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Abstract

Recently a new kind of accelerometer was developed. The accelerometer uses the pull-in time to
measure the accelerations. However most of the applied measurement techniques for this kind of
accelerometers had shown some drawbacks in the working process. So in this dissertation a new
measurement method is introduced based on piezoresistivity to overcome some of the issues.
The new measurement method made use of the piezoresistive contact-mode detectors. In this
project the detectors were investigated for the realization of pull-in time accelerometers. The
working principle of this measurement technique was as follows, when pull-in occurs, the
piezoresistive contact-mode detector senses the movement and a signal is created to signify the
impact event. The contact method approach is introduced and explained in detail in the thesis
along with simulated and experimental data from fabricated microdevices. The sensitivity of the
fabricated detector was found to be 0.1mV/nm.
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1 Introduction

Accelerometer is a device used for measuring linear acceleration, tilt angles or vibration of an
object. These devices are used in different applications (Figure 1.2) such as automotive, GPS,
oil-exploration, earthquake prediction, human motion monitoring, medical equipment, gaming,
robotics, data entry, mobile phones etc. For various kind of application the specification
requirement are also different. For example, in the gaming industry the precision is less important
than for medical or military applications. Thus, since the first micromachined silicon
accelerometer was developed at the Stanford Integrated Circuit Laboratory for biomedical
applications in 1978 [1], many micro machined silicon accelerometers have been developed with
different kind of operating principles and structures. The various operating principles have their
own advantages over other principles and thus diverse application requirements can be
fulfilled.

Acceleration

AW
LW AN

Accelerometer Electrical Signal Qutput

Vibration

Figure 1.1 The Functionality of the Accelerometer

High precision and cheap accelerometers are increasingly needed. Reducing prices of
accelerometers is possible by using microtechnologies. As one might know the more identical
product is made the cheaper the cost will be. In [2] it has been reported that batch fabrication of
an accelerometer using silicon IC technology is possible with some good performance. So it can
be concluded that batch fabricated MEMS micromachined accelerometers are the solution for this
problem.
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Figure 1.2 Applications of Accelerometer

The working principle of a conventional micro machined accelerometer is as follows. The
accelerometer contains a proof mass which is attached to some springs that in its turn connected
to the frame (Figure 1.3). As the mass inclines due to acceleration, the spring will bend and thus
stress will be generated. By converting the stress on the bending spot (the stress on these spots
are the largest) to resistance changes using piezoresistors an electrical output voltage can be
generated, which corresponds to the inertial acceleration the device undergoes.

Figure 1.3 Top View of a Conventional Piezoresistive Accelerometer [3]
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1.1 Overview of Accelerometer Types

Accelerometers can be classified by their measurement technique.

e Capacitive accelerometers: The accelerometer converts the inertial acceleration into
capacitance changes and by measuring the capacitance change the acceleration can be
extracted from the measurement. Usually these accelerometers contain beam shaped
structures to generate the capacitance. [4]

e Piezoelectric accelerometers: The device turns the inertial acceleration into stress due to
bending and subsequently converts the stress into a signal in the electrical domain, which
represents the acceleration. The most common usage of this transduction is by putting
piezoelectric material on the springs that connect the mass to the frame. [5]

e Piezoresistive accelerometers: The working principle of this type is very similar to the
piezoelectric accelerometers. First the device converts the inertial acceleration to stress
due to bending and next the stress is turned into a signal in the electrical domain due to
the resistive changes. Usually this type of accelerometer contains beam structures, which
are sensitive for force and thus generates stress. [6,7]

e Vibrating Beam accelerometers: For the accelerometer that is introduced in [8]. When
acceleration is applied. The mass of the accelerometer, which is attached by hinges,
rotates about the axis of the flexure hinges and generate a force to the silicon resonator
which in turn changes the resonant frequency. The amount of changes in the resonance
frequency depends on the magnitude and direction of the applied acceleration. So by
measuring the resonant frequency the acceleration can be extracted

o Hall Effect accelerometers: This accelerometer uses an object that generates a magnetic
field to measure the acceleration or actually the displacement. Due to the magnetic field
the Hall sensor can be used to detect by how much the object has moved and thus the
acceleration of the object. [9]

e Magnetoresistive accelerometer: It has been reported that by using a balanced
Wheatstone bridge circuits in combination with an elastic magnet, the acceleration can be
measured. In the situation where no acceleration is applied the output is balanced,
however when acceleration is added to the system the balance is disturbed and the
acceleration can be measured.[10]

e Heat transfer accelerometer: This kind of accelerometer makes use of the heat to

measure the acceleration. This accelerometer makes use of a heater and two equally
distanced thermal sensor. When there is no acceleration the thermal sensor are
producing identical electrical outputs, however when acceleration is applied the balance
of the heat transfer from the heater to the two sensors will be disturbed and thus the
acceleration can be derived from this measurement.[11]
Another type of heat transfer accelerometer is mentioned in [12]. The basic
accelerometer contains a mass attached to four springs and a heat source and
thermopiles. The thermopiles are used to measure the temperature of the heat source.
The mass with a heat sink attached is hanging above the heat source. The heat flow
depends on the distance between the heat source and the mass. When accelerated the
distance will be reduced and the heat flow will increased and the temperature of the heat
source will be reduced and the acceleration can be extracted.

e Tunnelling effect accelerometer: The operating principle of this accelerometer is as
follows: first the tip of the proof mass is brought close to the counter electrode by using

Page | 11




the electrostatic force generated by the bottom deflection electrode. A tunnelling current
is then established and it should remain constant as long as the device is in a stable state.
When there is some disturbance like acceleration then the readout circuit will respond to
the change of the tunnelling current and adjust the deflection voltage to move the proof
mass back to its stable state. The deflection voltage corresponds to the applied
acceleration. [13,14]

¢ Interferometric accelerometer: This accelerometer makes use of a light source and some
light detectors. Usually when the fingers which are attached to the proof mass are
illuminated with a coherent light, a diffraction pattern is reflected. However when the
mass has moved due to acceleration the intensity of the diffracted beams are changed
and thus the acceleration can be extracted.[15]

The capacitive, piezoelectric and piezoresistive are the conventional methods and thus they are
the most developed techniques used in MEMS based accelerometers. In this project the
piezoresistive transduction method is used to detect the acceleration.

1.2 Motivation & Objectives

Micromachined accelerometers have been widely applied in different field of applications. While
traditional piezoresistive, piezoelectric and capacitive transduction approaches have been used,
in [16] it was found that the acceleration can also be measured using the transition time of the
proof mass for one complete cycle. Initially, the transition time detection method was based on
the contact occurring between the proof-mass and a hard stopper [16], followed by another
method based on the FET-based capacitive sensing [17]. Recently an improved sensing
approach, employing contactless capacitive sensing was reported [18]. However the first two
methods suffer from poor contact and sensitivity and face reliability issues while the last method
consumes a large area. To overcome some of these issues piezoresistive sensing is chosen to
be used in this project. The main advantages of using piezoresistive sensing are:

e Simple read-out circuitry
e Good linearity
e Scalability
e Compactness
Since the predecessors are suffering from different kind of problems, the main objective of this

thesis work is to design a novel detection method to overcome some of the problems with
comparable performance, based on piezoresistivity.
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1.3 Thesis Organization

The thesis is organized into six chapters. The first chapter gives an introduction to the reader
about the thesis while the second chapter gives an overview of the background theories that are
used in this work. In chapter 3 the design of the system is explained. This includes the analytical
and numerical analyses done in COMSOL and Simulink. Chapter 4 reports the technology used
to fabricate the devices and chapter 5 explains the measurement setup and the measurement
details including results. Finally, in the last chapter some conclusions are drawn and
recommendations for future work are given.
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2 Theoretical Background

This chapter introduces the underlying theories supporting this thesis. The involved mechanics as
well as the electrical aspects are explained here. At the end of this chapter the operation principle
of the time base accelerometer is explained.

2.1 Mechanics
Spring Constant

Spring constant is a very important parameter for an accelerometer. Spring constant is defined as
the force that is needed for the proof mass (in this case) to achieve an unit displacement. This
prarameter also defines the performance of the accelerometer. The basic spring constant can be
expressed as:

k=—-m (2.1)

where F the applied force and d the deflection. For a beam that is fixed at one end the spring
constant can be calculated using a derived equation from beam deflection theory [19]. The
deflection depends on which direction the force is applied, resulting in different governing
equations. These are given by Egs.(2.2),(2.3)&(2.4).

y-directibn o

x-dire:}tion
z-direction

Figure 2.1 Beam Fixed on One End

k, = g (2.2)
Etw®

ky = T (2.3)
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Where E is the Young’s modulus, t is the thickness, W is the width of the beam and | is the
length of the beam. If there is a mass attached to the spring, the angular frequency can be
calculated using the spring constant and is defined as:

o= (2.5)

where K is the spring constant and M is the mass.

Stress

Mechanical stress can be used for generating a signal using piezoresistive and piezoelectric
transduction techniques. The force-stress relation is given as

o=— (2.6)

Where o is the stress, F is the force and A is the area where the force is exerted on. In the
case of using the cantilever shown in Fig.2.1, the maximum stress will occur at the clamping point
and the force moment is given as

M=F(L-x)=M,_,=FL (2.7)

where L is length of the beam and Xis the distance from the end of the beam where the force is
exerted. The maximum stress is given as

M FL _12FLh 6FL

O =YY

wtt 2 wi?

(2.8)

Where W is the width of the beam and t is the height of the beam. Assuming that the force is a
point force, where VY is the distance from the edge to the neutral axis and | the moment of inertia

3
(—— for cantilever).
12

2.2 Electrical Aspects
Capacitance

Capacitance is a multifunctional parameter that can be used for sensing and/or actuation.
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Figure 2.2 Parallel Plate Capacitor

Figure 2.2 shows a parallel plate capacitor. If a potential is applied over the capacitor the movable
plate that is attached to the spring will move according to the given potential and the capacitance
changes. The capacitance is given by:

_ Asg,

C=
d, — X

(2.9)

where A is the area of the electrodes, ¢, = 8.854x107?F / m is the permittivity of vacuum, &,

the relative permittivity of the medium between the electrodes, d0 is the initial gap between the

electrodes and X is the displacement that one of the plate has undergone. Using the capacitance
changes, the parallel plates can be used to sense by how much the plate has moved compared
to the initial position. The electrostatic force can be calculated as:

Asgy, 2
—=V 2.10
(d— X)g (2.10)

This equation shows that the parallel plate capacitor can be used as actuator. By changing the

e

F =2
2

applied potential V' the force can be controlled.
Piezoresistor

Resistivity

To understand how resistances in silicon work, several concepts need to be introduced. The
resistance depends on the doping profile and so the conductivity. The conductivity is given by [20]

o =neu, + peu, (2.11)

where N, p are the electrons and holes concentration, € is the elementary charge and £, 1,

are the mobility of the electrons and holes. The resistivity is inversely proportional to conductivity
and is given by

,o:l 1 (2.12)

o neu, + peu,
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The electrical resistance can be calculated as:

I
R=p— 213
PA (2.13)

where A is the cross-sectional area of the resistor. From these equations it can be seen that the
electrical resistance depends on both the dimensions of the resistor and the material properties.

Gauge Factor

The gauge factor is usually used to define the sensitivity of the piezoresistors that use the stress
as the measure parameter. Gauge factor is also defined as the change in resistance per unit
change of the strain. Usually p-type poly-silicon or p-type mono-crystalline silicon is used for the
piezoresistors since the sensitivity is higher than the n-type silicon. [21, 22, 23] suggests that the

maximum gauge factor for p-type poly-silicon occurs at a doping of 2x10"cm?® and so, if p-type

poly-silicon is used the resistors should be doped with 2x10"cm? in order to get a longitudinal
gauge factor as high as 40. If mono-crystalline silicon is used for the piezoresistor, the p-type
silicon gauge factor can be calculated. Gauge factor is in general defined as:

AR
GF =— (2.14)
Re
AR | . . . o i
where ? is the resistance change and ¢ is the strain. Strain is defined as
o
E=— (2.15)
E

where o is the stress and E is the Young's modulus. For p-type silicon the longitudinal
piezoresistive coefficient of the resistor aligned along the [110] direction in the (001) plane is
given by [24]

1
71 110 :E(”11+”12+7[44) (2.16)
and the resistivity changes are calculated as:

£=7z,0', + 7,0, (2.17)
Yo,

Since the transverse stresses are small [25] it can be neglected and Eq.(2.17) can be rewritten as

A—'O=7r|0'| (2.18)

P

and [26]
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Ap AR (2.19)
Yo, R

So using Eqgs.(2.14)-(2.19) the gauge factor of p-type piezoresistors can be calculated:
GF =104.29 (using [25] 7,, =1.8x10"'Pa™*, r,, =2.5x10 " Pa*, r,, =118.4x10 "' Pa™).

2.3 Time Based Accelerometer

A pull-in time accelerometer is based on the pull-in principle. During operation the mass is driven
from one stopper (A) to the other stopper (B) and the elapsed time for this operation is the so
called pull-in time. The differences in the corresponding pull-in times are proportional to the

acceleration [16]. The pull-in time of the system without acceleration is defined as t, and the time
for moving from stopper A to stopper B t; and vice versa t,. When there is no external applied

accelerations 1, =t =1, otherwise t, #1, #1;

o &

AN N

Figure 2.3 Principle of a Pull-in Time Based Accelerometer
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Pull-in Principle

The pull-in effect consists of two parallel plates suddenly snapping to each other when subjected
to a voltage potential higher than a certain threshold voltage. This event will occur if the system
satisfies the conditions. To have a better understanding of this principle within a MEMS system
an analytical analysis is performed. The capacitance of the parallel plate capacitor is given in
Eq.(2.9). Figure 2.2 shows an electrode attached to a spring that is movable while the other is
fixed. When a voltage is applied on the electrodes an electrostatic force is created. The
electrostatic force will reduce the gap size between the plates. At small voltages the electrostatic

force will be counteracted by the mechanical force Fm =—kx, under equilibrium. But once the

voltage is increased to a certain value (pull-in voltage) the electrostatic force will overcome the
mechanical force and the pull-in event will occur. To estimate the pull-in voltage and the
displacement at pull in, the potential energy of the system is introduced as [27]:

E ZECVZ_EKXZ zlﬁVZ_l
2 2 2(d0—x) 2

kx? (2.20)
where V is the applied voltage and K the spring constant. The first term is the energy that is due
to the capacitor and the voltage source and the second term is the potential energy stored in the
spring. The force of the system can be derived by differentiating the total energy to the
displacement:

SN SRV (2.21)
2 (0, x)

The system is in equilibrium when the net force is zero, which means that the first term and the
second term cancel out each other.

1 Acg,
:>_—

F=0 :
2 (dy—x)

V? =kx (2.22)

The system is a second order system with respect to the displacement which means the curve of
the net force has a parabolic structure. To derive the stability of any point of the curve the force
derivative is used:

Age,

%zoz—gvz—k (2.23)
x  (dy=x)
Substitute Eq.(2.22) in Eq.(2.23) yields:
oF _ 2kx (2.24)
ox d,—x
This gives
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oF 2k« 2kx 2x

—=0= -k= =k= =1
OX d, — X d,—X d, —Xx
1 (2.25)
=2x=d,-x=3x=d, :>x:§d0
The condition for a stable state is mathematically given as:
ﬁ<O:> x<1d0 (2.26)
OX 3

From Eq.(2.25) it is shown that the turn around point is at one third of the original gap. Eq.(2.26)
shows that beyond this point the system becomes unstable which means the pull-in event occurs.

1
To derive the pull-in voltage the displacement in Eq.(2.22) is replaced with Ed and solving this

3
%LZV2=%kdOSV= % (2.27)
O

Eq.(2.27) shows the pull-in voltage which means the pull-in event will occur if the applied voltage
is larger than the pull-in voltage.

equation gives:

Pull-in Regions

During a pull-in transition three different regions can be distinguished, the meta-stable region and
the stable and unstable regions.

09
] -
0.8 : Meta-stable Region ]
1
S 0.7h .
= |
5 osp 1
£ i —— Overdamped (Q=0.5)
_g {]_5{ ——=- Underdamped {Q=4) b
=3 1
= 1
o D4y i
3 | —
Noo3p 4 ]
[
1=
zb 0.2 .
klm
01 Vetep=1.0002%; Jo= e J
0 L . . . .
0 10 20 30 40 50 60

Normalized Time [f x fg]

Figure 2.4 Pull-in Motion Characteristic of Overdamped and Underdamped MEMS Devices [4]
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Figure 2.4 shows that three regions can be identified in the system. In the first region the system
1
moves fast until it reaches the static pull-in point (gdo)- Then the system enters the second

region which is the metastable region and the third region is the unstable region. It can be seen
that while the system is in the meta-stable region it moves slowly. This effect occurs due to the
mechanical and the damping forces that counteract the electrostatic force created by the voltage
applied to the electrodes. In the meta-stable region the electrostatic force is only slightly higher
than the opposing mechanical and damping forces, so the system is moving slowly. During this
region the system is very sensitive to external forces since a small force will already destabilize
the equilibrium.

To make use of this effect there are conditions that need to meet. First of all the system needs to
be overdamped, which means the system has a decent damping force to compensate the
electrostatic force. Figure 2.4 shows that when the system is underdamped the total pull-in
motion is very fast. Secondly the applied voltage should be slightly greater than the pull-in voltage
since the pull-in voltage is the minimum voltage required to initiate a pull-in event.

Operation Principle

In the pull-in accelerometer the on-off principle will be used. The mass is driven by the electrode
and will move towards the stopper A, once A is reach or the threshold is met the driving electrode
is turned off and the other driving electrode is turned on and pulling the mass towards the
opposite direction to stopper B. To reduce errors in the system the initial velocity or rather initial
force of the mass should be zero in order to satisfy the assumption that was made while deriving
the pull-in distance and the pull-in voltage. So the applied pull-in voltage should have an on time
longer than the nominal pull-in time in order to let the system work properly.

Start Signal
» Comparator
Pull-in Time Threshold Counter

Accelerometer Voltage

'

—» Comparator :
Driving Voltage Stop Signal
Acceleration %

Stop the Driving voltage on the current direction
& start the driving voltage of the other direction

Figure 2.5 Simplified Model of Operation Principle
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3 Modelling & System Design

In the previous chapters an introduction to accelerometers was given along with the relevant
background knowledge required. In this chapter the system modelling and designs are introduced
and explained. To be able to design a detector various considerations need to be investigated in
detail. Since a pull-in time accelerometer is used in this work, the pull-in time derivation will be
introduced. And the structure of the accelerometer will be shown together with its design
parameters. Next the pull-in voltage is calculated. And Simulink models are created to describe
the device dynamics. Finally the detector design for the contact method is investigated and the
detection for the contactless method is explained.

3.1 Considerations

For a proper accelerometer design, the device behaviour and the transduction mechanism must
be clearly understood. This project uses a novel detection method to detect the pull-in time using
piezoresistive sensing. The novel detection method uses a flexible stopper: the detector has a
sensing function and at the same time the detector will also stop the mass from moving or slow
the mass velocity down. Therefore, the detector behaviour can be divided into three stages: when
the mass strikes the detector, when the mass pushes the detector and when the mass leaves the
detector. During these three stages the mechanics that need to be considered are: how should
the collision be detected, how will the detector behave during the collision and what is the
behaviour of the detector when the mass leaves.

Collision Detection

Collision between the mass and the flexible detector will be detected due to the stress generated
on the detector by the collision. Measuring the stress of the structure allows collision detection.
To convert the stress to a parameter which is usable in the electrical domain piezoresistor will be
used. Piezoresistors can be realized in silicon by doping specific regions. To make the detector
accurate the time delay due to the read-out electronics needs to be accurate if different read-out
electronics are used for different sides. However if the read-out electronics used for both sides
are the same, the time delay due to read-out electronics can be neglected. Since the delay due to
electronics are the same for both sides.

Collision behaviour

An important parameter to consider is the detector behaviour when the mass hits it. Since the
mass is driven by the electrodes, which means that it is not a free collision. The mass will more
likely press the flexible stopper. This is true unless the voltages on the electrodes are switched off
before or during the collision. Since the mass is pressing the flexible detector it is assumed that
the force exerting on the mass will be totally transferred to the stopper through the collision area.
While the electrostatic force is still exerting on the flexible stopper through the mass, the mass
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moves with the compression of the stopper. The electrodes that are attached to the mass are
also moved and this means that the gap between the electrodes in the parallel plate structure is
smaller again, which generates a greater electrostatic force on the mass that makes it move even
further. This behaviour will hold until there is force equilibrium or the electrodes snap to each
other. Since the electrostatic force is generated by the capacitive electrodes the force will be
increased inversely proportional with the decrease of the gap. This means that force equilibrium
does not occur since the counter force, the force generated in the detector and the springs, is
increased proportionally with the movement. So the second option needs to be considered. To
prevent the snapping between the electrodes, the voltage on the driving electrodes need to be
turned off before it snaps completely. However since this is very difficult to achieve another
method is considered. By putting fixed hard stoppers behind the detector (Figure 3.1), the
electrodes can be prevented from snapping. In the first approach the delay in the sensing
mechanism has to be taken into account, because the driving electrode cannot switch off instantly
by the output of the read-out electronics. With the latter solution the purpose of using the flexible
stopper might on the first glance be nullified. However while the mass collides with the flexible
stopper most of the impact is already absorbed which means the damage created on the hard
stoppers due to collision is limited.

Mass
Mass

Il Anchor Combs are no
Il Anchor Combs snappedN % snapped

Mass
Mass

Hard stopper limits the
detector movement

Figure 3.1 Flexible stopper without (left) and with hard stopper (right). If the movement of the flexible
stopper is not limited the combs will snap together at the end. If hard stoppers are placed behind the
flexible stopper the flexible stopper movement is limited, so the mass cannot move further and the
combs will not snap.

After collision behaviour

When the mass leaves the flexible stopper, the stopper is supposed to return to its rest state
(settle down) and wait for the next cycle without too many oscillations. This can be done by using
an overdamped structure. Due to the overdamped environment the stopper will have a small
settling time. So the detector settles before the mass comes back. Another consideration about
this occurrence is as follows, will the mass leave the flexible stopper without any initial force.
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Because when the mass leaves the flexible stopper, the flexible stopper is bent. This means
energy has been stored in the flexible stopper, so when the mass leaves the stopper the mass is
being pushed away by the detector. Therefor to not let the detector influence the accelerometer’s
behaviour, it is required that the mass does not enter its actual cycle with an initial force to
minimize the error. If the mass has an initial force then this problem needs to be solved. To fulfil
this requirement the accelerometer itself needs to be worked in an overdamped environment
where the initial force will be nullified before the actual cycle of mass begins.

Mass Mass

Pushing
. Impact Phase Phase

Figure 3.2 Detector Phases

3.2 Analytical Model of the Pull-in Time System

To analyse the system dynamics, an analytical model of the system needs to be derived. In this
accelerometer the pull-in time is used to measure the accelerations. Next, the pull-in time
derivation will be performed.

Pull-in Time Derivation

The Motion of the seismic mass is governed by the equation (the damped vibration system
without external forces)

mX+cx+kx=0 (3.1)
In this case the motion is influenced by the external forces

- _OE

=— 3.2
£ T g (32)
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E - %cvz (3.3)
C= Azf’g (3.4)
=E =%%V2 (3.5)
=Sy (36)

Where A is the area of the plates, &, the permittivity of vacuum, & the relative permittivity of the

medium between the parallel plates, V the applied voltage and d the gap size. Since the gap
size can change, the equation can be rewritten as

Ag,e

F=- 2
2(d -x)

e

V2 (3.7)

where d is the initial gap size and X as the moved distance.

The second force which influences the system is the acceleration force

F, =ma (3.8)
putting the equations together gives [16]
oo Ag,e
mX +cX +kx =——"—V? + ma (3.9)
2(d-x)

To gain a better understanding of the characteristics, the equation is translated into a
dimensionless equation.

F
(1-%)°

d2
—X
dz?

+2§i>”(+)”<= +a (3.10)
dr

To be able to solve this equation analytically the damping is neglected and the equation of motion
becomes

+a (3.11)

this can again rewritten into
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this shows that the pull-in time is proportional to the acceleration.

3.3 Designs

(3.12)

In this dissertation the pull-in time is used as the translation mechanism to measure accelerations.
The pull-in time can be affected by the external acceleration or by the applied voltage to the
actuators. For high sensitivity a voltage which is slightly higher than the pull-in voltage is used.
This is to ensure that the meta-stability occurs [18]. To prove the piezoressitive based pull-in time

accelerometer two different designs were included in the project.

To be able to design a detector for the accelerometer, the accelerometer structure needs to be
known and understood. The accelerometer structure in Figure 2.3 was used as the base for

designing the detectors. The specifications are listed in Table 3.1 [28].

Mass (ug)

Spring constant (N/m)

Resonance frequency (Hz)
Zero-displacement gap (um)
Zero-displacement capacitance (pF)
Damper length (um)

Number of comb fingers (dampers)
Number of drive comb fingers
Thickness comb finger (m)

Length comb finger (m)

Permittivity (F/m)

Gap size 1 (m)

Gap size 2 (m)

Damping coefficient (@1/3 gap) (mN.s/m)
Quality factor

Acceleration noise (ug/\Hz)
Sensitivity (ps/ug)

Pull-in voltage (V)

Nominal Pull-in time (ms)

2g displacement (um)

0.249
3.3295

582

2.25

2.53

500

4 x 29

4x6
25%10°
500x10°
8.8546x10™"?
2.25x10®
20x10°®

2.6

0.35

2.69

0.12

2.92

18.5

1.462

Table 3.1 Accelerometer Specifications

3.3.1 Pull-in Voltage

In the system the comb fingers are attracted on 2 sides. By design the gap in the direction of

interest is smaller and is defined as d,, =2.25x10° and the other side as dimensions,

d02 =20x10°. From previous calculations it has been shown that a parallel plate system will be

Page | 26




1
stable until §d0 if only the direction of interest is taken into account. For the situation in which
both sides are taken into account, compensation is needed to remain stable at the same position.

The stability equation is given as

2 2
ABVE __ABVE k=0 (3.13)

2(dgy —x)" 2(dg, + %)’

1
So filling in the parameter values gives (considering that Xpi = gdo)

2%6%500x107° *25x107° *8.8546 x10 7

V.
-6 2
2(2.25><10‘6 —2'25X10J
-6 -6 -12 -6
2%6%500x10° * 25x10 *8.i5426x10 V2_3'3295*(2.25><10 J:o 5.14)
2(20x10_6+2'25><10 j

= 2.936x107V?-2.49x10° =0

6
V. = /Mm_?:zgles\/ (3.15)
P\ 2.936%10

3.3.2 System Level Model

The Simulink model is created based on the system motion equations. The model can be found in
Figure 3.3 where a voltage is applied to the microstructure and the mass of the system start
moving. When the mass has reached the detector, in this case 2um, the simulation ends. Inside
the model it can be seen that the forces are adding up together to determine the acceleration of
the mass of the system as shown in Figure 3.4. From the figure it can also be seen that there is a
damping model which calculate the damping force of the system. In this damping model, only the
squeeze film damping is taken into account for calculating the damping force [18], since usually
the squeeze film damping is much larger than the slide film damping. The squeeze film damping
forces are usually generated by plates which are parallel orientated and moving parallel to each
other. In this case the squeeze film damping due to the combs is the dominant one. The damping
force is calculated based on the gap size which means that this system is a non-linear system.

This gives a pull-in voltage of

Simulink Model Results

In this section two different simulations are presented. Both of them use an & of 1.009 where
a*V; =V

appiiea 1S the applied voltage. The first situation is when the mass starts from the initial

position and moves to the end of the gap. This graph is presented in Figure 3.5 and the nominal
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pull-in time is 17.79ms. For the second situation the mass is moving from one end of the gap to
the other end and in this case it is moving from the left end to the right end as presented in Figure
3.6 and the pull-in time takes up nominally 22.42ms. Figure 3.7 shows that the pull-in time is
4.032ms when the system moves from one end to the other end with an acceleration of -2g.
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Figure 3.3 Simulink Model of the Pull-in Time Accelerometer
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Figure 3.5 Pull-in Time Simulation Mass Moving From Rest State To 2 Microns
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Figure 3.6 Pull-in Time Simulation Mass Moving From Left End (-2um) To The Right End (2um)
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Figure 3.7 Pull-in Time Simulation Mass Moving From Left End (-2um) To The Right End (2um) With -
2g Acceleration

3.3.3 Dynamic Range Issues

The pull-in time accelerometer system is driven by the electrostatic force that is generated by the
electrodes. This means that if there is a force counteracting and is larger than the electrostatic
force the accelerometer will fail to pull-in and the system does not work anymore as it should. In
the static analysis of the system the only forces counteracting the electrostatic force are the
spring force and the external acceleration force. The failure acceleration (maximum external
acceleration leading to accelerometer malfunction), was estimated at different position within the
range of interest. MATLAB was used to calculate these values and the results for a gap of
2.25um at each side are shown in Figure 3.8. From Figure 3.8 the failure acceleration can be

derived as around 0.2m/ s®. The calculation was done based on the fact that the electric force
generated by the combs needs to be larger than the mechanical force (forces due to the springs
and external acceleration) plus the electric force generated due to anti-gap (Figure 3.9). The
failure acceleration calculations were done using the next formula:

(F

m,spring

+F

ext,acceleration

+F

F )
_ e,antlgap) (3.16)

e drivinggap

a

failure —

m
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Where F

e drivinggap 1S the electric force generated by the combs in the direction of interest (driving

gap), mespring is the mechanical force generated by the springs, F is the force

ext,acceleration

generated by the external acceleration, F

e.antigap 1S the electric force generated due to anti-gap

and m is the mass of the proof mass.

350 T T T T T T T

300k

250

200

150

acceleration allowed [m/s?]

Position [um]

Figure 3.8 Failure Acceleration Between -2um And 2um With A Driving Gap Size Of 2.25um

Overcoming Failure Acceleration by Adjusting the Gap Size

One way to increase the failure acceleration is to adjust the gap size of interest. In this case the
original driving gap size is 2.25um and the anti-gap size is 20um (Figure 3.9), leading to a total
gap size of 22.5um. If the same total gap size is used but adjusting the gap size and the anti-gap
size, a larger failure acceleration can be obtained as shown in Figure 3.10. Notice that the curve
start decreasing if a certain value is reached. This is because the electrostatic force of the anti-
gap is increasing and at that point it becomes significant to the system behaviour. The price that
we need to pay for this increase is the increase of the applied voltage as shown in Figure 3.11.
Moreover the system also becomes more underdamped, which means that the metastable region
is getting smaller. From simulations it is found that with the current model with a total gap size
(gap and anti-gap) of 22.5um the system starts to be underdamped at a gap size of around 4.5um
(see Figure 3.12). So if the gap size is increased the damping should also be increased to remain
in the overdamped region.
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Figure 3.9 Accelerometer gap, anti gap definition
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Figure 3.11 Pull-in Voltage VS Gap Size
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Figure 3.12 Pull-in Time With A Gap Size Of 4.5um
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3.4 Detector Design

Regarding the detector, the first thing that needs to be done is to design possible detector
geometries and choose the best one. From the several envisaged designs the most promising
geometries were chosen and compared with each other. These designs are shown in Figure 3.13.

|-Beam
Mass
Folded Bi
olded Beam L-Beam
.Anchor
Mass
IL-Beam
Cantilever

Figure 3.13 Top View Of The Possible Detector Designs

To determine which of the designs is the best one we need to know what the requirements are. In
this case the detector should be able to detect if the mass hits it and on the same time the
detector should not produce a signal due to noise vibration, so the detector has to be stiff not to
be affected by the noise and it should not be too stiff to be able to measure the collision. The third
requirement is that the detector should not bend too much but it should produce enough stress.
These are the requirements for the detector. To compare the different structures with each other
the third requirement has been considered. First, the curves for the force-stress and force-
deflection relations were plotted and can be found in Figure 3.14 and Figure 3.15. These curves
show that those relations are linear, meaning that the curve between the stress and the deflection
is linear. Therefore, a stress-deflection ratio can be used to determine which structure should be
used. These ratios can be found in Table 3.2. From Figure 3.14 it can be seen that the I-beam
and the IL-beam have the highest stress-deflection, which means that the stress level for those
two structures are higher than the other structures for the same deflection. These results reveal
that the I-beam and the IL-beam are the best candidates for the detector. In Figure 3.16 the
largest stress position is shown for the two structures and it can be seen that for the IL-beam
case the largest stress is occurring far from the anchor. In case of designing a stopper both
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structures are suitable to implement, but since the detector needs to be designed using
piezoresistors, the closer the largest stress to anchor the better, due to wiring. Since wires on the
detector will affect the output result of the piezoresistors. So the best candidate for this purpose is
the I-beam. A COMSOL simulation picture of the I-beam is shown in Figure 3.17.
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Figure 3.14 Force-Stress Curve Based On A Width Of 10um
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Figure 3.15 Force-Deflection Curve Based On A Width Of 10um
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Stress-Deflection Ratio

I-beam

1.17e13 Pa/m

IL-beam

1.15e13 Pa/m

Folded beam

5.82el12 Pa/m

Cantilever

5.69e12 Pa/m

L-beam

5.68el12 Pa/m

Table 3.2 Stress-Deflection Ratio

|-Beam

Figure 3.16 I-beam And IL-beam With Largest Stress Indication

Subdomain: von Mises stress [Pa]

IL-Beam

. Anchor

Defommation : Displacement

Max.Stress region

= 1=

Figure 3.17 COMSOL Simulation I-beam

Min: 138283
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3.4.1 Piezoresistor Design

Figure 3.18 The Desired Shape Of The Piezoresistor For A Cantilever [29]

For a cantilever resistor a shape like the one given in Figure 3.18 is desired. Since in general the
longitudinal gauge factor is larger than the transverse one a longitudinal piezoresistor is required.
In order to neglect the ohmic contacts and the traverse part of the piezoresistor, those parts
should be heavily doped. The longitudinal part of the piezoresistor needs to be moderately doped
to provide a large gauge factor. The greater the doping is, the lower the gauge factor and
resistivity. So the greater the doping the less influence the other parts of the resistor has on the
gauge factor of the total piezoresistor. To reduce the influence of the other parts of the
piezoresitor, a small resistance for these parts is desired. Using the resistivity calculator at the
website of Brigham Young University [30] it can be seen that the resistivity of the p-type poly-

silicon with a doping of 2x10"cm™ is 0.0051Q0cm . So if the other parts have a resistivity that
is much lower than this value the influences due to the other parts can be neglected.

Piezoresistor Dimension

Since only the detector needs to be sensitive in the lateral direction the Wheatstone bridge
configuration suggested in [25] can be used with the u-shape piezoresistor shown in Figure 3.18.
Figure 3.17 shows that the maximum stress will be at the two fixed ends. It also shows that the

region of the max stress is from the fixed end to more or less 25um. So to let the piezoresistor
remain sensitive the resistor should not be longer than 25um. It is assumed that at the neutral

axis the bending stress will be zero and so the more the piezoresistor is placed at the border the
sensitive the piezoresistor will be. Figure 3.17 also proves this. So the width has to be small to

remain in the high stress region. Our design uses a width of 1zm and for the thickness the same

value as suggested in [25], which is 0.5umis used. The zero stress resistance for p-type silicon

can then be calculated as (given in Eq.(2.13)) (doped with 1.1x10%cm [25]):

-6
R=pl=375><10*6§2m* _§5X10 m — =18.75kQ (3.17)
A 1x107m=*0.5x10"m

Electrical Noise in Wheatstone Bridge Circuit

The electronic circuit used for the read-out of piezoresistance is usually the Wheatstone bridge.
Since the Wheatstone bridge contains resistors, it will generate noises where the thermal noise
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and 1/f noise are the dominant ones [31, 32]. The equation of the equivalent noise voltage source
for the thermal noise is given as [33]

v, = \J4k TRAf (3.18)

with K, the Boltzmann constant (1.3806503x10°m*kgs ’K ™), T the absolute temperature in
Kelvin (300K usually), R the resistance and Af the bandwidth. The accelerometer that we are

using has a bandwidth of 44.6Hz (extracted from Figure 3.6). So the voltage noise, U, can be

calculated as

v, =8.59x107° xR (3.19)

It can be seen that the noise voltage is very small for a resistance of 18.75kQ(1.17 ><10‘7V) .

The 1/f noise is given by the Hooge model as

2
VEA (fm—aXJ (3.20)

N f

min

with & the dimensionless parameter, V, the bias voltage across the resistor, N the number of
carriers and f the frequency (assumed f . =10Hz ). Typical values for & are between
10" and 107 [32]. The resistor volume is 12.54m°, and assuming V, of 5V and a doping of

1x10®cm™ gives a noise voltage of 17.29x10™° volts. This means that the noise voltage
cannot be neglected. Total noise is the sum of the noises in the four resistors [25].

4(\/(17.29 x10)" +(L17x107 )’ ) = 69.6.V (3.21)

To obtain a signal which is clearly above the noise level, the signal should be twice as large as
the noise which means that the signal should be at least 139.2uV to cover all extreme cases. We
assume that a p-type silicon is used with a gauge factor of 20 (value used in the rest of the
dissertation to cover extreme cases). The design target is therefore, Vo, = 139.2uV.

Read-out Circuit Configurations
When considering resistive readout circuits, the most commonly used circuit configurations are
the voltage divider, half bridge and the full bridge. Next, the calculations for these configurations

are done based on p-type silicon.

Voltage Divider

Vou =7=—=Vh (3.22)
2R+ AR
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if a 5V input voltage is used.

139.2x10° = x5=27.84x107° = R = AR =35917 (3.23)
2R+ AR 2R+ AR R
further it is given
GF*¢ = A_R (3.24)
R
20%£=35917 = £=1795.85 (3.25)
assuming a Young's modulus of 170GPa , by Hook's law
o
E=— 3.26
£ (3.26)
1795.85 = —— = o =3.05x10°MPa (3.27)
170x10
Half Wheatstone Bridge
. =( R¥AR R jvm =R vin (3.28)
R+AR+R R+AR+R 2R+ AR
139.2x10°° = AR %5 = 27.84x107° = AR = AR =55.68x10° (3.29)
2R+ AR 2R+ AR R
GF*e AR (3.30)
R
20% g =55.68x10° = £ =2.764x10"° (3.31)
e=Z (3.32)
= .
2.764x10° =—2 = 5 =0.473MPa (3.33)
170x10
Full Wheatstone Bridge
- ( R+AR B R—-AR jvin _ A_RVin (3.34)
R+AR+R-AR R+AR+R-AR R
139.2x10° = A—;*S = 27.84x10°° = A—; (3.35)
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AR

GF*sg=— (3.36)
R
20% 5 =27.84x10° = £ =1.392x10°° (3.37)
e=Z (3.38)
- .
1.392x10° =—2 = 5=0.236MPa (3.39)
170x10

3.4.2 Oscillations

After the mass leaves the detector, the detector will oscillate before it returns to its stable state.
During the vibration there will be an interchange between kinetic and potential energy. When the
mass hits the detector, the detector is bent and stressed, which means energy is stored in the
detector. As the mass leaves the detector, it will restore to its stable state by releasing the energy.

1
The energy is turned into kinetic energy which is represented by Emvz. One important rule for

energy is the conservation aspect. This means that all the potential energy will be changed to
kinetic energy and vice versa. So the detector will oscillate and it would never stop if no energy
loss is assumed. However, since the device is working in a viscous environment the detector will
lose energy due to air damping. If the detector is modeled with a single DOF (degree of freedom)
spring-mass-damper [34], the detector motion is described as

mX+cXx+kx=0 (3.40)
To solve this differential equation, assume that Eq.(3.40) has a general solution of the form
x(t)=ae” (3.41)
and substituting this form into Eq.(3.40) yields
(mp*+cp+k)ae” =0 (3.42)

It can be seen that there is a trivial solution X (t) =ae” =0, which corresponds to no motion. So

this solution is not of interest. Eq.(3.42) can be rewritten in a characteristic form as

mp*+cf+k=0 (3.43)
The roots A; and A, are given by
C 1 2
=——+—+/C"—4km (3.44)
Pra 2m~ 2m
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The model can have three different motions, underdamped, critically damped and overdamped
motion. The critical damping coefficient is given by

C, = 2vkm (3.45)
and the damping ratio is given as
C C
= =—" (3.46)
d C 2Mmaw

cr

where w is the undamped natural frequency. Rewrite Eq.(3.44) yields
B, =—Cotan ¢ -1 (3.47)
For the underdamped motion (0 < £ <1) the solution is given as

X(t)= Ae*“sin(w,t +¢) (3.48)

where A is the initial magnitude, @, is the damped natural frequency (@, = o\1-¢? ) and ¢

is the phase shift. For critically damped (£ =1), the solution is given as
x(t)=e""(a +a,) (3.49)

where @ =X, and &, =V, +wX, (V, is the initial velocity, X, is the initial displacement of the

mass). And for the overdamped case (£ >1)

x(t)=e=" (ale“"tm + aze“”a ) (3.50)

-V, +(—§+\/ﬁ)a)xo

2047 -1 207 -1

where @, =

It can be seen in Eq.(3.48) that the e-power term is the one that returns the detector to its stable
state (X(t) =0). The e " term determines when the system is stable and this term will be zero
only if @ . For this purpose it is found that e =4.54x107° and this is assumed to be
approximately 0. Since the simulated pull-in time of the accelerometer in case of -2g acceleration

is £4ms (moving both sides +8ms), considering the stoppers at a2x107°m distance (Figure
3.7), it is reasonable to assume that the detector should return to its stable state in 1ms. If this
requirement condition is assumed it becomes

Cot>10 = (w>1x10° (3.51)

t=1x10"°
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3.4.3 Impact

The impact is the largest force during operation and since the impact could damage the
microstructure, it needs to be investigated. The impact force is given by

I:_ﬂzmAv

= 3.52
At At (5:52)

The force depends on the time of contact. Since the time of contact between the mass and the
detector is unknown, a worst case scenario situation should be considered. The worst scenario
occurs when the mass hits the detector and stops immediately. In this case, the main concern
with this force is that the structure should not be damaged. Impact analysis performed in [35],

show that the impact time is around 1.5x107" seconds for a structure that is hitting a hard
surface. In [36], experiments indicate that if a sensor accidentally falls from a height of 150cm the

impact time on the package when it hits the ground is around 6x107" seconds so it can be
concluded that the impact time should have a magnitude in the order of 107,

3.4.4 Detector Design

It was already explained that the detector shouldn’t be oscillating when the mass comes back to
hit it again. In this situation, it was demonstrated that

Co>1x10" (3.53)
which implies a large natural frequency
k
o=, |— (3.54)
m

However since stress is used as the measuring parameter the detector should not be too stiff,
otherwise the desired output signal cannot be produced. So there is a design conflict that needs
to be addressed. Since the first thing is to design a high resonance frequency structure the
transduction resolution will be left for a second design stage. The detector is assumed to have
squeeze-film damping which is modeled as two parallel plates. So the damping model that is
used for the comb fingers is also used here. Since detector stability at 1ms is required, Figure
3.19 shows that at that time the mass is at —1.876 um . This suggests that the gap from the left

detector is then 0.124 um
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Figure 3.19 Pull-in Time Simulation Mass Moving To 2um From -2um With -2g Acceleration

Since we assumed that squeeze-film damping dominates over the other damping factors, the
damping can be calculated. The calculation is done using the following method. Assume bumpers

on the detectors of length 0.25um are used and that the “contact bar” of the detector is
100umx20umx25um (I xbxh). Because the mass is moving during oscillations the average

damping is used, which is calculated by simulating the damping values for gap when t =0 to
t =1ms. These values are added to each other and divided by the amount of elements used and

this gives a damping coefficient of 1.66x10™. In order to fulfil the requirements of Eq.(3.53) the
resonance frequency needs to be

—4
Cow>1x10* :M\/klm >1x10* (3.55)

2-/km

at the same time the stress requirement needs to be considered. At 2um the system has a

pushing force 0f85.49x10° N . The impact force is calculated as

-7 —4
F _Ap _mAv _ 2.4851x10 *7?.21><10 _15mN (3.56)
At At 1x10
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The structure is required to generate a signal at collision and to survive the impact force due to
collision. The design in Figure 3.17 was found by iterations. From the figure it can be seen that
the stress is 5MPa, which is according to previous calculations enough to create a signal. To
verify that the structure will sustain the impact force, a simulation was done and it shown a stress
level of 91.07MPa. The yield stress of silicon is 1GPA so it can be conclude that the structure will
survive the impact force. A yield force of 16.87N is found by iteration. The next calculations
proved that vibration is not a problem. From the simulation the spring constant of the detector can
be calculated as

- F_ 85.49x10°°

. X

The mass is calculated by
m =VolumeMass x Density =5.88x10'°kg (3.58)

and Eq.(3.53) can be proven by filling in the parameters

1.66x107™*

V1.97x10°/5.88x10%° =1.41x10° >1x10*  (3.59)
2/1.97x10° %5.88x 102

The settling time is thus

10

m =0.07ms (360)
4A1X

So it can be concluded that the design fulfils the needed requirements and it can be used in the
system.

3.4.5 Different Possible Configurations

From earlier discussion it was decided to use the I-beam for the contact method. While using this
contact method different possibilities for its implementation are shown in Figure 3.20 and Figure
3.21. In all these two designs collision between the mass and the detector occur. In the
configuration shown in Figure 3.20, the mass will hit the detector as it moves towards that
direction. After mass hits the detector they will move together by a displacement x (depends on
the stiffness and the force that the mass has). When it reaches a certain point and a signal is
detected by the read-out electronics the polarity of the electrodes will be turned and the mass will
be pulled away from the detector. However because the detector is bend and it tries to recover its
stable state, the detector will bend back and the mass will get an acceleration from the detector
until the mass is out of reach for the detector. This might introduce errors, but if the acceleration
that the mass will get is always the same then this error can be neglected. This method can be
implemented as shown in Figure 3.22. The second system configuration (Figure 3.21) works
different than the first two configurations. In this case the mass moves towards the detector and
collides until a detectable signal is created. Then the mass will be pulled away (happening the
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same thing as in the other two approaches) by the detector. When it moves away and reaches
the other side, the same detector will be pulled by the mass to create the signal. This approach
has the advantage of using only one detector, saving space on the chip. This approach can be
implemented as shown in Figure 3.23.

= &

Figure 3.20 System Configuration 1

Figure 3.21 System Configuration 2
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Figure 3.22 Work Flow Of System Configuration 1
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Figure 3.23 Work Flow Of System Configuration 2
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3.4.6 Simulink Model of the Pull-in Time System with the

Detector

The Simulink Model with the detector included can be found in Figure 3.24. In this figure the only
difference with the previous model is that the mechanism to switch the applied voltage is added,
so that when the pull-in event is detected, the mass is pulled to the opposite side. A few new
blocks have been added to the system as shown in Figure 3.25. The detector is implemented in
such a way, that when the mass reaches its destination it doesn’t stop while pressing the detector,
but rather the spring constant of the mass and the detector are added together in the simulation.
When the mass is moving to the opposite direction the detector will push the mass back. An
overview of this implementation is shown in Figure 3.22.
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Figure 3.24 Simulink Model Of The Pull-in Time Accelerometer With Detector

Page | 48




G

Ingun Accalaration

Diapisy®

—1

fotal force

1, [

F_w_ Integratarl '__|_ Initisl Camparestion]

Displayl2

e fﬂ_ o

Displays

|

Iretiad Compansatsnid Ewitch Direction

— - Retational

> 2
displacemant Cperatorl

Duamping Moy

Top G,

intial g

i —

Yy

it

FN

i

Fo Actuation Rigtht

. ——

Disglayd

Figure 3.25 Simulink Model Of The Pull-in Time Accelerometer With Detector 2

Page | 49




Simulink Model Results

Initially, a simulation has been performed to check the detector when it returns to its rest state
after being hit by the mass. The movement of the detector is shown in Figure 3.26. It can be seen
that in the beginning the detector is hit and moves a certain distance, in this case 43nm.Then the
detector returns to its rest state. While returning to its rest state, the detector pushes the mass
back without oscillations. This happens due to the damping force of the accelerometer that
absorbs the force of the detector (in this simulation it is assumed that there are no other forces
acting on the mass since the force of the detector is dominating).

Displacement [nm]

|
1.5 2 25 3
Time [ms]

Figure 3.26 Detector Movement After It Got Hit By The Mass

Figure 3.27 shows the pull-time movement of the accelerometer, starting from the left side
moving to the right side and after hitting the detector returning to the left side. Figure 3.27 also
shows that detector use does not affect the behaviour of the accelerometer, which is a good
indicator for real device operation.
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Figure 3.27 Simulation Result Of Configuration 1 and 2 (Moving To The Right Side And Returning To
The Left Side)

3.5 Layout Designs

For the fabrication 2 layout designs have been made. The first one makes use of 2 flexible
contacts. The second one is based on the same principle but with 1 detector only. These are
shown in Figure 3.28 and Figure 3.29.

To make the designs with the desired parameters care needs to be taken due to the fabrication
process and its limitations. One major concern is the under etching. Fabrication process under
etch is common in DRIE processes, however how much the under etch will be is just an
approximation. So designing a gap of 2um requires a gap of 1.12um since the under etch is
expected to be approximately 440nm. From the design point of view the piezoresistors should be
placed close to the edge of the detector where the generated stress is largest. So in the layout
design the piezoresistors are placed 0.5 micron from the edge with the under etch of 0.44 micron
considered. This is shown in the figure below. Extra bond pads are included in the designs to be
able to ground the substrates.




Figure 3.28 Layout System Configuration 1

Figure 3.29 Layout System Configuration 2
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4 Results

When it comes down to proposing new ideas and methods, the most interesting part are the
experimental results. In this chapter the fabrication and measurement results of the piezoresistive
detector are discussed based on [37]. The fabrication process is described step by step. Before
the actual fabrication can start a layout file needs to be created according to the technology
possibilities, which are limited by the fabrication facilities. A gap of 1um is considered to be
feasible to fabricate. Moreover the fabrication process also includes uncertainties as undercuts.
Other things that will be presented in this chapter are the measurement setups, configurations
and results. The main focus of this dissertation is to show that piezoresistive detection can be
used in time based pull-in accelerometers and therefore the mass should not get stuck with the
detector and the detector should not break during the collision. Experimental results validate the
piezoresisitve approach.

4.1 Fabrication Results

SOl-technology was used for the fabrication process of the devices. The final cross-section of the
device is shown in Figure 4.1. The first step in the fabrication process was to grow a thin n-type
epitaxial isolation layer on top of the SOl wafer. On top of the isolation layer a p-type epitaxial
layer was grown that represents the piezoresistors. Because both the piezoresistors and the
substrate were of the p-type material, an intermediate isolation layer was required. After the
piezoresistors were etched a silicon nitride passivation layer was deposited onto the
piezoresistors. This layer prevents the piezoresistors from oxidations. Later the silicon-nitride and
the n-type isolation layer were etched, small contact holes were opened in the silicon-nitride layer
to let the metal make contact with the piezoresistors. The next step was to deposit the metal on
the wafer and at the unused places the metal was etched away. Oxide layer was added to the
wafer to prepare the DRIE etching. The oxide layer will protect the other structures from the DRIE
etching. When the structure was ready DRIE etching was applied. The last step of the fabrication
process was to release the structure to make it movable.

Figure 4.3 shows clearly that the designed gap is not an issue at all for this fabrication process.
Figure 4.2 shows the same results as the previous ones, no obvious fabrications errors are found.
However Figure 4.4 shows that the metal lines that are connected to the piezoresistors are
thinner than as drawn in the layout design. In the layout design the metal lines are drawn with 2
micron, however after it got fabricated the metal lines are approximately 1.4 micron and also not
consistent everywhere. Although there is a difference in the width of the metal lines, it will not be
a big issue as long as the metal lines are connected which is true in this case. From the same
figure it is also shown that the piezoresistors are placed very much on the edge which is done on
purpose as explained before.
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Figure 4.4 Piezoresistors With Metal Lines

4.2 Measurement Setup

To be able to do measurements on the chip, a measurement setup needs to be implemented.
The measurements were done using the probe station HP4156, as shown in Figure 4.5. This
probe station consists of six needles that can be used to drive or to measure the devices by
placing the needles on the bondpads. The chuck (place where the chip is put) of the probe station
can also be grounded to prevent any parasitic effects. The probe station is able to use the same
needle to drive and sense at the same time. Using this probe station basic measurements can be
done, which is enough to validate the detector principle.

4.3 Measurement Results

The goal of this project is to validate that the detector works as explained before. To get the
signal out of the detector, piezoresistors are used. However before doing measurement on the
Wheatstone bridge it would be very helpful if a separate piezoresistor is characterized. The
piezoresistor is characterized using the configuration shown in Figure 4.6. As shown in the figure
there are three bondpads: one is connected to the substrate and the other two are connected to
the piezoresistor. By grounding the substrate the parasitic effects are minimized. Applying a
potential over the piezoresistor, the piezoresistor can be characterized. The results are shown in
Figure 4.7. It can be seen that the resistance is linear. The non-linearity is very small. Moreover
the Wheatstone bridge is supposed to operate at 5V so we can consider that the resistance still
behaves like a resistance and that the magnitude differences are not important for the targeted
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application. From the graph it can be seen that the resistance is about 27.5kQ), which is
different from what was analyzed before. The differences are due to the dimension difference of
the resistors. In fabrication ohmic parts were added to create contacts with the metal.

=il B/l —
-

——

Figure 4.5 Measurement Setup

Figure 4.6 Piezoresistor Test Configuration

Page | 57




I — = Current]

2.0x10™
n
- .m
. ” - m
1.0x10™ -
| |
|
2 .__,l
@ _n
= a
o "
-
-1.0x10™ 1 =
]
n
..
m
| |
-2.0x10™
X 1 ¥ 1
-5 0 5
Voltage (V)

Figure 4.7 Piezoresistor Characterization

3

elelnl pa " O
subsirate

bondpads

dpad

Figure 4.8 Measurement Configuration

Page | 58




To validate that the detector generates a signal when the mass collides, the configuration shown
in Figure 4.8 is used. There is one bondpad to drive the mass and one bondpad to ground the
substrate (mass) and four bondpads for read-out purposes. Note that the drive bondpad was
originally designed for capacitive sensing. However due to measurement setup limitations it is
used as the drive bondpad and 23 combs are driven instead of 6. The read-out can also be
schematically shown in Figure 4.9. From measurement it is found that the resistances of the
resistors are not the same. The measured values are listed in Table 4.1. Since the resistances
are not the same, the bridge is unbalanced and will have an offset value at the output. In the
Wheatstone bridge there are two piezoresistors that changes due to the stress, which are placed
on the detector.

R3 R2 Vout

T

Figure 4.9 Measurement Read-out Schematic

Resistor name Resistance (kQ)
R1 23.67
R2 26.48
R3 26.19
R4 27.05

Table 4.1 Measure Bridge Resistances

Before the real device was tested, a test device was measured. The test device is shown in Figure
4.10. As shown in the figure behind the detector there are stopper to limit the detector movement.
The stoppers were placed behind the detector with a distance of approximately 1um. The
maximum displacement of the detector is limited by the electrode, which was approximately 5um
from the detector. The measurement result is shown in Figure 4.11. The measurement was done
mechanically, this means that the detector was mechanically pushed to the desired distance. It
can be seen from the graph that the first part of the line is steeper than the last part. This is
because the first part of the graph represented the detector movement up to 1um, which is before
the detector hits the stopper. The last part of the graph described the detector from 1um till Sum.
From 1um the detector moved further together with the stoppers, these limited the stress that was
generated on the detector. The delta bridge output between Oum and 1um was 109mV, this is
also the range of interest.
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Figure 4.11 Test Device Measurement Results

The measurement results of the real device are shown in Figure 4.12. Figure 4.12 shows that
there was 5mV difference between applied voltage of 6V and 10V (First pull-in point reached,
Figure 4.13). This means that at this point the pull in has already occurred and there is enough
stress generated to produce a signal. At 13V it can be seen that there was another delta output
voltage of 35mV (in total 40mV). This means that there was a second pull-in. This was due to the
collapsing of the electrodes (Second pull-in point reached, Figure 4.13). When the electrodes
collapsed the detector was pushed with a total distance of approximately 400nm. This

=43.6mV ).

An exact the same device but without detector has a pull-in voltage between 1.5 and 3 Volts [38].
From previous analysis the expected pull-in voltage was calculated as 2.92V for 6 drive combs,
for 23 combs the pull-in voltage can be calculated as 2.11V. The measurements were done using
23 combs and therefore, voltages higher than 2.11V should pulled in the structure and generate a
signal. The measured pull-in voltage found in [38] compromises with the calculated value.
However the pull-in point of the detector can only be seen from 6 volts. This means that the force
that is generated due to the electrodes was not enough for the detector to generate a detectable
signal. The difference in pull-in voltages can be partly explained by the fact that there are lots of
particles on the device as shown in Figure 4.14. So the pull-in voltage might differ from device to

compromised with the measured results from the test device(0.4 *109,,,., displacement
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device. The other part of the explanation was probably because the sensitivity of the detector was
less than expected.
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Figure 4.12 Measurement Results

Figure 4.13 Accelerometer
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Figure 4.14 Fabricated Accelerometer

The sensitivity of the detector can be calculated as follows. When the detector was mechanically
pushed by 400nm, the bridge output was approximately 40mV (Figure 4.11). So since the stress

is linear proportional to displacement and stress is linear proportional to the bridge output, the
sensitivity can be calculated as

OmV

Sensitivity = 4 =0.ImV /nm
m
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5 Conclusion

In this work the pull-in time accelerometer was introduced and analysed analytically as well as
numerically. It was shown that the transition time is proportional to the acceleration. To measure
the transition time, different transduction methods were proposed in literature. In this thesis the
piezoresistive transduction method was introduced and also analysed. Different detectors were
considered and the most suitable detector was chosen to implement. The detector was designed
to generate the signal out of a collision and also to absorb a part of the collision force. This was
meant to make the device more reliable (smaller impact force due to collision). The Wheatstone
bridge configurations for the read-out purposes was analysed and implemented in the final
devices. The piezoresistors which forms the Wheatstone bridge were designed according to the
stress spectrum that was obtained from FEM simulations. For the contact method three stage
behaviours were considered, before collision, at collision and after collision. The dynamic
behaviour of the accelerometer and the detector were analysed and modelled using Simulink.
The results of the Simulink simulations were shown in Chapter 3.

MEMS accelerometers were produced according to the layout file. The measurement results
were obtained using the probe station HP4156. In Chapter 4, the measurement results were
shown. The results show that the fabricated piezoresistors present different resistance values
than the calculated ones. The main reason for this is because in the calculations only the
piezoresistor was included, while the measured values also included the contacts points, so that
increased the total volume of the piezoresistors. This resulted in a higher resistance value. The
results also show that the detector generates a signal at around 6 volts which differs from the
calculated one (2.11V). This is mainly due to lack of sensitivity of the detector and partly due to
particles.

As a conclusion, the flexible contact method is a good alternative detection method and can be
applied to MEMS based pull-in time accelerometers. This method can also be applied to other
types of sensors, e.g. force sensors. However further investigations are required.

Future Work

The thesis has validated the piezoresistive detection method using flexible impact detectors.
Since it was shown that using this method, signals were able to be generated due to pushing.
However, the designed detector was too stiff to be sensitive enough to create a signal as the
mass reaches the detector. Although it did generate a signal after the mass had pressed the
detector with a certain force. So in the future the detector must be designed with a larger margin
so that the sensitivity problem can be covered (detector should be less stiff). This can be done by
decreasing the width of the detector. It might also be interesting to do a time test of the
accelerometer along with the detectors and compare them with the previous works. Another
interesting point is to do a test with the detector in combination with accelerometer capacitive
readout. Using this combined detection method it would be possible to improve current
knowledge on MEMS impact theory.
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