as a ‘resonant force
gauge’ An 1llustrative example 1s the vibrating
string of Wyman [19], where the external force,
e g, a weight, comprises the axial force responsi-
ble for the frequency shift of the string The force
m this case 1s the independent variable, which
mduces an axial elongation of the string If the
cross-sectional area 4 does not change under the
apphied load, the gauge could also be designated
as a ‘resonant stress gauge’, since the axial stress
o 1n this case 15 directly related to the axial force
N o=N/A

In many applhications, however, the axial force
18 a result of a displacement of the end points
or elongation of the gauge, e g, see [20-29] Here,
the induced axial force 1s directly related to the
elongation A/ or the stran Al/l of the gauge
N = EA(Al/l), where [1s the length of the gauge The
gauge truly senses a deformation of the supporting
structure and 1s therefore referred to as a ‘resonant
elongation gauge’ or ‘resonant stram gauge’ to
emphasize the measuring principle and the origin of
the axial force It also links devices employing
resonant stramn gauges to devices employing the
more conventional (piezo)resistive strain gauges In
these applications, the gauges are embedded into a
supporting structure, the so-called ‘load cell’, e g,

.
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a diaphragm [24], or a supporting frame [14, 26],
which converts the externally applied load, e g, a
pressure, 1nto a stran in the gauge The contribu-
tion of the stiffness of the gauge to the overall
stiffness of the device 1s generally neghgible

Gauge factors

The gauge factor of a resonant gauge provides a
measure of the gauge to the appled axial load
The gauge factor Gy,,, describing the sensitivity of
the gaunge, vibrating at ® = w,, to changes 1n the
axial force N, and 1n the vicinity of the operating
point N = N,, caused by the biaxial residual stress
a, or residnal strain &, 1s defined by

G _[L%}
= w, ON N=Ng=(l—v)agd=Edeg

or, for a (wide) beam with a rectangular cross
section (see eqn (9))

(1—=v?) ()2

""" Ebh (E)
A l :
14+ 7,8(1—v )(Z>

If the axial force 1s a result of an axial elongation
of the beam, 1t 1s more useful to define a gauge
factor G,,, describing the sensitivity of mode » to
changes 1n the strain ¢ 1n the vicinity of the operat-
mg pomnt g,= (1 —v)o,/E

(10)

(11

BN =

GNn =

G = [i a“’"] (12
©, O |-,
or using eqn (9) with N/Ebh =,
l 2
1 yn(l - vz)('ﬁ)

\2
1+ 7,6(1— V2)(}_1)

If the effects of geometrical deformations are
taken into account !’ = /(1 + &) and A’ = A(1 — ve),
the gauge factor would be given by

Gon=—(2+7) +3(1+ 25(1 +v))

1=+ (5)

[ 2
1+ 9,80(1 — vz)(z)

X

(14

The gauge factors G,, and G, are approximately
the same For zero residual strain (g, =0), v=03
and an aspect ratio //h =200, they differ by
004% Or 1n other words, the shift in the reso-
nance frequency as a result of geometrical defor-
mation of the gauges 1s small compared to the
shift caused by the axial stiffeming This has an
mmportant consequence for the behaviour of reso-
nant gauges that are subject to creep If creep
occurs under a constant state of stress, for imstance
as 1 the expeniment described by Bethe et al [30],
the resonance frequency will only be slightly
affected On the other hand, if the mput load of
the gauge 1s an elongation, creep will seriously
limit the performance of the device Also a possi-
ble relaxation of the residual stress during opera-
tion will cause error readings Study of the
relaxation of residual stress 1n thin films used for
the fabrication of microresonators should there-
fore be an important topic of future research

Large gauge factors are achieved at low residual
strain/stress levels and/or for slender beams Also,
the gauge factor decreases with increasing mode
number This implies a larger contribution of geo-
metrical deformations to the shift in the resonance
frequency for the higher-order modes For the
fundamental mode, the gauge factor given by eqn
(13) 1s graphically shown in Fig 2

Quality factor

The mechanical quality factor Q 1s a measure of
the energy losses of the resonator or, in other

' —
No=oEbh 7"
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Fig 2 Gauge factor G, of the fundamental mode vs residual tensile
strain g, for a clamped-clamped beam with a rectangular cross
section for three values of the slenderness ratio //h and v =0 3, see
also eqn (13)



words, a measure of the mechanical damping The
Q-factor 1s defined as

maximum energy stored in one period
dissipated energy per period

Q=2n

(15)

Low energy losses imply a high Q-factor The
Q-factor cannot be determined directly, but in-
stead can be deduced from the response character-
istics of the resonator One common method of
determiming Q 1s from the steady-state frequency
response plot of a resonator excited by a harmonic
force with constant amplitude

Q ; wres

where w,, 18 the resonance frequency, defined as
the frequency of maximum amplitude response,
and Aw_;4p 15 the half-power bandwidth of the
frequency response Equation (16) indicates that O
15 a measure of the sharpness or the frequency
selectivity of the resonator A high Q-factor means
a sharp resonance peak A high Q-factor for a
resonant force gauge has several advantages The
energy required to maintain oscillation 1s kept low,
which reduces heat generation and opens up the
possibiity of powering the resonant gauges from
alternative sources, e g, solar energy Further, a
high Q means a good frequency stabiity and the
effects on the oscillation frequency of the elec-
tronic circuitry used to sustaimn the oscillation are
minimized

Several mechamisms of energy loss can be 1den-
tified (a) losses mto the surrounding (fimd)
medium, caused by acoustic radiation and viscous
drag, (b) losses into the mount used to support the
resonator due to motion of the mount, and (c)
mtrinsic damping caused by energy losses inside
the material of the resonator The energy loss
of each loss mechanism separately can be de-
scribed by a corresponding quahty factor Q,,
and the overall quality factor Q. can be found
from

1 1
Qtot B ; Ql
It 1s obvious from eqn (17) that @, cannot
exceed the value of the smallest 0, The discussion
below mainly deals with vibrating beams Quality

factors of vibrating diaphragms are discussed else-
where [31]

(16)

Aw_3 48

(17)
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The losses nto the surrounding fluid are due to
viscous damping and/or radiation of sound waves
propagating mn a direction normal to the surface
The latter effect will only be sigmificant if the
acoustic wavelength becomes equal to or less than
a typical dimension of the resonator [32,33]
Acoustic radiation can generally be ignored for
micromechanical resonators Viscous damping 1s
charactenized by two contributions [34-36] One 1s
due to the usual Stokes drag force for a body m
uniform motion through a viscous flud The sec-
ond (dynamic) part, the so-called shear wave
effect, 1s characterized by a boundary layer around
the vibrating structure and is dependent on the
frequency of vibration w, and further on the den-
sity po and viscosity # of the fluud medium The
quality factor Q.,.ous caused by viscous damping
can be expressed as [37]

pAw

Qvnscous = R
c(é(n, Po> ®)’ ")

where ¢ 15 the coeflicient of the dissipative part of
the drag force, R represents the relevant linear
dimension and & = (2n/pow)'? 1s the characteris-
tic width of the boundary layer If 6 1s much
larger than the linear dimensions of the res-
onator, the shear-wave effects can be ignored
and ¢ 1s a given constant, dependent only on
N Quscous = PA® Jc(n), stating that 1n this case the
quality factor 1s linearly proportional to the fre-
quency of vibration The viscous quality factor of
a wide beam with a rectangular cross section and
for zero applied axial force can then be expressed
as (see also eqn (9))

___PA(D,,_ anzb (’1)2( pE >l/2
OO NAVAUES!
>R (19

From the above expression 1t 1s seen that the
viscous quality factor 1s mversely proportional to
the aspect ratio (//h) of the beam Assuming
c(n) ~ 24n for a prismatic beam with a rectangular
cross section [38], a viscous quality factor in air
n=18x10"°>Ns/m? of approximately 30 1s
found for the fundamental mode of a clamped-
clamped silicon beam 1 um wide with an aspect
ratio of 100 If shear-wave effects cannot be 1gnored,
the quality factor will be lower and will become
directly proportional to @'? This dependence has

(18)

Qvnscous, n
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been experimentally observed by Lammernink et a/
[39] and Blom et al [37]

In the discussion above 1t was assumed that the
resonator 1s 1solated in space If the flexurally
vibrating resonator 1s close to another stationary
surface, damping forces increase due to a pressure
built-up 1n the intervening space, 1 ¢, the (air) gap
[38,40,41] This so-called squeeze-film damping
effect becomes significant if the gap spacing ap-
proaches or becomes less than the width of the
vibrating beam Whereas the viscous quality factor
would be of the order of 100-2000 for an 1solated
beam, 1t rapidly drops below 1 if the gap spacing
18 too small This has been experimentally ob-
scrved by Howe and Muller [41] Squeeze-film
damping can be shghtly reduced by making venti-
lation holes 1n the vibrating beam [41, 42] or prac-
tically eltminated by placing the beam m an
evacuated cavity [24, 27, 43]

The energy coupled into the supporting struc-
ture can be minimized by mechamcally isolating
the resonator from the mount [1,7] An example
of a geometry providing a means of decouphng a
flexurally vibrating single beam from the support
1s an 1solation system 1n between the beam and the
support This consists of a large mass and an
1solator beam, acting as a soft spring-mass system
with a natural frequency much lower than the
frequency of the beam and of the support [44, 45]
In this design, moment and shear reactions are
1solated from the support, resulting 1n a reduction
of energy losses The mass has to be large to give
1t enough rotary nertia to form an efficient clamp-
g edge for the resonating beam A decoupling
method for a torsional resonator was reported
by Buser and de Rooy [46] In their structure, a
frame was designed around the resonator which
1tself can vibrate in a torsional mode Again, the
amm of the design was to have a high ratio of the
resonance frequencies of the resonator and the
mounting frame 1n order to minimize the energy
losses Qualty factors i vacuum as high as
600 000 were measured for a structure made out of
single-crystalline sithcon Another way of lowering
the energy losses into the support 1s to use a
specific resonator design A well-known example 1§
the double-ended tuning fork (DETF), consisting
of two beams vibrating 180° out of phase, thereby
cancelling moment reactions at the beam roots
and resuling mm a reduction of energy losses,
see Fig 3(a) [7,47] The triple beam structure

Direction of

\Mcmon
Axial
Force
Axial
Force \

(a)

Direction of
Motion

Axal

Axial
Force

(b)

Fig 3 (a) Double-ended tumng fork [47], (b) triple beam structure
[48]

provides yet another way of canceling moments
and shear forces at the clamped ends, see Fig 3(b)
[48,49] It consists of three beams, the muddle
beam being twice the width of the outer beams
The middle beam and the two outer beams vibrate
180° out of phase, resulting 1n the desired cancella-
tion of moments and shear forces This structure 1s
very attractive from a fabricational point of view
It can easily be fabricated with planar microma-
chining technologies and the excitation/detection
of the flexural transverse (perpendicular to the
substrate) vibrations does not mean any more
difficulties than for the single-beam approach This
15 m contrast to the DETF, which requires in-
plane excitation/detection schemes Another struc-
ture, consisting of a balanced dual-diaphragm, was
reported by Stemme and Stemme [42] Here, a
balanced torsional mode of vibration 1s excited,
where energy losses mto the mount are small
because of the stationary centre of mass and be-
cause the vibrating element 1s suspended at the
nodal lines, which minimizes the movement of the
mount Balanced structures were reviewed by
Stemme [5]

Besides the external sources of energy losses
described above, there still remains a large number
of mechanisms through which vibrational energy
can be dissipated within the matenal that is cych-
cally deformed They include magnetic effects



(magnetoelastic hysteresis), thermal effects (ther-
moelastic mternal friction [50] and atomic recon-
structions (dislocations, stress relaxation at grain
boundaries) [51] A way of describing viscoelastic
material losses or structural damping 1s by intro-
ducing a complex Young’s modulus E*=
E(1 +1y), where 1= \/ —1 and y 1s the structural
damping factor [52, 53] The quality factor @,
assoctated with structural damping 1s simply given
by QO..=1/y Single-crystal materials, such as
quartz and single-crystalline silicon, seem to have
lower instrinsic losses compared to amorphous or
polycrystalline materials, and are therfore more
attractive as resonator matenals [9, 54] However,
a lot of work remains 1n investigating the damping
properties of matenals

In describing the air-pressure dependence of the
overall quality factor Q,,, three main pressure
regions can be distingwished [37, 38] The transi-
tion points of these regions depend on the shape
and matenal properties of the resonator and also
on the way the resonator 1s supported In general,
viscous damping 1s the domunating mechanism
near atmospheric pressure This region can be
divided nto two sub-regions, depending on the
relative width of the boundary layer & as dis-
cussed before At high pressures and for high
frequencies, shear-wave effects dominate and Q,,
will be proportional to é and thus to 1/p'”?, where
p 1s the air pressure At lower pressures and/or
frequencies, Q,,, will be independent of & and
thus independent of p Lowering the pressure
even further, the Knudsen gas region 1s reached
and the air no longer acts as a viscous fluid
Energy losses are now caused by mdividual colli-
sions of the gas molecules with the resonator
In thus region, @, 1s proportional to 1/p [37, 53]
At very low pressures (e g, <1 Pa) air damping
can be ignored and the quality factor 1s deter-
mimed by losses into the support and by the
mntrinsic losses, making Q. independent of p
Thus, in order to obtamn a Q-factor as high as
possible, vacuum encapsulation of the resonator
18 necessary

Non-linear (large-amplitude) effects
In the derivation of eqn (1), small amplhtudes

of the vibration w,,, were assumed If w,,, be-
comes comparable to the radis of gyration,
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r = (I/4)'?, of the cross section of the beam, the
dependence of the axial force on the amplitude of
the vibration has to be taken into account, result-
1ng 1 a non-linear term mm egn (1) [56] If the
distance between the ends of the beam 1s ngidly
fixed, a tensile axial force will be developed by the
transverse deflection This will result 1n an increase
of the resonance frequencies of the beam and 1s
known 1n the literature as the ‘hard-spring effect’
[56-61] To get some 1dea of the impact of this
effect on the natural frequencies, an additional
potential energy term 1s included in Rayleigh’s
quotient The additional stretching of the nud-
plane of the beam results in a potential energy
change Uy, given by

1
1 [EA {dw)*
UNL_EJT(E) dx
0

Including this term 1n Rayleigh’s quotient results
in a modified expression of eqn (6)

(20)

Wa(N, Wax) = 0,(0, 0)
NP EA , \®
(14 oy o i) (2D

where @,(0, 0) 1s the natural frequency of mode »
for zero axial load and 1gnoring non-hinear effects,
Wmax 18 the amplitude of the vibration and f§, 1s a
constant given by

! !
__ 3 dg.(x)\* &’$.(x)\
=g (e | (6«
(22)

where @, ma 15 the maximum value of the approx-
mmate shape function ¢, For prismatic wide
beams with a rectangular cross section and
N = bhEe, eqn (21) can be wrtten as (compare
eqn (9))

a, 2 E /2
Q),,(N wmux) \/— (p(l ))

h l 2 27172
x F[l + 7,8(1 — vz)(z) +B.(1— vz)(wzax) ]

(23)

Note that the large-amplitude effect requires a
(slight) correction of the expressions of the gauge
factors given previously




42

The dependence of the resonance frequency on
the amplitude of vibration given by eqn (23) 1s
similar in form to the frequency dependence of a
simple spring-mass system with a restoring force
having a cubic dependence on the vibration am-
phtude An estimate for the coefficients f, and f,
of the fundamental mode and first harmonic, re-
spectively, can be found by substituting the mode
shapes for zero axial force into eqn (22) This
yields f,=0528 and ,=1228 for a prismatic
clamped-clamped beam with a rectangular cross
section The coefficient B, depends on the edge
conditions of the beam, e g, for simply supported
edges B, will be higher In the case of movable
axial end supports, the hardening effect will be
smaller and can even revert to a softeming effect
for beams with a sufficiently small aspect ratio //A
[57] The dependence of the resonance frequency
on the vibrational amplitude of the fundamental
mode of a ngdly clamped—clamped beam, to-
gether with a typical large-amphtude forced re-
sponse plot, 18 shown 1n Fig 4 This Figure also
indicates the effect of the magnitude of the driv-
mg force on the response plot [61] If the magn-
tude of the driving force exceeds a critical value
F_.., the amplitude becomes three-valued within a
range of frequencies This frequency interval defi-
nes the region of hysteresis, with two stable
pomnts, one at a large amplitude and the other
at a small amplhtude To avoid hysteresis, the
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Fig 4 Forced response plots, showing the normahzed amplitude vs
the normalized frequency for a clamped—clamped beam with a
rectangular cross section, illustrating the effect of a large vibrational
amplitude If the magmtude F of the excitation force exceeds a critical
value F_ ., the amplitude becomes three-valued for a particular
frequency interval The dashed part of the curve in this mterval
ndicates unstable points [61]

magnitude of the dniving force should be smaller
than the critical load It can be shown that the
critical load 1s inversely proportional to Q%2
where Q 18 the quality factor of the resonator [61]
At the critical load, the amplitude of vibratron 1s
defined as the critical amplitude w,.y e, being
mversely proportional to Q'? Considering a
clamped—clamped beam to behave as a simple
spring-mass system with a restoring force having a
cubic dependence on the amphitude, 1t can be
shown [61] that the critical amplitude can be ap-
proximated by

Wnax ent/ B 2 [2/(QB,(1 — v

Hence, even though a high Q has several advan-
tages as indicated in the previous Section, 1t en-
hances the chance of hysteresis occurring

Noise or other instabilities of the vibrational
amphtude will imit the ultimate frequency resolu-
tion or stability of the gauge Any frequency
change caused by an amplitude change must be
small compared to the mmimum frequency change
one wishes to resolve It can be derived from eqns
(23) and (12) that a condition, which defines an
upper limit for the variations Aw,,,, 1n the ampli-
tude, 1s given by

AW pax Y ! VAo
« —_
wmax 2ﬁ" GS" wmax w min
(Wmax < Wmaxent)  (24)

where {(Aw/®W)y,, 18 the mmimum resolution re-
qured For a clamped—clamped beam with an
aspect ratio 1/h = 200, //w,., = 10°, zero residual
stramn (g, =0) and a mimmmum frequency resolu-
tion of 1075, eqn (24) demands a relative vana-
tion of the maximum amphitude much smaller
than 05 If the beam thickness A =1 um, this
means that w,,, =2 nm and Aw,,, €0 5nm The
critical amphtude 1in this case 1s approximately
equal to 20 nm for Q = 10 000

Excitation and detection of the vibration

To measure the resonance frequency of a vibrat-
ing beam, 1t must first be excited nto vibration
and subsequently the vibrational motion must be
detected Mathematically, the dnving load ¢(x, )
used to excite the resonator can be accounted
for in the inhomogeneous part of the differential
equation of motion, as indicated by eqn (1) In
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Fig § Schematic representation of excitation loads

general, for flexurally vibrating structures the load
q(x, t) represents (harmonically varying) bending
moments or transverse forces

q(x, 1) = q(x) exp(1wt) = [Z 9.(x) + Y Fé(x - x,)

+Y M i (x — xk)] exp(1w?) (25)

k
where ¢, (x) 15 a distributed force per unit length, F,
1s a pomnt force apphed at x = x,, M, 1s a pont
moment applhied at x = x;, w 1s the frequency of
excitation and é_, 1s the derivative of the Dirac
function (see also Fig 5)

An expression for the overall response can be
obtaned from a modal analysis [62-64] The dis-
tribution of the driving load along the beam length
determines the efficiency of excitation of a particu-
lar mode of vibration For nstance, if the driving
load 1s symmetric with respect to the centre of the
beam, 1t 15 (theoretically) impossible to excite an
anti-symmetric mode, e¢g, the first harmonic
(n =2) A measure for the efficiency of excitation
of a particular mode 1s the generahzed load
P,, given by the inner product of the shape func-
tion ¢,(x) of mode n and of the dnving load g(x)
[64]

{

P, = JQ(X)%(X) dx

0

(26)

A large value for P, imples a large contribution of
mode n to the overall response of the resonator
Several excitation/detection schemes have been
described n the literature
electrostatic excitation/capacitive detection [21,
25,41, 42, 65-67]
magnetic excitatton/magnetic detection [19, 24,
68]
piezoelectric/piezoelectric [14, 26, 69, 70]
electrothermal/piezoresistive [49, 71-74]
optothermal/optical [23, 75-82]
dielectric/capacitive [83]
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For the first two methods the driving load can be
modelled as a distributed transverse force ¢,(x)
and the remaining four methods are modelled as a
number of point moments M, é_,(x — x;) Since a
discussion of the various means of excitation and
detection has been given in the recent literature
[5,79, 84], only a brief summary will be given
here

In the case of electrostatic excitation, the driv-
ing load 1s simply the attractive force between the
two plates or electrodes of a capacitor One elec-
trode 1s formed by (a part of) the beam and the
other by a (stationary) surface located at a close
distance from the beam Capacitive detection 18
based on the fact that an ac current will flow
through a dc-biased capacitor if the distance
between the capacitor plates, and therefore also
the capacitance, fluctuates This scheme 15 very
attractive from a technological pomnt of view,
fabrication of micromechanical resonators and 1n-
tegration with electronics 18 relatively easy
[41, 66, 67] However, 1f the electrical feedthrough
and/or parasitic loads are too large, these effects
will obscure the detection signal of the mechani-
cal resonance As a consequence, on-chip buffer-
g and/or amplification 18 generally necessary
Furthermore, for proper operation, a d ¢ polar-
1zation voltage 1s required This voltage will re-
duce the dynamic stiffness of the structure and
will therefore result in a lowering of the reso-
nance frequency [65, 85] Also, instability will oc-
cur 1if the polarization voltage exceeds the
so-called pull-in voltage [65,85] For precision
measurements, the dependence of the resonance
frequency on the polarization voltage and the in-
stability problem require very stable voltages and
amplitudes of vibration

The Lorentz force experienced by a current-
carrying wire 1n the presence of a magnetic field
forms the driving force for a magnetically excited
resonator Due to a change in area of the current
loop, the magnetic flux passing through the loop
will change if the beam vibrates This will induce
a voltage n the loop, providing the detection
signal Fabrication 1s relatively simple, but prob-
lems arise with packaging A magnet needs to be
positioned close to the resonator Another way to
develop the static magnetic field 1s by means of
an electrical current flowing through a wire (or
coil) that 15 1n close proximity to the resonator,
eg, a design employing a double-ended tuning
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fork [68] Problems arise with heat generation,
resulting mn a temperature difference between the
beam and the support, which will mnduce com-
pressive axial forces and thus results 1n a lowering
of the resonance frequency [13, 73]

Piezoelectric excitation and piezoelectric detec-
tion are based on the nverse piezoelectric effect
and the direct piezoelectric effect, respectively
[86] The inverse piezoelectric effect mamfests itself
by a mechanical deformation in the material sub-
jected to an electric field If the piezoelement 1s
rigidly fixed on top of the beam, a bending mo-
ment will be developed which 15 used to excite the
beam Conversely, through the direct piezoelectric
effect a mechanical stress or strain will generate a
dielectric displacement 1n the material, which can
be detected as an electric current 1 an external
crcuit This method of excitation/detection has
been widely used for quartz resonators, since
quartz 1itself 1s piezoelectric [7] Thin films of
piezoelectric materials such as zinc oxide (ZnQO)
or alumimium nitride (AIN) are very attractive for
use 1n sihcon-based resonators ZnO has been
investigated extensively for applications as an ac-
tuation material [87-91] Due to 1its strong
piezoelectric coupling efficiency, 1t 15 a very at-
tractive material for excitation and detection of
the vibrational motion of a resonator A problem,
however, 1s created because of the high d ¢ con-
ductivity, which prevents the build-up of an elec-
tric field Applications at low frequencies
(<1MHz) therefore require special configura-
tions, such as the use of insulating layers or a
depleted MOS-like structure {90], which make the
fabrication process more complicated and the
composite resonator more susceptible to tempera-
ture fluctuations as a result of differential thermal
expansion effects Furthermore, ZnO 1s not an
IC-compatible material and special precautions
such as encapsulation of the ZnO layer n silicon
mitride layers [92] are necessary to avoid znc
contamination and to protect the ZnO layer
aganst the different etchants used Also, a lot of
effort 1s necessary to study the reproducibility and
the effects of heat treatment, humidity and deposi-
tion conditions on the mechanical and electrical
properties of the ZnO film

Electrothermal excitation 1s based on the ther-
mal expansion of a resistive matenal due to heat
generation by an electrical current If the resistor
1s located n the upper fibres of the beam, a

temperature gradient in the thickness direction will
develop This 1n turn creates a bending moment,
which 1s used to excite the beam The motion 1s
detected by piezoresistors, made of doped poly-
crystalline silicon for example This method 1s very
attractive from a technological pomnt of view
Standard IC processing technologies can be used
to fabricate the resonator An mherent problem 1s
the static heat generation causing compressive ax-
1al forces, which will affect the resonance fre-
quency [13, 73] For precision measurements this
requires a good control of the heat flow to the
surroundings

The basic principle of optothermal excitation 1s
the same as for electrothermal excitation The
difference 1s the heat source, which 1s now formed
by the absorption of light by bare silicon or an
absorbing layer, e g , alumimium [93] Several tech-
niques are used for optical detection, such as mten-
sity modulation by means of a shutter controlled
by the resonator [81], use of an optical proximity
or displacement sensor [94], or interferometric
technmiques [23, 58, 78, 80] Optical sensors are very
attractive for applications where there 1s no reli-
able electrical solution, such as under extreme
environmental or hazardous conditions Fabrica-
tion of the resonator 1s relatively simple, but the
integration with the optical (fibre) system makes
the realization more complicated Further, there 1s
a frequency dependence on the optical dnive power
as a result of thermally induced axial forces
[73, 93]

Drelectric excitation 1s based on the lateral de-
formation of a dielectric thin film, sandwiched
between a top and bottom electrode, due to an
electrostatic force ansing 1f a voltage 1s applied
across the electrodes The lateral deformation will
cause bending moments that are used to drive the
structure The detection 1s capacitive, based on the
change of the capacitance of a dielectric capacitor
if the dielectric 1s deformed So far, the method
seems promising, but the signals appear to be
extremely small Only if materials with a very high
permittivity, such as PZT, having a reported per-
muttivity as large as 2500 for a thin film [96], are
used 1s this method interesting for future applca-
tions

It 1s clear that none of the excitation/detection
methods described above 1s perfect They all have
certain advantages and disadvantages The choice
of a particular method 1s determined by several



critena first of all, the kind and number of mates-
als that are required for fabrication In this re-
spect, considerations concerning aging of material
properties, fatigue, yield strength, stress relaxation,
etc, and differential thermal expansion effects are
mportant A homogeneous structure, preferably
consisting of a single-crystalline matenal, seems to
be 1deal Another relevant aspect 1s the signal-
to-noise ratio A big problem 1s caused by noise
and other nterference signals (eg, electrical
feed-through), which can obscure the mechanical
resonance This also requires special attention to
the overall design of the structure, including
shielding, mimimization of parasitic loads, on-chip
electronics for buffering, etc An efficient transduc-
tion mechanism, e g, using ZnQ, 1s preferred to
obtain a large signal level Another constrant 1s
formed by the complexity of the fabrication pro-
cess with respect to cost, yield and through-put,
and further by the technology that 1s available, or
whether 1t can be used 1n an IC environment or
not

Fabrication technology

The technology described in this Section refers
to the mucromachining of silicon, silicon-based
materials, metals and special transducer materals
such as ZnO A global overview will be given and
for processing details, reference 15 made to the
literature

Several technologies have been developed over
the past three decades to fabricate micromechani-
cal resonators In general, two main technologies
can be distinguished bulk micromachining [97-
99] and surface micromachining [100-102] Com-
binations of both have also been used

In the case of bulk machining, a piece of silicon
15 sculptured into a three-dimensional structure
using sophisticated etching techmques such as an-
1sotropic etching [103—107], high boron etch stops
[105, 108], electrochemical etching [109-114] or
HF anodic etching [115,116] Examples of res-
onating structures built this way are resonating
pressure sensors [21,23, 28, 29, 72, 81, 94], a res-
onating force sensor [l14,26], resonating ac-
celerometers [49, 80, 117], a resonating mass-flow
sensor [118, 119] and a vibration sensor [120]

Surface micromachining 1s generally associated
with the deposition of thin films and sacrificial layer
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etching techmques [102, 121] The first prototype of
a resonator fabricated this way was demonstrated
by Nathanson et al 1 1967 [65] They used metal
films for both the construction material and the
sacrificial layer More recently, ‘construction mate-
rial/sacrificial layer’ combinations of polysilicon/
oxide {41, 43, 66, 122, 123, 124], polysihicon/nitride
[124], nitnde/(poly)siicon [118, 119, 125-127],
oxide/silicon [128] and polyimide/aluminium [129]
have been used Prototypes of resonating structures
include a resonant vapour sensor [4]], a resonating
mass-flow sensor [118], a resonant force sensor
[25, 60], a resonating accelerometer [117] and res-
onating polysihcon microbridges [41, 43, 66, 123]

As mentioned before, resonant sensors are very
attractive m the preciston measurement field
However, in order to exploit the advantageous
properties, unwanted disturbances have to be elim-
inated and a high Q-factor must be obtained This
requires vacuum encapsulation An elegant way of
accomplishing this was first demonstrated by
Ikeda er a/ m 1988 [24, 130] Figure 6 shows the
basic structure of a differential pressure sensor
using a sealed resonator as the strain-sensing ele-
ment This new concept requires an extended defi-
mtion of the gauge The term resonant force/strain
gauge not only includes the vibrating element it-
self, but also the evacuated cavity and the shell
surrounding the cavity The shell forms an integral
part of a resonant force gauge

The fabrication process of sealed resonators as
described by Ikeda et al 1s based on selective
epitaxial growth of boron-doped single-crystalline
stlicon [131], high boron etch stops and selective
electrochemucal amisotropic etching Very heavily
boron-doped (p**) sihicon layers are used as the
construction material and heavily boron-doped
(p™) silicon layers as the sacrificial layer The p*+
layers are not attacked by the amsotropic etchant

RESONATOR

Fig 6 Example of a mechamcal sensor consisting of a diaphragm with
an encapsulated built-in resonator that can be used as a differential
pressure sensor
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Fig 7 Fabnication process of scaled resonant force gauges using
selective epitaxy [130] (a) After oxidation, pattermng and HCI
etching of silicon, (b) after subsequent selective epitaxial growth of
p*,p**,p* and p** silicon, (c) after removing the oxide, selective
etching of p* sihcon, reactive sealing with n-ep1 and annealing 1n N,

{a mixture of hydrazine and water) due to the high
boron concentration [108] The n-type silicon
substrate 1s protected from the etchant through
electrochemical passivation The cavity 1s sealed
by closing off the etch channels with n-ep1 Sub-
sequent high-temperature annealing 1n a nitrogen
atmosphere produces a vacuum cavity ( <1 mTorr)
by out-diffusion of the residual hydrogen through
the sithcon cavity walls The basic steps of the
process are illustrated in Fig 7(a) -(¢)

An alternative way of fabricating sealed res-
onators has been described by Guckel er al [43]
Their process 1s based on sacnificial layer etching
and reactive sealing techniques [132] In this way a
hermetically sealed cavity can be formed with a
low residual pressure, as indicated by the obtamned
quality factors of around 35 000 Fine-graned ten-
sile polysilicon, grown using low-pressure chemical
vapour deposition (LPCVD) [133, 134], 1s used as
a construction matenal and silicon oxide and/or
nitride can be used as a sacrificial layer The

Polysilicon (resonator)

Sacrificial layer
(CVD oxide)

Silicon Substrate

(a)

Sacnficial layer
{CVD oxide)

Polysilicon (cap)

Channel
Oxide

Sicon Substrate

(b)

EVACUATED

RESONATOR CAVITY

Reactive
Seal

Silicon Substrate

(c)

Fig 8 Fabrication process of sealed resonant force gauges using
LPCVD polysilicon [43] (a) After deposition and patterning of the
first sacrificial layer (CVD or thermal oxide) and the first polysilicon
layer, (b) after deposition and patterning of the second sacrificial
layer (CVD oxide or nitride), thin thermal oxide for the etch channels
and the second polystlicon layer, (c) after the sacnficial layer etch in
HF and reactive sealing with polysilicon or silicon mtrde

sacrificial etchant used 1s hydrofluonc acid ‘Stick-
ing’ of the resonator and the sealing cap to the
substrate 18 avoided by freeze—sublimation proce-
dures [124] The basic steps for the formation of
sealed polysilicon resonators are schematically
shown n Fig 8

A third way of fabricating sealed resonators
[135] 1s based on HF anodic etching [115, 116] and
sihicon fusion bonding [136] The results are pre-
limmary but very encouraging

In deciding which technology to use for the
fabrication of sealed resonators, several aspects
are worth considering In the case of selective
epitaxy and HF anodic etching, single-crystalline
sihicon 1s used as the resonator material It 1s
expected that a single-crystaline matenal 1s more



suitable than polycrystalline materials due to the
superior material properties with respect to aging,
dnift, hysteresis, fatigue, creep, yielding, etc , of the
former A defimte statement, however, cannot be
made at this pomnt since the study of the matenal
properties of polysilicon 1s still in a prelimmary
stage Selective epitaxy seems to be more compl-
cated and less flexible For instance, the sealing
cap always closely surrounds the resonator This
precludes the sealing of more than one resonator
n a single cavity, e g, as proposed for a differen-
tial design for common-mode rejection purposes
[137] In addition, as a result of the high deposi-
tion rate (300 nm/min) of epitaxially grown sihi-
con, 1t will be difficult to realize very thin ( <1 gm)
resonators 1n an accurately controlled and repro-
ducible way For very thin resonators, LPCVD
polysilicon (deposition rate of the order of 7 nm/
min) seems to be the best candidate On the other
hand, the low deposition rate for polysilicon
means long deposition times, which makes this
technology less attractive If the resonator thick-
ness exceeds 2-3 um, LPCVD polysilicon 1s no
longer practical

It 1s pointed out here that 1n the process descnip-
tions given above, no special attention 1s paid to
the excitation/detection mechanism used Ikeda’s
resonator 1s driven magnetically and no additional
processing on the resonator 1s required, since the
p** resonator 1s already conductive enough
Guckel’s resonator 1s driven electrothermally or
electrostatically and detection 1s done peizoresis-
tively This requires additional processing on the
resonator to form the polyresistors and the elec-
trodes This can be done 1n a convenient way by
means of local mmplantation of impurities, e g,
boron The fabnication of a piezoelectncally driven
resonator, on the other hand, creates new chal-
lenges to the process engmeer A question that
arises 1s how subsequent heat treatments affect the
properties of the piezoelectric layer This mught
exclude epitaxial growth of silicon, since this 1s
done at relatively high temperatures (1000-—
1150 °C) Also, the piezoelectric layer should
either be resistant to the sacrificial layer etchant,
or 1t should be protected against the etchant by
encapsulating the piezomaterial in a passivation
layer

Another relevant aspect 1s the final stress state of
the (composite) resonator caused by the residual
stresses 1n the applied matenals In general, 1t 1s
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preferred to have the resonator under small ten-
sion This minimizes the chance of buckhng and
allows long beams to be fabricated A large ten-
sion 1s not attractive, since this will lower the
gauge factor and thus the sensitivity of the device,
see Fig 2

Design aspects and performance issues

The sensitivity of a resonant force/strain gauge
to an appled (mechanical) load depends on
the gauge factor of the resonator Large gauge
factors require slender beams with a low residual
strain

In a sensor system, the resonant force gauge will
be the frequency-determining building block of an
electronic oscillator As indicated by eqn (24),
automatic gain control (AGC) 1s necessary to
munimize error readings due to a variable amph-
tude of vibration Improved behaviour of a feed-
back oscillator as a result of AGC has been
experimentally demonstrated by Ikeda et al [59]

Unwanted frequency shifts are not only caused
by spreads in the vibrational amplitude, but can
also be caused by a variety of physical and chem-
ical loads, e g, mass loading due to surrounding
flmd, temperature, humidity, vapour adsorption,
dust, etc Most of these disturbing loads can be
elimmated by solating the gauge from 1its sur-
roundings, e g, through vacuum encapsulation
Temperature very often remamns as a major
source of errors Material properties such as
Young’s modulus and the resonator dimensions
are all temperature dependent and, as a result, a
temperature change will induce a shift of the res-
onance frequency Moreover, differential thermal
expansion effects within the composite resonator
or between the sensor chip and the mount can
strongly degrade the performance of the device
Solutions to this problem are found 1n electronic
temperature compensation (requiring an on-chip
temperature sensor), accurate temperature regula-
tion of the sensor environment and/or by employ-
ing a differential resonator design [137] Other
common-mode errors that are suppressed 1n a
differential design are variations 1n the reference
clock frequency, agmg of material properties,
even-order non-linearity effects and, last but not
least, mounting or package-induced stresses A
further reduction of mounting strains 1s achieved
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if stress-free assembly techmques [138)] or mechan-
ical decouplhing zones [139] are used

Factors that might limit the resolution are the
excitation/detection scheme used and, of course,
the noise i the system [140] If the resonator 1s
regarded as a simple harmonic oscillator with an
angular frequency of resonance w,, and if the
feedback oscillator 1s locked at the frequency
where the phase shift 1s =/2 radians, 1e, at
® = Wy, the mmmum relative frequency resolu-
tion 18 given by

(A0 /®)in = (1/2Q) A

where Q 1s the mechanical quahty factor of the
resonator and A¢y,, the minimum phase shift that
can be detected by the oscillator Hence, the reso-
lution 1s 1nversely proportional to the quality fac-
tor ¢ The mimmmum phase shift that can be
resolved 1s determined by the resolution of the
detection mechanism and by the noise 1n the entire
system

As already indicated above, the ultimate resolu-
tion of the resonant force gauge 1s determined by
several factors temperature sensitivity and vari-
aitons, stability of electrical components of the
feedback oscillator, stability of the environment
and the quality factor of the resonator These
factors actually determine the short-term resolu-
tion or stability (Aw/w)s ma, Which can be ex-
pressed mathematically as

(Aw) |:<Awmax>2 <wmax)2 (2ﬁnGen)
— = max ,
@ /S mm Wmax /mmn l Pn

1
EYaY A¢mm: GT A:rmma GL Ame’ :I

20

where max 1s the ‘maximum’ function, the first
argument between the brackets can be obtained
from eqn (24), Gy =(1/w)(0w/dT), the relative
temperature sensitivity of the gauge and G, =
(1/w)(0w/0L), the relative sensitivity of the gauge
to any other unwanted load L, e g, humudity,
AT,.. and AL, are the mimmimum vanations in
temperature and other unwanted loads seen by the
resonator, respectively The resolution Ap,.,
defined as the smallest change 1n load, eg, a
pressure change, that can be distingmshed by the
sensor structure (e g, the pressure sensor as shown
m Fig 6) 1s given by

(27

Apmm = (I/Gp)(Aw/w)S min

where G, = (1/w)(0w/dp), the relative frequency
sensitivity of the sensor to the applied mechanical
load p

In speaking of long-term resolution or stability,
aging phenomena, creep and stress relaxation be-
come relevant Long-term dnft requires frequent
recalibration of the system This generally con-
cerns dnft of matenal properties and 1t 1s expected
that single-crystalline materials have more stable
properties than polycrystalline or amorphous ma-
tenals Therefore, single-crystaline materials are
preferred Also, the intrinsic quahty factor of these
materials 1s higher

According to Karrer and Ward [141], the re-
sponse time 1s determined by (1) the time the
resonator 1s mamtaimned at the old load, (2) the
magnitude of the load change, and (3) the desired
degree of stability It 1s expected that the response
time 1s small compared to the time requred for
counting the frequency shift, especially in high-
precision sensors

Finally, mode interference, or 1 other words
interference of unwanted modes with the desired
mode, 15 a relevant 1ssue For complex resonator
shapes, the frequencies of the different modes of
vibration can be very close to each other and they
all have different sensitivities to the axial load,
eg, [49,142] The dynamic range or measure-
ment window of the gauge will be hmted to the
frequency range where modes do not interfere,
since only here will the frequency be a single-
valued function of the axial load The best way
to increase the dynamic range 1s to keep the
resonator structure simple and, moreover, to
design and place the excitation/detection elements
m such a way that the unwanted modes are
not excited (see also eqn (26)) and/or cannot be
detected

Conclusions

Resonant force gauges are very attractive for
precision measurements because of their high sensi-
tivity, high stability and frequency output Micro-
machining of the gauges allows batch fabrication to
take place, with possible on-chip electronics, manu-
facturing costs to be reduced and reproducibility to
be improved



To be effectively employed 1n high-performance
sensors, resonant force gauges must be 1solated
from the environment to ehminate frequency shifts
caused by unwanted loads A very promsing way
of domg this, which might define the direction of
future research, s by means of local vacuum en-
capsulation of the gauge in a batch fabrication
process From this point of view the cavity and
the enclosing shell form an imntegral part of the
gauge Temperature will always remain as a dis-
turbing load and special attention must be given
not only to the force gauge, but also to the design
of the entire sensor chip, including packaging as-
pects to reduce differential thermal expansion
effects

Single-crystalline materials such as single-crys-
tallime silicon and quartz have highly stable prop-
erties with low hysteresis and creep, which makes
them very suitable for the fabrication of resonant
force/strain gauges The potential application of
other materials such as thin films of polycrystalline
silicon and silicon nitride should be further investi-
gated with respect to stability and repeatability of
mechanical properties, because they are very at-
tractive from a micromachiming point of view
Complex mechanical structures, including sealed
resonators, can relatively easily (as compared to
quartz and single-crystalline silicon) be fabricated
Furthermore, the thin-film/sacrificial layer technol-
ogy 18 very flexible and versatile Also, more effort
must be put into the development of new tech-
nologies for micromachining single-crystalline sili-
con, such as dopant-selective electrochemcal
etching and HF anodic etching A challenge 1s
formed by the proper selection and implementa-
tion of a suitable excitation/detection scheme that
has a mimimal degrading effect on the resonator
performance

The feasibility of silicon resonant force gauges
has already been demonstrated by a large number
of laboratory prototypes, but as indicated in this
paper, a long way still has to be gone to demon-
strate their apphcability mn a real environment
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