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Abstract

This paper presents the fabrication and testing of electrostatic actuators with p* diaphragms. The actuators consist of two counter electrodes
which are fabricated on a silicon wafer and Pyrex glass, respectively. The p* diaphragm is used as a moving electrode, whereas the aluminium
layer deposited on #7740 Pyrex glass is used as a fixed electrode. According to the calculation of static deflection of diaphragms with residual
tensile stress, corrugated diaphragms deflect more than a flat one in most deflection regions. The dynamic characteristics of an actuator with
a corrugated diaphragm and one with a flat diaphragm are tested and compared with the calculation results.
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1. Introduction

During recent years, microelectromechanical systems have
been used for a variety of applications. Among these appli-
cations, microactuators as the elements of micropumps have
been widely studied [ 1~18]. There are several principles for
the actuation of micropumps, such as piezoelectric [1-4],
thermopneumatic [5-91, electrohydrodynamic [10,11],
electrostatic [12-16] and electrochemical actuation [17].
The electrostatic actuator has the advantages of no tempera-
ture dependence and simplicity of fabrication over other actu-
ators. The application of electrostatic actuators to
micropumps have been experimentally studied by some
researchers [13,16,18]. In general, the electrostatic actuator
is driven by the electrostatic attraction force between two
parallel plates. In this paper, we consider a p™ silicon dia-
phragm as amovable electrode of the actuator. The p * silicon
film is simply fabricated by the boron-doped chemical etch-
stop method, which is useful for the fabrication of microsen-
sors and microactuators. However, the residual stress
distribution in the p™* film degrades the performance of the
actuator. The residual tensile stress reduces the deflection of
a flat diaphragm with pressure, while the residual compres-
sive stress causes buckling [19-21].
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One way to solve these problems is to fabricate a corru-
gated diaphragm for stress release [22]. If no residual stress
exists, a corrugated diaphragm deflects more than a flat one
in the large-deflection region, and vice versa in the small-
deflection region [23-26]. If the residual stress is not negli-
gible, the diaphragm behaviour is different from those with
no residual stress. While a flat diaphragm deflects less due to
residual tensile stress, a corrugated diaphragm is not so much
affected by residual stress. For large corrugation depth, the
diaphragm deflection is almost equal to that of a stress-free
diaphragm [23]. Thus, the deflection of a corrugated dia-
phragm can be larger than that of a flat one in the small-
deflection region under sufficient residual tensile stress. For
the electrostatic actuator application, however, large corru-
gation may not be desirable because the attraction force of
the electrostatic actuator is inversely proportional to the
square of the distance between two electrodes.

The static characteristics of corrugated and flat diaphragms
under residual tensile stress have been investigated [ 17,23],
but a dynamic test by electrostatic actuation has not yet been
performed. In this paper, an electrostatic actuator with a cor-
rugated diaphragm and another with a flat one have been
fabricated. Their dynamic characteristics are tested and com-
pared with the calculation results of static deflection under
residual tensile stress. Finally, it is to be determined which
diaphragm is preferable for electrostatic actuation under
residual tensile stress.
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2. Deflection by electrostatic actuation

Figs. 1 and 2 illustrate schematic views of an actuator with
a corrugated p* diaphragm and of another with a flat dia-
phragm, respectively. The p* diaphragms are moving elec-
trodes and an aluminium layer deposited on #7740 Pyrex
glass is the fixed electrode. In these Figures d; is the initial
air gap of the electrodes, d, is the thickness of the insulation
layer, h is the thickness of the diaphragm, H is the corrugation
depth and ! is the spatial period of corrugation.

When a voltage is applied to the counter electrodes of the
actuators, an electrostatic force is generated between the elec-
trodes. The actuator diaphragms are deflected by the attrac-
tion force. For the actuator with a flat diaphragm, the
electrostatic force, F, is
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where A is the area of the electrode and €, and e, are the
permittivities of air and the insulator, respectively. V is the
potential difference between the electrodes. In the case of a
corrugated diaphragm, it is impossible to derive analytically
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Fig. 1. Schematic view of the electrostatic actuator with a corrugated dia-
phragm.
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Fig. 2. Schematic view of the electrostatic actuator with a flat diaphragm.

the electrostatic force between the corrugated electrode and
the flat one. For an approximate estimation of the force, the
electrodes are regarded as being parallel with an equivalent
air gap. The equivalent air gap is determined by calculating
the average of the distance between the aluminium layer and
the corrugation profile of the diaphragm.

When one side of a diaphragm with radius a is exposed to
some pressure, the approximate relationship between the
applied force, F, and the static centre deflection of the flat
diaphragm, y, under the residual stress o is given by [23]
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where E and v are Young’s modulus and Poisson’s ratio,
respectively. The relationship between the applied force and
the static deflection of the corrugated diaphragm under resid-
ual stress is {23]
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where ¢ is the corrugation quality factor representing the
corrugation geometry. For a sinusoidal corrugation profile, ¢
is defined as

s H :
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where s is the corrugation arc length. Fig. 3 shows typical
force—deflection curves of a flat diaphragm. The dimensions
of the diaphragm are arbitrarily setto = 3.5 umand a = 1500
pm (see Table 1). The electrode gaps are d,=0.3 um and
dy =20 pm. Fig. 3 illustrates two kinds of curves. One rep-
resents the electrostatic force of Eq. (1) when 55V is applied
between the electrodes. The others represent the deflection of
the diaphragm with residual stress. The intersection of two
curves means the equilibrium point of static deflection. Fig.
4 shows the static centre deflection of a diaphragm with resid-
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Fig. 3. Centre deflection of flat diaphragm vs. electrostatic force.
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Table 1
The dimensional parameters of the actuators

Parameter Corrugated Flat
(pm) (pm)
a 1500 1500
h 35 2
d 20 10
d, 0.3 0.3
! 60
s 74
H 14
3.5
3.0
251
’é‘ 20}
2 15}
N’
> 10F 020 e
o5l —a— 0r =50 MPa
TA —e— Or= 100 MPa
005 5 1'0 15 20 25
H (um)

Fig. 4. Static centre deflection of diaphragm with residual stress for various
corrugation depths.

ual stress for various corrugation depths obtained from Egs.
(1) and (2) when 55 V is applied. As the corrugation
becomes large, the effect of the residual stress decreases.
Most p* silicon films have residual tensile stress of 40-100
MPa [19-21,26-28]. From Fig. 4, it is obvious that in the
case of a corrugated diaphragm with residual stress above 50
MPa, a diaphragm with a corrugation depth of 14 um has the
largest deflection.

A corrugated diaphragm with H= 14 um has been fabri-
cated, and the expected deflection is about 2 um. For com-
parison, another actuator having a flat diaphragm with A=2
um and d; = 10 um has been fabricated.

3. Fabrication

Fig. 5 shows the fabrication process of the actuators. The
starting material is a double-side polished n-type (100) sili-
con wafer 450 um thick. Initially, 0.8 um thick oxide is
thermally grown for an etch mask. For the fabrication of the
space between the two counter electrodes, the frontside of the
wafer is etched with EPW solution by 20 wm in the case of
a corrugated diaphragm, and by 10 um for a flat one. After
the residual oxide is etched off, 0.5 um thick thermal oxide
is grown again. In order to fabricate the corrugated dia-
phragm, the silicon wafer is patterned and etched by 14 um
with KOH to form concentric corrugations, whereas the wafer
for the flat one is not etched. To make references for align-
ment, the wafer is etched through with EPW etchant. Boron
is diffused into the corrugated and flat surfaces to make p™*

etch-stop layers. The diffusion is performed with a BN1100
solid source in N, ambient gas at 1100 °C for 10 h. After
removal of the BSG layer, a drive-in process for 1 h at 1000
°C is followed by patterning for the backside etch of the wafer.
The backside of the water is etched with EPW to fabricate
the diaphragms. In the case of the flat diaphragm, the surface
of the p™ layer of the frontside is etched for 30 min to avoid
the possibility of buckling of the diaphragm. Fig. 6(a) shows
an SEM photograph of the cross section of a corrugated p*
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Fig. 5. Fabrication process: (a) corrugated type; (b) flat type.
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Fig. 6. SEM photographs of diaphragms: (a) cross section of a corrugated
diaphragm; (b) backside of a flat diaphragm.

diaphragm. An SEM photograph of the backside of a flat p*
diaphragm is shown in Fig. 6(b). In order to construct the
counter electrodes, the processed silicon wafer is anodically
bonded with #7740 Pyrex glass on which an aluminium
electrode is deposited. The anodic bonding is performed at
300 °C with 800 V applied. During the bonding, the space
between the two electrodes is not sealed to prevent the dia-
phragm from swelling due to the expansion of gas in the
cavity. Since the thermal expansion coefficient of Pyrex glass
[29] is close to that of silicon [30], the thermal stress after
bonding is negligibly small compared to the residual stress
of p™ silicon.

4, Experiments and discussion

The dynamic characteristics of the fabricated actuators are
obtained by measuring the velocity of the centre of the dia-
phragm using a laser vibrometer (Polytec OFV352 sensor
head with OFV2600 controller). The output signal is inte-
grated to get the displacement signal using an FFT analyser
(Lecroy 9310 dual oscilloscope). An a.c. sinusoidal voltage
is applied between the two electrodes with varying frequency.

Fig. 7 illustrates the measured frequency response of the
corrugated diaphragm for an input voltage of 55 V. The static
deflection estimated from the experimental result is about 0.2
pm. As shown in Fig. 4, the static deflection of the corrugated
diaphragm under a tensile stress of 100 MPa is expected to
be 1.6 um. The difference between the measured and the
calculated value is mainly due to the error in calculating the
electrostatic force generated between the corrugated and the
flat electrodes. In this paper, the electrostatic force is approx-
imately calculated as the force generated between two flat
electrodes assuming that a virtual flat electrode instead of the
corrugated diaphragm is located at the centre of the corru-
gation. Accurate calculation of the electrostatic force between
the corrugated diaphragm and the flat electrode is beyond the
scope of this paper.

Fig. 8 illustrates the measured frequency response of the
flat diaphragm for an input voltage of 50 V. The static deflec-
tion estimated from the experimental result is about 1.5 um.
Based on the calculation of Eqs. (1) and (2), the fabricated
flat diaphragm is expected to deflect by 1.9 um under a tensile
stress of 100 MPA when 50 V is applied. The measured
deflection of the flat diaphragm is close to the calculated
value. In the case of the flat p* diaphragm, the shallow etch
of the p* layer surface prevents the diaphragm from buckling,
since the surface subjected to compressive residual stress is
removed. However, the overall residual stress in the dia-
phragm becomes more tensile and the deflection of the dia-
phragm reduces. From the results, it is confirmed that the
corrugated diaphragm is not adequate for electrostatic actu-
ation and the flat one is preferable.
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Fig. 7. Measured frequency response of corrugated diaphragm.

10

~~
§ oo,
5 0E Yen
(6]
é) 'nu,_’
O 001t
a) Ha
0001 L . . .
0.01 01 1 10
Frequency(kHz)

Fig. 8. Measured frequency response of flat diaphragm.
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5. Conclusions

Two electrostatic actuators with p* diaphragms as moving
electrodes have been fabricated, and a dynamic test by elec-
trostatic actuation has been performed. One actuator has a
corrugated diaphragm and the other a flatdiaphragm. Accord-
ing to the calculation, the corrugated diaphragm deflects more
than the flat one when residual tensile stress exists in the
diaphragm. This is because the residual stress of the dia-
phragm is released to some extent by the corrugation. The
test results illustrate that the deflection of the corrugated dia-
phragm is much less than that estimated approximately, but
that the flat diaphragm deflects almost as estimated. This is
mainly due to the error in calculating the electrostatic force
generated between the corrugated and the flat electrode. This
result means that a corrugated diaphragm has no advantage
over a flat one in electrostatic applications because of its
geometrical limitation.
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