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Abstract

This paper presents the performance characteristics evaluation
of MEMS capacitive pressure sensor. This type of absolute
pressure measuring sensor is used for pulse rate measurement.
Polysilicon material provides a higher sensitivity when chosen
as diaphragm material. Two MEMS capacitive pressure sensors
with varying geometries are analyzed in Matlab simulation
software. The geometries are very common having parallel
plates with spring loaded. In first stage the shape of the parallel
plates is circular and in second case of the parallel plate is
square. During modeling of these two diffident shaped sensors,
the area of parallel plates in both cases is considered as equal.
Once the geometries are formed, the electromechanical
analyses have been performed. It is observed that these types
of pressure sensors can withstand a wide range of absolute
pressure from kilo Pascals to several order of mega Pascals. In
this work, Matlab environment is employed to model this sensor
and accurate model is devised to study its performance.
Simulation results are obtained and compared with published
work of FEM (Finite Element Method) based Multiphysics
simulation platform and full argument is obtained. The proposed
model allows handling different parameters affecting the
performance of this sensor.
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1. Introduction

The microfabricated pressure sensor is one of MEMS devices used in a
wide range of applications. In MEMS technology, piezoresistive pressure
sensors are very common. However, in the past years capacitive pressure
sensors have received attention due to several advantages in comparison to
piezoresistive pressure sensors. The main disadvantage of the
piezoresistive pressure sensor is the inherent temperature dependence of
piezoresistive coefficients [1]. Moreover, capacitive pressure sensor has
lower power consumption than piezoresistive pressure sensor [2]. But
piezoresistive pressure sensor most widely used than capacitive pressure
sensor because of two reasons; capacitive structure is more complicated to
fabricate and the capacitive sensing principle is sensitive to parasitic
capacitances. The structure of the capacitive pressure sensor iS more
complicated, because it involves formation of a cavity that separates the
two sensing electrodes from each other. Formation of such a cavity is done
in two different ways. For first case multiple film depositions and etch of a
buried sacrificial layer [3—6] or in second case bonding after the cavity has
been etched into one of the wafer. Wafer bonding is done by fusion
bonding of two silicon wafers or anodic bonding of a silicon wafer and a
glass wafer [7-9]. Capacitive pressure sensors are required in applications
including bio-medical systems, environmental monitoring and industrial
process control. Capacitive pressure sensors provide low noise, high
sensitivity, have low temperature sensitivity and are preferred in many
emerging high performance applications and can withstand a lot of
vibration. Micromachined capacitive pressure sensors have typically used
an elastic diaphragm with springs and a sealed cavity in between the
diaphragm and the substrate below. There is a pair of parallel plate which
forms capacitor. Lower plate is fixed and upper plate acts as movable plate
which is attach with spring and four boundaries are fixed. Pressure is
applied on upper plate; it deforms which changes the distance between
two plates due to this capacitance changes. The change of capacitance is
used for measuring pressure [10, 11].The design parameters of MEMS
based diaphragm type capacitive pressure sensors using Matlab software is
explored. Two different shaped diaphragms with the same area for sensing
high absolute pressure are designed.
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Mechanical, electromechanical as well as material studies are performed.
The analyzed results are in the form of 2-D plots. The outcome of these
designed sensors are discussed and compared against their efficiencies.

2. Methods and materials

A. Mathematical modeling:

The maximum stress for circular diaphragm is given by [12]:

o 3w
max  gmp?

1)

The maximum deflection of the circular plate occurs at the centre position
of the plate is given by [13]:

_3w(m®-1)a* (2)

max= 4 emrEm2h3

The maximum stress at the middle of each edge for square diaphragm is
given by [12]:

__ 0.309Pa? (3)
gmax _ B2

The maximum deflection for square diaphragm is given by [14]:

0.0138Pa* (4)
ma = g

Where:
W is the total force acting on the plate,
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h:is the diaphragm thickness,

a: is the radius of the diaphragm,

P: is the pressure difference across the diaphragm,

E' is the Young’s modulus of the diaphragm material,
¥: is the Poission’s ratio of the diaphragm material,
M. is the reciprocal of the Poisson's ratio

Eq. 1, Eq.2, Eg. 3 and Eq. 4 are describing for performing the analytical
analysis of the proposed MEMS based capacitive pressure sensor.

The capacitance between two parallel electric conductive plates is given
by [15- 16]:

C = gy&,

| e

(5)
Where:

C:is capacitance,

£g: is dielectric constant of vacuum,

£, Is the dielectric constant of material,
A: is area of electrode plate,

d: is the gap between two electrode plate.

The relationship between the capacitance change and the applied pressure
for circular and square diaphragms is defined as sensitivity and is given by
[17-21]:

AC 3 (1_1’2 )R4 EoErAsense

§ =—= 6
p 16ER3 g2 ©)

Where:
S is the sensitivity,
AC': is the change in capacitance,
P: isthe pressure difference across the diaphragm,
R " is the radius of the diaphragm,
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R: is the thickness of the diaphragm

E: is the Young’s modulus of the diaphragm material,

¥ : is the Poission’s ratio of the diaphragm material,
A <o isthe area of the moving plate
g is the sensing gap between the moving plate and the fixed plate

B. Matlab modeling

Matlab software is used to predict mechanical response to a load, such as
force or moment applied to a part of the constructed model. This part is to
be simulated is broken down into small discrete element — this procedure
is called meshing. Each element has a no. of nodes and its corners at
which it interacts with neighboring element. Thus the system Partial
Differential Equation (PDES) is assumed to be linear element within the
nodes and is solved in matlab modeling.

C. Sensor layout

For design purpose, the two different geometries (circular and square) of
the diaphragm are designed in such a way that their area between the
plates is made similar. Both cases there are two plates. Lower one is fixed
and upper one is movable. Pressure is applied on upper plate. Distance
between two plates changes when pressure is applied and due to these
capacitance changes. The dimensions of both the square and circular
shaped capacitive pressure sensor is provided below as shown in Fig. 1

Nl %
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Fig. 1: Cross-section and 3D view of the sensor geometries

Table 1: Parameters used in MEMS capacitive pressure sensor

Side length of square diaphragm [pm] 60
Radius of circular diaphragm [pum] 33.84
Thickness of diaphragm [pum] 1.5
Separation gap between the plates [um] 3.0

3. Material Analysis

The physical properties of Polysilicon are recorded in table 2. These
properties are used in performing the analysis of the two designed MEMS
based capacitive pressure sensor model in Matlab software.

Table 2: Properties of Polysilicon material

Young's modulus [pa] 160x10°
Poisson’s ratio 0.22
Density [kg/1m1°] 2320
Thermal expansion coefficient [K ~1] 2.6x10°
Thermal conductivity [W/m*K] 34
Relative permittivity 4,5
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4. Results and discussion

A wide range of mechanical, electromechanical and polysilicon material
studies of the proposed two geometrical structures have been performed in
the Matlab Software. In this paper, effect of various parameters for
designing sensor is analyzed and discussed below.

A. Design sensor layout
Two types of geometrics are designed. Sensor layouts are given on Fig.2

and Fig.3. Deflection is maximum at center of the diaphragm and
minimum at side of the diaphragm.

Fig.2: Square sensor layout (a) top view (b) side view

Applied pressure vs. deflection is measured and change in capacitance is
measured. In Fig. 2(a, b) and 3(a, b) red colure shows maximum
deflection at center of the diaphragm and blue colure shows minimum
deflection at side of the diaphragm.

B. Effect of Distance between two Diaphragms

Distance between two diaphragms is very important parameter for
designing diaphragm type capacitive pressure sensor. If the distance
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between two plates increases, the capacitance decreases. In Fig.4, the
change in capacitance due to varying distance between two diaphragms is
plotted. These studies we have done only with square shaped diaphragm
as the area of two geometrical shapes diaphragms is considered as equal.

(@) (b)

Fig.3: Circular sensor layout (a) top view (b) side view
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Fig. 4: Plot of capacitance with the variation of the distance between the plates
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C. Effect of thickness of diaphragm on sensor performance

1- Deflection

Thickness is very important parameter for diaphragm deflection. If
diaphragm thickness is increased, deflection decreases. Diaphragm
deflection is inversely proportional to diaphragm thickness as shown in
Fig.5 (a) circular diaphragm and Fig.5 (b) square diaphragm, which show
how the deflection for different diaphragm thickness varying with applied
pressure. For different diaphragm thickness, deflection in circular shaped
diaphragm is higher than in square shaped diaphragm. FEM and
MATLAB results [12] showed that the deflection increased with applied
pressure as theoretically predicted in Eq. (2) and Eq. (4) as shown in Fig.
5(a).

w10t Maximum Deflection w0’ Maximum Deflection

— Matlab results with h=0.5um — Matlab results with h=0.5um
357 —— Matlab results with h=1pm — Matlab results with h=1ym
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— Matlab results with h=2ym — Matlab results with h=2ym
FEM results with h=1.5um
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Fig.5: Plot of the deflection with diaphragm thickness, with the range of applied
pressure from (0-3) MPa (a) For circular shaped diaphragm, (b) For square
shaped diaphragm.

2- Stress

If diaphragm thickness is increased, stress decreases. Diaphragm stress is
inversely proportional to diaphragm thickness as shown in Fig.6 (a)
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circular diaphragm and Fig.6 (b) square diaphragm, which show how the
stress for different diaphragm thickness varying with applied pressure. If
diaphragm thickness increases then pressure withstand capability also
increases. For different diaphragm thickness, stress in square shaped
diaphragm is much higher than in circular shaped diaphragm.

w1 Stress with applied pressure w10 Stress with applied pressure

Matlab results with h=0.5pm — Matlab results with h=0.5pm
10 Matlab results with h=1ym 12| — Matlab results with h=1pm
Matlab results with h=1.5pm — Matlab results with h=1.5pm
— Matlab results with h=2um 10| = Matlab results with h=2um
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Fig.6: Plot of the stress through different diaphragm thickness with the range of
applied pressure from (0-3) MPa (a) For circular shaped diaphragm, (b) For
square shaped diaphragm.

0

3- Change in capacitance

Change in capacitance is measured with respect to applied pressure is
shown in Fig.7 (a) circular diaphragm and Fig.7 (b) square diaphragm; it
is observed that applied pressure vs. change in capacitance is maximum
for thin diaphragm. As a result, low thickness diaphragm is more sensitive
than high thickness diaphragm. For different diaphragm thickness, change
in capacitance in circular shaped diaphragm is much higher than in square
shaped diaphragm. FEM and MATLAB results [12] showed that the
change in capacitance increased with applied pressure as shown in Fig. 7(a
and b).

10
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Fig.7: Plot of change in capacitance through different diaphragm thickness with
the range of applied pressure from (0-3) MPa (a) For circular shaped diaphragm,
(b) For square shaped diaphragm.

4- Sensitivity

If diaphragm thickness is increased, sensitivity decreases. Diaphragm
sensitivity is inversely proportional to diaphragm thickness as shown in
Fig.8 (a) circular diaphragm and Fig.8 (b) square diaphragm, which show
how the sensitivity for different diaphragm thickness varying with applied
pressure. If diaphragm thickness increases then pressure withstand
capability also increases. For different diaphragm thickness, sensitivity in
circular shaped diaphragm is much higher than in square shaped
diaphragm.

D- Effect of applied pressure on sensor performance

1- Deflection

If applied pressure is increased, deflection increases as shown in Fig.9 (a)
circular diaphragm and Fig.9 (b) square diaphragm, which show how the

11
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deflection for different applied pressure varying with diaphragm thickness.
For different applied pressure, deflection in circular shaped diaphragm is

higher than in square shaped diaphragm.
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Fig.8: Plot of sensitivity through different diaphragm thickness with the range of
applied pressure from (0-3) MPa (a) For circular shaped diaphragm, (b) For

square shaped diaphragm.
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Fig.9: Plot of the deflection through different applied pressure with the range of
diaphragm thickness (a) For circular shaped diaphragm, (b) For square shaped
diaphragm.
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2- Stress

If applied pressure is increased, stress increases as shown in Fig.10 (a)
circular diaphragm and Fig.10 (b) square diaphragm, which show how the
stress for different applied pressure varying with diaphragm thickness. For
different applied pressure, stress in square shaped diaphragm is much
higher than in circular shaped diaphragm.

<0 Stress with diaphragm thickness A0 Stress with diaphragm thickness
12 14
— Matlab results with P=0.5MPa Matlab results with P=0.5MPa
10 Matlab results with P=1MPa 12 — Matlab results with P=1MPa
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Matlab results with P=3MPa 10 Matlab results with P=3MPa
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Thickness(meter) i Thickness(meter) <10°
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Fig.10: Plot of the stress through different applied pressure with the range of
diaphragm thickness (a) For circular shaped diaphragm, (b) For square shaped
diaphragm.

3- Change in capacitance

Change in capacitance is measured with respect to diaphragm thickness is
shown in Fig.11 (a) circular diaphragm and Fig.11 (b) square diaphragm;
it is observed that diaphragm thickness vs. change in capacitance is
maximum for thin diaphragm. For different applied pressure, change in
capacitance in circular shaped diaphragm is much higher than in square
shaped diaphragm.

13
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Fig.11: Plot of the change in capacitance through different diaphragm thickness
with the range of applied pressure (a) For circular shaped diaphragm, (b) For
square shaped diaphragm.

4- Sensitivity

If applied pressure is increased, sensitivity decreases. Diaphragm
sensitivity is inversely proportional to applied pressure as shown in Fig.12
(@) circular diaphragm and Fig.12 (b) square diaphragm, which show how
the sensitivity for different applied pressure varying with diaphragm
thickness. For different applied pressure, sensitivity in circular shaped
diaphragm is much higher than in square shaped diaphragm.

Table 3: Results obtained for both circular and square diaphragms at pressure 3 MPa

Performance Circular diaphragm Square diaphragm
of sensor h=0.5pm | b=1pm | h=L5 pum | h=2 pm h=0.5 pnm h=1 pm h=1.5 pm h=2 pm
Deflection
35 43 13 0.54 26 33 0.99 041
(nm)

Stress (MPa) 1130 283 125.97 70.85 13300 3330 1483.2 834.3
Sensitivity 10.68 1.335 0.39 0.1669 6.578 0.822 0.243 0.102
(aF/Pa) x107! x107 x107! x107! x107% x107! x107! x107!

14
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Fig.12: Plot of the sensitivity through different applied pressure with the range of
diaphragm thickness (a) For circular shaped diaphragm, (b) For square shaped
diaphragm

Table 4: Results obtained for both circular and square diaphragms at diaphragm

thickness 0.5um
Performan Circular diaphragm Square diaphragm
ce of P=0.5 P=1 P=2 P= P=0.5 P=1 P=2 P=
sensor MPa MPa MPa MPa MPa MPa MPa MPa
Deflection
5.8 11 23 35 4.4 8.9 13 17
(um)
Stress
188 377 755 1130 2220 4440 8890 13300
(MPa)
Sensitivity 64 32 16 10.6 39 19 9.8 6.5
(aF/Pa) x10 x10?' | x10™® x10™! x107! xlo® x10% x10%

5. Conclusions

In this paper, two different models of MEMS based capacitive pressure sensor
are analyzed. One having circular shaped whereas other having square shaped
diaphragm. The results obtained evaluating the performance of MEMS capacitive

15
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pressure sensor for both circular and square diaphragms in deflection, stress and
sensitivity as shown in tables 3 and 4.

Detailed simulation based analyses on the mechanical, electromechanical as well
as polysilicon material was performed. From the results obtained, it is shown that
the circular diaphragm has the lowest stress on its edges when applying the same
pressure as on a square diaphragm, but the largest centre deflection can be seen
in circular diaphragm and sensitivity of circular diaphragm is greater than
sensitivity of square diaphragm. Besides, Matlab modeling was performed to
simulate the mechanical characteristics of the diaphragm and the comparison to
FEM (Finite Element Method) based Multiphysics simulation platform is
presented. As analyzed from the mechanical analysis that designed model can
withstand a high absolute pressure range extends to several of mega Pascals. This
design technology allows for simple and inexpensive batch fabrication and
integration of this type of sensors with dedicated signal detection circuits. Thus,
the practical implementation of these designed sensors will cater wide range of
applications over a varied field (biomedical, robotics etc).
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