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Capacitive pressure sensor with circular island structure
ZOU Li-ming, GUO Hang
(Pen-Tung Sah MEMS Research Center , Xiamen University, Xiamen 361005, China)

Abstract: A capacitive pressure sensor with a new movable electric plate structure is presented to im-
prove the output nonlinearity of a MEMS-based capacitive pressure sensor. The movable plate of the
sensor is a rectangular memrance made of LPCVD silicon nitride film, and a circular island is added
from the center to the edge of the membrane by depositing and patterning a layer of PECVD silicon di-
oxide. With this structure, the deformation of the movable plate of the capacitive pressure sensor will
tend to flat when applying a load of pressure, so that the nonlinearity of stray capacitance near the
edge of the entire structure is decreased and the output properties of the sensor is improved. Moreo-
ver, the Finite Element Model( FEM) in ANSYS is used to analyze the new structure of the movable
electrical plate with different dimensions to obtain the relationship between deflection and pressure and
the corresponding stress distribution and a curve fitting based on the least-square method is applied to
calculate the output linearity of the sensor. Comparison of the MEMS-based capacitive pressure sensor
with a general structure sensor, the output linearity of the proposed sensor has been improved by
48.38% , reaching 1. 6%.
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1 Introduction

The application of MEMS to the pressure meas-
urement is a mature application of micro-ma-
chined silicon sensors, and devices have been a-
round for more than 30 years. Pressure sensors
have been developed by the use of a wide range
of sensing techniques, from prevailing sensors of
piezoresistive type to high-performance resonant

‘1, Compared with other pres-

pressure sensors
sure sensors, the main attractions of capacitive
pressure sensors are robust structure, high sen-
sitivity, high stability, no turn-on temperature
drift, and low temperature cross-sensitivity’!.
Generally, gap tuning, area tuning and dielectric
tuning are three configurations for a simple par-
allel-plate capacitor structure.

For a traditional capacitive pressure sensor, it
is based on a parallel-plate arrangement where
one electrode is fixed and the other is flexible.
As the flexible electrode deflects under applied
pressure, the gap between electrodes decreases
and the capacitance increases’™. However, the
main drawback associated with the capacitive
pressure sensor is the inherently nonlinear out-
put signal. In order to decrease the nonlinearity,
one approach is to modify the shape of the elec-
trical plate structure of the capacitor, such as u-
sing a tripled-layered composite membrane struc-

]

turel" ; and the other is to design a well-matched

circuitry interface or to use touch mode capaci-

2] In this paper we present

tive pressure sensor
and investigate a new capacitive pressure Sensor,
which is based on a Si;N,/SiO, composite dia-

phragm structure.

2 Design for sensor structure and

modeling

In order to ameliorate the linearity of the pres-

sure sensor, we design a capacitive pressure sen-

sor with a new film structure, which is shown in
Fig. 1. And the Si;N,/SiO, composite diaphragm

structure is shown in Fig. 2.
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Fig. 1 Cross-section of a capacitive pressure sensor

with composite diaphragm structure
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Fig. 2 SiyN,/ SiO, composite-diaphragm structure

The new sensor structure consists of two ma-
terials. The first Si; Ny thin film is grown on the
silicon” s substrate by using the low-pressure
chemical vapor deposition (LPCVD) method.
Then the wafer is covered by a plasma-enhanced
chemical vapor deposition (PECVD) SiO,. After
that, we pattern the SiO, thin film and use wet
etching to it,in order to obtain the different di-
mensions that we need.

The capacitance between two parallel elec-
trodes of a traditional capacitive pressure sensor
can be expressed as
_goe A
R
where,e),e,» A, and d are the permittivity of

free space (8.854X10 " F/m), relative dielec-

C @))

tric constant of the material between the plates

(which is unity for air), effective electrode are-
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as, and the gap between the plates. For a square
diaphragm, which is bent under an external
pressure applied to it, the corresponding change
in capacitance is given by the following double-

integral form which is

o E0Er
C—ﬂd4iw(x’y)dxdy, 2

where w(x, y) is the deflection of the square di-
aphragm. The deflection can be applied to pres-
sure by

___En wy wh
P= s l4.20 SF 15850 . (®)

where a, t,v and E are a half length of one side
of the diaphragm, the thickness, poisson ratio
and Young’'s modulus, respectively, and w, is
the maximum deflection of the diaphragm. Eq.
(3) provides a reasonable approximation of the
maximum deflection over a wide range of pres-
sure values, but it is not limited to small deflec-
tions. The first term within Eq. (3) dominates
most for small deflections, for which w, <1,
whereas the second term dominates most for
large deflections. Based on the energy theory,
the deflection function of the diaphragm is given
byt
wlx,y) =w, (1= X" (1Y) (1 +mX*+
mY* +nX*Y?) , 4
where X=2x/a, Y= y/a, and the coefficient of
m is 0. 264 and n is 0. 309. In this paper, we on-
ly consider the small deflection of the dia-

phragm.
3 Analysis and optimization

3.1 Linearity analysis

As a comparison, a traditional sensor is studied.
The material of the diaphragm is Si;N,, and the
diaphragm is designed with a thickness of 2 pym
and a length of 200 pm for one side. The gap be-
tween plates of the capacitive sensor is 3 pm.

We use Egs. (2)-(4) to calculate the relation-

ship between pressure and capacitance, and it is

shown in Fig. 3.
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Fig. 3 Relationship between pressure and capaci-
tance of a traditional capacitive pressure

sSensor

Linearity can be defined as the adjacence de-
gree which denotes how a curve fits a straight
line. Independent linearity, terminal-based line-
arity and zero-based linearity are three defini-
tions used in the specification of pressure sen-
sors. We use the least square method to fit the
curve, and the linearity of the traditional capaci-
tive pressure sensor is 3. 1%%.

We use ANSYS to analyze the relationship of
pressure and capacitance for the new structure
capacitive pressure sensor. As shown in Fig. 4,

the Si;N, /SiO, composite diaphragm structure is

1 ANSYS|
ELEMENTS

JUN 21 2008|
00:55:50

Fig. 4 Finite element model of a Si;N,/ SiO, com-

posite diaphragm structure in ANSYS

modeled by using the 3-D element, Solid 45, in
ANSYS. Youngs modulus and Poisson’s ratio of
the structure are shown in Tab. 1. For this new

structure, the dimension of Si;N, is the same as
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that in the traditional capacitive pressure sensor (X107
above. The thickness of the SiO, diaphragm is 2‘;23 N
g S <
0.5 pm, while b=60 ym and ¢=80 pm (b and ¢ e 5128 BN
" " " 2 4487 S
are shown in Fig. 2). The capacitance C of the % 3846
capacitive pressure sensor can be calculated by -; 32(6)45& AN
g 2
c ﬂ 1 b £ 1923
= &0€si0, &r 2 .
v &rlsio, JFSsaoz (d —tso, —wlx,y)) a (l)éfﬁ AN
Asi0, ° : N _
: 0 (X107
1 0 0.2 0.4 0.6 0.8 1
Eo: H d—w(x,sy) do . (5 Distance/m
A AS!()Z
(a) ANSYS analysis
Tab.1 Mechanical properties of materials
for finite element analysis
0.6
Young’s modulus E:L
GPa) Poisson ratio E 0.5
(Gl 3 04 N
silicon nitride 200 0.27 =
. L S 03
silicon dioxide 0.73 0.17 s
g 02
=
g 01
The deflection of the Si;N,/SiO, composite di- a
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aphragm under the pressure of 50 kPa is given in

Fig.5 , and the maximum deflection w, in the
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Fig. 5 Contours of deflection of composite diaphragm

structure under a pressure of 50 kPa

Distance/um
(b) Modeling analysis
Fig. 6 Comparison of curves of bent diaphragm be-
tween ANSYS and modeling
center of diaphragm is obtained. The shape
curves of the bent diaphragm are described in
Fig. 6 (a) and Fig. 6 (b), which is obtained from
the FEM (finite element model) and Eq. (4), re-
spectively. Comparing Fig. 6 (a) with Fig. 6(b),
we can see that a good agreement between them
has been achieved. The maximum stress of the
Si; N, diaphragm is 0. 121 GPa, which occurs a-
long the edges of the diaphragm, while the max-
imum one is 0. 028 GPa in the SiO, diaphragm.
Both of them are smaller than their yield strengths.
The stress distribution of the diaphragm is shown in
Fig. 7. The linearity of a capacitive pressure sensor
with that of a new film structure is 2. 1%, which is
declined by 31. 5% compared with a traditional ca-

pacitive pressure sensor.
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Fig. 7 Contours of stress distribution of composite

diaphragm structure

3.2 Optimization of device

Through the analysis above, it is a good ap-
proach to improve the linearity of the capacitive
pressure sensor apparently. Furthermore, we
optimize the dimensions of the SiO, diaphragm in
order to obtain a better linearity. First, we as-
sume that b=60 ym, ¢=80 ym with the SiO, di-
aphragm, the linearity of the novel capacitive
pressure sensor are 2, 8% and 2. 1% when the
thickness of SiO, is 0. 3 ym and 0.5 um, respec-
tively. The relationship between pressure and
capacitance is shown in Fig. 8, and it can be seen

thatthe thicker SiO, diaphragm has a better line-
arity. When the thickness of SiO, diaphragm is
fixed at 0. 5 pym and the length of one side of
Si0O, diaphragm varies, the relationship between

pressure and capacitance is shown in Fig. 9. The
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Fig. 8 Relationship between pressure and capacitance

(b=60 pm, ¢=80 pm)

best result for the linearity is 1. 6% , as shown in
Tab. 2. Thus, the linearity is further improved
from 2. 1% to 1.6%.
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Fig. 9 Relationship between pressure and capacitance
with differents dimensions of the SiO, dia-

phragm (ts,()z =0.5 pm)

Tab.2 Linearity values with different dimensions

of SiO, diaphragm

Dimension Linearity value( %)
The traditional sensor 3.1
b=60 pm, ¢=80 pm 2.1
b=40 pm, ¢=80 pm 1.9
b=60 pm, ¢=90 pm 1.6
b=50 pm, c=75 pm 2.6

4 Conclusions

In this paper, a new capacitive pressure sensor

with Si;N,/SiO, composite diaphragm structure
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is presented. Through the analysis and optimiza- the new structure can be effectively improved
tion, the linearity values of pressure sensor with and the optimized result is 1. 6 %.
Wiley,2003.
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