Finite Element Analysis of Capacitive
Silicon Pressure Sensors
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Abstract

Capacitive micro pressure sensor s siumlated with finite element methods to analyze the effect of geometrical

vanation on its performace. Sensor maternal is the silicon single ¢rystal, The sensor consists of a disk type dia

phragm and several bridges connected to a rigid frame, Structural variables in consideration are the thickness of the

diaphragm and the bridges, radius of the circular ptate, and (he number of bridges. Results of static, dynamic and

sensitivity analvses revea| the best structure of the sensor among the fifteen cases under investigation,
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I. Introduction

Over the decade, silicon pressure sensors have
undergone a significant growth[1]. The miniature
capacitive pressure sensors are possible due to the
development of the mucromachining techniques,
They are based on the piezoelectric, piezoresistive
and capacitive principles [2, 3]. A capacitive pressure
sensor usually consists of a thin, flexible diaphragm
mounted on a rigid backplate, constituting the movable
electrode in a parallel plate capacitor, The pressure
dependence of the sensor is obtained by letting the
pressure deflect the diaphragm, thus changing the
capacitance to the bottom of the enclosed cavity.
The pressure-capacitance relationship thus obtained
has an apparent nonlinearity. Capacitive pressusre
sensors are more nonlinear in their pressure response

sRRoe AN71EAF A, FayEs
Bt 1905 19 209

WAt gadubuioh oldr =l Avfel ¢ Hsh W Aol chebiril

<o -

Agovh dizol AeE ML B2 AG BYRN FRRL FANE of Sapel
bel M7 R4l ftela vhele) A gelth o)L Wl wWalel we whojzie] @

shed Al akanah sk B 5 M ¥ b A4t A

than their piezoresistive counter parts, but they are
significaritly more sensitive to pressure and less sen:
sitive to temperature. Other nonlinearities are due to
nonlinear materials, large deflections, deflections 1n
undesired directions, deflections varying over the
membrane or to stray capacitances. Two appreciated
properties are high stability and flat frequency
response. These sensors with large sensitivity are
suitable for low pressure measurements, which comnp-
lement the conventional piezoresistive pressure
Sensors.

This study is aimed to design capacitive micro
pressure sensors which can replace conventional
microphones, So far, their sensitivity has not been
inproved so much as to replace current electromagnetic
microphones. However, due to thewr small sizes.
robustness and the ease of composing an array, they
can find appropriate applications such as high press-
ure range applications and high resolution acoustic
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pressure ranging{similar to high pixel imaging). The
sensors are supposed to work under the pressure
range of less than 100 MPa over audio frequencies, In
a usual sense, the acoustic pressure of [15dB
corresponds to the apphication of [0 Newton force
over 1 m". ‘T'he design principle in this paper 15 that
cach sensor must withstand that much force. The
sensor in mind sizes about 1 mm®, Hence the appli-
cation of 10 Newton force to each sensor corresponds
to the pressure of 10 MPa. Design considerations are
(1) statically it should be as robust as possible with
respect to external pressure, (2) dynamically it
should have high enough resonant frequencies so
that the sensor can have a flat response over the
operating frequency range, and (3) it should have as
high and linear sensitivity as possible. In the past.
lots of work has been done on the design of capaci
tive micro pressure sensors |4, 5]. However most of
their structures consist of rectangular diaphragms.
Part of the reasons is the ease of silicon crystal etch
ing processing. The diaphragm m this study takes
the form of a circle. Further, most of the previous
researches has focused on specific behavior, either
static, dynamic. or other) of the sensor i¢]. This
constitutes the motivation of the study in this paper.
We are testing several realizable circular diaphragm
types of the sensor structure. The selection has been
made in consideration of the easiness in silicon wafer
processing. Through computer simulation., we evaluate
the above mentioned properties for each structure,
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and determine the best one to meet ali the
requirernents. Finite element method is emploved for

the analy=is with a commercial package, ANSYS 7. 5.

II. Analysis

Figure | 15 the schematic diagram of the model to
be investigated, while Fig. 2 is its FEM mesh diagrarm,
The sensor is composed of silicon single crystals, Cir
cular disk{diaphragm) works as the upper capacitor
plate. whle it is supported by several bridges. The
bridges do not work as the capacitor electrodes. The
bridges are attached to a nigid frame that does not
allow any displacements. Figure [ b denotes a rather
special case where the diaphragm is in direct contact
with the frame without the help of any bridges,
Outer radius D is 100 um, and the bridges are 10 pm
wide. As the variables of the sensor structure, we
have thickness of the diaphragm and the bridges,
radius D, of the circular plate, and the number of
bridges. We are testing fifteen different strucutres of
the pressure sensor by investigating the effect of
these three variables, However, we can not check all
the possible combinations of those three variables, It
1s quite time consuming and costs a lot, Further we
have certain limitations in the combination due to
the difficulty in siticon crystal processing. Hence we
select only the types of practical realizability [9).
Table 1 lists fifteen variations of the factors to be
analyzed. Properties of the silicon single crystal is as
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(b) special type with no bridges

Fig 1. Schematic view of the silicon pressure sensors
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Fig 2. lllustrative finite element models of the pressure

sensor

follows [10]. The properties are for the particular
crystal cut, i.e. <110} cut, of the silicon wafer,

Young s modulus 130 GPa
Shear modulus 79 GPa
Poisson’s Ratio 0.29
Density 2300 Kg/m'*
Tensile Strength 7.0 MPa

2.1 Static Analysis

The range of pressure to which the sensor is normally
to be exposed is less than 10 MPa. However, in some
severe situations, it may suffer from an extraordinarily

Table 1. The 15 models investigated in FEM analysis

No. of D2 diaphragm

hndges thick ness
Mode! 1 { 100 2
2 i} 100 5
3. i 100 10
1 3 44 2
5 3 G0 2
[l 3 80 2
7 i 40 2
b 1 60 2
9 4 80 2
W 6 40 2
11 t 60 2
12 i b 80 2
12 3 40 2
14 8 A0 2
15 1 8 80 2

large pressure even though unwanted. High enough
safe factor should be considered for long life operation
of the sensor, Hence the maximum allowable magni-
tude of pressure 15 calculated, which corresponds to
yield strength of each structure. In this model. the
pressure is assumed to be applied only to the central
circular area A,. Figure 3 shows the resuits. In all
the cases, the fracture cracks initiate at the interse-
ctions of either the bridges and the circular diaphragm
or the bridges and the rigid frame. The maximum
allowable pressure increases with the number of
bridges and the radius of the diaphragm, The maxi-
mum pressure also increases with the diaphragm
thichness. The lowest value of the yvield pressure is
observed when the diaphragm radius is 20 pm, its
thickness is 2 um, and the number of the bridges is
three. However the lowest values, 25.8 MPa, is still
about two times higher than the operation limit of
the sensor under study. Hence the criterion of high
enough static strength does not put any restricition
on the structural variation.

The maximum pressure loading will lead to the
maximumn deflection of the diaphragm. The results
can be referenced to determine the nitial gap
between the diaphragm and the backplate, Usually
the amount of the initial gap is limited by the difficulty
in silicon crystal processing. Too large initial gap is
undesirable for the processing. Maximum pressure
induced displacements corresponding to the Fig, 3
are shown in Fig. 4. They are increasing with the
number of bridges while decreasing with the radius
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of the diaphragm. The maximum displacements also No. 4. 5 and 7 should be excluded [10]. Theses maxi
decrease with the diaphragru thickness, The highest mum displacements are given by the tensile yield
value of 10.2 ym is observed when the diaphragm s 2 strength of each sensor structure. Theretore the
pm thich and its radius 1s 100 gm (0o brideges). The fargest maxamum  displacement has nothing to do
lowest value of .36 occurs when the duaphragm WIth the =ensi iy of the sensors, it just means that
o L g ik anid Hs racdius s LR Ny Gk ordges LA nIractiie o vindiibe it necindefiec o of the

Considering that. in practice, it is verv difficult to chaphragm.

have the nitial gap more than 4 gm, the models ol
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2.2 Modat Analysis

There are 10 geieral two design rades for acoustic
sensors, The first 12 to make use of natural
lrequencies of the sensor (o increase 1ts sensitivity,
This method 13 guite usetul when the sensor is
expected 1o work over o narrow frequency range
hecausc the sensoy response is valid only within the
handwidth of the specthic moede, The second 18 to
nuke use of the region below the fundamental natural
frequency, At the expense of sensitivity, this method
can achieve a wide operating frequency range. The
sensor under study ts supposed to work over the
audio frequency range {(20-20,000 Hz). For this low
and wide operation range, we have no other way but
to take the sccond method, However, to achieve the
flat response, the fundamental natural frequency
should be as high as possible so that the operation
response could be free from any resonance effect,
With this requirement, modal analyses are performed
for the fifteen models and the resuits are shown in
Fig. 5. The natural frequency of the fundamental
mode increases with the number of bridges, and the
thickness of the diagphrugm. On the other hand, it
decreases with the radius of the draphragm. Of all
the occasions. we could ohserve the lowest value of
the fundamental resonance frequency when the
diaphragm radius is 20) gm, its thickness 18 2 gm, and
the number of bridges is three. The highest value

occurs when the diaphragm radiug 1s 100 gm (no
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bridges} and the diaphragm is 10 m thick. The
lowest value of 1.49 MHz is still high enough that no
resonance effect s considered to be imposed on the

operation response,

2.3 Sensitivity Analysis

The sensitivity of a capacitive pressure sensor 1s
determined by the amount of capacitance change to
the pressure variation, For a given magnitude of
pressure, corresponding capacitance and sensitivity

is calculated with the following equations (111}

NN B oL L. - .
capacitance C(P}) = .[” Jn e
r dr df? {Farad) (i)
~C(r )
sensitivity S{(P) = (—C—':;Fq P {Farad/Pa)

where € 1s the permittivity of the material between
the diaphragm and the backplate, usually air, d is the
initial gap. and w 1s the calculated diaphragm deflection
for a given pressure, P, For good sensors, the sensi-
tivity should be as high and linear as possible over
the frequency range of interest. Figure 6 shows the
results, Sensitivity 1s increasing with the diaphragm
radius and number of bridges, while decreasing with
diaphragm thichness. According to the results, the
sensor composed of 2 pm thick diaphragm with no
bridges(D, is 50 gm) gives the highest and most linear
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Fig 5. Variation of {a) the first mode natural frequency
with Dy, and (b) all the natural frequencies with dia-

phragm thickness
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response,

Fig 6. NMiustiative mode shape of the tost rasde of b

pressure sensor, The sensor has three bridges. dia

phragm is 2gm thick. and its vaelius s 20pmn

Ill. Conclusion

For development of capacitive sihcon miniature

17

pressure sensors. we analyzed the effect of geometrical
variation on thea perfonnance with fiftecn ditferent
disk
tvpe chaphragni and a number of bndges connected

atructure models, The sensors consisted ot a

ro b el Drame. worksthg withane Lhe prossure sangc
A b MO over The anhio trequencies, Ve wibics i
vandderation were the thickness of the dianhragm
and the bridges, radius of the circular plate. and th

namber ot

hnidges. Results of ail the  analvses
reveated that the geometry of 2 pm thick diaphramg
having the radius of 50 jun (no bridges) wis the mwost

suitable structure for the application,
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