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Abstract
A new technique is introduced for both the excitation and the detection of vibrations of micromechanical skuctures. This makes use of a dielectric thin film, sandwiched between lower and upper electrodes, on top of
the vibrating structure. The excitation is based on elecbrostatic forces
between the charged electrodes, causing deformation of the dielectric film
and bending of the multilayer structure. The detection of the vibration is
capacitive, based on the fluctuation of the capacitance due to the deformation of the dielectric film. Experimental results for a stoichiometric silicon
nitride dielectric film on top of a silicon cantilever agree well with predicted
values. The yield of the electrostatic excitation as well as of the capacitive
detection are satisfactory.

Introduction
A growing number of sensors are based on the frequency shift of a
resonating micromechanical structure. Several techniques for the excitkion
and detection of the vibrations of these structures have already been
reported on in the literature [l - 41. In this paper, a new tkhnique is introduced for the excitation and detection, which has specific advantages. The
mechanisms are described, together with the theoretical model. We report on
experiments and compare the results with the predicted behaviour.

Mechanisms and theoretical model
Excitation
A voltage applied across the dielectric film capacitor on top of a silicon
cantilever causes an electrostatic attraction force between the electrodes,
compressing the dielectric film in the transverse direction. The accompanying lateral expansion of the film causes bending of the multilayer, see Fig. 1.
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With a dynamic voltage of amplitude VA, superposed on a static voltage of
magnitude Unc across the dielectric, the amplitude of the vibration at the
resonance frequency at the free end of the cantilever is given by

&=Q

(1)

where Q is the quality factor of the cantilever at the resonance frequency
[5], vf the Poisson ratio and cf the dielectric constant of the dielectric
material, E, Young’s modulus and V, the Poisson ratio of the supporting
layers; t, and tf are the thicknesses of the supporting layer and of the dielectric film respectively, and 1 the length of the cantilever. In the derivation
of expression (l), the thicknesses of the electrodes are neglected, and it is
assumed that the thickness tf of the film is small compared to the thickness
t, of the supporting layer. Further, it is assumed that the beam has a high
width-to-thickness ratio and a high length-to-width ratio.
Note that the electrostatic forces not only have a dynamic component
at the frequency of the applied voltage, but also a dynamic component at
twice this frequency, with a magnitude proportional to U&.

De tee tion

When the structure is vibrating, the upper layers are stretched. This
causes a fluctuation of both the area and the thickness of the dielectric film
capacitor, see Fig. 2. With a static voltage U DC applied across the electrodes
of the detection element, the alternating current I charging the capacitor is
found from I = kUDc. For a detection element covering the full length of the
cantilever, vibrating at its first resonance mode:

where w is the width of the detection element, w the radial frequency and
6 the amplitude of vibration at the free end of the cantilever. The same
assumptions apply as for eqn. (1). Numerical examples of yields of the

Fig. 1. Electrostatic excitation using a dielectric film.
Fig. 2. Capacitive detection using a dielectric film.
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electrostatic excitation and capacitive detection
(2) are given in Table 1.

predicted

by eqns. (1) and

Experiments
Samples
Samples were fabricated from (100) n-type silicon wafers. First, the
lower electrodes were made by CVD of boron glass and drive-in diffusion of
boron (R. = 3 S&J). After removal of the glass film, stoichiometric silicon
nitride was deposited by LPCVD (ef = 6.6 X 10-l’ C m-l V-l, tf-= 95 nm).
The dielectric elements were etched on the polished side of the wafer; on the
unpolished side, a mask was etched into the nitride, for micromachining at a
later stage of the process sequence. Next, a 50 nm chromium-250
nm gold
layer was evaporated for metallization. After patterning the upper electrodes, microbeams were obtained by etching the silicon substrate in aKOHIPA solution. Beams of length 5 mm, and of varying widths (0.2 mm, 0.3
mm, 0.4 mm, 0.5 mm) and thicknesses (18 pm, 32 pm, 41 pm) were realized.
Testing equipment
For the electrostatically excited microbeams, the frequency response
was measured using a network analyser and a Michelson interferometer.
From this the quality factor of the vibration at the first resonance mode was
determined. Accurate data on the absolute amplitude of this vibration were
obtained using a Mach-Zehnder
heterodyne interferometer and a spectrum
analyzer. The output current of the capacitive detection was measured using
a lock-in amplifier, with the amplitude of the externally excited resonating
beams calibrated using the Michelson interferometer.
Experimental
results
The amplitude. of vibration of a number of cantilevers, excited at their
resonance frequency using the electrostatic excitation, was measured for a
series of ranges of O,,c and U,c. A typical result of a single measurement
sequence is shown in Fig. 3. The dependence of this amplitude on the static
voltage U,,, showed an offset U, = 5.5 V, independent of U,c. This offset,
which was also found independently in other measurements [ 61, is probably
caused by trapped ions in the dielectric. The measured amplitude of the
resonating beams proved to be proportional to 1U,, - U, I VA, in the considered ranges, with a maximum deviation of less than 1 nm. The reproducibility of this measurement is dependent on the resolution of the excitation frequency and on the quality factor of the vibrating cantilever. The
values of the measured amplitudes corresponded to those when the beams
were excited at half their resonance frequencies, with the amplitude of the
resonance vibration proportional
to U&. This is a confirmation
of the
intended excitation mechanism.
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Fig. 3. Experimental results for electrostatic excitation; amplitudes of vibration 6 for a
range of static voltages UDc and amplitudes of dynamic vohage UAc ; t, = 41 pm, w =
530 pm, I= 5 mm.
Fig. 4. Experimental results for capacitive detection; amplitudes of detection current I for
a range of static voltages UDc and amplitudes of vibration 6; ts = 32 ,um, w = 420 w, 1 =
5 mm.

The output current of the capacitive detection was measured for a
number of beams for a range of amplitudes of vibration and applied static
voltages. A typical result is shown in Fig. 4. The output current is proportional to I U,, - iJ, I 6, with a maximum deviation of 10 pA. Again an offset
of 5.5 V is observed for the applied voltage.
Measured and predicted values of the yields of the electrostatic excitation and of the capacitive detection are summarized in Table 1 for the
TABLE

1

Measured and predicted values of the yields of the electrostatic excitation and the capacitiv? detection; predicted values are in brackets. vf = 0.33, Er = 6.6 x 10-l’ C m-l V-l,
tf = 95 nm, Es = 1.69 x 1O’l N/m”, V, = 0.06, I = 5 mm

~42~

Q

(Hz)
+5%
41
41
41
41
41
41
32
32
32
32
32
18

f3
230
230
430
430
530
530
220
220
220
320
420
510

*1
2285
2292
2356
2371
2341
2290
1741
1845
1846
1866
1937
1017

+3%
300
330
270
250
220
220
300
290
290
290
300
160

6

I

(nm/V2)

(PA/w

flO%

17
15
21
24
17
16
34
28
33
33
32
69

f154 b
1251

f15%

[291
[241

35

;:;;

II81
1421
1401
[401
[401
[421
[691

40

14
29

VI
flO%
r201
[201
f381
t361
L461
I451
[Ill
[I21
El21
1181
[241
[91
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samples considered. The experimental results agree well with the predicted
values. Discrepancies are thought to be caused by non-uniformities
in the
thicknesses of the supporting layers, and by the residual stress in the highly
boron-doped layer.
Discussion and conclusion
The mechanisms of the electrostatic excitation and of the capacitive
detection using a dielectric thin film have been demonstrated. Experimental
results and predicted values agree well. Because of trapped ions in the silicon
nitride dielectric film, the application of a static voltage is not necessary for
either the excitation or the detection. Although the yields of the excitation
and the detection are small, they are large enough for most applications in
resonant sensors.
Both yields can be increased by decreasing the thickness of the film and
by applying larger voltages, or also by choosing a dielectric film material
with high values of the Poisson ratio and of the dielectric constant, such as
aluminium oxide. The extremely simple fabrication technology, with a wide
scope of appropriate materials, geometries and etching techniques to choose
f-ram, can be made compatible with IC technology. Power consumption is
low thanks to the high resistivity of the dielectric film and the high conThis first investigation shows that this
ductivity of the interconnections.
excitation and detection technique is very promising for further application
in resonant sensors and in micromechanical actuators.
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