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------------------------------------------------------- Abstract
Micro-electromechanical systems (MEMS) have received a great deal of attention in recent years. This is due to
the great promise of increased miniaturization and Performance of MEMS devices over conventional devices.
MEMS pressure sensors currently dominate the market for greater than atmospheric pressure sensors. In this
paper, a theoretical and finite elements analysis (FEA) solution for Micro-electromechanical systems (MEMS)
pressure sensor to evaluate capacitance for before and after touch point is proposed. By looking at MEMS
devices, when the diaphragm starts touching the fixed electrode by applying loads, it will have a major effect on
the overall of the capacitance. Therefore, one should consider the effect of touch mode capacitance value in the
system to evaluate good linearity, large operating pressure range and large overload protection at output. As of
so far the evaluation for capacitance value of touch point and after touch point has not been evaluated in the
literatures. This paper presents the new analytical formula to approach for including the touch-down effect
capacitance value of Microsystems. The proposed MEMS capacitive pressure sensor demonstrated diaphragm

with radius 0of180m, the gap depth of 0.54m and the sensor exhibit linear response with pressure from 0.01
Mpa to 1.7 Mpa.
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l. Introduction

Pressure sensors are required in many high performance applications such as biomedical, industrial,
automotives, power stations and environmental monitoring. One of the main mechanisms behind of using
capacitive pressure sensor is to achieve high pressure sensitivity, low noise and low turn-on temperature drift,
and a minimum dependence on side stress [2], [3]. However its output is nonlinear with respect to input changes
and sensitivity in the near-linear is not high enough to ignore many stray capacitance effects. Touch mode is
used to achieve linearity characteristics, high range pressure sensing and overload protection. The performance
of a capacitive pressure sensor depends on the absolute capacitance and how to apply uniform pressure. To
study the effect of touched and after touched point capacitors in MEMS design is important as the capacitance
value, sensitivity, linearity constant needed to be clearly understood. In the following discussion, some
theoretical expressions for before and after touched capacitors derived to evaluate capacitance between two
electrodes before and after touch point (contact area). Finally the FEA results for evaluating the capacitance for
pressure ranges form 0.01Mpa-1.7Mpa at various temperatures are discussed. Figure 1 presents a cross-sectional
views of a touch mode and normal mode operation of capacitive pressure sensor with a circular diaphragm and
clamped edges suspended over sealed cavity. As shown in figure 1(a), in touch mode, when external pressure is
applied, the diaphragm will deflect toward inside and the diaphragm starts touching the bottom electrode (is
known as of substrate) with a distance of insulator in between. In normal mode operation, the diaphragm is kept
distance away from the substrate as shown in figure 1(b) [4].
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Figure 1(a): Cross-section view of touch mode
Of capacitive pressure sensor.
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Figure 1(b): Cross-section view of normal mode of
Capacitive pressure sensor.

1. Behavioral Model Of Diaphragm Before And After Touch Mode Effect

In the analysis of MEMS, touch mode capacitance effect is the most difficult subject due to deflecting
of the top diaphragm, and the movement of top diaphragm should be considered whenever it touches the bottom
electrode with an insulator in between. There have been some suggestions in the literatures for solving the
touch-down problems on deflection, but as of today none of the literatures has come up to a theoretical solution
for calculating the touch-down capacitance value [8, 9]. For theoretical analysis several assumptions have been
made for small deflection: 1) stretching of the plate has been neglected, since the gap between two plates is
much less than the thickness of diaphragm. 2) Electric field fringing effects have been neglected, since the gap

between two electrodes is small. With the given conditions the deflection W(r) before touch of the circular
plate as a function of radius is given by (1) and maximum center deflection W, is defined by (2). The deflection
for any point of the plate at (0 < r < a) would be:

4 22
64D a
Where, P applied pressure acting in the same direction as Z, a is the radius of the plate, and I is the radial

distance from the center. The maximum deflection of the plate is located in the center point of the plate
(r =0), and is defined by:

4
We = ng @)

D is the flexural rigidity of the plate is given by:

3
> 2 v) ®

Where E is Young’s Modulus, h is the thickness of diaphragm, V and is the poison’s ratio.
As shown in Figure 1(a). Equation (1) is valid for before the diaphragm touches the bottom electrode with the
insulator in between and then the shape of the bending line deviates extremely from expression (1) and for every

pressure, the radius of the diaphragm that barely contacts the bottom is called untouched radius (rz) and

touched radius (rl) will be calculated by subtracting the total radius, a from I, (4 touched- point radius I, is
given by:
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rn=a-r, (4)

I11. Theoretical Formulation For Evaluation Of Capacitance Value For Untouched And
Touched Points

The concept of parallel plate capacitor is expressed and is given in (5)

A
C=s6 2 5
Eofr ®)

Where g is the permittivity of the media between the two plates, ¢ is the dielectric constant of the

material between the plates of the capacitance. A is the area of the electrode, and d is the gap between two
plates. The concept of the capacitance element of the sensor requires a change in the capacitance as a function of
some applied pressure load. A realization function of this concept would be the plates of the capacitor could
move under pressure load, for example if the plates move closer together, the gap height, g, would decrease,
resulting an increase in capacitance of the sensor. As the external pressure applied, the diaphragm will deform
up to designed area of bottom contact which is known as of substrate with an insulator in between, the more
pressure applied on the diaphragm, the bigger touched radius (r,) will get, and at the same time the untouched
radius (r,) will get smaller, and the value of capacitance will increases nearly linearly with increasing pressure,
before touch point the radius (r;) is zero. As shown in Figure 1(a). r, ry, r, are defined radial distance from
center, touched—point radius, and untouched-point radius respectively. t;, t, are defined the thickness of
dielectrics respectively. g is the distance between the un-deformed diaphragm and the bottom electrode. h is

the thickness of the diaphragm [5]. Since in this paper small deflection is considered, then the diaphragm
deflection will be small compare to the diaphragm thickness, so the electric field fringing effect will be
neglected, the electric field lines are perpendicular to the surface of fixed electrode and the diaphragm of a
capacitive pressure sensor displaces down under external pressure and then the capacitance between the
diaphragm and the bottom plate increases due to reduction of the gap between them. Therefore, a general

expression for the change in capacitance as a result of pressure, P, on a circular plate is given by:

dc(r) _ac(r) ad(r)
dP  ad(r) oP
3.1 Capacitance evaluation Before Touch Point

As shown in Figure 1(b), the curvature of the plate W(r), requires the integration over the total

surface of the plate, the capacitance value variation with applied pressure is a function of the diaphragm
deflection and the bottom plate (substrate), therefore the capacitance can be expressed as a function of the shape

function W(r) of the diaphragm and the resultant sensor capacitance before touch can be obtain by integrating

():

(6)

E,E4 rdrdé@ (7)
d

d=d, —wr) (8

dc(r)=

sensor C(r) &, _[de_[ (d W(r)) (9)
f ]- rdrdH 10)
sensor X
d, =g+ tl%z (11)

r
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Where C

capacitance, d is the distance between two plates, t, and t, are defined the thickness of dielectric, &, is the

permittivity of dielectric constant of material. Solve the integral and find the capacitance for un-deflected
diaphragm or at zero pressure is given by (12):

is the capacitance under a differential applied pressure (P) C. is the Zero-pressure

sensor

o

2

_ &yma

C
0 d,

(12)

The formula could be written as of Taylor series expansion of the ratio of the maximum deflection of the
diaphragm to the gap before touch as shown in figures 1(b) and the solution of the (13) C can be
described as follows [11]:

sensor

Con [ a3

c =cC
sensor °4 (2n +1)| 64Dd,

3.2 Capacitance evaluation After Touch Point
Figure 2 shows the cross-view of a touch mode diaphragm suspended over sealed cavity. The total
capacitance in touch mode evaluated as of; one is the capacitance introduced by the touch-down of diaphragm

noted as C,, and the other two C,,, C,, are in serial connection of the air cavity capacitance C, and parallel
with underlying insulation capacitance C,, the result Could be approximated toC , . With known touch-point

radius I, obtained from the FEA simulator, the capacitance C, can be calculated directly by using the concept
of a parallel capacitor (5).
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Figure 2: Cross-Sectional View of Touch Mode Capacitance

Next for evaluating C,,,, since the plates are not moving in parallel, so they can not be calculated as of parallel
plate concept, due to diaphragm deflection gradient and non-uniform boundary conditions based on applied
load, which is normal in electrostatic field. One of the best alternatives for solving C , is to simply observe the

physical aspects of the axial-symmetry of boundary conditions and to make approximation accordingly [12]. On
physical aspect it will look at the fundamental physical laws describing the electric field, using this law will
define the definition of capacitance followed by a method to measure the capacitance in a practical situation.
The process will lead to a time dependent electromagnetic field and the capacitance could still be determined by
using a quasi-static approximation. Since the gap between two electrodes is small, then electric field fringing
effects will be neglected. Due to axisymmetry of the diaphragm and underlying substrate, electrical field flux
lines are approximated as directional Arcs as shown in Figure3:

Figure 3: Cross-Sectional View of the Electric Flux lines between two
Electrodes
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From a physical point of view a capacitive sensing elements is very attractive compared to other types of
sensing elements because the physical laws that characterized its behavior are so fundamental. Using Gauss’s

law defines that the electric displacement D is related to the surface charge density o which is total electric

charge density. The electric charge density p(C/ Cm3) at a given point on one of the electrodes, given by [12]:

p:D:goé (14)

Where, E is the electric field intensity and &_ is the permittivity of the air.
Since the electric flux lines are approximated as directional arcs, the electric field intensity is:

E-_Y (15)
o-L

Where V is defined the applied voltage between the two electrodes. € Is the angle between the tangent
through the given point on the diaphragm and the horizontal line L and is given by:
L=_9d (16)
sin@
Where, d is the vertical distance between a point on the diaphragm and the SiC substrate and W(r)is the
deflection of the given point at radius I' on the diaphragm:

d=g-wr) (17)

Using last three equations, the total untouched capacitance (cavity area) dCutand underlying dielectric

capacitances are approximately equal to dCut and evaluated by (18):

dc _PA_&.5, A _&5SiNO-A_ £5sing-2ardr (18)
Y o-L 0-d 0-d

Total touched point capacitance by increasing pressure:

t=t +t, (19)
dCt _ Eq4-E, t27lrdr (20)
The total Capacitance after touch pointdCy,, :
dC,,, =dC, +dC,, 1)
£,.8iN0.2ardr &, .4.27rdr
dc,,, == G (22)
ed t

. r H r 23
c,, =&t 2”[rdr+ 27, smej- rdr : (23)

t 0 0 0 Pa’ r

g- 1-—=

64D a

Where, I, is distance from the center of the diaphragm, &, is the permittivity of the dielectric layer, t is the

total value of dielectric thickness. Finally, by integrating C;,, the total capacitance of touched and after touch
mode would be evaluated.

IV. Finite Elements Analysis
The above approximate formulas are derived without considering the influence of any fringe filed
effects because of the gap of cavity depth is much less than the diaphragm thickness. FEA models were created
under Coventor software for simulation. In the modeling it is important to understand the relationship between
the applied electrostatic force and the mechanical restoring force. In a typical MEMS device, a voltage bias is
applied between two conductors. This voltage bias causes charge migration that generates an attractive
electrostatic force between the two conductors. This force will result in the mechanical deformation of the
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structure. Deformation will reduce the distance between two conductors. It is this force relationship that leads to
the phenomenon of pull-in voltage. CoSolv-EM is a couple solvers for Electro-Mechanics, the tools couple
electrostatic and mechanical solvers. In an iterative process, the electrostatic results are input to mechanical
solver, and the results are fed back until convergence is reached. The electrostatic load causes the device to
deform. In general such deformation will lead to reorganization of all surface charges on the device. We are
principally interested in that subset of MEMS devices in which this reorganization of charge is large enough to
cause further deformation. Such devices considered to exhibit “coupled electro-mechanical behavior.”

We present some examples on Co Solve-EM, and it is used to evaluate capacitance of the sensors. The test
model designed a 180 M radius circular plate with the different thicknesses, suspended over 0.5, 0.75, 1.0, 2
pMm cavity depth. A circular rim is been used to rigid link to inner circle and patched to the ground surface as of
clamp. The devices are operating in the high pressure range (0.01 Mpa- 1.7 Mpa) and high-temperature (up to
425°C). The pressure is high enough to cause the plate to touch down on the bottom electrode. Figures 4 Shown

the gapacitance response of the pressure ranges within 0.01-1.7Mpa and the temperature ranges within 300°K to
700 K for the radius of 180 xm.
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Figure 4: FEA simulation of the capacitive response using
Co Solve at 300K temperatures.

V. Comparison of Analytical and Simulation Results On Capacitance
Discrepancy has been noticed in comparison of the results, that is because of complete material
properties, and parasitic capacitances has been considered in software for simulation, which in theoretical has
not been considered, and all parasitic capacitances has been neglected. As shows in figure 5(a), the result of
capacitance before touch based on applied pressure of 0.01_0.07MPa with discrepancy of approximately
0.15pF, and figure 5(b) shows the capacitance after touch based on applied pressure of 0.07_1.7MPa with
| discrepancy of approximately of 0.02pF.

‘--- Simulation -® Theoretical ‘

N

C

\

\

\
'\

L
IN

Capacitance(pF)
P
wn
.

=
w

=
N

=
i

[N

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Pressure(MPa)

Figure 5 (a): the comparison of capacitance before touch.
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Figure 5 (b): the comparison of capacitance after touch.

VI. Characteristic Of Operation At Pressure And Temperature

Pressure sensor analysis with considering the temperature effect using FEA simulation has the ability
to solve problems related to temperature variation. Users can set temperature related boundary conditions, and
the solver can compute temperatures at a surface or through a volume. The simulation on temperature and
pressure were performed on the pressure sensors to determine the impact of the temperature effects and to
determine the temperature and pressure operating range of the sensors. The simulation results shown that for the
pressure sensor temperature compensation techniques will be necessary to correct the pressure data to be as
linear as possible.Figure 6, shown the characteristic of pressure vs. capacitance at various temperatures, the
changes caused by the parameters is as a result of thermal expansion at elevated temperature. The increase in
initial capacitance and sensitivity at higher temperatures are due to the thermal expansion mismatched between
the material properties, as noticed in Figure 6, at a certain pressure the moving electrode defects at its maximum
point and will contact to the fixed electrode. After touch down the change in capacitance with pressure is quasi-
linear, the changes happen based on increasing the area of the contact point rather than the gap depth. Beyond a
certain pressure, it will saturates and the sensitivity of the sensor decreases, the problem can be solve by
adjusting the design parameters such as diaphragm diameter, diaphragm thickness and the gap depth, dielectric
thickness.

[~ T300K - T400K —=T500K ~ T600K = T700K |

120 -

100 1

oo}
o

Capacitance(pF)
B D
o o

N
o
PR EP I I AP A

07 T T T . . . . .
0O 02 04 06 08 1 12 14 16 18
Pressure(Mpa)
Figure 6: FEA simulation of the capacitive response of a pressure sensor at
Various temperatures

There will be four modes of operation by increasing the pressure such as 1: normal mode, it happens due to
applied low pressure, figure 7 shows pressure vs. capacitance before touch point(0.01-0.07 Mpa), as it has been
noticed the sensor has very slow-slop capacitive response and the sensitivity at room temperature is
approximately 58 fF/Psa. 2: transition mode, as shown in figure 8, in this mode the moving electrode start
touching the fixed electrode just above the touch point from 0.07-0.1 Mpa, the sensor experience large
sensitivity over a short range of pressure with the sensitivity approximately 61 fF/Psa. 3- Third mode, as shown
in figure 8, from 0.1-0.25 Mpa is defined as touched area, with increasing the pressure, touched area will

www.theijes.com The IJES Page 284



Theoretical Formulaion To Evaluate Capacitance For Before...

increase, it will become more linear, the value of capacitance will increase, sensitivity decreases suddenly, and
the sensor presents sensitivity approximately 12.7 fF/Psa.
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Figure 7: FEA simulation of the capacitive response before touch-mode at

Various temperatures
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Figure 8: FEA simulation of the capacitive response after touch-mode at

Various Temperatures

4- As shown in figure 9, within the pressure ranges 0.25-1.7 Mpa, the shape of the sensing curve at different
temperature does not change, the sensor presents sensitivity approximately 19.98 fF/Psa, but it proves that the
operation beyond that point is insensitive to temperature, the non-linearity becomes more noticeable and
capacitance at higher temperature will start decreasing.
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Figure 9: FEA Simulation of the Capacitive Response of the Sensor’s Non-

www.theijes.com

Linearity at various temperatures

The IJES

Page 285



Theoretical Formulaion To Evaluate Capacitance For Before...

VII.  Conclusion
The Paper Presented The theoretical and FEA approach to find a solution for evaluating the

capacitance variation value with variation of pressure and temperature for before and after touch point. The
theoretical equations for evaluation of capacitance value for pressure sensor have been derived. The FEA results
shows that the shape of the sensing curve at higher pressure with the variation of temperature does not change
noticeably, it proves that beyond this pressure range, the sensor is insensitive to temperature variations and still
there will be changes on capacitance value and the non-linearity becomes more noticeable. So far there were no
formulas in any literatures to find the values of capacitance at and after touch point. The suggested
methodologies are reliable and novel approach.
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