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Abstract

A silicon accelerometer consists of a silicon mass suspended by thin silicon
beams. The displacement of the mass due to accelerations can be detected by
several methods; one of which is to measure the resistivity change of strain
gauges implanted into the thin silicon beams. This work aims to produce a
piezoresistive accelerometer with a reasonable sensitivity, high resonance
frequency and which is protected against overforces.

This text describes the systematic analysis of the development steps of a
piezoresistive silicon accelerometer fabricated with a bipolar compatible
indnstrial process. First, the device is simulated using analytical formulae and
finite element modeling. Based on the restrictions given by the chosen
fabrication technology the optimization of a four-beam bridge-type device is
discussed. For the fabrication of the sensitive device an industrial bipolar
process has been adapted which resulted in a process sequence with only four
additional steps. One of these, the deep dry etching of silicon, has been
investigated for two gas combinations and optimized for our application. One
of the most important steps is the encapsnlation and damping of the sensitive
device. Both liquid- and gas-damped accelerometers were realized and
compared to theoretical predictions. The squeeze film theory was applied for
both damping mediums and agreed well with experimental results. A simple
chip-by-chip encapsulation method allows the device to be critically damped
and to be overforce protected. The development resulted in a 50 g air-damped
accelerometer with a useable frequency range of 1200 Hz over the whole
temperature range of -20° to 120°C.
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Chapter 1
Introduction

The first section of this chapter describes several aspects of silicon sensors
with particular emphasis on accelerometers and their applications. The
different silicon based sensing technologies are compared in section 1.2. The
next section summarizes the history of silicon accelerometers. Section 1.4
explains the background of the work. The piezoresistive effect in p-type silicon
is briefly reviewed in section 1.5. Finally the structure of this work is
outlined.

1.1 SILICON ACCELEROMETER -
AN IMPORTANT MICROSENSOR

Sensors are the sense-organ of the electronic world and form an interface
between the worlds of physics and chemistry and modem, electronic circuits.
In order to improve the flexibility of automated systems, a feedback signal
from a sensitive element which has high quality and reliability is needed.
Silicon sensors produce an electrical output that corresponds to some physical,
chemical or biological quantity, for example pressure, acceleration, force, ion
concentration or a biological molecnle. The sensing elements are often the
critical components determining the feasibility of new products, For example,
all modem cars rely on a fuel delivery system based on manifold absolute
pressure and flow sensors which are sold in volume under $ 15.

Integrated circuits have changed many aspects of our life. However, while the
microelectronic revolution has been spreading, a more subtle technology -
stlicon micromachining - has been gradually developed leading to the precisely
defined three dimensional sculpting of silicon. Since only silicon can meet the
aggressive cost or cost/performance requirements of new sensor products,
almost all new sensor applications are silicon-based. Silicon technology is also
displacing older technology in traditional applications. Using standard or
modified semiconductor batch processing technology allows lower production
costs and higher profit to be made from the hnge know-how of silicon
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processing in, for example ultra-pure materials, advanced processes, high
volume manufacturing and packaging techniologies. In integrated circnits only
the electrical properties of silicon are exploited. Micromechanics utilizes both
electrical and mechanical properties of silicon and thues creates a new
generation of electro-mechanical silicon chips.

There are many factors making silicon micromachining technology se
attractive. Silicon is almost a perfect mechanical material, especially for
sensors. It is stronger than steel, it does not show mechanical hysteresis, its
hardness is the same as quartz and its thermal conductivity is near that of
aluminem. Silicon is also readily machineable with a variety of chemical and
electrochemical etchants. When all these mechanical attributes are combined
with the electronic performance of silicon and its sensitivity to light, magnetic
fields and stress, it becomes obvious that silicon provides a unique fundamental
base technology for all types of micromechanical sensors and actuators. In
addition to these excellent properties, silicon brings significant advantages
from the established mainstream electronic industry.

Due 1o the low price and reliability of the sensors, the market is growing very
vigoronsly (see Fig. 1.1). The increase is 10- 30 %/year for the various
application sectors [1]). The growth of silicon based sensors is expected to be
much faster than the total market. The best opportunities are for low cost, high
volume sensers for use with microprocessors. Pressure sensors represent the
largest established market for sensors (1990: 1.4 Billion ECU) [2]. The silicon
accelerometer market is expected to grow faster than the one for pressure
sensors, on average about 27%/year [3]. The years following 1992 will see a
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Fig. 1.1 Sensor market predictions [4]
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step increase in automotive acceleration sensors usage due to volume
implementation of suspension and air bags which have incorporated
microprocessors and microcontrollers,

Acceleration is for most applications an important parameter, since both
velocity and displacement can be calculated by single and double integration,
respectively, in time. Due to the improvements of silicon accelerometers the
prices have dropped and the reliability has increased in such a way that they
can be implemented into huge volume products (i.e. automotive market). Table
1.1 shows the different fields of applications of silicon accelerometers. As the
position of an object (e.g. vertical or horizontal) can be detected also by an
accelerometer, there are many possible low cost applications in the consumer
market for example, a clothes iron in a horizontal position and not moving can
be switched off for safety reasons.

The silicon sensor market is gradually moving in the direction analogous to
other electronic components: higher integration. There are two ways for a
possible on-chip integration : electronic or mechanical integration. In the area
of electronic integration there are several possible levels of integration
enhancing sensor performance. In the case of piezoresistive pressure sensors
or accelerometers the basic sensing element includes only four resistors. These
resistors require additional signal conditioning in order to provide a useful
signal for a final user application. The passive on-chip circuit integration may
include offset balancing, temperature compensation of both offset and
sensitivity and even signal normalization. As silicon is nsed as basic material it
is possible to integrate on the same chip active circuitry for signal
amplification. One major disadvantage of further integration for most
applications is the higher engineering and toocling cost required to provide
efficient manufacturing of the device, Therefore the crossover point above
which higher level of integration offers lower cost sensors is a function of the

Table 1.1  Fields of application for integrated accelerometers [3]

Market segment Application

Automotive Smart Suspension: 4 to 6 accelerometers / car
ABS Brakes 1 accelerometer / car
Air Bag actuation

Aerospace Closed Loop {(Servo) Acceleration Sensors
Weapons (missiles)
Navigation

Automation Vibration sensors

Control Earth quake monitoring

Transportation Handling of fragile goods

Medical Monitoring of body motion (pace maker)
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existing technology infrastructure and knowledge : further integration might
become expensive. For only a few and very high performance applications,
full on-chip signal conditioning is reasonable. Sensors which have the sensing
element and the signal-processing circuit integrated on one chip are called
smart sensors [5]. The integration of further mechanical parts on-chip provides
a potential for substantial benefits to the users. For instance Nova Sensor
presented a batch fabricated piezoresistive silicon accelerometer [6] with
incorporated overforce stops on the same chip (see section 5.2). Thus high
volumes needed for new markets can be attained.

The characteristics of different sensing technologies for silicon accelerometers
are described in the next section.

1.2 DETECTION OF ACCELERATION

Most accelerometers consist of a mass-spring system, and therefore are based
on Newton's second law of motion. The force acting on an accelerated mass
corresponds to the product of mass times acceleration. Thus the deflection of
the spring is a direct parameter of the acceleration (within the elastic limit).
From now on, we will only consider silicon accelerometers. In that case the
spring is a thin silicon beam with a block of silicon as seismic mass at its end
(see for instance Fig. 3.15). Under acceleration the seismic mass is deflected
which leads to a deformation of the thin silicon beam. There are three main
sensing technologies to detect the movement of the mass :

» capacitive

» piezoelectric -

» piezoresistive
Their basic characteristics are compared in Table 1.1L
In the capacitive case the surface of the mass forms an electrical capacitance
with an extemal electrode. As the accelerometer is encapsulated by either
pyrex glass plates [7] or silicon caps [8], which form a small cavity, the
counter electrodes can be integrated into the cavity. A movemenm of the
seismic mass due to an applied acceleration changes the capacitance of the
parailel-plate capacitor. In order to have a reasonable capacitance change, the
mass and the outer electrode are separated by a few microns (= 2 um). This
small cavity Jeads to an overdamping of the sensor at atmospheric pressure [9,
10]. Thus the pressure inside the cavity has to be reduced and to be well
controlled, which complicates the production process. A serious problem with
capacitive sensors is that the leads connecting the sensor to the outside tend to
show stray capacitances which are of the same order as the sensor capacitance.
This makes it mandatory to include electronic circuitry on the sensor chip in
order to convert the change in capacitance (some pF) into an electrical signal
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Table I.II Comparison of simple sensing technologies [14]

Capacitive Piezoelectric | Piezoresistive
Impedance High High Low
Electrical Loading Effects Very High High Low
Size Large Small Moderate
Temperature Range Very wide Wide Moderate
Linearity Error High Medium Low
DC Response Yes No Yes
AC Response Wide Wide Less Wide
Damping Available Yes Neo Yes
Sensitivity High Moderate Moderate
Zero Shifts due to shock No Yes No
Turn-over or Yes No Yes
Shunt Calibration
Electronics Required Yes Yes No
Cost High High Low
Cross axis Sensitivity Primarily dependent on mechanical design, not

transduction

[11-13). However, this approach is advantageous since it displays a high
sensitivity in comparison to the piezoresistive effect [15].

Another way of directly measuring force is based on the piezoelectric effect
(16]. In many crystalline materials, such as quartz a mechanical stress produces
an electric pelarization and, reciprocally, an applied electric field generates a
mechanical strain. Silicon unfortunately does not show this piezoelectric effect,
To circumvent this problem it was found possible to deposit piezoelectric
layers on top of the silicon beams. The desired signal conversion then takes
place in these layers. In the beginning CdS and CdSe layers were used, today
sputtered ZnO films are common and can be deposited in a reliable and silicon
process compatible way [17, 18].

Most solid-state sensors for mechanical signals are based on the
piezoresistive effect. The change in specific conductivity due te an applied
strain is defined as piezoresistance. It was first reported by Lord Kelvin in
1856. Based on this effect, strain gauges were developed that today are widely
used to measure force. A very shert summary of the physical background of
this effect is given in section 1.5. In 1954 Smith reported experiments that
showed that the piezoresistive effect was about a hundred times greater in
silicon and germaninm than in metallic conductors. Several years later this fact
was used for the design of the first silicon pressure sensors, having four
piezoresistors diffnsed on its thin membrane and connected to a Wheatstone
bridge. Two great advantages of the piezoresistive principle are that a true DC



6 Introduction

response can be measured and secondly no electronic circuitry is needed for
the detection of the voltage change.

Other detectien methods like the piezojunction effect [19, 20], resonators [21,
22], thermopile [23] or integrated optic detection [24] have never reached the
level of low caost devices for industrial application.

1.3 HISTORY OF SILICON ACCELEROMETERS

The first silicon micromachined accelerometers with integral packaging were
developed by Raylance at Stanford University in 1975 [25]. That device was a
single cantilever structure with a silicon mass and piezoresistive sensing. Seven
years later, Petersen et al. demonstrated a miniature deflectable cantilever
beam based on capacitive detection, which was fabricated immediately adjacent
to the MOS signal-detection circuitry [26]. A piezoelectric accelerometer
consisting of a cantilevered beam structure overcoated with a ZnO film and
with the electrical signal directly coupled to the gate of a MOS transistor was
realized by Chen et al. in 1982 [17]. A year later he added a silicon proof mass
to obtain a higher sensitivity using the same detection principle [18]. In 1983
Rudolf published a micromechanical capacitive accelerometer with a two-point
inertial-mass suspension [27]. The sensitive device was encapsulated by two
anodically bonded glass wafers which formed the counter-electrodes. Benecke
presented in 1985 a frequency-selective, piezoresistive silicon vibration sensor,
consisting of an array of mechanical oscillators {28]. At Transducers' 87
different approaches to achieve critical damping of piezoresistive
accelerometers were presented. A cantilever-type accelerometer mounted on a
thick damping material in order to get a well damped device was proposed by
Tsugai et al. [29]. Nakamura used oil as a damping material for his
accelerometer having silicon stoppers on both sides of the gold-plated silicon
mass {30]. Another important parameter of an accelerometer is its cross-axis
sensitivity. A Wheatstone bridge configuration of eight piezoresistors which
theoretically eliminates all cross acceleration sensitivity was published by
Sandmaier at the same conference [31]. The combination of integrated
overrange protection and integral air damping of a piezoresistive
accelerometer was developed by Barth from NOVA Sensor [6]. There was still
one pyrex wafer used for the overrange protection on one side. Another
approach to damp and to protect against overload piezoresistive silicon
accelerometers was presented by Knutti from ICSensors in 1988 [32]. He
enclosed the sensitive die from both sides with a silicon cap having integrated
over force stops. The small cavity filled with gas damped the device critically,
Olpey from Endevco altered the damping characteristics of their air-damped
capacitive accelerometer by the number and location of grooves and holes in
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the moving plate [33]. An uniaxial accelerometer in silicon based on the
piezojunction effect was first published by Puers in 1988 [19]. Until 1989 it
was not possible to test a piezoresistive accelerometer if it is free and working
or whether it is broken. Thus the self-test featurs developed by Allen from
1CSensors was a great improvement since it allows to test the functionality of
the device without applying any acceleration [34 - 36]. Furthermore this self-
test feature, which is based on the capacitive principle, can be used for
temperature compensation. In contrast to piezoresistive accelerometers the
cross-axis sensitivity of capacitive accelerometers can not be compensated
electrically. Thus a high level of symmetry of the sensitive device is required.
The sensor assembly proposed by Henrion [37] consists of three silicon chips,
bonded together at the wafer level. The center layer is comprised of the proof
mass, which is supported by eight springs, four at the top and four at the
bottom. Electrochemical etching from both sides of the wafer forms a double-
sided symmetrical structure which minimizes cross-axis sensitivity and
harmonic distortion. Suzuki et al. utilized a pulse width modulation technique
to detect the acceleration of their capacitive accelerometer [38), In order to
increase the effective mass compared to the size of the die Yamada proposed
1990 a piezoresistive silicon accelerometer with a surrounding mass structure
[39). As further integration is advantageous a surface micromachined
piczoresistive accelerometer was proposed by Dunn [40]. Analog Devices
announced the successful high volume fabrication of 2 surface micromachined
accelerometer at the beginning of 1992 [41, 42]. A capacitive accelerometer
using sense element structures fabricated on the surface of a wafer was
presented by Cole in 1991 [43). The sense element consists of an
asymmetrically shaped flat plate of metal supported above the substrate surface
by two torsion bars.

1.4 BACKGROUND OF THE WORK

This short section explains what background has led us to develop a
piezoresistive silicon accelerometer. When this work started in April 1988,
piezoresistive silicon pressure sensors were already well established on the
market. At that time the first piezoresistive silicon accelerometers were
commercially available. The opportunity to have a cheap and reliable device
for an enormously increasing market intensified the worldwide research on
silicon accelerometers. Since at our institute the work on the design,
fabrication and characterization of piezoresistive pressure sensors [44] was in
its final phase, a lot of experience on clectrochemical etch-stop and
piezoresistors existed already. As that project was done in collaboration with
ASCOM Microelectronics Bevaix and KELLER AG Winterthur, both partners
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agreed to contribute to the work on piezoresistive accelerometers. The
combination of a semiconductor production company (ASCOM) and a
specialist in the encapsulation of piezoresistive pressure sensors was very
promising. The objective was to develop a silicon piezoresistive accelerometer
based on the same bipolar compatible process as is used for the pressure
sensors fabricated by ASCOM. 1t was decided to install two plasma etching
facilities in our small R&D line and at the same time ASCOM planned to build
a completely new 4 inch production line. Furthermore the Institute of
Microtechnology ordered workstations for finite element modeling and
computer aided design. Therefore the development that is reported in this text
was able to be performed within an excellent environment.

I.5 PIEZORESISTIVITY OF MONOCRYSTALLINE
SILICON

The change in specific conductivity due to an applied strain is defined as
piezoresistance. This effect in silicon 15 summarized in this section based on the
literature of the last 40 years [45-60]. First, formulae which describe the
crystal-orientation dependence of the piezoresistive coefficients are developed.
As these coefficients depend also on temperature and dopant concentration,
their infloence will be discussed at the end of this section.

In 1954 C.S. Smith discovered the relatively large piezoresistive effect in
silicon [45]. He was interested in crystal symmetry. Piezoresistivity is one of
the few electrically anisotropic properties of materials.

A strain affects the resistance of a conductor both because of changes in the
specific conductivity and because of changes in the length and cross-sectional
area. In metals, the two effects have the same order of magnitnde, but in
certain semiconductors such as germaniom and silicon, the change in specific
conduactivity, which is defined as piezoresistance, is typically far more
significant than the change in dimensions. In silicon resistors the fractional
change of resistance is proportional to the increase of the strain to which it is
subjected. For small change this relation can be expressed by the equation

AR
==K Ae 1.
R (1.1)

where R = resistance, K = proportionality constant or gauge factor and & =
strain.

For conventional metal strain gauges the gauge factor is about 2. However, for
silicon resistors a gange factor of 200 is achievable.

The overall resistance change for a silicon piezoresistor can be written as
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_Ap AP AD AV (12)
R P P D V

where p, P, D and V are respectively resistivity, length, thickness and width of
the silicon resistor. Since the effect of resistivity change is the predominant
effect, eq. 1.2 can be reduced to

AR _Ap (1.3)
R P

Since the elastic shear strain that can be introduced into a crystalline solid is
usually quite small, only the linear theory of the relationship between the
resistivity and the strain is required. The resistivity of a material, unstrained
or in any state of homogenecus strain, can be described by a symmetric second
rank tensor, containing a set of six independent coefficients. The state of strain
of the material can alsc be described by a symmetric second rank tensor, or
another set of six coefficients. Thus the most general linear relationship
between the resistivity and the strain can be expressed by six linear equations,
involving thirty-six coefficients. Using the subscripts scheme as is costomary
in the theory of elastic properties, the piezoresistance equations for a cubic
crystal become

6
Pi=Pu|:1 +Eﬂ2'ij Sj] for i=1,2,3 1.4
=1
6
Pi=Po| 2, s for i=4,5,6 (1.5)
j=

The n';; coefficients are the piezoresistive coefficients, p, is the isotropic
resistivity of the unstressed crystal and s; is the stress matrix. The mj;
coefficients form a square matrix of 36 terms and are primed to indicate the
arbitrary orientation of the coordinate system. For crystals with cabic
symmetry, as silicon or germanium, the components of the piezoresistance
tensor can be reduced to three independent coefficients m,,, ®;5 and myy. When
the coordinate axes are aligned with the crystal axes, it has the following form
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Tty M2 2 O
Ty Ty W2 g
T2 T2 Ty

[ﬂ:]-': 0 0 0 T4y
0 0 0 0 Myq
0O 0 0 0 0 myy

oo o

(1.6)

However, all 36 of the coefficients may be nonzero when referred to a
Cartesian system of arbitrary orientation relative to the crystallographic axes.
For most applications it is advantageous to divide the stress in relation to the
resistor into a longitudinal and transverse direction -

—‘;R =M O| + MOy 1.7

with the coefficients

Ty =y - 27y, - Tqg - Bae) Fiy
Ty = Myg + (Mg - Mz - W) Fro (1.8)

and the dimensionless direction factors Fy,, F,, respectively, which are given
by the angle between the direction of stress and the crystallographic axes. The
piezoresistive coefficients m;x for n- and p-doped silicon are given in Table
1.111L.

Using Hooke's law in eq. 1.7, we will find eq. 1.1 again, with E, & and E, &, as
the longitudinal and transverse gauge factors, respectively, and E; and E, the
Youngs' moduli int the corresponding direction.

A graphical representation of the coefficients x; and &, for p-type silicon with
(001) orientation is given in Fig. 1.2. Both coefficients are O in the <100>
directions and have their maxima in the <110> directions. The corresponding
coefficients for a n-type substrate with (001) orientation look similar, but their
maxima are in the <100> and their local minima (% 0) are in the <110>
direction. Since KOH, an anisotropic etchant {see for ex. [61, 62]), is used for
most silicon micromachined devices, the orientation of the structures and thns
of the piezoresistors depends on the etch characteristics. The surface of the
wafer is a (001} plane and the edges are intersections of the fast etching [001}

Table 1.111 Piezoresistive coefficiems for n- and p-doped silicon [36}

P i T2 Taa
[Qem) polpaty | polealy | pot!paly
p - silicon 78 + 6.6 —1.1 +138.1
n - silicon 11.7 -1022 +534 —13.6
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Fig. 1.2 Piezoresistive coefficients in the (001) plane of Si at room
temperature [56]

planes and of the very slow etching {111} planes. This leads to a side
orientation on the wafer surface in the <110> direction. In this direction, the
longitudinal and transverse coefficients of p-type silicon are about twice that of
n-type silicen. Thus p-type and net n-type piezoresistors are implanted into the
beams of silicon piezoresistive micromechanical devices. The longitudinal and
transverse ceefficients for both types of silicon are listed in Table 1.1V.

The coefficients are not only dependent on the crystal orientation but also on
the depant concentration and en temperature. Kanda [56] has shown, that in
general, the piezoresistance coefficient 71(N,T) with an impurity concentration
N and at a temperature T can be written in the form

m(N,T) = P(N,T) (300 K) (1.9)

where P(N,T) is the piezoresistance factor and given by

Table 1.1V Longitudinal and transversal piezoresistive coefficients and gange factors of n-
and p-doped (001) silicon for {110] directions in the crystal (p (n-81) = 7.8 Qem,
p (p-Si) = 11.7 Qem) [56]

[110] direction | ®; or T, m or m, gauge factor
(101 paly
lengitudinal 1/2(m 1+ T 4T as) 71.8 121.3 p-Si
-31.2 -52.7 n-Si
transversal 1/2(7 +1012-Tyy4) -66.3 -112.1 p-Si
-17.6 -29.7 n-Si
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_ 300 Fsqpf(ErkT)

P(N,T) = : 1.10

D T  Fsunf(Er/kT) (.10)
d Fglo)= N————"ﬁ 11

nd Bl | o (1.1

is the Fermi integral and a prime indicates derivative of the Fermi integral
with respect to Eg/kT. The Fermi integral is a function of temperature and the
Fermi energy. The Fermi energy is determined from N by using the following
relation :

N=dn (.m_"zk_l)m FyAEr/KT) (1.12)
h

where m* is the effective mass. For p-type silicon, the scattering exponent s is
-1/2 (see eq. 1.10) and m* = 0.55 megjeciron [56]. The graph of P(N,T) is shown
in Fig. 1.3.

An important advantage of piezoresistors is that very thin layers can be
fabricated by means- of standard microelectronic technology, so that the
current is limited to the surface of the element under bending, where stresses
are maximum. Mereover, the geemetry of the resistors can be easily defined.

1.8 AL 0441 O W A ]
I 189, . A
1.6 v 75°C..L| P(N,T) for p-Si }
1.4 0°C 2502‘:‘
~ 12} £ L N 1
B - TN i
E 1 [ g --.::“:-:\\\\\ 1
a i ety &
0.8 \\\ vt ]
0.6
L 25°C o NP h
0.4 75°C 150°CH
| \\ ¥
0.2 >
0
1016 1017 10t8 10'° 107°
N [cm 3]

Fig. 1.3 Piezoresistance factor P(N,T) for p-sificon in function of depant
concentration and temperatre [56]
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In silicon technalagy typical junction depths are between 0.5 and 3 pm. Figure
1.3 shows that the piczoresistance coefficients decrease with increasing
impurity concentration. In diffused or implanted resistors the impurity
concentration decreases with depth, hence, the piezoresistance coefficients
show an increasing profile. To calculate the average temperature dependence
of diffused piezoresistors, integration over the depth profile is required.
Hence, a relatively high surface concentration does not necessarily result in a
very low temperature dependence, as Fig. 1.3 (which is valid for uniform bulk
material) would suggest, since the deeper and thus lower doped layers exhibit a
higher temperature coefficient. For this reason, shallow implanted resistors
with very sharp doping concentration profile can achieve lower temperature
dependences than deep diffused resistors with equal sheet resistance.

The interpretation of the large piezoresistance effects in semiconductors in
terms of the multivalley model was developed by Smith [45], Herring [63) and
Keyes [48). In the case of silicon, the constant energy surfaces are six ellipsoids
in the momentam space aligned with the crystal axes. The application of an
anisotropic stress condition now changes the relative energies, and hence
changes the occupations in these valleys and electrons will be transferred. Thus
the conductivity becomes anisotropic. If, on the ather hand, the crystal is
stressed in a symmetrical axis of the valleys, no resistance change will be
noticed. For more details, we refer to the literature given abave.

1.6 OUTLINE OF THE THESIS

This thesis is divided into nine chapters. Chapter 2 presents two basic mass
beam configurations of accelerometers and develops analytical formnlae for
the stress distribution and resonance frequency. In addition the senser
structure is simulated using finite element modeling and predictions are
cornpared with the classica) approach.

In chapter 3 the fabrication of the first protatype of the sensor chip is
described. Deep dry etching and etch compensation structures are developed
and optimized. The design and the process sequence using an industrial,
bipolar compatible process are given for the second prototype.

Chapter 4 shows the measurement systems. The performance of
unencapsulated sensor chips are discussed and compared with the thearetical
predictions.

It is necessary ta protect a sensor chip against overload and to damp it. In
chapter 5, the damping effects of thin fluid films on a moving plate are
theoretically described.

Chapter 6 presents different encapsnlation techniques for the sensor chip.
Chapter 7 shows the measured performance of oil- and air-damped accelero-
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meters. The damping film thickness for critical damping is calculated based on
the formulae developed in chapter 5. The third pant presents the temperature
response of offset and sensitivity and discusses the basic ideas of compensation
circuits.

Chapter 8 summarizes the conclusions of the preceding chapters and gives
some suggestions for further research.
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Chapter 2
Simulation of the Sensor Chip

In this chapter the sensitive die of an accelerometer is simulated. There are
basically two main types, the cantilever-type with its mass suspended from
only one side and the bridge-type having its mass suspended from at least two
opposite sides. In the first sections of this chapter, analytical formulae which
describe the resonance frequency and the stress distribution in the beams are
given for both types. In order to optimize the device performance, a formula
for the beam length which maximizes the sensitivity of a bridge-type
accelerometer is developed. In addition, the main characteristics are simulated
nsing finite element analysis. In subsection 2.4.4, the results of analytical
formulae are compared to those of the finite element modeling.

Parts of this chapter have been published in [64, 65).

2.1 INTRODUCTION

The development of a new type of silicon accelerometer consists of three main
steps : design including modeling, fabrication process and characterization. In
order to reduce the development time, theoretical predictions are becoming
increasingly important [66]. For the last five years Finite Element Modeling
(FEM) [67] has been used for the simulation of micromechanical structures
{68-70]. This technique enables us to visualize all the different modes of
vibration and their corresponding resonance frequencies for any possible
structure. Static or dynamic calculations can be done wsing the boundary
conditions closest to reality. Furthermore in the case of a piezoresistive
accelerometer, it is possible to optimize the location of the piezoresistors,
becanse detailed stress distributions can be predicted. However, analytical
formulae are very powerful - in the case of simple structures - in order to see
the dependence of different parameters (sensitivity, resonance frequency) on
the dimensions of the device [71, 72].

In this chapter two basic types of silicon piezoresistive accelerometers are
simulated using both classical formuiae and FEM. First formulae for stress and
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resonance frequency are developed for a simple beam under load. Boundary
conditions corresponding to an accelerometer sensor chip entirely determine
the solution. This analytical approach allows the dimensions of the mass-beam
system to be optimized with respect to the desired sensitivity and bandwidth
and to the technological constraints of the chosen industrial fabrication
process. Results of the FEM are presented and the predictions and limits of
both types of simulation are discussed. In section 4.4, the measured
performance of fabricated devices will be compared to the theoretical
predictions, It has to be noted that throughout this chapter modeling concemns
only the sensitive device. The damping and encapsulation effects will be
discussed in chapter 5.

2.2 TYPES OF ACCELEROMETERS

In an accelerometer there are many possible ways to suspend the seismic mass
using beams. However, we can distinguish two basic configurations of the
mass-beamn system : the bridge-type and the cantilever-type accelerometer.
These are compared below.

bridge-type accelerometer cantilever-type acceleraometer

« mass suspended from at least two |+ mass suspended from one side
opposite sides
+ center of mass of the proof mass |- center of mass of the proof mass

moves in the z-direction under moves on an arc under acceleration
acceleration in z-direction in z-direction

» maximum and opposite stress at » nearly uniform stress on the sur-
each end of the beam under face of the beam under constant
constant acceleration acceleration

« low cross sensitivity « large sensitivity in the main axis

Fig. 2.1 Schematic view of a four-beam | Fig. 2.2 Schematic view of a two-beam
bridge-type accelerometer cantilever-type accelerometer
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2.3 ANALYTICAL FORMULAE

2.3.1 Introduction

Basically an accelerometer can be considered as a beam under load. Therefore
pure bending of a simple beam [73 - 75], which leads to differential equations
in space and time, will be treated first. The formulae of the deflection curve
and resonance frequency for both types of accelerometers will be deduced by
applying the correspending boundary conditions to the general solution of
these differential equations. In this section we follow the treatment of a beam
under lead as proposed by Timoshenke {76]. Taking into account the
technological constraints of the chosen industrial, bipolar compatible
fabrication process, a formula which maximizes the sensitivity of a four-beam
bridge-type accelerometer for a given chip size is developed in subsection
235.

2.3.2 Beam nnder Load

First we derive an expression for the relation between the strain £ and the
curvature radius r.
As it can be seen from Fig. 2.3

e <SS-NN _G+20-r_2z 2.1)
NN ro !

From Hooke's law it follows that the stress oy is given by :

o, = L2 (2.2)
T

where E is the modulus of elasticity of silicon.

o e ==

Fig. 2.3 Bent beam Fig. 2.4 Stress distribution on a cross-
section of the beam
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As we look at the relation between the moment M and the carvature radins T,
let dA denote an elemental area of cross section at distance y from the neutral
axis (Fig. 2.4). The force acting on this elemental area is the product of the
stress and the area dA, i.e. (Ez/r) dA. The moment of the force acting on the
element dA with respect to the nentral axis is (Ez/r)dA z. Adding all such
moments over the cross section and setting this result equal to the moment M
of the extemnal forces, the following equation for determining the radins of
curvature 1 is obtained:

frézsz=E—rI»"—=M (2.3)
inwhich I, = I 22 dA is the moment of inertia of the cross section with

respect to the nentral axis y,

In order to derive an expression for the relation between the curvature and the
shape of the curve, we know from basic mathematics that the curvature radins
r of an arbitrary function y = f(x) at peint x in a cartesian coordinate system is
given by [77]

21372
L Ge) i 2.4)
£'(x)
where the prime indicates the derivative of f with respect to x.
However, in practical applications only very small deflections of beams are
allowable and the deflection curves z(x} are very flat. Thas the first derivative

of the curve's shape is nearly zero and we assume with sufficient accaracy (an
angle of 2° results in a 0.2% error of the radios) that

zZ(x)=0 (2.5)

where z{x) is the shape of the curve. With the coordinate system given in Fig.
2.3 and nsing eq. 2.4 and 2.5 the curvature radius and the shape of the curve
are related by

1. 2 26)
Equation 2.3 thus becomes

El, 92-.M Q.7
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Regarding the bending moments (Fig. =~~~
2.5), it can be seen from the equi- I, \\
librium of the element that they are not MC Ft " l F)M +dM)
equal at two adjacent cross sections and /
that the increase dM in the bending |,
moment equals the moment of the

conple represented by the two equal and
opposite forces F, i.e.,

Fig. 2.5 Bending moments

dM =F dx (2.8

Using the Newtonian law, the differential equation of the deflection of the
beam w(x,t) becomes

2
u0o dx L¥ = prxt) dx + dF (2.9)
dt

where p(x,t) is the force per unit length as a function of position and time and
p(x) is the mass per unit length.

Using the density p and the cross sectional area A(x), u(x) equals p A(x). Thus
according to egs. 2.7 and 2.8 we transform eq. 2.9 into

_513(51 iz!)= ) - p AGy S¥ 2.10
& B0 L)< pixn - p A0 & @10)

Thus, for 2 beam with constant cross section A and no applied force p(x.t), we
obtain :

d*w dZw dPw
Ely, —=-p A—2"=-pu(x) —— 2.11
Y gt P " ¢ 2 (2.11)

The separation of the deflection function in two distinct functions of space and
time w(x,t} = z{x) n(t) results in

i EL 200 _ g (2.12)
u(t) 1 z(x) '
or:
u(t) + w?n(t) =0 (2.13)

290x) - 9% 200 = 2000 - A 50 = 0 (2.14)
El, L*
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2
where A% =EL 14
El, .

The general solutions of egs. 2.13 and 2.14 are

u(t) = A cos (wt) + B sin (o) (2.15)
and
= A e A A s A
z(x) = C; cos X+ Cy sin Tx+ Cs cosh T* +C4 sinh T* (2.16)

The eigenvalues A and thus the resonance frequencies as well as the C; of the
space solution are determined by the boundary conditions.

2.3.3 Formulae fﬁr the Bridge-Type Accelerometer

a) Calculation of the static deflection and stress distribution

In order to develop the formulae for the bridge-type accelerometer, the
structure, schematically drawn in Fig. 2.6, will be reduced to a beam under
load with well defined boundary conditions. Under an acceleration a in the z-
direction, a force F acting on the silicon mass will lead to a deflection of the
beams. Thus the seismic mass under acceleration can be substituted by a force
of magnitude mass times acceleration. Since for most mass-beam
configurations the beams' mass is smaller than 0.1% of the silicon mass, their
reaction force due to any acceleration becomes negligible. Furthermore, the
frame of the sensor chip is considered to be rigid. This implies for the reduced
model both ends to be clamped i.e. they can not move in any direction and they
end horizontally. Consequently the system of forces and moments shown in
Fig. 2.7 has to act on the massless beam in order to be equivalent to a bridge-
type sensor chip under acceleration.

Fig. 2.6 Cross section of a bridge-type accelerometer
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Fig. 2.7 Equivalent model of a bridge-type accelerometer

From equilibrium it follows that

Ma=Mp=M (2.17)
Ry=Rp=R (2.18)
Ra+Rp=F (2.19)

The moment M to keep the beam of length 2L under a single concentrated load
F at both ends horizontal is calculated in [78] and is

M=- F—4L— (2.20)

Hence, for x <L and using eqgs. 2.17 - 2.20
M(x)=.M.Rx=%(_L--x] (2.21)

Double integration of eq. 2.21 in X, using eq. 2.7 and the boundary conditions
z'(0)=0, z(0)=0, wc obtain the deflection curve of the two beams of a
bridge-type accelerometer for x < L as

0222 blaf 2f2]

Therefore the stress at the surface (z = T/2) of a beam can be calculated with
eqs. 2.2, 2.3 and 2.21

Ux(x)=M1§£z='g—ll;m a(l . 2(%]] 2.23)
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b) Dynamic response of the bridge-type accelerometer

As mentioned above, the resonance frequency can be determined out of eq.
2.16 using the boundary conditions. The bridge-type accelerometer has to
fulfil the following houndary conditions

2(0) = 0 (2.24)
4 =g
™ (0) (2.25)
dz _
& Ly=0 (2.26)

k} : 2
EL, AW gy m WD (1 (Newtonianlaw)  (2.27)
dx3 2 g

Then we obtain for A and the C; terms of eq. 2.16

Ci+C3=0 (2.28)
Cy+Cy=0 (2.29)

A s A Ao A -
-C;rsml-i-C;rcoslngfsmh7L+C4rcosh7L-0 (2.30)

3
E 1,,%((:1 sin A - C3 cos A + Cs sinh A +C4 cosh A) =

(2.31)
- % 2 (Cy cos A+ Cy sin A+ Cj cosh A +C4 sinh A}

Solving this system of 4 equations for the 4 unknown C; terms leads to one
equation for A, which has to be satisfied for any C;

LLz _&_ i- COS?L cosh l (232)
m 2 cosA sinh A +sin A coshA

Figure 2.8 shows the graph of eq. 2.32 for different mass ratios. As can be
seen for high ratios of m/uL, A hecomes << 1. As the mass of the beams is
much smaller than the seismic mass, eq. 2.32 can be expanded as a series until
the 5 order of A.

4
cosh coshh = 1 - % + 005 (2.33)

3
cosA sinhA = A - % + O (2.34)
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| equation 2.32 I

350 -
300 -~

m/pL

250
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(¥, ]
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[
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Fig. 2.8 Xinfunction of differenl mass ratios (see eq. 2.32)

i _a A 5
coshA sinh = A + 3 + O™ (2.39)

With egs. 2.33 - 2.35 in eq. 2.32 we obtain for the first resonance frequency :

A = %ﬁf_’: (2.36)
Thus using eq. 2.14 wo=q/BEY (2.37)
mL

The formula for the first resonance frequency can also be obtained in the
following way. The mass-beam system of the bridge-type accelerometer
corresponds to a spring mass system, which has its first resonance at

e \/% (2.38)

The spring constant k is given by the deflection curve of the beam {eq. 2.22)
and thus we have

F=k z(L)=m a (2.39)

This also leads to eqg. 2.37,
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Table 2.I  Analytical formulae for the bridge-type accelerometer

, mal’ X P X 3]
=_MakL fqf X" o X f <L 2.40
Beam deflection z(%) ] ) ( ] 2{ } or x (2.40)

TL X L§
- ] -2% e =D 2.41
Stress at surface Ox(x) 4nl, ma ( 2{ L )] W T? 4

Resonance frequency | w, = 4 / Lnfs—l-"’— o "SWL:[: (2.42}
m

L = beam length, T = beam thickness, W = beam width, Iy = 5 W T° = moment of inertia, n =
number of beams (n 2 2}, a = acceleration, m = seismic mass, x = coordinate along beam axis x
with origin at frame end, § = length of the quadratic seismic mass at the surface

All the basic formnlae of the bridge-type accelerometer are summarized in
Table 2.1 and correspond to the literature formnlae [72, 79]. The sensitivity
can be calculated by the maltiplication of the mean stress within the
piezoresistors with the piezoresistive coefficients in that crystallographic
direction (see section 1.5). Calculated data of fabricated devices are given in
Table 5.11.

2.3.4 Formulae for the-Cantilever-Type Accelerometer

a) Calculation of the static deflection and stress distribution

The development of analytical formulae for a cantilever-type accelerometer is
similar to that for the bridge-type accelerometer given above. Again the
structure, schematically drawn in Fig, 2.9, will be replaced by a massless beam
with well defined boundary conditions (Fig. 2.10), The silicon mass under
acceleration in the z-direction is substituted by a force of magnitude mass
times acceleration. Since the silicon mass is suspended from only one side, one
beam’s end of the equivalent model is frec and the other one is clamped, e.g. it
can not move in any direction and it ends horizontally. This condition requires
a moment and a force on that end. Therefore the system of forces and
moments acting on a massless beam as shown in Fig. 2.10 is equivalent to a
cantilever-type sensor chip under acceleration. From the equilibrium it follows
that

Ry=ma (2.43)

Ma=ma(L+%l (2.44)
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Fig. 2.9 Cross section of a cantilever-type accelerometer

z
Fig. 2.10 Eguivalent model of a bridge-type accelerometer

Using egs. 2.43 and 2.44 the momentum for x L. becomes
M(x):ma(L+%)-max (2.45)

Double integration of x, using eq. 2.7 and the boundary conditions z(x=0) = 0,
z'(x=0) = 0 we find

=_ma .2 1
2(x) = 2131"(“ 5. 3x) forx <L (2.46)

Because the seismic mass will never bend, the deflection curve forL<x <L +
Sis

2(x) = z(L) + -gi{x=L) (x-L} forLSx<L+S$ (2.47)
X

Therefore using egs. 2.2, 2.3 and 2.44 the stress at the surface (z = T/2) of the
beamn will be

(%) = N;i") z= ‘;*’;YT “L + %) ; x) forx <L (2.48)
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b) Calculation of the resanance frequency

We will use the Rayleigh principle [80] for an analytical solution, where the
frequency of vibration will be found from using the principle of the
conservation of energy in the system. As the mass of the spring is small in
comparison to the mass of the load, the mode of vibration will not be
snbstantially affected by the mass of the spring (useful approximation for
arbitrarily formed structures).

Using eq. 2.13 and the Rayleigh principle which equates the maximum kinetic
energy and the maximum potential energy, we obtain for the cantilever-type
accelerometer :

L+8

1 dw }2 1 9 2 2
Knix=— 1 || dm=— w2 n(t dm .
max = — [ a el J; z (2.49)
L+S L+S
Unx=-- | EI (dz_w)z dx = L u? EI [d_zz_)] dx (2.50)
2 axz 2 TLax2
! o

For the calculation of the maximum kinetic energy, the kinetic energy of the
beamn can be neglected. Thus we find

L5
Krnax ~—;- w2 u(t)* J‘ 22dm= .. = (2.51)

1
=Ll o2uglm{maf s, Lgys, 21 g2ya, 7 o373, 1 geq2
El 2% 12

1
2 9 3 48

2
U =ut2iM{L3+3Li+3L2§-—}
max = ()’ B s 3 (2.52)

Equating eqgs. 2.5]1 and 2.52 (Rayleigh principle) we obtain for the first
resonance frequency

poms Sl
2 3 4
"l T

(2.53)
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¢} Calculation of the resonance frequency, without neglecting the mass of the
beams [81]

The efficiency of the Rayleigh method becomes obvious, if the exact solution is
obtained using eq. 2.16. In this case the mass of the beams is not neglected.
Three of the four boundary conditions for the cantilever-type accelerometer
remain the same as for the bridge-type accelerometer (eqs. 2.24, 2.25 and
2.27), except for eq. 2.26 we have

d2z(x))( )= © o Ak
ET, (F x=L)= 0 © (dx)(x—L) (2.54)

where © is the moment of inertia of the mass m with respect to the axis z,
Introducing the general solution (eq. 2.16) into eq. 2.54 and with eqs. 2.28,
2.29 and 2.31 we get a system for the four unknown C;, which finally leads to
the following transcendental equation for A

4
1;204307:17L +l- oA+ A lo- pA2) tanh & - A lo+ pA2and=0 (2.55)
cos A COS

e
where a = H@L‘, B = T3 pare dimensionless parameters. With eq. 2.14 and a
solution A of eq. 2.55, the resonance frequency can be calculated.

All basic formulae of the cantilever type accelerometer are summarized in
Table 2.11 and correspond to already published formulae [72, 79]. The
sengitivity is given by multiplying the mean stress sensed by a piezoresistor
with the piezoresistive coefficients (see section 1.5). Calculated data of
fabricated devices are listed in Table 4.1 of chapter 4.

Table 2.I1 Analytical formulae for the cantilever-type accelerometer

Beam _ ma 2[ S)-L ’
deflection | “*) = 251,," (L+7 3% for x <L (2.56)
Stress at _ maT{ ) '
surface B 21, (L+“- (2.57)
}Eesonance o = El, 4+6(%)+ 3(%)2 058)
e = »

requency m L3 g—+4{i]+2l(i)2+l(i}3+{ir

3 Li 4 1\L 2L L

L = beam length, T = beam thickness, W = beam width, Iy = 5 W T° = moment of inertia, n =
number of beams (n Z 2), & = acceleration, m = seismic mass, x = coordinate along beam axis x
with origin at frame end, S = length of the quadratic seismic mass at the surface
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2.3.5 Design Considerations

Every accelerometer design aims at a high sensitivity and high resonance
frequency. But as can be seen from the analytical formulae, there is a trade-off
between the sensitivity and the resonance frequency {71]. Increased sensitivity
implies lowered rescnance frequency and vice versa. Thus every accelero-
meter should be optimized in regard to its application. In the design phase a
first estimate of the performance can be made vsing classical formulae.

Since optimization work on cantilever-type accelerometers has already been
published in the literature {71], all the following calculaticns apply 1o four-
beam bridge-type accelerometers having a quadratic seiSmic mass. AS
arbitrarily formed beams require finite element modeling, we assume straight
beams in order to use the formulae of subsection 2.3.3. Furthermore we define
the overall chip size C as the sum of the side length S of the {quadratic) mass
and twice the beam length L.

Figure 2.11 shows the calculated sensitivity and resonance frequency in
functicn of the beam length L for a fixed chip size of 3 mm. 1t can be seen that
the maximum sensitivity is reached for a beam length of about 500 pm. Some
dimensions of the design are constrained by the choice of the process
technology. In addition the length of the piezoresisters also influences the
dependence of the sensitivity on the beam length. Calculaticns have shown that
for a device having a beam thickness of 12 pm (given by the epitaxial layer

10000 [ T T I|| LI B IR A S S S A A I R SR S ] 0.4
i sensitivity |1
8000 |- «——\ !
3 - 0.3
6000 L)
) 3 ] <
= i 102 2
4000 - 1 =
I 4 01
2000 E
r ---=- resonance frequency ]
0 Y P SR B T R PR
0 200 400 600 800 1000 1200

beam length L. [um]

Fig. 2.11 Sensitivity and resonance frequency of a bridge-type accelerometer as a
function of the beam's length for a constant overalt size (3000 prn), widih
(100 um), thickness (12 pm), number of beams (4) and piezoresistor
length (75 pm), calculated using analytical formulae
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thickness) and a beam width of 100 pm (= minimnm size needed for the
chosen dimensions of the piezoresistor) the resonance frequency becomes
greater than 900 Hz for any beam length (assuming a wafer thickness of 380
pmy). As for many applications the needed frequency range is below 1 kHz, we
will develop a formula for the beam length which maximizes the sensitivity of
a four-beam bridge-type accelerometer taking into account all the
technological restrictions and the dimensions of the piezoresistors.

Since we have been using an industrial bipolar compatible process [82, 83] and
an electrochemical etch-stop technique, the thickness of the beams is given by
the epitaxial layer thickness. The detailed description of the industrial
fabrication process is given in section 3.4, Equations 2.41 and 2.57 (Tables 2.1
and 2.IT) show that for high sensitivity the beam width has to be as small as
possible [84], Moreover, its minimal size is given by the lateral dimensions of
the piezoresistors. Since the price of a silicon accelerometer is directly related
to its size, we will consider the overall size C {sumn of side length of the mass
and twice the beam length) as a constant design parameter. Therefore the only
free parameter of a quadratic accelerometer design remains the length of the
beams.

With this in mind, we first calculate the average stress g, sensed by a
piezoresistor of length P and junction depth D integrated into a beam of
thickness T (see Fig. 2.12). We assume for all resistors that one end is
positioned exactly at the connection of the beam with the frame (Fig. 2.12) or

frame mass

Fig. 2.12 Location and dimensions of the piezoresistors
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with the mass, that is, where the maximal stress Gy, at the surface occurs, We
see from eqs. 2.40 and 2.41 that the stress in the beam depends linearly upon x
and z. Thus, we obtain for the average stress

O = ow(I - %](1 . %] | (2.59)

with L = length of the beam and G, = maximal stress at the surface at each
end of the beam,

Assuming an uniform doping of all piezoresistors (a good approximation for
implanted resistors), the piezoresistance coefficients are constant. Therefore
the sensitivity S, of a bridge-type accelerometer is proportional to the average
siress G, sensed by the piezoresistor (eqs. 2.41 and 2.59)

So = Lm - D](l-——) (2.60)

where m = seismic mass, W = width of the beam.

Since the width W of the beam is given by the minimal lateral dimensions of
the piezoresistor, and since the thickness T of the beams and the junction depth
D of the resistor are defined by the chosen process technology, we consider
them to be constants and we get

Sg = Lm (1 15) @2.61)

The mass is proportional to the volume of the mesa like form etched by KOH.
The volume of a truncated pyramid with top and bottom surfaces F and G, and
height h, is given by

Vpyramia = % (F+YFG +G) (2.62)

As explained above, we consider the overall size (sum of the side length S of
the mass and twice the beam length L) to be a constant, i. e., 2L + § = C with
C = constant. Thus, we can replace the sidelength S of the mass by a function
of L, i.e. C - 2L, Therefore eq. 2.61 becomes, using eq. 2.62,

Soec L*+L2[LH-(P+C)J+ L 13 Ch+ 2H? + 12CP - 3¥2H(C + 2P)} + O[L)
(2.63)
where H is the wafer thickness. Since we look for the maximum sensitivity for

a given overall size, the derivation of 5, to L has to be 0. Thus, eq. 2.63 leads
to a quadratic equation in L, which has the following sclutions:
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L=Uz(c+p)- 2}z {C- 2 -2 H(C- 2P)} (2.64)

We see in Fig. 2.11, that for a constant overall size C, the sensitivity S, reaches
its maximum at the length of the beam of 507 pm, the same value as would be
obtained using eq. 2.64. Assuming homogencous doped piezoresistors the
sensitivity S, was calcnlated by multiplying the averaged stress oy, with the
longitudinal piezoresistance coefficient (m; =72 101" Pa’! for p-type, 7.8 Qcm
and (001) orientated silicon for [110] direction at room temperature), since the
relative change of one piezoresistor corresponds to the output's change of an
ideally balanced Wheatstone bridge configuration (for details see section 1.5
and subsection 3.4.2). ‘

Figure 2.13 shows the maximum possible sensitivity and the corresponding
resonance frequency as a function of the overall size C. Tt can be seen that with
increasing chip size the maximum sensitivity increases and the resonance
frequency decreases, but is still greater than 1 kHz for an overall size of 3
mm.
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Fig. 2.13 Maximized sensitivity and its corresponding resonance frequency of a
four-bearn bridge-type accelerometer in function of overall size, calculated
by analytical formulae (thickness and width of the beam 12 um and 100
pm, respeciively)
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2.3.6 Limits of Analytical Formulae

To use an analytical approach, the structure has to be simplified to a system of
forces, moments and shapes in such a way that while still fitting to reality it
consists of basic, analytically solvable subsystems. In the case of
accelerometers the analytical description is insufficient or almost unsclvable in
the four important situations described below. '

+ So far we have reduced the frame - beamn - mass system forming the sensitive

part of the accelerometer to a simple beam under a concentrated load, either

with both ends clamped (bridge-type) or with only one end clamped

(cantilever-type). As only the base of the frame of the sensitive device is

glued on a substrate for the characterization, the extremities of the beams are

therefore not rigidly clamped to the frame. The influence of this feature on
the response of the real system cannct be predicted using analytical formnlae.

However, the detailed stress distribution at the interface of the beam and the

frame is of great interest in order to find the optimal position of the

piezoresistors,

It is difficult to predict the higher modes of vibration and their

carresponding resonance frequencies by using analytical methods. These data

are a criterion to estimate the mechanical cross-axis sensitivity,

Passivation layers and temperature effects induce stresses, and it is ncarly

impossible to model the influence of a prestressed frame by analytical

calculations. But such stresses can affect the temperature dependence of
sensitivity and resonance frequency.

+ Static and dynamic calcnlations for specially shaped beams, e.g.,, U - or L -
like, are extremely difficult, Arbitrarily formed beams have a potential of
higher sensitivity for the same chip size [37].

However, using Finite Element Modeling (FEM) these problems as well as any

non-linear effects can be treated and analyzed.

2.4 FINITE ELEMENT MODELING (FEM)

2.4.1 Introduction

Finite element modeling (FEM) is a powerful tool for the simulation of
micromechanical structures [68 - 70] since it does not have the limitations of
the analytical formulae listed above. FEM is a standard numerical modeling
techmique extensively used in the engineering field for structural and
component design. The application of this method to sensor and microstructure
design is becoming a standard fool in the sensor industry.

The work described in this thesis was performed nsing the university version
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of the commercially available finite element program ANSYS® from Swanson
Analysis Systems Inc. The only restriction of this version is its limitation to a
wavefront of 500. The number of equations which are active after any element
has been processed during the solution procedure is called the wavefront at a
given point. This program was run on a Apollo D3500 workstation utilizing a
360 MB hard disk.

The technique of submodeling was used to achieve refined accuracy for small
features within the region of interest of 2 FEM model, as well as keeping the
wavefront small (< 500). In this technique the displacements resnlting from a
coarscly meshed model are used as boundary conditions for the submedel,
which is cut ont of the original structure. The lower drawing in Fig. 2.15 is a
finely meshed submodel of the coarse model. These submodels can be built
closer and closer to the region of interest. This iterative method can be applied
as often as required to smaller regions and finer models, until the desired mesh
refinement is achieved.

Most sensors have several axes of symmetry. Using symmetrical boundary
conditions reduces the model size. However, for a modal analysis, as well as
for the simulation of a transverse acceleration where asymmetrical behavienr
is expected, the complete sensor structure has to be used for the calculations.
Since an accelerometer can not be reduced to & two-dimensional model, it has
to be simulated with 3D elements. We used stif45 elements, which are three-
dimensional isoparametric solid elements with 8 nodes and three degrees of
freedom at each node. In spite of the possibility of submodeling, the meshing
of an accelerometer with regard to our restricted wavefront is not easy. For a
stress calculation, the region of interest consists of one half of the beam and of
a very small part of the frame to which the beam is connected. As the velume
of interest is only 1/1000 of the volume of the complete structure, we tried to
mesh the beam as finely as possible and the seismic mass in a very coarse
manner, trying to avoid creation of brick elements with a bad sidelength ratio
and to keep the angle of the bricks always between 90° + 45°. Finally, we had
about 1000 elements for the coarse model and about 2700 elements for the
submodel.

We have observed that the refinement of the meshing as much as the manner
of meshing (equidistant or variable length of elements) influences the
calculated, detailed stress distribution up to 10 %. This shows that the meshing
has to be done very carefully. The amount of solution error that is due to poor
mesh discretization was approximated by the cnergy error. The encrgy crror
which is similar in concept to the strain energy, represents the error associated
with the discrepancy between the averaged and unaveraged stresses. This
discrepancy is due to the assumption that only the displacements are continuous
at the nodes. Though the stresses are calculated from the displacements and
should also be continnons, they generally are not. Although the value of the
percentage energy error which can be considered to be "significant” is
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problem dependent, this parameter helped to judge the mesh quality.
Furthermore, it is difficult to estimate the boundary conditions which are
closest to reality. As the beams of the first series of the accelerometer's second
prototype were not covered with any passivation layer, FEM analysis was
performed on a pure silicon structure.

2.4.2 Modal Analysis

Figure 2.14 shows the first three modes of vibration of a four-beamn bridge-
type accelerometer, whose
dimensions are given in the figure
caption. The corresponding
resonance frequencies are 2760 Hz,
4430 Hz and 5700 Hz and thus, their
ratio becomes [:1.6:2.1. The first
mode corresponds to the fundamenial
mode of moetion in the vertical
acceleration axis, whereas at the next
highest modes the seismic mass
totates around the x and y axis,
respectively. In comparison to the
work of Moser et al. [85], these
asymmetric modes occur at much
lower frequencies than the second
symmetric mode. The frequency of
the second mode (rotation around x)
depends on the effective spacing Fig. 2.14 First three modes of a four-beam
between the two beams on each side bridge-type accelerometer (Beam
of the four-beam bridge-type L‘i?fég;g%*?ﬁm“?fn‘:s:%um)
accelerometer. As the separation

increases, the resonance frequency

rises and this mode is harder to initiate, which is desirable. The totally
opposite case occurs when the two beams are completely brought together.
This is the case of the two-beam bridge-type accelerometer (see subsection
3.4.1), with the resonance frequency of the second mode (560 Hz) below that
of the vertical displacement mode (2470 Hz).

Due to the mass’ suspension of a cantilever-type accelerometer, the seismic
mass moves on an arc in the first mode of vibration. In the second and third
mode, we notice rocking around one of its longitudinal axes as well.
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For these simulations the base of the accelerometer's frame was fixed. The
technique of submodeling was applied to obtain details of the peak stress
region at the beam-frame interface. Figure 2.15 shows in the upper part a
coarsely meshed section of a four-beam bridge-type accelerometer ¢xposed to
an acceleration of 1 g in the vertical axis. It can be noticed that the highest
positive and negative stresses occur near the extrema of the beam, where the
piezoresistors will be implanted. The displacements calculated for the coarse
model were used as boundary conditions for the finely meshed submodel, of
which a cross section is shown in the lower part of Fig. 2.15. The optimal
position of the piezoresistors is found, where the integration of stress over the
length of a piezoresistor becomes a maximum. This results in positioning the
piezoresistors at the extrema of the beams,

In contradiction to the bridge-type, the stress across the surface of the beam of
a cantilever-type beam is nearly uniformly distributed. This implies
piezoresistors should be aligned perpendicularly and longitudinally to form a
full wheatstone bridge.

2.4.4 Comparison FEM to Analytical Formulae
In order to compare the results of the analytical formulae and finite element

analysis we have calculated the performance of the sensitive devices using the
same dimensions (given in the corresponding figure captions) for both types of
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Fig.. 2.17 Comparison of calcolated resonance frequency as a fonction of the length
of the beam using analydcal formulae and FEM (width of 1he beam 100
pm, thickness of the beam 8.5 pm, overall size 3000 pm)

calculations. We assumed as a boundary condition for the finite element model,
that only the base of the accelerometer's frame is fixed. Figure 2.16 shows the
sensitivity as a function of the beam'’s length. The calculated values are about
10% higher than the FEM ones. But the dependence of the sensitivity on L at a
constant overall size is in both cases similar. The maximum is reached at the
same valne of L for both methods. The resonance frequency as a function of
the length of the beam can be seen in Fig. 2.17. Excellent agreement of both
calculations can be observed.

2.5 CONCLUSIONS

We can distingnish mainly two mass-beam configurations, the bridge-type and
the cantilever-type, respectively. For structures of both types having straight
beams, analytical formulae are very powerful in order to see easily the
dependence of sensitivity and resonance frequency on various design
parameters. Many device dimensions are determined by the chosen bipolar
compatible industrial fabrication process and by the lateral size of the
piezoresistors. For a given chip size of a quadratic four-beam bridge-type
accelerometer design, the only free device parameter remains the length of the
beams. We developed a formula for the beam length which maximizes the
sensitivity as a function of the overall chip size and of the physical dimensions
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of the piezoresistors.

Compared to the bridge-type, cantilever-type accelerometers are much more
sensitive for the same beam length and mass. As the peak stress region in the
cantilever is of the same sign and nearly the same size at the surface of the
whole beam, very short beams are advantageous.

In FEM analysis, boundary conditions which correspond best to reality, as well
as process related effects such as rounded corners, can be taken into account
for the calculations. This allows a more detailed prediction of the
characteristics of the device than by analytical formulae [70]. A further
advantage of FEM analysis over analytical formulae is the ease in determining
higher vibrational modes and their correspending resonance frequencies which
indicate the degree of the mechanical transverse sensitivity. Additionally,
passivation layers, non-linear effects, arbitrarily formed beam structures and
encapsulations can still be treated by FEM analysis [86], whereas their
analytical description is very difficult without further simplifications and
assumptions.

Pure silicon structures have been sinmlated. The predictions of both theoretical
approaches agree within 10%. In section 4.4 these results will be compared to
the performance of fabricated devices,
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Chapter 3
Fabrication of the Sensor Chip

The fabrication of the first prototype revealed two steps to be crucial: the
etching of the remaining membrane and the protection of the convex comers
of the silicon mass against overetching. Since no layer was found that gave
sufficient and reliable protection of the metallization against wet etchants, 2
plasma process for deep dry etching of silicon was developed. Using a
photoresist mask and a chlorine/fluorine gas mixtore vertical walls were
etched. This contrasts with pure fluorine gas, which behaved as an isotropic
etchant. The process parameters were optimized with regard to a good
selectivity towards the masking material and a high etchrate (= 1 pm/min.).
Different etch compensation structures for KOH etching were investigated.
Finally the dimensions of the second prototype and the bipolar compatible
process sequence are described. In addition, the possibility to electrically
compensate the transverse sensitivity of a bridge-type accelerometer are
discussed.

Parts of this chapter have been published in [87-89].

3.1 FIRST PROTOTYPE OF SENSITIVE ELEMENTS

Since the first prototype was intended only to test the feasibility of the system,
the majority of the measurements and the encapsulation were made with the
second prototype.

3.1.1 Objectives

First a process sequence for the fabrication of piezoresistive accelerometers
was developed. In order to achieve compatibility to the existing industrial
fabrication process for pressure sensors at ASCOM, Aluminum as
metallization material and KOH as wet etchant for silicon were compulsory.
As the first prototype was entirely fabricated in our small R&D laboratory
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with no implanter, the piezoresistors were diffused in spite of the known
disadvantages of this over implanted ones. Furthermore we did not perform an
electrochemical etch-stop on the first generation.

3.1.2 Fabrication Steps

The whole fabrication sequence is given in Table 3.1. Two process steps were
crucial : the appropriate doping of the diffused piezoresisiors and when the
membrane between the rim and the seismic mass is etched through, the
protection of the metallization (Al) against KOH,

The piezoresistors were diffused out of doped silicon dioxide layers
(VAPOX). The process was simulated with SUPREM (Stanford University
Process Engineering Models Program) which allowed the process parameters
to give a resistivity of abont 5 Q/0 for the p*™* regions and about 200 Q/0 for
the low doped p regions to be determined. Since these values are extrema for
our installation, the uniformity was poor which lead to rather high offset

Table 3.1 Fabrication sequence of the first prototype (IMT laboratory)

Step {Process

0 | Silicon wafer : n - type, 3-5 Qcm, double side polished, 3 inch
1 Wet oxidation, 1.5 um
2 {Deposition of low phosphorous doped VAPOX (channe] stop)
3
4

Photolithography and oxide opening for p and p** regions
Deposition of low boron doped VAPOX (after diffusion : 180 /O,
junction depth 1.0 um)

Photolithography and oxide opening for p** regions

Deposition of high boron doped VAPOX (after diffusion : 5.1 /4,
junction depth 2.9 pm)

T | Diffusion (1100°C, 10 min. N,, 40 min. Oy)

Photolithography and contact openings

9 | Aluminum evaporation

10 | Photolithography and etching Al

11 | Anneal (25 min., 450°C)

12 | Deposition PECVD SixNy (8000 A)

13 | Photalithography and opening of region between mass and rim

14 | Photolithography on backside and opening of oxide

15 | KOH etching from the backside down to double beam thickness (= 30
umj (front side protected by means of a chuck)

16 | KOH etching from both sides (60°C , 40 % = 10.61 moles/])

17 | Stripping of PECVD SixN, in BHF

N Lh

o0
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Fig. 3.4 Frequency response of a two-beam bridge-type accelerometer (first
prototype}

sensitivity at low frequencies is about 150 uV/V g and increases for increasing

frequencies. This can be clearly seen in the frequency response given in Fig.

3.4, We measured a resonance frequency of 2300 Hz. The calculated sensitivity

and resonance frequency for this type of accelerometer were 123 pV/V g and

2660 Hz. The difference is mainly due to four reasons :

» The thickness of the beams is difficult to control (no etch-stop).

» There was not z perfect corner compensation technique nsed (see section
3.3).

» The junction depth of the diffused resistors is difficult to control.

« The passivation layers (silicon dioxide) on the beams have not been taken
into account in the calculations.

3.1.4 Conclusions

The process sequence presented above allowed the feasibility of fabricating a
piezoresistive silicon accelerometer within the imposed technological
constraints to be investigated. The wet etching of the silicon membrane using a
PECVD silicon nitride layer as an alnminum protection against KOH was
insufficient reliable. The pinholes in the protection layer are caused by the
surface roughness of the evaporated aluminum. Therefore the main work
focused on replacing the wet etching of the membrane by a process for which
a simple masking material can be used and the metallization was not attacked
[91]. This investigation led to the development of a dry etching process for
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deep silicon etching. This work is described in detail in section 3.2. As
measurements and simulations have shown, the thickness of the beams has to be
well controlled. Thus the electrochemical etch stop will be included for the
next generation of accelerometers. Farthermors compensation structures must
be developed for small size accelerometers because these are too small to use
the compensation technique proposed by Buser et al. [92] (see section 3.3). As
the next generation of accelerometers was fabricated at ASCOM
Microelectronics, the piezoresistors were implanted. The industrial process is
given in section 3.4,

3.2 DEEP DRY ETCHING OF SILICON

3.2.1 Introduction

The fabrication of the first prototype has shown, that no reliable aluminum
masking material against KOH for a Si etch depth of abont 15 pm could be
found which maintained the bipolar compatibility. As dry etching [93] had
already proved the possibility to etch steps several microns deep into silicon
[941, its process parameters were optimized to give a reliable, well controllable
etch behaviour having an etch-rate of about 1 pm/min. and a good selectivity
against standard IC-compatible masking materials. From the literature two gas
combinations secmed to be promising with regard to our application :
fluorine/oxygen (SFg/O3) [95] gas mixtures having the potential of high etch
rates and chlorine/fluorine (C,CIFs/SF4) gas mixtures known for anisotropic
etch behaviour. Different masking materials such as photoresist, aluminum or
silicon dioxide were compared. The etch trials were examined with regard to
selectivity, etch depth and underetching [88].

In dry etching using parallel plate systems two basic etch configurations are
distinguished, each characterized by the electrode to which the RF power is
connected. In the plasma etching mode (PE), the RF power is coupled to the
upper electrode, which is in contradiction to the reactive ion etching mode
(RIE) with the high frequency coupled to the lower electrode on which the
substrate is placed. In general the etching in the RIE mode shows higher
anisotropy but exhibits a lower selectivity compared to the PE mode. These
effects are due to the higher energy ion bombardment in the RIE mode, which
in turn heats the substrate more up.

The combination of wet and dry etching plays an increasingly imporiant role
as a powerfnl toc] for micromachining applications. It is often included not
only into the process sequence for the fabrication of silicon accelerometers,
but also for other applications such as free standing silicon structures [96] or
cantilevers with square cross section for scanning probe microscopy [97].
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3.2.2 Experimental Setup

Two parallel plate reactors with 13.56 MHz RF generators are used
(LEYBOLD Z4018). For both systems loadlocks guarantee low contamination.
The active gases are Ted through a showerhead-like npper electrodes and thus
gives to an excellent etching uniformity. In the first system, where the etching
with SFg/0, gases is performed, the RF power can be capacitively coupled
either to the upper electrode (plasma etching mode: PE) or to the lower one
{reactive ion etching mode: RIE). In the second system, which is used for the
C,CIFs/SFg gas mixtures, only RIE can be applied.

As listed in Table 3.11, different IC-compatible masking materials were used
for the deep etching of (100) p-type silicon wafers (resistivity: 3-5 Qecm):
positive photoresists AZ 1518 (standard 1C-resist) and AZ 4562 (highly
viscous), thermal silicon dioxide, electron-beam-evaporated aluminum.,

The etched steps in silicon and the mask thicknesses were measured by means
of a surface profiler (Alphastep 200) or a mechanical stylus for step height
measurements (Cary Compar). The undercut was determined by SEM
observation.

3.2.3 Etch Results and Discussion

Table 3.11 summarizes the main process conditions on the left-hand side and
the results of the deep dry etching trials on the right. The selectivity is defined
as the ratio of the etch rates between silicon and the masking material. The

Table 3.11 Process parameters and results of deep dry etching of silicon

Gases Mask Mode] Pres- [Power) Etch- [Etch-rate[Selec-|Under
material thickn, sure depth Si tivity |cut vs
(um] [mbar]] [W] | [um] [pm/min] Depth

SF/O, [AZ 1518 1.8 |PE 007|220 | 46 | 09 | 28 |0.55

SF¢/0, [AZ 4562 6.2 | PE [0.07 | 220 | 110 09 20 | 055

SF¢/04 SiOz* 1.8 [ PE |0.05| 300 || 150 1 85 | 0.65

SF /0, Al 1.8 | PE | 0.07 | 300 |[>500| 1.3 |>300| 0.8

C,CIF,/SFg |AZ 45621 6.2 |RIE| 0.12 | 180 | 30 0.6 521 0

C,CIFs/SFs | $i0, | 1.8 |RIE] 0.1 [ 160 | 34 | 05 | 19 | 0.6

* thermal silicon dioxide
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3.2.4 Conclusions

Process parameters of two gas mixtures (C,CIFs/SFg and SF¢/O,) were
optimized with regard to a good selectivity towards the masking material and a
refatively high etch rate (= | um/min.}.

Several masking materials were tested for SFg/O, gases: photeresist, silicon
dioxide and aluminum. Photoresist exhibits a lower selectivity but leads to less
undercut than does silicon dioxide. As alominum is barely etched at all in
SFg/0; plasma, it was possible to etch more than 500 um deep steps out of
silicon. The major drawback of the SF/O, processes is the relatively isotropic
etch behaviour.

In order to investigate the influence of the masking material on the processes
nsing C,CIFs/SF gases, photoresist and silicon dioxide were tested. The trials
with oxide showed a rather isotropic etch behavionr whereas no undercut was
observed for photoresist. This may be due to sidewall passivation by an
organic layer which slows down the lateral etching. Compared to the pure
fluorine gas mixtures, the measured selectivity is reduced by a factor of about
four. Thus, vertical steps of up to 30 um were achieved with the photoresist
mask in a C,CIFs/SF¢ plasma.

Both gas mixtures exhibit a selectivity to photoresist high enough to pierce
through a 12 pm thick silicon membrane wvsing a photoresist mask. The SFz/O,
processes show a relatively isetropic etch behaviour. However, given prior
knowledge of the reproducible undercut, these effects can be compensated for
by an appropriate design of the silicon beams of the accelerometer. Vertical
walls were obtained using a C;CIFs/SFg plasma. Thus, rectangnlar beams can
be fabricated. As ASCOM Microelectronics only possesses a flucrine plasma
etcher, the dry etching process with SF¢/O» gases was used for the second
generation of accelerometers.

3.3 ETCH COMPENSATION STRUCTURES

3.3.1 Introduction

KOH is often used as an anisotropic wet etchant for silicon micromachining,
because of its high anisotropy [101] (ratio of the etch rate of plane (001) te the
etch rate of plane (111) = 150 for KOH 40 weight percent at 60°C).
Additionally it is easy to handle, relatively harmless and cheap. Silicon dioxide
or nitride are mostly used as masking materials. 1t is well known that comer
undercutting occurs at Convex comers in anisotropic etching of {100) oriented
silicon [102 - 105] using any known anisotropic etchant such as EDP [106] (a
mixture of ethylenediamine, pyrocatechol and water) or KOH, if the edge of
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the mask is parallel to the [110] erientation [62]. This is an unwanted effect for
most applications, e.g. for the fabrication of accelerometers. In order to keep
the cress sensitivity of an accelerometer as low as possible the mass is
suspended by the beams at its comers. Therefore perfect convex comers of the
mesa like mass are mandatory for good device behaviour. Underetching of the
comers decreases the effective seismic mass which in tum lowers the
sensitivity of the device. This can be clearly reduced or even prevented by so-
called comer compensation structures which are added to the comers in the
mask layout.

In the past few years several different compensation structures for KOH have
been published (see Fig. 3.11). Bean et al. [107, 108] added small squares
whose sides were parallel to the <110> direction. Buser et al. [92, 109]
published a rectangular compensation structure with <010> oriented bands.
This renders feasible the etching of a convex comer that is formed by two
{111} planes. The band, which is added to the convex comer in the <010>
direction, is underetched by vertical (100) planes. Thus, shortly before the
etch depth is reached, a vertically oriented membrane is formed that frees the
convex comer from the surface to the etch ground. Since the (100) planes all
etch at the same rate, the widih of the compensation has to be twice the eich
depth. Puers and Sansen [110} compared in their work squares, triangles and
flat triangles. Wu et al. [111, 112] also proposed triangles. His and Puers'
structures are based on the idea that the sides of the compensation triangle are
parallel to the fastest etching planes. The size of the triangle is given by their
etch rate of these planes which in tum depends on the etchant concentration
and etch temperature.

Using <010> oriented beams, a perfect shamp comer defined only by (111)
planes is obtained, whereas the triangular and squared compensations give
rather rugged comers. Wu et al. found the {212} planes to be the undercuiting
planes at the convex comers in a mixture of KOH and propanol. For a pure

A

<110>

<QIi>

Bean et al.
Puers and Sansen

Buser et al.

Puers and Sansen

Fig. 3.11 Different compensation strucrures (distance AC determines the spatial
requirement)
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KOH solution Bean et al. and Pners et al. proposed the {313] planes to be the
fastzst etching ones. This is in contradiction to the results of Sandmaier et al.
[113 - 115], who found the {411} planes responsible for underetching. Linder
et al. measured the {122} planes for KOH concentrations below & moles per
litres and the {411} planes for higher concentrations to be dominant [116].
The distance AC in Fig. 3.11 is a parameter for the spatial requirements of the
different compensation structures. We find with onr etch conditions (KOH
40%, 60° C) for AC:

square : 2.2 » etch depth [110]
triangle : 6 *etch depth [110]
band in <010> direction : > 4 * etch depth [92]

For most of the applications as V-groove crossings or accelerometers, there is
not enough space to apply these compensation structures. Thus, the etch front
which largely determines the comer undercutting has to be deviated, using
combinations of these structures. Based on this idea Gerlach published a series
of squares with mask slits [117], and Sandmaier et al. [113] presented a squared
compensation structure combined with <110> oriented beams. Another
compensation structure using a combination of <010> and tens of <110>
oriented beams proposed in the same article by Sandmaier results in a perfect
convex corner. We focused our work on compensation structures with small
spatial requirements with regard to the apglication in accelerometers.

3.3.2 Simulation and Experimental

The underetching of simple compensation structures can be easily predicted.
As they are becoming more and more sophisticated, etch simulation programs

orientation

<

a
Py

Fig. 3.12 '&%sred compensation structures for (001) silicon and using KOH 40% at
C
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are needed to reduce the expense for
developing compensation structures
with low spatial requirements.
Simulation allows the etch front and the
etched structure to be visualized within
minutes. At ownr institute, the
Anisotropic Simulation Etch Program
ASEP (118, 119] has been developed
and nsed for the design of compensation
structures for accelerometers. The
program treats the etch behavionr of all
the {001}, {111} and of the fast etching
{311} planes at any concave or convex
corner. Thos, the etch front at the
wafer surface can be well simulated.
However, as at the base of a convex comer several different planes are etched
(114, 116], the final corner shape must be determined experimentally in spite
of sirmulation.

We tested the five different cormpensation structures shown in Fig. 3.12. All
are based on the idea, that the {311} planes throngh B will reach point C when
the etching will be stopped (Fig. 3.13). Etch tests with a total of 68 different
dimensions of these 3 basic designs were performed on 3 inch p-type silicon
wafers with a thermal oxide mask. The test structures were etched in 40 %
KOH at 60°C.

Fig. 3.13 Basic idea of all compensations

3.3.3 Etch Results

Design I resnlted in the sharpest comer. But with small space conditions the
convex comers are not etched free. Although designs II to V are based on the
same idea, we got different results for different design sizes. We noticed that
the larger the <010> oriented beam the better the comer obtained. The outer,
second <010> beam in the designs 111 to V increased the sharpness of the final
convex comer compared to design 11. After an etch depth of 380 pum, for all
compensation designs, a ridge like formation about 8 pum high remained in the
<010> direction on the etched membrane. We obtained the best comer quality
with design 111, Figure 3.14 shows a close look at a compensated comer of a
realized piezoresistive silicon accelerometer.
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proposed by Sandmaier, which is a combination of a <010> and several <110>
oriented beams. The experiments have shown, that compensation strmctures
must be adjusted to every mask design.

3.4 SECOND PROTOTYPE

3.4.1 Design

The second prototype was entirely fabricated at ASCOM Microelectronics in
Bevaix. At the beginning of 1991 the company’s production line moved into a
new fabrication building. Thereby the wafer size was changed from 3 to 4
inch. The first design of the second prototype was fabricated on three inch.
The sensor chip was designed squared in order to fabricate on the same wafer
sensors with three different beam configurations bnt eqnal masses. As many
piezoresistors were placed in the region between mass and frame, enly the
beam's definition and metallization masks determined finally the senser chip.
All the other mask pattens were identical from chip to chip. Therefore only
two masks had to be replaced if the beam configuration was changed.

First the overall size of a bridge-type accelerometer (length of the seismic
mass and twice the length of a beam) was chosen to be 3 mm. Since an
accelerometer for the range of 50 g with a large bandwidth was reqnired, the
length of the beams was fixed at 300 pm, althongh calculations for a bridge-
type accelerometer have shown that a beam length of 500 pm would lezd to a
maximum sensitivity for this overall size. According 10 analytical formnlae the
shorter beams reduces the maximum achievable sensitivity by 20 % but on the
other hand increases the resonance frequency by 60 % (see section 2.3).

Four piezoresistors were connected in a wheatstone bridge. As piezoresistive
pressure sensers with aluminum en the membrane show offset hysteresis for
varying temperature [121], highly doped regions connect the piezoresistors on
the beam. Hence Aluminum for interconnection was only nsed on the frame.
Every piezoresistor consists of two 15 pm x 75 um beron doped diffnsions
connected by a highly doped region. Thus, the minimum widih of a beam is
mainly given by the outer dimensions of a piezoresistor. As the electro-
chemical etch-stop was applied, the thickness of every beam is given by the
thickness of the epitaxial layer (12 pm).

Two bridge-type designs with 2 and 4 beams, respectively, and one cantilever-
type design were realized on the same wafer. The two beams of the bridge-
type have a width of 200 um on the mask and support the seismic mass in the
middle of two opposite sides. The piezoresistors are symmetrically placed on
the two beams to compensate electrically any rotation abeut the longitudinal
axis. In order to reduce the transverse sensitivity of the four-beam bridge-type
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3.4.2 Transverse Sensitivity

The aim of the development of an accelerometer is to fabricate a device which
is sensitive in only one axis. As the mechanical transverse sensitivity is mainly
determined by the confignration of the sensor, it has to be taken into account
during the design phase. The beams of a piezoresistive silicon accelerometer
are at the top surface of the sensor chip. The center of mass of the proof mass,
however, is in the midplane of the silicon wafer, about 200 pm below the
surface. This offset of the center of mass below the plane of support leads to
movement of the mass when it is subjected to transverse acceleration.

The mass of a four-beam bridge-type accelerometer tends to deflection under
an acceleration along the y- or the x-axis as shown in Fig. 2.14 as the second
and third mede, respectively. The tilt up at one end of the mass is compensated
for by a tilt down at the opposite. The electrical response to these deflections
can be greatly reduced by the appropriate interconnection of the sensing
resistors on the beams. Sandmaier [31] first published a configuration using
eight piezoresistors for a bridge-type accelerometer. There are two
lengitndinally loaded resistors on each beam, one at the mass end and one at
the frame end. They can be connected to a Wheatstone bridge as given in Fig.
3.16, where the subscripts refer to mass or frame end and the number refers
to the beam. Although acceleration in the x and y directions results in a
variation of the individnal resistor values, the bridge output voltage remains
constant assuming identical resistor changes (see Table 3.111). As can be seen
nsing Table 3.II every branch of the Wheatstone bridge in Fig. 3.16 does not
change for any cross-acceleration, since the two sensing resistors on each
branch change with opposite sign and thus compensate each other.

Let us consider a Wheatstone bridge which consists of four identical resistors
and assuming identical resistor changes under acceleration. Furthermore we

Fig. 3.16 Connection scheme to compensate ¢ross-axis acceleration (subscripts
refer 10 mass or frame end, number refer to beams)
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Table 3.IIT Changes of the individual
resistors under crossacceleration

AR with | AR with{ AR with
x accel § yaccel | zaccel
R1f + - -
Rlm - + +
R2f - - -
RZm + + +
R3f - + -
Fig. 3.17 Connection scheme using four R3m + ) +
sensing resistors to compensate R4f + + -
cross-axis acceleration Rdm - - +
(suhscripts refer to mass or frame
end, numbers refer to beams) Vout a 0 +

assume that two of the resistors will increase and the other two decrease. Thus
the differential ontput will enly change if the increasing resistors are
connected on opposite branches of the bridge. If these two increasing resistors
are adjacent, the output voltage will not change for any acceleration.
Consequently we propose with only four sensing resistors e.g. with Ryf, Ropp,
R3r and R4, an interconnection scheme (Fig. 3.17) whose outpat is not
affected by any cross-axis acceleration. It can be seen from the subscripts of
the chosen four resistors, that there is one resistor on each beam and two of
the four are implanted at the mass end and the other two at the frame end of
the corresponding beam. In addition those at the mass end are placed cn two
beams situated diagonal opposite each other, e.g. on the beams with the
numbers 2 and 4 (see Fig. 3.16), whereas those at the frame end are placed on
the beams with the numbers 1 and 3. Therefore the configuration of the
‘Wheatstone bridge as given in Fig. 3.17 (see also Table 3.111) will only change
its output voltage with z-acceleration. Since technological reasons (e.g.
homogeneity of doping of the resistors) do not favonr the eight-resistor
configuration for cross-axis compensaticn, the standard Wheatstone bridge
with four sensing resistors (Fig. 3.17) is much more advantageous due to its
simplicity.

Unlike the bridge-type accelerometer, the cantilever-type does not have a
symmetry of bending due to cross axis accelerations. An acceleration in x
deflects the mass upward, bending the beam. Unlike the bridge-type
accelerometer, it is impossible to distinguish between acceleration in the
vertical axis {principle axis) and acceleration in the x-direction. Thus there is
an important off-axis sensitivity in the range of 5 to 15%, depending upon the
exact geometries of the structure [122]. This problem can be avoided by either
adding a mass to the top [123, 30] or by tilting the accelerometer so that the
center of mass and the center of bending of the beam are coplanzr in this off-
axis direction [25]. Typically, this angnlar error is in the 3 to 8° range.



60 Fabrication of the Sensor Chip

3.4.3 Fabrication

The sensor chips are fabricated on double-side polished, four inch wafers of
thickness 390 um. The substrate is (100) oriented silicon, boren doped to a
resistivity of 3-5 cm. In a first step a 12 pm thick, phosphorus doped
epitaxial layer was grown. After a thermal oxidation, the oxide was pattemed
and a boron doped layer was predeposited. The deep diffusion established the
contact to the p-type substrate. The p** regions were realized in a similar way,
but they were diffused only some microns deep into the epitaxial layer. In a
next step, n-type regions were defined in order to contact the epitaxial layer.
The oxide grown during the diffusion of the n-type regions served as a mask
for the boron implantation of the piezoresistors. This step was followed by a
diffusion. The interconnections of the piezoresistors to form the wheatstone
bridge and the interconnections required for the electrochemical etch-stop
were made with evaporated Aluminum. As the thermal oxide on the back was
not thick enough to withstand KOH etching for an etchdepth of about 380 ym,
an additional PECVD silicon nitride layer was deposited on the back.
Alignment of the openings on the back with the top resistors was achieved by
means of a double side mask aligner. Alignment marks on both sides were
realized in the first photolithography of the whole process sequence in order to
improve the precision of further alignments. After the opening of the back, a
photoresist mask was patterned on the front side. This layer served as a mask
against plasma etching and defined the beams of the accelerometer. Membranes
were etched anisotropically in 40 weight percent potassium hydrexide at 60°C,
while protecting the front side from the KOH by clamping the wafer in a
chuck, which left only the back side exposed to the etch solution. To achieve a
high uniformity of the membrane the four electrode electrochemical etch stop
was used. This technology requires an epitaxial layer and a contact to the
substrate and to the epitaxial layer.

The electrochemical etch-stop is based on the potential dependent etch rate of
p- and n-type silicon [124]. B. Kloeck et al. [125] measured an open circnit
potential (OCP) of about -1.5 V (with respect to the reference elecirode, &
saturated Calomel Electrode) for both types of silicon in the <100> direction.
Etch stopping is observed on both materials for biases sufficiently positive of
the OCP. It is supposed that an oxide is formed on the silicon surfaces and thus
stops the etching. In the four electrode configuration [126], the potentiostat is
connected to the p-substrate to maintain a controlled etching potential, close to
the OCP of p-type silicon. A second voltage supply is connected between the
epitaxial layer and the substrate to bias the epitaxial layer at a passivating
potential, i.e. more anodic than the oxide formation potential for n-type silicen
{(-1.08 V with respect to the reference electrode), and thus more than + 0.4 V
with respect to the substrate. In practice, this voltage is set at about 1.5 V,
which puts the epitaxial layer at 0 V with respect to the reference electrode.
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Table 3.IV Process sequence for plezotesistive accelerometers using a bipotar compatible,
industrial process (ASCOM Microelectronics, Bevaix)

Step | Process Mask

1 |Epitaxial layer growth, 12 wm, phosphorus doped

2 | Thermal oxidation, 8500 A

3 | Double side photolithography and oxide opening for
p* regions Mask 1/2
4 | Predeposition of boron

5 |Removal of oxide layers

6 | Boron diffusion + oxidation
7 | Photolithography and oxide opening for p** regions Mask 3
8 |Predeposition of boron

9 |Removal of oxide layers

10 | Boren diffusion + oxidation
11 | Photolithography and oxide opening for n* regions Mask 4
12 |Predeposition of phosphorus

13 |Removal of oxide layers

14 [ Phosphorus diffusion + oxidation
15 | Photolithography and oxide openintg for piezoresistors Mask 5
16 [Boron implantation

17 | Anncal piezoresistors + oxidation
18 |[Photolithography and oxide opening for contacts Mask 6

19 | Photolithography and oxide opening on the back for the!Mask 7
membrane etching

20 | Aluminum evaporation
21 | Photolithography and aluminum etching Mask 8
22 | Aluminum anneal

23 | Deposition of PECVD nitride on back side
24 | Photolithography and nitride opening for membrane Mask 9
25 |Photolithography front side for definition of beams Mask 10
26 |Membrane etching in KOH

27 | Covering the back by photoresist
28 | Plasma etching from the front side
29 | Stripping photoresist
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3.5 CONCLUSIONS

The fabrication of the first prototype showed that a PECVD silicon nitride
layer as an alominum protection against KOH was insufficiently reliable and
that for good control and reproducibility of the beam thickness the
electrochemical etch stop is mandatory. In order to replace the wet etching of
the silicon membrane a dry etching process nsing SFg/O, or C;CIFs/SFg gas
mixtures was developed. The pure fluorine gas mixture showed a rather
isotropic etch behaviour whereas vertical steps were etched with the
chlorine/fluorine gas combination. Both gas mixtures exhibited a selectivity to
photoresist good enough to pierce through the approximately 12 pm thick
silicon membrane. This process and also the electrochemical etch-stop were
applied for the second prototype. This small design required an investigation
of etch compensation structures against the etching of the convex comers of
the seismic mass. A combinztion of two different large bands in the <010>
direction was optimized and resulted in an adequate comer quality.

Since the peak stress regions of a beam of a bridge-type accelerometer occur
on each end of the beam with opposite signs (sections 2.3 and 2.4},
longitudinally oriented piezoresistors allow a full Wheatstone bridge to be
formed. Furthermore in order to eliminate theoretically completely the cross-
acceleration sensitivity the four sensing resistors of the bridge-type design
were interconnected in an appropriate manner. Not only electrical means, but
also the mechanical design helps to rednce the transverse sensitivity, e.g. large
spacing between two beams on each side of the four-beam bridge-type
accelerometer rises the resonance frequencies of the nnwanted higher modes
much above the sensitive mode. By contrast, to reduce the more important
transverse sensitivity of a cantilever-type the die mnst be canted by an angle of
3 to 8° or an additional mass has to be added to the top. To see the
consequences of the different types of accelerometers, two bridge-type with
two or four beams and a cantilever-type accelerometer were fabricated. The
four-beam bridge-type accelerometer of the second generation was designed
for a range of 50 g having a high resonance frequency. The whole second
generation was fabricated at ASCOM Microelectronics. The measured
characteristics compared to simulated results are discussed in the next chapter.
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Chapter 4

Characterization of the
Sensor Chip and Comparison
with Simulation

A sensor chip has to be characterized before encapsulation in order to control
the reproducibility of the micromachining and to compare its performance
with theoretically expected data. The easiest way to test both the mechanical
and electric functioning is o turn the accelerometer in the gravitational field.
Further data such as resonance frequency and acceleration range can be
determined using a vibrating table. For these measurements the sensor chips
were mounted on a Dual-in-Line package. The different measurement
apparatus are described in section 4.2. In section 4.4 the results of three
different accelerometer designs are discussed and compared to simulated
results.

Parts of this chapter have previonsly been published in 164].

4.1 INTRODUCTION

In integrated circnit production, every step of the process is well controlled. In
sensor technology it is much more difficult to control the mechanical
functioning and the electronic part of the device. At least before encapsulation
of the sensitive element, it has to be thoronghly tested to avoid high costs and
to control the reproducibility of the micromachining. Tuming the sensor chip
upside down in the gravitational field corresponds to an acceleration of 2 1 g.
This simple setup ailows the simnlitancous mechanical and electrical testing of
the chip. A voltage change at the outpnt and a small offset confirm
homogeneons doping of the piezoresistors, correct metal interconnections and
the integrity of the beams. Similar sensitivities of sensor chips from different
wafers indicate well controlled micromachining. A further control parameter,
the resonance frequency, can be measured electrically or optically using a
vibrating base. Small cracks in the beams can be discovered by optical
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inspection. Since an accelerometer is a very stress sensitive device, the sensor
chip has to be carefully mounted in order to avoid stress on the frame being
introduced.

4.2 EXPERIMENTAL

All physical dimensions of the sensor chip except the thickness of the beams
were controlled using an optical microscope with an integrated, calibrated
ruler. As the maximum step height of our surface profiler (Alphastep 200) is
160 um, the beam could only be scanned from the back with respect to the
underlying support. This tumed out not to be reproducible enough, becauvse
the roughness of the chip's front surface could not guarantee a precise
reference level. Thus the only reliable way to determine precisely (£ 0.1 um)
the beam's thickness was a SEM picture,

Since the voltage change of the piezoresistor's wheatstone-bridge can be
directly measured with a standard voltmeter, no further electronic circuitry
was needed. Thus a commercially available amplifier was only used to
transform the relative voltage output into a value relative to the ground. For
all measvrements a constant DC voliage of 5 V was applied.

4.2.1 Static Measurements

Tuming the device in the gravitational field allows the linearity and sensitivity
in all 3 axes to be measnred and hysteresis effects in the £ 1 g acceleration
range to be detected. The setup of the inclination table consisting of two high
precision stepper motors {Microcontréle; RT 200 PP one step = 1/1000° and
RT 120 PP 1 step = 1/100°, power supply TL 78) is shown in Fig. 4.1. The
pins of the DIL 24, on which the senser chip was mounted (see section 4.3},
were clamped through the slits of a metallic plate into a Textool socle. The
metallic plate was directly screwed on one stepper motor, and thus the metallic
surface became the reference plane. The horizontal starting position with
respect to that plane was fixed using a water gauge (precision £ 0.0023°). Ina
first step the device was turmed 360° around the x-axis {orientation of the
coordinate system see Figs. 3.16 or 4.4) measuring at angles which
corresponded to an acceleration step in the sensitive axis direction of 0.2 g.
Back in the horizontal position, the device was turned around the z-axis by 90°
and the same measurements were performed with the new chip orientation
(rotation around y-axis). For temperature meastrements in the range of -40°C
up to +120°C a thermally isclating cap and a Thermostream® system
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thermostream
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Fig. 4.2 Schematic drawing of the dynamic measurement seinp

basic configurations, in a open or a closed loop configuration, respectively. In
the latter case, a reference accelerometer mounted on the vibrating table fed
back the vibration exciter centrol. This digital instrument allowed, for
instance, scanning over the frequency range at constant acceleration. In the
open cenfiguration, the table could be excited by a noise source directly
coupled onto the main amplifier. Thus the frequency respense was given by
the transfer function of the response of the reference accelerometer and the
fabricated device. The reference accelerometer used was a piezoelectric
Briiel&Kjer type 4371, Its frequency and acceleration range was 0.1 Hz - 12
kHz and 0.3 mg - 5100 g, respectively. The charge amplifier for the reference
accelerometer was integrated into the preamplifier (Briiel&Kjer 1050). The
vibrating table consisted of a Briiel&Kjar body type 4805 with a high g head
4811, which had a maximum acceleration of 65 g for a load of 200 g.
Nitrogen in the temperature range of -40° te 120°C, supplied by the
Thermostream® system, and a thermally isolating cap were used to determine
the temperature dependence of sensitivity and offset (see section 7.4). To avoid
distortion of the exciter, the mechanical supports mounted on the table were
fabricated.as axissymmetric as possible, and in addition they had a high
resonance frequency (> 10 kHz). At frequencies beloew 20 Hz, the amplifier
could not guarantee a sinuseidal displacement of the vibrating table. So at very
low frequencies in the closed loop configuration the output of the reference
accelerometer and the sensor chip had to be individually measured using an
oscilloscope. The whole apparatus and the data acquisition was computer
controlled.
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than the epitaxial layer thickness (12 pm). As the devices were undamped,
special care was taken to avoid breakage during dynamic measurements. At
resonance, the applied acceleration of the vibrating table was lowered by a
factor of at least 10. Higher modes of vibration were determined electrically
by measuring the changes of only one piezoresistor. The results of theoretical
calculations and measurements are summarized in Table 4.1.

For the three different designs presented in Table 4.1, the four-beam bridge-
type accelerometer has the lowest transverse sensitivity and highest first mode
resonance frequency, whereas the cantilever-type is more sensitive but has a
smaller usable frequency range. This shows well the trade-off between
sensitivity and resonance frequency (see chapter 2). As the separation between
the two beams on cach side of the four-beam bridge-type accelerometer

becomes larger, the second mode is harder to initiate (higher frequency) and
Table 4.1  Comparison of calculated values based on analytical formulae and finite-element
modeling with experimental data from manufactured devices (the units pV/V g
refer to the output of a Wheatstone bridge per applied voltage and per terrestrial
acceleration g)

analytical finite element measured data

formulag | modeling [ANSYS] | vibrating table _ interferometer
4 beam accelerometer :
sensitivity 579 uv/iV e 514uVive 460 LIV g -
resonanice frequencies:
1. mode (transversal){ 2810Hz 2760 Hz 2520 Hz 2690 Hz
2. mode (rocking y) - 4430 Hz 4120Hz * 4370 Hz
3. mode (rocking x) - 5700 Hz 5330 Hz * 5710 Hz
displacement per 31 nm/g 34 nm/g - 40t 10 nm/g
acceleration
2 beam accelerometer :
sensitivity 638 uv/iv g 533uViVg 530UV ¢ -
resonance frequencies:
1.mode (transversal)| 2670Hz 2470 Hz 2480 Hz 2320 Hz
2. mode (rocking y) - 560 Hz - 440 Hz
3. mode ({rocking x) - 5110 Hz 5170 Hz * 4850 Hz
displacement per 35nm/g 37 nm/g - 54+ 14 nm/g
acceleration
cantilever ;
sensitivity 168 mViV e 141 mV/V g 1.19mV/V g -
resonance frequencies:
1. mode (on an arc) 370 Hz 360 He 400 Hz 400 Hz
2.mode (rocking y) - 6800 Hz 6960 Hz * 6920 Hz
3. mode (rocking x) - 13420 Hz - 14140 Hz

bridge

measurements performed by connecting only one of the piezoresistors of the wheatstone
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hence the sensitivity in that direction decreases, which is highly desirable. The
totally opposite case occurs when the two beams are brought completely
together. This is the case of the two-beam accelerometer, with a second mode
frequency that is lower than the first,

The difference in the optically and dynamically measured resonance
frequencies is due to beam thickness variations in the devices fabricated on the
3 inch wafers. For example, a small variation in the thickness of the beams
greatly affects both the sensitivity and the resonance frequency. With a beam
thickness of 8.5 um a small increase of 0.5 pm in the thickness of the beams
changes the sensitivity values by 12% and the resonance frequency by 9%.

The main feature of the data presented in Table 4.1 is that the values of the
resonance frequencies and sensitivities calculated nsing analytical formulae are
higher than the measared valnes. This may be becanse the analytical method
assumes the ends of the beams to be clamped. In FEM analysis, however, the
base of the chip was fixed, a boundary condition which corresponded rather
closely to the experimental setup, and it can be seen that the values obtained
using this technique are in better agreement with the observed values. The
whole finite element simulation was done on a pure silicon structure.

As mentioned above the beams of the devices presented in Table 4.1 had not
been passivated, since we expected that the stress which occurs at the interface
between silicon dioxide and silicon [127-129] would greatly affect the
performance of the sensor chip. In order to investigate the influence of
passivation layers on the sensitivity and resonance fraquency of sensor chips,
different passivation layers were deposited on their beams. These devices were
four-beam bridge-type accelerometers fabricated on 4 inch wafers with the
process sequence described in snbsection 3.4.3, e.g. these samples had a beams’
thickness of 12.5 um * 0.4 pm silicon corresponding to the epitaxial layer
thickness. The sensitivity and resonance frequency of devices which had no
passivation on the beams, a 6000 A thick thermal oxide or a 3000 A thick
plasma deposited SiyNy passivation layer are listed in Table 4.11. The samples
of each passivation type were taken randomly from the same wafer. It can be
seen that the passivation layer does not greatly affect the performance of the
sensor chip, since the sensitivities are within the range 186 pV/V g £ 10%.
The small standard deviation of the sensitivities proves the effectiveness of the
electrochemical etch-stop and also of the protection of the back doring the

Table 411  Measured sensitivities of sensor chips of the 4 inch design with different
passivation layers (four-beam bridge-1ype accelerometer) {mean values of 7
samples per passivation type)

passivation mean sensitivity | standard deviation resonance freq.

none 196 uvV/vV g QUVIV e 5000 Hz
therm. SiO; 187 uV/vV ¢ BUV/V e 5000 Hz
PECVD SiyNy | 174 uv/v e 4UV/V g 5200 Hz
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plasma etching of the membrane.

A typical static response of a-four-beam bridge-type accelerometer of the 4
inch design can be seen in Figs. 4.4 and 4.5. The rotation around y resulted in
the expected linear response whereas the rotation around x shows a hysteresis.
This effect can be caused either by the cross-axis sensitivity or by a mounting
error. Although our Wheatstone bridge configuration should compensate all
cross acceleration as discussed in section 3.4.2, a cross-axis sensitivity can not
be excluded a priori. Inhomogeneities of the resistors might affect the outpat,
but the low offset of the bridge indicated a well controlled fabrication process.
Thus a cross-axis sensitivity should be small. On the other side the measured
hysteresis in Fig. 4.5 would correspond to an important transverse sensitivity
of 2.3%. In addition, the hysteresis is mainly cbserved during rotation around
x-axis. In that axis the mounting has no symmetry, since the device is only
glued on one side and could either push that side up or pull it down after its
hardening (see section 4.3). Indeed, if the surface of the chip deviates from the
expected orientation, a hysteresis effect is measured. Furthermore, the
horizontal starting position of the table was determined with respect to the
metallic plate and consequently to the back of the DIL 24. Assuming the
surface of the chip not parallel to the back of the DIL this procedure does not
guarantee the right starting position. However, the angular error, which weuld
correspond to the hysteresis in Fig. 4.5 was calculated and found a value of
1.32°, To see that the hysteresis can be eliminated the starting position was
changed by 1.32° and the same device again rotated around x. The newly
oriented sensor exhibited a linear response as can be seen in Fig. 4.6,

305 — e —— ;

t | rotation around y-axis l ]

30 7

F —— y=29.425+ 1.028 x ]

— 295 ' N

- L ]

B j
- 20 L

) [ ]

285 [ ]

28 R RS S RS RS S

-1 -0.5 0 0.5 1

g}

Fig. 4.4 OQutpur of a four-beam bridge-type accelerometer rotated around y
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We have calculated that a transverse sensitivity of 1.8% could be compensated
by a mounting error of 1° or vice versa. However, the only means to
determine the real cause of this hysteresis is to measure the starting orientation
of the chip surface with a precision of better than 0.1° a condition which
could not be guaranteed by our mounting technique.
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Fig. 4.6 Output of the same device as in Fig. 5.5 after an off axis correction of
1.32°
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4.5 CONCLUSIONS

Relatively simple mass-beam configuraticns have been compared in Table 4.1,
and the correspondence betwesn theorstical predictions and measured values is
within 18 %. The finite element modeling was in better agreement with the
observed values than the analytical formulae. This may be because in FEM
analysis the base of the chip was fixed, a boundary condition which
corresponds rather closely to the experimental setup. This emphasizes the need
for, and the powerful potential of, FEM analysis for detailed predictions of the
characteristics of silicon micromachined structures, although analytical
formulae allow the dependence of the characteristics on the device dimensions
to be clearly seen. Since the mechanical transverse sensitivity should be kept as
low as possible, the four-beam bridge-type accelerometer design is mere
advantageous than the two-beam device. In addition these measurements have
shown the importance of the most critical fabrication parameter, the thickness
of the beams. Therefore the electrochemical etch-stop and the protection of the
back during plasma etching of the membrane are mandatory for reproducible
characteristics.

The small standard deviation of the sensitivities on samples from the 4 inch
design, where the back of the beam had been protected during plasma etching,
have proven the effectiveness of the electrochemical etch-stop. Devices with
thermal oxide, plasma silicon nitride er without any passivation layer on the
beams exhibited quite similar sensitivities and resonance frequencies. Thus
their influence on the characteristics is gquite small, The variation of the
measared data might not only be due to the passivation layer but alse to the
different thicknesses of the wafer and epitaxial layers,

The static measurements have shown that not only a cross sensitivity but also a
small mounting error can cause a hysteresis-like response. The measured
hysteresis is thonght to be caused by a mounting error, since cross-axis
sensitivity is theoretically electrically compensated. The chosen mennting
technique was not accorate enough to guarantee parallelism of the chips
surface to the Dnal-In-Line package and thus to exclude the possibility of a
badly aligned sensor chip.

In order te contrel the fabrication process these measurements were done on
non encapsulated devices. Althongh the distance between the seismic mass and
the DIL socle was only 40 pm, the air film did not damp the device at all. In
the next two chapters different encapsulation techniques and parameters which
determine the damping are discussed.
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Chapter 5
Aspects of Damping

Every accelerometer sensor chip is a resonant structure and therefore has to be
damped in order to increase its useful frequency range. This is mostly
achieved by enclosing the moving mass into a small cavity. As a damping
medium either liquid or gas layers can result in a flat response over a wide
frequency range. The viscosity of the damping flnid as well as the thickness of
the damping layer determine the damping characteristics. In section 5.2 the
previously published damping and encapsulation methods for accelerometers
are summarized. Since all the damping methods are mainly based on viscous
damping, the main formulae are summarized in section 5.3. In the following
sections the consequences of liquid and gas damping are discussed. The theory
of squeeze film damping is applied for both types of damping in order to
describe the dynamic response.

Pants of this chapter have been published in {130, 131].

5.1 INTRODUCTION

Damping of proof mass oscillations is a fundamental consideration in the
design of accelerometers, because it is needed to achieve a flat response over a
wide frequency range. A common way to damp an accelerometer is to enclose
the sensitive device entirely in a small cavity by bonding (preetched) wafers to
both sides of the sensor chip. This encapsulation technigue creates on both
sides of the moving seismic mass thin layers of the damping fluid. When two
plates in close proximity and with a fluid trapped in between approach one
another pressures are developed which resist the motion of the surfaces to
come together. The resulting pressure forces are sometimes called "squeeze”
forces. Thus the thin layers provide damping through viscous dissipation. Not
only the thickness of the damping layer but also the viscosity of the fluid
determine the damping. Either liquids or gases can be used to achieve critical
damping of the accelerometer, but their influence on the static, dynamic and
temperature behavionr are quite different.
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Since thin damping films are very important the squeeze film theory will be
applied to silicon accelerometers and developed for gases and liquids. Based on
that theory and on the characteristics of our sensor chip it will be shown that
both damping mediums display a viscous damping behaviour. Therefore the
main formulae of a viscous damped spring mass system are recapitulated in
section 5.3. In its second part the temperature and pressure dependence of the
viscosities of these fluids are shown.

The influence of liquid damping on the static and dynamic performance of an
accelerometer is quite different to that of a thin gas layer. Thus for both
damping mediums the effects on the characteristics are separately discussed in
sections 5.4 and 5.5. In addition the loss of sensitivity and the shift of the
resonance frequency of liquid-damped devices are explained.

Further requirements of the encapsulation and also already published damping
and encapsulation methods of accelerometers are described in section 5.2. The
technological background of the encapsulation is given in chapter 6, where
different mounting methods are discussed. In addition, the formulae developed
in this chapter allow ihe cavity size required for critical damping to be
calculated for both oil and air-damped accelerometers. In chapter 7 these
calculations are done and compared to the measurcd performance.

5.2 ENCAPSULATION AND DAMPING

In general, sensor packaging has to deliver reliable, economical and
application-oriented solutions by choosing optimal technologies and material
combinations. Unlike integrated circuits, silicon sensors must operate in harsh
environments such as humidity, salt-water, body fluids, fuels, hydraulic fluids
and gases. While the classic IC package seeks to isolate and hermetically
separate the chip from the environment, the sensor package must appropriately
protect the die while transmitting the mechanical force to the sensor. Thus the
prime goal of the packaging technology is to provide good transfer of the
mechanical variable of interest from the environment to the sensor whilst
eliminating the effects of environmental contaminants and corrosives.
Typically, the sensor is interfaced to a force through the use of an appropriate
mechanical fitting, tubulation or other connection. The sensor package must
incorporate convenient low cost means for such interface while isolating the
very sensitive silicon die from undesirable mechanical stresses. While modem
silicon sensors incorporate calibration and compensation on the silicon chip
itself, often analog or active compensation employing hybrid or component
resistors are used. The package must provide appropriate means of
incorporating and protecting these additional components.

The special requirements for the packaging of silicon accelero-meters are
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given in Table 5.1 To keep the Taple 5.1 Requirements for the encapsulation
price of the end preduct low, the of silicon accelerometers

encapsulation has to be eithera | | protection from the environment
batch process or fully ‘automat_ed. + economical mounting, interconnection
As an accelerometer is a spring and packaging techniques
mass system, it needs to be | «interference free mounting, inter-
(critically) damped in order to connection and packaging techniques
avoid breakage and to increase its | ©critical damping of the device
useful bandwidth. Damping of the | *Pprotection against overload )
structure is determined by the | ° integration of a confidence checking

: . . . on the device
viscosity of the damping fluid as
well as by the size of the cavity in
which the seismic mass is enclosed. The cavity is often realized by bonding two
wafers to both sides of the sensitive element. The different characteristics of
several bonding methods are discussed in section 6.2. The bonding technique
has to be chosen to give a low temperature sensitivity to the mounting.
Furthermore the encapsnlation should be as stress-free as possible because an
accelerometer is an extremely stress sensitive device.
Additionally, the overforce protection can be integrated as mechanical stoppers
in the cavity. Since the distance between the electrodes (e.g. mass and cap) of a
capacitive accelerometcr is of several microns, the counter electrodes become
at the same time the stoppers against overload. Due to the extremely small
cavity's size, the air pressure of critically air-damped capacitive
accelerometers needs to be reduced to some Torr's. Moreover since ne
electrode is needed in the cavity of piezoresistive accelerometers, the cavity
can be increased to achieve critical damping with gas at atmospheric pressuore.
Liquids may also be nsed for damping the sensitive element. Unfortunately
their viscosity shows a much higher termnperature-dependence than gases, and
additionally the buoyant force, which acts en the vibrating structure immersed
in the lignid, Jeads te an important loss of sensitivity.
A variety of encapsnlation technigoes have been used with piezoresistive
accelerometers. In 1977 Roylance [25] ancdically bonded pre-etched pyrex-
glass on both sides of the sensitive element to create a 70 pm deep cavity. Ne
mechanical stoppers were integrated. Since doe to the size of the cavity, air
damping was insufficient, Roylance filled the cavity with liguids which
critically damped the device at room temperature. Honeywell {132] nsed the
same glass-Si-glass sandwich for the encapsulation of their g-switch. This
mounting technique is advantageouns because the glass plates are transparent
which facilitates wafer to wafer alignment. Tsugai et al, from Mitsnbishi [29]
published a sensitive device mounted on a thin layer of a damping material,
which panly filters the unwanted frequency range. Nakamura et al. from
Nissan Motor Co. [30] presented at Transducers' 87 a silicon-silicon-silicon
sandwich in a ceramic package with oil as a damping material.
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Overrange stop
for upward travel
Si-Si bond line of seismic mass  Gap 2 (overrange
& damping)

Fig. 5.1 Schematic cross-section of an encapsulared cantilever-type accelerometer
as proposed by NOVA Sensor [6]

The only two successfully commercially realized encapsolations are those
propased by Nova Sensor [6] and ICSensors [133]. Nova Sensor (see Fig. 5.1)
incorporated the overrange stops directly into the sensor at the wafer level.
The overrange protection in this chip is provided by a series of interdigitated
tzbs which extend over underlying shelves, and prevent the mass from moving
upward past a preset limit. Similarly, a tab on the seismic mass extending over
a shelf on the supporting frame prevents the mass from moving downward
past a preset limit. The tabs itself are thin enough to be somewhat flexible, so
that they do not shatter when they hit the stopping shelf. The damping is
realized by air (squeeze film) using controlled gaps in the chip structure.
Beneath the seismic mass, the gap between the glass base and silicon constitutes
one air-damping area (Gap 1) whilst the gap between the gverrange protection
elements constitutes another {Gap 2), as is shown in Fig, 5.1.

The ICSensors design is based on a hermetically sealed cavity (Si-Si-Si) with
small air-gaps for critical damping of the device and integrated overforce
staps (Fig. 5.2). The bonding between the three different silicon wafers is
(probably) achieved by an entectic metal bond. In addition ICSensors proposed
a self test configuration [36,134) which allows the verification of the function
of the accelerometer without subjecting it to dynamic accelerztion loads. It is
very important to check the operation of a device in many high reliability
applications such as automotive safety and munitions. A unique feature of
silicon accelerometers is the relatively ease by which the light mass can be
deflected with small electrostatic forces. This feature has been implemented on
the accelerometer package shown in Fig. 5.2. A voltage is applied between the
mass and the top cap which in turn causes the mass to deflect upward. Because
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Fig. 5.2 Schemaitic cross-section of an encapsulated bridge-type accelerometer as
published by ICSensors [36]

the gap is accorately controlled and becanse the mass cannot differentiate
between force due to acceleration and force due to electrostatics, it is possible
to both verify that the mass is free by moving and to calibrate the device in the
field repeatedly and/or over a temperature range. The piezoresistive sensor has
typically a negative temperature coefficient of sensitivity (TCS) (i.e. sensitivity
decreases as temperatnore increases) and fairly complex compensation
algorithms have been developed to provide a temperature independent
sensitivity (see section 7.4). The self-test capability allows confirmation that
the sensitivity has changed. Further by taking the ratio of the sensitivity
measured versns the sensitivity under self-testing, the sensor system can be
compensated for temperature changes giving a reduction in temperature
sensitivity of a factor of 10 to 20. The self-test feature also allows scanning of
the part at wafer-level probing to determine sensitivity and thereby reduces the
cost of mannfactoring.
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5.3 VISCOUS DAMPING

The squeeze film theory, described in the next two sections, applied to our
accelerometer design will show that for both gas and liquid films the damping
force is proportional 1o the velocity of the moving body (= ¢x). This condition
is called viscous damping. In order to calculate the cavity size for critical
damping with both damping fluids the main and well-known characteristics of
a viscous damped spring - mass system are recapitulated in this section. Based
on these bastc formulae and on the squeeze film theory the cavity size will be
calculated in chapter 7 and compared to measured devices.

The differential equation of motion for forced vibrations of a viscous damped
spring - mass system is

mX + ¢x + kx = Q cos(t) 5.1)
where k = spring constant, ¢ = coefficient of viscous damping, m = mass, ¢ =
amplitude of the forced vibration, ® = angular velocity of the forced
vibration. .

Since the development of the solution can be found in many fundamental books
on mechanics (see e.g. [80] or [135]}, we will only discuss the solution of eq.
5.1.

The general solution of eq. 5.1 is

x = e (Cy cos pat + C sin pat) 5.2)

k .
where b® = med= -2%; , pd2 =b? - &2, C; and Cy are constants determined
from the initial conditions.

A particular solution of eq. 5.1 is
_Q - 5
X B cos(ot - 6) (5.3)

in which [ is the magnification factor, 8 the phase angle and y the damping
ratio given by

. S (5.4)
2 Vkm

[= [

'Y:

p= ] (5.5)
Mt -7 + 2oy
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0 = tan "1 | 2YOb. (5.6)
1 -m2/b? '

The total solution of eq. 5.1 is obtained by adding the particnlar solution (eq.
5.3) to the general solution {eq. 5.2). The general solution represents damped
free vibrations, whereas the particular solution represents damped forced
vibrations. The free vibrations have a frequency py, whereas the forced
vibrations have a frequency ®, which is identical to the period of the
disturbing force that produces them. We see that due to the factor ™ the free
vibrations gradually subside, leaving only the steady forced vibrations
represented by the particular solution. Thus, we see that steady-state forced
vibration with viscous damping is a simple harmonic motion having constant
amplitnde B Q/k, phase angle 6 and period %,

We see from eq. 5.3 that the amplitude of the steady-state forced vibration is
obtained by multiplying the static-load displacement Q/k by the magnification
factor . This factor depends not only npon the frequency ratio w/b, but also
upen the damping ratio . Figure 5.3 shows the magnification facter § plotted
apainst the ratio &/b for various levels of damping. From these curves we see
that when the impressed angular frequency © is small compared with the
natural angnlar frequency b, the value of the magnification factor is not
greatly different from unity. Thas, during vibration the displacements x of the
suspended mass are approximately those which would be produced by the static
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Fig. 5.3 Magnification factor P plotted against the ratio w/b for various levels of
damping
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action of the disturbing force Q cos wit. When @ is large compared with b, i.e.
when the impressed frequency is much greater than the natural frequency, the
value of the magnification factor tends toward zero, regardless of the amonnt
of damping. This means that a high-frequency disturbing force prodnces
practically no forced vibrations of a system that has a low natural frequency.
In both extreme cases {® « b and @ » b) we note that damping has only a
secondary effect on the magnitude of the magnification factor (3. Thos, in these
two cases of forced vibrations it is justifiable to neglect the effect of damping
entirely and to nse the equations of an nndamped system.

As the value of ® approaches that of b, i.e. as w/b approaches unity, the
magnification factor grows rapidly, and its value at or near resonance is very
sensitive to changes in the amount of damping. 1t will also be noted that the
maximum valne of B occurs for a value of w/b slightly less than unity for y>
J2/2. Setting the derivative of [ with respect to ©w/b equal to zero, we find that
the maximum B occurs when

L =129 = Tﬁk— 6.7

If ¥ = ¥32/2, the system is called critical damped and B becomes maximal for ©
= 0, i.e. the magnification factor is £ 1 for any frequency. For v > ¥2/2 the
spring mass system is overdamped, for y<V2/2 it is under damped.

The phase relationship between the steady-siate vibrations and the disturbing
force is represented by the phase angle 8 in eq. 5.3. The curves in Fig. 5.4
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Fig. 5.4  Phase angle @ plotted against the ratio wyb for various levels of damping ¥
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show the variation in the phase angle 8 with the ratio w/b for several levels of
damping v. When damping is present, we note a continual change in 6 as the
ratio /b increases. Also, regardless of the amount of damping, we find 6 =
mt/2 at resonance. For values of w/b either well below or well above resonance,
we see that a small damping ratio has only a secondary effect upon the phase
angle. That is, well below resonance the angle 0 is practically zero, while well
above resonance it is practically t.

The encapsulation of an accelerometer aims to achieve critical damping
(realized by the cavity's size and viscosity of the damping fluid) since such
devices exhibit the widest, usable frequency range. The moving seismic mass
of an accelerometer feels a damping force proportional to the flnid's viscosity
(see sections 5.4 and 5.5). Hence the damping characteristics depend on
pressure and temperature,

Basically two viscosities can be distinguished:

a} dynamic viscosity 1y [Pas]

b) kinematic viscosity v [m?/s], defined as the dynamic viscosity divided by
the density, e.g. v = n/p, where p = density.

Temperature dependence of the viscosity :

The dynamic viscosity of liquids decreases with increasing temperature due to
the temperature dependence of the intramolecnlar adhesion forces, which act
between the different liquid particles.
However, the dynamic viscosity of gases
and vapors increases with increasing
temperature, because the impulse
exchange between the molecules increases
with increasing temperature (see Fig.
5.5). There are no formulas for the
description of the viscosity's temperature
dependence, only some empiric have been
proposed [136]. Furthermore the
viscosity in liquids is in general more
temperature dependent than in gases

(compare Fig. 5.6 with Fig. 5.7). Fig. 5.5 Temperature dependence of the
viscosity

dynamic viscosity —

temperature ——

Pressure dependence of the viscosity ;

The pressare dependence of the dynamic viscosity is only noticeable at high
pressures. Fluids, whose dynamic viscosity has a high temperature dependence,
show in general an important pressure dependence. For most liguids, the
dynamic viscosity increases nearly exponentially with the pressure. The
viscosity of gases is pressure independent, if the mean free path of a molecule
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is small compared to the distances of the moving body in the gas.

Figures 5.6 and 5.7 show the kinematic viscosity of several liquids and the
dynamic viscosity of air, respectively, for different temperatores and
pressures,
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5.4 LIQUID-DAMPED ACCELEROMETER

The characteristics of an accelerometer sensor chip immersed in a liquid
compared to the device in vacuum are quite different. The sensitivity of the
sensor in the liquid is lowered due to the buoyant force acting on the seismic
mass. The dynamic respouse is affected by two facts:

» The damping coefficient of the "squeezed" liquid film depends on the
viscosity of the liquid, on the size of the moving mass and of the
"squeeze film" thickness. Thus the size of the cavity, the liquid's
viscosity and its temperature dependence determine mainly the
damping characteristics of a liquid-damped accelerometer,

+ The resonance frequency is much lower compared to the
undamped device, which is due to

= bhuoyancy
+ added mass
+ viscous damping,
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5.4.1 Static Response

The static behaviour of a silicon accelerometer immersed in a liquid is changed
in comparison to a device in vacuum, because the effective mass is lowered due
to the buoyant force. This leads to a reduction of sensitivity. The resulting
ratio of the sensitivity in a liquid to that in vacuum is proportional to (pg; -
PriquiaPsi» which is for most Jiquids about 60%. In gas this effect is neglectable
as the gas' density at ambient pressure is much less than one tenth of a percent
of that of silicon,

5.4.2 Dynamic Response

In the first part of this subsection the moving seismic mass of the
accelerometer in close proximity to an underlying cap having a thin layer of
liquids squeezed between them will be approximated by twe moving plates
with an incompressible film squeezed in between. The damping force is
calculated for this setup based cn the squeeze film formulag developed by
Blech [139). In the second part, the causes of the resenance frequency shift of a
liquid damped accelerometer compared to the device in vacuum are explained.

Incompressible squeeze film :

To cur knowledge the only work applying the theory of squeeze film to the
design of the damping of accelerometers has been pnblished by J. Starr from
Honeywell in 1990 [137]. He discusses the limitations of the application of the
squeeze film formulae and compares the results with finite element medeling.
This work is bagsed on the article published by Langlois on isothermal squeeze
films [138]. In this section we recapitulate the main formulae of the squeeze
film theory as published by J. Blech {139, 140]. This rough approach allows
the viscous damping force to be seen as well as the cavity size needed for
critical damping to be calculated (see chapter 7).

An ocil-encapsulated accelerometer has a very thin layer of liquid “squeezed”
between its seismic mass and the cavity. When the device is exposed to any
acceleration the seismic mass approaches the cavity. Thus forces are developed
which resist the motion. The equation governing the pressure distribution in
the flnid is the well known Reynolds equnation. Te solve the equation, the
following assumptions are taken :

. laminar flow
. isothermal process
. most of the motion perpendicular to the plates' surfaces.

When the motion is of the nature just described above, this equation reduces to
the form [141] :
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ifﬁ@ﬂ) i(ﬁ”:i h 538
ax[lznax +ay 127 dy at(p ) (58)

with h = film thickness, p(x,y) = pressure, p = density and 1 = dynamic
viscosity.
For an incompressible fluid (p = constant), eq. 5.8 reduces to :

9 3‘22) a_(h3a_P_)=12 oh
3 (h ax) oyl oy MR (5.9)

We define the ambient pressure as the zero pressure level. Thus, the boundary
condition for eq. 5.9 is :

p=0 on the plate boundary (5.10)
Consider two rectangular flat parallel plates having length { and width w as

shown in Fig. 5.8. The plates are moving one towards the other in a squeeze
motion. Equation 5.9 reduces to :

Pp,dp_ 1202 (5.11)
i Y B} o ‘

For the setup shown in Fig. 5.8, the boundary conditions are :

p{i.i_;y]ﬂ) and p(x,i%]:() (5.12)
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Fig. 5.8 Parallel plate, rectangular squeeze film damper
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Equation 5.11 has the following solution which fulfills the boundary conditions
of eq. 5.12 [139]

y
_3m%n(3 § (1)@ |  coshimnl] N
p(x.y) 2 1 at(n3 m%d =3 1 -~ h(m—g—m) cos(mnd) | (5.13)

The force acting on each surface is obtained from the integration of the
pressure over the plate area, which yields an expression for the force F:

P=F.xSr=cg S (5.14)

where F., is the pressure force on an infinitely wide plate (I « w). F,, and
are given by :

&=";W (5.15)
tan
h(mna])

o2 3

The factor x; is plotted versus & in Fig. 5.9. This factor is less than unity for
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Fig. 59 Force reduction factor K in function of the plate aspect ratio o for
incompressible squeeze film
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any width to Jength ratio and tends to unity when the plate width tends to
infinity. Thus xg can be thought of as a force reduction factor in the case of
the infinitely wide plate. This behaviour of K; is clear since finite plates posses
more fluid escape area than infinite strips, thns the resistance to out-flow of
fluid is smaller, resulting in a smaller damping capacity.

Equations 5.14 and 5.15 show the temperature dependence of the lignid
damping. It depends linearly on the viscosity changes as a function of
temperature.

Equation 5.14 clearly indicates that the damping ferce is proportional to the
velocity of the moving plate. Thus we conclude that an oil-damped
accelerometer behaves like a viscons damped spring - mass system. In section
7.2 the squeeze film thickness for a critically oil-damped accelerometer is
calculated based on these formulae.

Shift of the resonance frequency:

Let ns consider the canses and influences of the resonance frequency's shift

mentioned above in more details :

1. The effective mass is lowered due to the buoyant force, a5 explained abave.
Since a piezoresistive accelerometer acts like a mass-spring system, its
resonance frequency is inversely proportional to the square root of the
mass. Assuming a reduced effective mass of 60% this would lead to an
increase of the resonance frequency by a factor of abont 1.3 compared to
the undamped device.

2. We follow the development as proposed by Blevins [142] for the effects of a
vibrating structure in a flnid. As the seismic mass accelerates, the fluid
surrounding the structure must accelerate as well. The inertia of the
entrained fluid is the added mass. The primary effects of the surrounding
oil on the vibrations of a symmetric structure in a still flnid are the increase
of the effective mass and the damping of the structure. Therefore added
mass always decreases the natural frequency of the structure compared to
that of a structure measured in a vacuum. The importance of added mass in
the dynamic analysis of a particnlar structure can be estimated from the
ratio of the density of the surrounding fluid to the average density of the
structure, Since the density of oil is about one third of the density of silicon,
added mass plays a large role in the dynamic analysis of oil-encapsnlated
microstructures. Experiments have generally shown [142], that the added
mass of a structure vibrating in a still fluid is a function of
« the geometry of the surface of the structure, including the geometry and

relative position of proximate structures and the location of the free
surface
+ the amplitude and direction of vibration and
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+ a Reynolds-number-like parameter

2
Mg nuia = P F | geometry, DQ, %Q (5.17)
Q

where p is the density of the fluid, Q is the amplitude of vibration in a
given direction relative to the structure, Dy, is a characteristic diameter, f
is the frequency of vibration, and v is the kinematic viscosity of the
fluid.
It can be shown that added mass, unlike fluid drag or fluid damping, can
exist in an incompressible, inviscid, irrotational fluid (i.e. p = constant, v =
0) [142]. This opens the possibility of evaluating added mass through the
mathematical application of potential flow theory. The added mass which is
predicted from potential flow theory depends only on the geometry of the
structure’s surface :

Mporendal flow = P F (geometry, ) (5.18)

Comparison of experimental and theoretical resuits [143, 144] suggests that
the potential flow theory prediction is within about 10% of the
experimentally measured value if the Mach number of the oscillation is
small, if the amplitude of vibration is small compared with a characteristic
diameter of the structure and if the Reynolds-number-like parameter is
large i.e. :

Qf2nf} (5.19)
Cs
Q. (5.20)
0
@L 10 000 (5.21)

where c; i$ the speed of sound in fluid.

These three conditions are fulfilled in the case of the liquid-damped silicon
accelerometer,

For a rectangular plate accelerated transversely in a incompressible fluid,
the virtual mass is given by [145]

-

m'=Llpmiw2 (5.22)

with w and / being the width and length of the plate respectively.
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3. For the calculation of the added mass, we assume an ideal fluid, i.e. without
friction. As most liquids are viscous, we have to take into account the effect
of the viscous damping on the resonance frequency. Viscous damping
theory [146, 147) indicates that a damping force, which is proportional to
the velocity of the mass, lowers the resonance frequency by

trelliquid) _ to (5.23)

fres(vacuum) ~

where f,., is the resonance frequency and  is the magnification factor. The
magnification factor is defined as the ratic of the sensitivity at the resonance
frequency to the DC sensitivity.

A combination of these three effects mainly influences the resonance frequency
of a liquid-damped accelerometer. In section 7.2 the theoretically expected
shift of an cil-damped accelerometer, based on these formulae, will be
compared to the measured value.

5.5 GAS-DAMPED ACCELEROMETER

Instead of liquid damping, an accelerometer, which is basically a spring-mass
system, may also be damped by a very thin gas layer. Fortunately,
micromachining is well controllable so facilitating the formation of very thin
fluid layers that serve as an excellent means of viscous dissipation, even when
the fluid medium is a gas. The extent of damping becomes less temperature
dependent because of the smaller relative change in viscosity of gases
compared to liquids. A typical cross section of an air-damped accelerometer is
shown in Figs. 5.1 and 5.2. As for the liquid-damped accelerometer we
approximate again the seismic mass in clos¢ proximity to the cap as two
rectangular plates moving one with respect to the other. Based on the formulae
of a compressible squeeze film as published by J. Blech [139] we will calculate
the spring and viscous damping forces of a thin air-film for our fabricated
accelerometer. The theory will show that the spring force is neglectable
compared to the viscous damping force. In subsection 7.3.1 the theoretically
expected dynamic response will be compared to that of some measured
devices. In addition the cavity size for critical damping is calculated vsing the
formulae developed in this chapter.

In contradiction to an accelerometer immersed in a liquid, the buoyant force
acting on the device in gas is neglectable, since the density of gas at ambient
pressure is less than one tenth of a percent of that of silicon, Thus the
sensitivity is not reduced compared to a device in vacuum.
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For the development of formulas for better understanding of the damping
effects of a very thin gas layer, we consider a compressible fluid which is
squeezed between two plates moving one with respect to the other (see Fig.
5.8). If film conditions are steady, the momentum equations may be combined
with the continuity relation, to give the Reynolds equation, a single differentizal
equation relating pressure, density, surface velocities and film thickness. The
combination of momentum and continuity equations allows the distributed film
velocity to be eliminated and replaced by the film surface velocities. Unless
slip is present, these velocities are identical to the velocities of the adjacent
surfaces. Slip flow (i.e. a difference between surface velocity and average fluid
velocity at the surface) can become important only with gas films. The
Knudsen number, Kn = A/h (where X is the mean free molecular path and h is
the film thickness), is a measure of the average number of molecular collisions
in a given length. When Kn < 0.01, flow may be treated as a continunm; when
0.01 < Kn < 15, slip flow becomes significant, and for Kn > 15 fully
developed molecular flow resnlts. The mean free path of air molecules at
room temperature and atmospheric pressure is about 0.07 pum. Thus for a film
thickness of < 7 um, slip-flow is not quite negligible. Recall that the molecular
mean free path varies inversely with pressure. As the measurements on air-
damped (air at 1 bar) accelerometers have shown that the squeeze film
thickness is greater than 10 pum, the flow can be treated as a continuum.

To solve the Reynolds equation, the following assumptions are taken :

» The surfaces of the plates are substantially parallel and most of the
motion is perpendicular to the plates’ surfaces.

« The gas flow between the plates is assumed to be laminar and primarily
viscous. This assumption implies low Reynolds numbers and parabolic
velocity distributions across the gas film.

+ The relationship between pressure p and density p at any point in the gas
film is assurned to be described by a polytropic process with exponent n:

ie. J’—n = constant (since in our case the film is (nearly) isothermal, we
P

assume n = 1).
» The separation h of the plates is very small compared with the linear
dimensions of the plates.
+ The variation of plate spacing is assumed to be small compared with the
mean spacing h,
h = hy + & where e << h,,.

When the motion is of the nature just described above, we get from eq. 5.8
using the third assumption in order to eliminate p (see eq. 1.49 in Ref. [138]
or £q. 2.6,10 in Ref, [141])
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where p = pressure, h = film thickness, t = time and 7 = fluid viscosity.
The boundary condition for eq. 5.24 is

p =P, on the plates boundary (5.25)

Equation 5.24 is a nonlinear partial differential equation which can be solved
only for special cases by numerical methods. However, by virtoe of the fifth
assumption, the variations in p will be small compared with the ambient
pressure level Py :

p=Py+ 8p (5.26)

where 8p«P,.
When eq. 5.26 is substituted into eq. 5.24 and second-order terms are
neglected, a linear equation results. This equation, written in nondimensional
form, yields :

Ay-o ¥ - & (5.27)

&t &1

where y = 8p/P, nondimensional pressure perturbation, ¢ = squecze number
defined in eq. 5.36, & = e/h, nondimensional plate displacement and T = wt
nondimensional time.

We compute the film response to a simple harmonic motion excitation.
Assume, therefore, that the variation of the plate spacing is given by

€=¢,c051T (5.28)

where e, may vary over the plate surface, but is not a function of time.
Equatien 5.28 is in nondimensional form

E=ycost; x=§: (5.29)

Eqnation 5.27 then becomes

Aw-o%‘g:oxsm (5.30)
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Assume the solution has the form

Y=Y CoST+Y,sinT (5.31)
i.e., the pressure distribution has a component y; cost which is in phase with
the film thickness disturbance eqcost, and a second cormponent which is "out of
phase” with the film thickness disturbance, but in phase with the squeeze
velocity egsint. Another interpretation of eq. 5.31 is that the fluid film acts as

a spring y; and as a viscous damper 4. Insert eq. 5.31 into eq. 5.30 and
equate coefficients of cost and sint separately :

Ay -oy, =0 (5.32)
Ays+ oy =-0 (5.3%)
with trivial boundary conditions on both y, and .
The cutoff frequency is that frequency where the spring and damping force
amplitudes are equal in magnitnde, or, in terms of our notation
fo=f; (5.34)
where f, and f; are the nondimensional damping and spring pressure force

amplitudes. The forces themselves are obtained by multiplying f, and f; by
P,A.

fi=('1)-ii—f yidA i=0,1 (5.35)

Let us consider the solutions for a rectangular plate in parallel motion. The
squeeze number of a rectangular plate of dimensions / x w is defined as

2
g=12M!" (5.36)
P, h2

The solutions of eqs. 5.32 and 5.33 are [140]

Yo =7% 2, AmaCOS MAX COS %—X (5.37)
m,n
ol

y1=7 Z bmaCOs mMATX cOs % (5.38)
m,n

odd
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where
o= % = plate aspect ratio
.e 2 ¢
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The nondimensional damping and spring force amplitudes for a rectangular
plate are obtained by eq. 5.35

2

£, = 64 <65 X m? + (n/ot)2 (5.39)
T e (rnn)"!([m2 + (n/oc)z] + Gzln“}

[=840% 1 (5.40)

s m.a (rnn)"!([m2 + iy + ozlrﬁ‘}

Equating the force amplitudes gives an algebraic equation for the cutoff
frequency. If only one term is maintained in the summations of this equation,
the cutoff squeeze number yields

o =n2[1 +&15) (5.41)

Solving for wg, cutoff frequency is obtained

® = n2Pyhg (] + _l_) (5.42)
12n Y2 w?

For the case of an infinitely wide plate (w»[), we get the same result as
obtained by the approximation in Ref. [148]. However for the case of our
accelerometer we have to consider a quadratic plate.

The nondimensional spring and damping forces are plotted in Fig. 5.10 versus
the squeeze number ¢ with the plate aspect ratio o as a parameter. The
damping force reaches its maximum value approximately (but not exactly) at
the cutoff frequency. Excitation above or below this frequency results in a
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Fig. 5.10 Nondimensional forces on a rectangular plate in function of the squeeze
number and plate aspect ratio

decreased damping force.

When the relative velocity between the plates is low, the film is effectively
incompressible and has ample time to escape from in-between the plates. At
high velocities, the film approaches a purely compressible state with no fluid
flow, and the situation may be compared to a piston and cylinder.
Consequently, at low velocities, viscous damping forces are predominant
whereas at high velocities spring forces take over.

If the frequency w is much below the cutoff frequency @« @, only first order
terms of ¢ have to be considered as the squeeze number is then o <1. Thus
with egs. 5.39 and 5.40 and in the first term approximation we find

6doy 1
fpe —5——— (5.43)
75
1+ (8]
fi =0 (5.44)

Thus the squeeze plates at frequencies much below the cutoff-frequency act as
a viscous damper having the following damping constant csq

= 768 1 ia W 1 (5.45)
3

T

which is pressure independent [148].
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So the cutoff frequency for our accelerometer design of the second generation
{see section 3.4) encapsulated in a cavity at air pressure can be calculated as
follows. Although the device is damped by a squeeze film on both sides of the
mass, formula 5.42 remains unchanged. Because both forces f; and f; are
twice the value of one damping layer, equating them results in the same eq.
5.42 for the cutoff frequency.

We find for the cutoff frequency with the following dimensions ! = w = 2131
um, P, = 1 bar = 10° Pa, hy = 10 - 30 wm, Nair ar { barar 25°C = 18.2 108 Pa s

w, (hy=10 pumn} = 200 kHz.

Hence the cutoff frequency is much higher than the first resonance frequency
of our piezoresistive accelerometer design. Consequently, the squeeze film acts
like a viscous damper for any cavity > 7 um (= continuum limit for the gas)
with the damping constant Cgg.

5.6 CONCLUSIONS

The accelerometer sensor chip, a resonant structure, has to be damped in order
to avoid breakage and to have an increased usable frequency range. To achieve
damping most accelerometer devices are enclosed in a cavity by bonding pre-
etched wafers on both sides of the sensor chip. Either liquids or gases can be
used for damping. For both damping mediums the squeeze film theory as
developed by J. Blech [139] was applied. Not only the damping film thickness
and thus the size of the cavity but also the viscosity and the dimensions of the
moving mass determine the damping characteristics. It has been shown that in
gases and liquids for film thicknesses greater than 7 pm and for frequencies
much less than 200 kHz, the damping force is proportional to the velocity of
the moving mass. Furthermore the viscous damping factor is proportional to
the viscosity of the damping fluid, and also dependent on the damping film
thickness and on the dimensions of the seismic mass. Thus, assuming the
dimensions of mass and cavity to be temperature independent, the only
temperature dependence results from that of the viscosity. It can be concluded
that the damping of a liquid-damped accelerometer is much more temperature
dependent than that of an air-damped device. In addition the viscous damping
force of a liquid-damped sensor chip decreases for increasing temperature,
e.g. the accelerometer is less damped at elevated temperatures. The opposite
case is expected for an air-damped accelerometer. A sensor chip immersed in a
liquid shows severe disadvantages over a device in gas, since both sensitivity
and resonance frequency are greatly reduced.

In the next chapter methods for encapsulation of accelerometers are discussed.
In chapter 7 results of oil- and air-damped devices are compared with
theoretically expected data based on formulae developed in this chapter.
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Chapter 6

Encapsulation of the Sensor
Chip

The encapsulation of the sensor chip has to guarantee adequate damping and
overrange protection. Typically the chip is enclosed from both sides by two
pre-etched caps with integrated mechanical stoppers. If this procedure is
performed on the wafer level, a reliable wafer to wafer bonding process is
required which is compatible to the fabrication sequence of the sensor chip
wafer. In section 6.2 different bonding techniques are briefly summarized and
discussed with regard to an application for accelerometers. Based on a chip-
by-chip mounting technique into a metallic housing two mounting
configurations for both liquid and gas damping are described in section 6.3.
Parts of this chapter have been published in [130, 131].

6.1 INTRODUCTION

The encapsulation of the sensor chip has to gnarantee not only adequate
damping bnt also overrange protection. Typically the damping is achieved by
enclosing the sensitive device entirely in a small cavity by bonding wafers to
both sides of the sensor chip. The overrange protection can be realized by
integrating mechanical stoppers into the cavity. Thus at high accelerations the
deflection of the mass is limited and the beams do not break. Such an
encapsulated sensor has been published by 1CSensors and is schematically
drawn in Fig. 5.2. This chapter mainly deals with the technological
background whereas the different published approaches of the encapsulation of
accelerometers are surnmarized in section 5.2

Two main encapsulation techniques can be distingnished, the encapsulation on
the wafer level defined here as microencapsulation and the chip-by-chip
encapsulation defined here as macroencapsuolation. Microencapsulation is
advantageous because hundreds of sensors can be packaged at the same time.
However, this technique needs a reliable wafer to wafer bonding process with
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good alignment possibilities as well as a technique for the subsequent
attachment of the encapsulated chip to a mechanical support. Different wafer
to wafer bonding methods are discussed in the next section with a view to their
applicaticn for gas-damped piezoresistive accelerometers.

We have chosen the chip-by-chip mounting technique since this method is
based on already existing experience from the encapsulation of piezoresistive
pressure sensors and their hermetic sealing [149]. This technique easily allows
the damping medium to be changed, e.g. to fill the housing with a liquid in the
place of gas. The advantages and disadvantages of the macroencapsulation are
described in section 6.3.

6.2 MICROENCAPSULATION

This section briefly overviews the main bonding techniques and discusses their
compatibility with the encapsulation of piezoresistive accelerometers. The
microencapsulation of accelerometers requires a reliable wafer to wafer
bending process to both sides of the processed sensor chip wafer. Adhesion can
be abtained by means of gluing, eutectic bonding, soldering, glass bonding,
silicon fusion bonding or ancdic bonding,

Because the packaging of air-damped accelerometers requires high precision
(the size of the cavity must be within + 1 um for air-damped devices), low
process temperature (< 450°C, Al metallization) and bipolar compatibility (Al
as metallization), silicon fusien bonding, eutectic bonding, epoxy, polymer
bonding or seldering can not be considered for the packaging of silicon,
piezoresistive accelerometers fabricated by a bipolar compatible process. Since
some of these techniques have been applied by several research groups [6, 36]
for the successful encapsulation of their accelerometers, they are briefly
described below.

» Silicon Direct Bonding (SDB) or Silicon Fusion Bonding (SFB)
This method makes possible to bond bare Si Wafers and/or oxidized silicon
wafers. It is well described in the literature [150- 155]. The wafers must be
mirror-grade polished and the surfaces must be made hydrophilic prior to
the bonding. The direct bonding is based on a chemical reaction between
OH-groups, which are present at the surface. This reaction occurs already at
200°C. At higher temperatures the number of OH-groups involved in the
reaction increases, which results in an increasing bond strength. At
temperatures of more than 1000°C the bond strength may approach the
strength of the bulk. The bonding is hermetic, has a high yield strength and
does not require any intermediate bonding layers, An additional applied
voltage during bonding (30 - 50 V) seems to improve the yield and quality
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[156, 157]. But the process is rather sensitive to impurities. This methed is
often used for silicon-on-inselator (SOI} applications [158, 159].
Furthermore, it has been demonstrated, that p-n junctions with low leakage
and sharp breakdown voltages can be formed by bonding a wafer with a p-
type diffusion to a n-type wafer [160].

Eutectic Bonding: The compatibility to the already existing industrial
bipolar production line forced us to resign from using a Si/An eutecticum.
Its eutectic temperature is only 363°C, which is well below the eutectic
temperature of Si/Al [161]. The major problem of this technique is to obtain
complete bonding of large areas. Even native oxides prevent the silicon gold
bonding to take place. In addition some mechanical motion could be required
during bonding to enhance the alloying process. As most materials for
eutectic bonding are quite ductile, it may result in a long term mechanical
drift. In spite of all this problems, 1CSensors applies successfully this
bonding process for the encapsulation of their piezoresistive accelerometers
[37].

An interesting combination is also the reaction of titanium with silicon [162-
165). We achieved a hermetic seal between silicon wafers using a titanium
intermediate layer [166]. The bonding was performed at 700°C in an oxygen
ambient. As the whole metallization was oxidized and thus became an
insulator, titanium can not be used for both metallization and bonding layer
at the same time.

* Epoxy, Polymer Bonding [167] or Soldering seem never achieve the

precision needed for the size of the cavity (£ 1 pm).

The following low-temperature bonding techniques might be suitable for the
encapsulation of accelerometer chips :

» fusion bonding of silicon wafers with low melting temperature
glass

« anodic bonding

» silicon to silicon bonding via a sputtered pyrex glass layer

« direct bonding using a spin-coated thin layer of sodium silicate,
aluminum phosphate or ammonia-silica solutions.

Their main characteristics are summarized in Table 6.1.

Silicon fusion bonding with low melting temperature glass

This technique allows banding at temperatures ~450°C using a layer of boron
glass between the wafers [168, 169]. The silicon wafers are heated until the
glass layer melts and forms a bond with the silicon surfaces. The bonding
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Table 6.I Main characteristics of low-temperature bonding processes [170, 171]

silicon anodic bonding viaa | beonding viaa
bonding with bonding thin sputtered | intermediate
low melting layer of pyrex{ thin layer of
glass glass sodium silicate
adhesion sputtered
material Boron glass | Pyrex #7740 Py:E:x #7740 OH-groups
required
th?ckn ess 1 pm substrate 1-5um 36 nm
thermal
expansion | 0.510°K1 | 29100k | 2910°%K! -
coefficient )
bondlng ] (] O o o [
temperature 450°C 180°-500°C 350°-500°C 200°C
applied
voltage - 200-500V 50V -

shows a high mechanical strength at the seal and furthermore it is compatible
with planar processing. At least one layer of boron glass deposited at 1075°C is
required to make a bond between two wafers. An important counstrain of the
low-temperature boron-glass bonding process is that the processing must be
completely phosphorus free. If phosphorus is in the system, the temperature
must exceed 200°C in order for a liquid phase to exist for the B,03/P,04/S10,
system [172].

Experiments performed at ASCOM using the process parameters given by
Field and Muller [168, 173] have lead to very promising results. One major
problem remains the bonding difficulties after a plasma process and hard
baking of photoresist. The high sensitivity of the process to the history of
wafers did not allow the sensor chip wafers to be bonded to the encapsulation
wafers. 1t seems, that a lot of process parameters need to be adapted for this
bonding process.

Anodic Bonding

Anodic bonding is an electrostatic bonding process which can be accomplished
on a hot plate at temperatures between 180°C and 500°C (well below the
softening point of pyrex glass). It can be performed in most atmospheres or in
vacuum. Mostly Pyrex glass #7740 is used since its thermal expansion matches
well that of silicon. The anodic bonding process is widely nsed for bonding of
absolute piczoresistive pressure sensors. This process shows good reliability
and even allows bonding to a silicon surface with thermally grown oxide up to
4600 A thick. The bonding set-up is shown schematically in Fig. 6.1. The
polished Pyrex glass is placed against the polished surface of the silicon, A
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] Silicon

Hot plate

Fig. 6.1 Schematic setup for anodic bonding [174]

cathode electrode is held against the onter surface of the glass wafer and the
whole assembly is heated en a hot plate, which also serves as an anode. A 200 -
1000 V potential is then applied between the two wafers. The electric potential
between the two wafers causes them to be pulled into close contact and they
bond almost instantly.

The electrostatic attraction between the glass and silicon wafers is developed as
follows. At elevated temperatures (yet below the softening peint of Pyrex), the
positive sodium ions in the glass become quite mobile and they are attracted to
the negative electrode on the glass surface. The meore permanently bound
negative ions in the glass are left, forming a space charge layer in the glass
adjacent to the silicon surface. After the Na' ions have drifted toward the
cathode, most of the potential drop in the glass occurs at the surface next to the
silicon. The two wafers then act as a parallel plate capacitor with most of the
potential being dropped across the several micron wide air gap between them,
The resulting E-field between the surfaces serves to pull them into contact,
Once in contact, almost all of the applied potential is dropped across the space
charge layer in the glass. The extremely high fields which develop in that
region transport oxygen out of the glass to bond with the silicon surface. The
seal appears to be chemical in nature, possibly a very thin layer of grown Si0,
makes the process irreversible [174].

The wafers which enclese the sensitive accelerometer chip have to be pre-
etched in order to form thin damping layers on both sides of the moving mass.
Thus an etch process for Pyrex glass #7740 was developed [175]. The
following parameters have given the best, reproducible results :

«  metallization Cr (500 A) + Au (5000 A)

. photolithography and metal etching

. spinning of thick photoresist 5 um (as a metal protection) + lithography

. etching BHF (15/1) at 60°C (etch rate = 8 um/h)
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The lateral etch rate was about 6 times higher than the vertical one. This effect
can be compensated by an adapted mask design. Furthermore the lateral
dimensions of the cavity is not of great importance for the encapsulation of
sensor chips. Since pyrex glass is transparent, it is easy to align the sensor chip
to the glass. We bonded successfully single sensor chips to preetched Pyrex
glass cavities with no integrated mechanical stoppers. The electrostatic
attraction of the seismic mass was sometimes so strong that the mass was
bonded to the bottom of the cavity, which broke the beams. This problem can
be solved by coating the snrface of the mass with Aluminum to avoid bonding
and by integrating overrange stoppers into the cavity.

Silicon to silicon anodic bonding via a sputtered pyrex glass layer
In the last years several research groups worked on the bonding via a sputtered
pyrex glass #7740 layer [176-178] or via a sputtered low softening Iwaki
#7570 glass layer [179]. This bonding technique has found a great field of
application [180, 181], The surfaces of the silicon to be bonded shonld be
polished. One of the silicon wafers needs to be coated with a thin, sputtered
Pyrex film of thickvess 1 to 5 pm. To perform the electrostatic bonding the Si
wafer with coated Pyrex is placed on another bare silicon surface to which it
will be bonded. The negative electrode of the DC power supply is applied to
the coated Si member. A maximum voltage of 50 V is adequate for the
bonding. The whole assembly must be heated up to 350° to 500°C. The voltage
shonld be applied for a time period long enough to ailow the current to settle
at steady state leakage current to complete the bonding process, typically 10
minutes for a 3 inch wafer. In arder to have a successful bonding, the two
members to be bonded should be in intimate contact over the whole bonding
area. Since the applied voltage is low, the electrostatic force which will pull
the two wafers together is also small. Thus any small contamination will cause
a bonding failure.

A major problem of this process is the crack-free sputtering of the several um
thick Pyrex glass layer. The sputter rate is very low (0.1 - 0.3 pm/h) which
results in a long deposition time. Thus an industriz]l application is not yet
feasible. On the other hand the silicon-to-silicon anodic bonding method has
proved to result in lower temperature coefficient for the offset in pressnre
sensors compared to pyrex bonded or solder glass bonded devices [182].
Therefore this technique could be very promising for the encapsulation of
piezoresistive accelerometers.

Direct silicon bonding using a spin-coated sodium silicate layer

In 1991 Quenzer and his coworkers from the Fraunhofer-Institute in Berlin
published a low temperature silicon wafer bonding technique using an
intermediate spin-coated sodium silicate layer [183]. After a treatment to make
the surfaces hydrophilic, a diluted solution of sodinm silicate in water was
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spun on one of the wafer surfaces. In a next step, the wafers were brought
together and were heated up to 200°C for two hours to reach the seals highest
mechanical strength. The silicate layer (2%) had a thickness of only 300 A.
The strongest bonds (30 N/mm?) were fonnd by Quenzer et al. for bonding
two silicon dioxide surfaces (thickness 3000 A each) together. A further
increase of the temperatare did not resnlt in a higher surface energy. The
bonding mechanism is assumed to be based on the following principle. After
the wafers are brought into contact, the attraction force between the absorbed
hydroxyl groups and water molecules on both surfaces brings the two surfaces
into close contact with each other. During the final annealing step, the gel
layer loses residual water. A further condensation reaction in the silicate gel
layer results in strong bonds between the two surfaces. The surronnding
silicon oxide layers absorb all the water if the total amount of water does not
exceed a critical value. Quenzer et al. expanded his work on aluminium
phosphate and ammonia-silicate solutions {171]. The aluminum-phosphate
needs an annealing temperature of 400°C to reach its strongest bond. To
achieve full 1C compatibility Quenzer tested also layers of ammonia-silica
solntions. He measured a surface energy of 1.5 J/m? after an anneal at 300°C.
The low temperature process described above seems to be a very promising
technique for the encapsulation of sensor chips. However, long term stability
and temperature behaviour still remain to be investigated.

The preliminary work has shown that the fabrication process of the sensor
chip wafer has to be adapted with regard to the chosen bonding technigue.
Although some unprocessed wafers have been successfully bonded by either
SFB with low melting glass, anodic bonding or a spin-coated sodium silicate
layer, a snccessful and reliable microencapsunlation using one of the bonding
methods described above still needs much further investigation.

6.3 MACROENCAPSULATION

In view of the above onr main effort was performed on the chip-by-chip
encapsulation into a metallic housing, so-called macroencapsulation. This
technique is based on a similar industrial process used for the encapsulation of
piezoresistive pressure sensors. The whole mounting technique was developed
in close collaboration with KELLER AG, Winterthur, where all the devices
were packaged. As most of their pressure sensors are mounted into an oil-
filled stainless steel package, it was obvious to start with liquid damping of
accelerometer chips.
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Fig. 6.2 Cross section of an oil-damped accelerometer

The chosen chip-by-chip mounting requires the wafer to be diced prior to
mounting. Since the sensitive devices are not yet neither overrange protected
nor damped, the yield of this step was rather poor. A cross sectional view of a
packaged, oil-damped accelerometer is shown in Fig. 6.2. The v-like cavity
was either mechanically machined or chemically etched out of Pyrex glass (#
7740). The chip was glued on only one side of the frame to the glass which in
turn was gloed to the base. After wire bonding the stainless steel housing was
filled up with silicon oil (AK 100) and hermetically sealed. The screw at the
10p allowed the device to be directly mounted onto the object which had to be
measuored.

This simple mounting technique eastly allows devices with different damping
film thickness' to be investigated (results see section 7.2). But the missing
overrange protection and the difficulties to machine the glass with sufficient
accuracy were imporiant disadvantages. Thus the encapsulation technique was
changed and resnlted in a Si-Si-Si sandwich mounted in a metallic housing as
schematically drawn in Fig. 6.3. It can be seen that the Pyrex glass chip was
replaced by two pre-etched silicon caps on either side of the sensitive device.
This was used since silicon can be easily etched and with high precision.
Furthermore overforce stops were integrated into both silicon caps. The
unique feature of this encapsalation is that the whole 8i-Si-Si structure is only
clamped by a piece of rubber and the metallic housing. No glue or any
bonding techniques were used. A ccramic ring facilitated to build up the Si-Si-
Si structore, Since this mounting might have an industrial application, no
further details can be given. A photograph of an overrange protected and air-
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6.4 CONCLUSIONS

Basically two methods of encapsnlation can be distingnished, at the wafer level
(microencapsulation) and chip-by-chip encapsulation (macroencapsulation).
The wafer level technique is advantageous since hundreds of senser chips are
packaged in one process step, which keeps production costs low. In addition
the overrange protected structures do not suffer while sawing the bonded
wafers. However, it is difficult to find a reliable low temperature wafer to
wafer bonding process by which the sensor wafer, after a 10 mask fabrication
sequence, can be hermetically enclosed on both sides. Preliminary work on
several low temperature bonding techniques have shown the need for
individually adapting the fabrication process of the sensor wafer to the
corresponding bonding process. Thus for example if the bipolar compatibility
of the process is given up, entectic bonding or high temperature processes
could be considered. However, only a thorough investigation on the different
bonding techniques including the adaptation of the fabrication process will lead
tc a reliable microencapsulation.

We have chosen the chip-by-chip encapsulation in a metallic housing since it is
simple and easily adaptable. The high flexibility of this encapsulation technique
required only a low number of sensor chips in order to determine the optimal
size of the cavity. lis unique feature is that the Si-Si-Si structure is only
clamped. This makes the mounting straightforward and thns competitive to the
microencapsulation. Furthermore it is snitable for both gas and liguid
damping. Additional advantages are a hermetic seal, electromagnetic shielding
by the metallic housing and for air-damped devices the well controllable gas
pressure within the metallic honsing. This chip-by-chip mounting would also
allow accelerometers with a surrounding mass to be encapsulated [39, 184).
This can not be realized on the wafer level.

A major drawback of this technique is the sawing of the sensitive device wafer
prior to mounting. Althongh there were accelerometer chips with a range of
50 g, many devices broke during sawing. Thus this step might become crucial
for very sensitive sensor chips and needs further investigation,

This simple mounting technique allow us to investigate the effect of the
damping medinm, the damping film thickness and the temperature on the
performance of accelerometers. This is described in the next chapter.
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Chapter 7

Characterization of
Encapsulated Devices

The characterization of the encapsulated sensor chip allows the final
performance of the device to be determined. In addition to the measurements
on the not encapsulated sensor chip the damping, an important factor which
defines the usable frequency range, and the overrange protection can be tested.
Since the damping behaviour depends mainly on the damping film thickness
and the viscosity of the damping fluid, different configurations of oil- and air-
damped devices are tested. Furthermore, the device characteristics, e.g. offset,
sensitivity and damping were strongly temperature dependent. These effects
and their consequences are discussed in this chapter.

Parts of this chapter have previously been published in [130, 131}

7.1 INTRODUCTION

Due to production problems and imperfections every single encapsulated and
mounted device has to be thoroughly tested. Furthermore with increasing
implementation of sensors into computerized control systemns most of the
electrical imperfections and non-linearities can be dealt with means of a
microprocessor to give a temperature independent and linear output (see for
instance the signal processor "SENSO-BRAIN" by KELLER AG). Thus a
simple characterization cycle will be needed to allow electronic adjustments.

The major parameters that characterize a piezoresistive accelerometer are
given in Table 7.1, Static and dynamic (sinuscidal) measurements at different
temperatures as well as shock tests are used to determine these parameters. The
offset and sensitivity of a device are controlled by turning the device in the
gravitational field. On a vibrating table, the linearity of the sensitivity up to
full scale (FS) and the frequency response are checked. Both, static and
dynamic measurements are performed over the whole temperature range in
order to examine the temperature dependence of both, sensitivity and offset.
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Table 7.1 Main performance specifications of an accelerometer

- Acceleration range [g]
- Frequency response (range of frequencies over which

device sensitivity is within £ 5% of the DC value) [Hz]
- Resonance frequency [Hz]
- Sensitivity imV/V g)
- Offset at zero acceleration fmV/V)
- Transverse sensitivity {% of Sensitivity] [%]
- Temperature coefficient of offset (TCO) [%/ °C)
- Temperature coefficient of sensitivity {TCS) [%/ °C}
- Acceleration limits (any direction) [x FS]
- Supply voltage (V]
- _Operating temperature [°C]

Also shock tests are performed to test the overforce protection and the perfect
mechanical condition of the device.

7.2 OIL-DAMPED ACCELEROMETERS

All the results presented below were obtained on sensor chips of the second
prototype mounted as described in section 6.3 and shown in Fig. 6.2. The
damping medium was silicon oil (WACKER AK 100) having a viscosity at
room temperature of 100 mm%/s (or 0.096 Pas). In this section the influences
of oil-damping, damping film thickness and temperature on the device
performance are investigated and compared to the theoretically expected
values based on formulae developed in section 5.4, The frequency responses
were experimentally obtained using the setup described in subsection 4.2.2.

7.2.1 Results and Discussion

Figure 7.1 shows the frequency responses of the same accelerometer, when the
housing is filled with air at atmospheric pressure and when it is filled with
silicon oil AK 100. The distance between the bottorn of the mass and the top of
the underlying pyrex glass chip was 300 um. 1t can immediately be seen, that
the air film did not damp the device at all, whereas the silicon oil film of the
same thickness achieved nearly critical damping. In addition the oil-damped
device displayed a 61% loss of sensitivity, and the resonance frequency
dropped from 3340 Hz measured in air down to 1620 Hz. As explained in
subsection 5.4.1, the loss of sensitivity is due to the buoyant force acting on the
mass immersed in a fluid. The calculated reduction for a device in silicon oil is
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Fig. 7.1 Measured frequency response of an undamped and an oil-damped
accelerometer recorded at room temperature

(Psi - PoiPsi = 0-59 (Pax 100 250¢ = 0.96 g/em®), which agrees well with the
measured value of 0.61.

A combination of three effects caused the shift of the resonance frequency : the
reduced effective mass, an added virtual mass and viscous damping (for a
detailed explanation see section 5.4.2). Bearing in mind that the resonance
frequency is inversely proportional to the square root of the mass, the
influence of each effect is individually calculated with regard to the nndamped
device. The buoyancy reduces the effective mass, as calculated above by 59%,
which in tum increases the resonance frequency by a factor of 1.3. Using eq.
5.22 the added mass by the fluid surrounding the vibrating seismic mass is
calculated to be four times the effective mass. This reduces the resonance
frequency by a factor of 0.45. Since viscous damping shifts the resonance
frequency as given by eq. 5.23, we calculate a shift of 0.9 for the measured
magnification factor B of 1.64. Taking inte account all three effects we obtain
a theoretical shift of the resonance frequency of 53%, which correspends
within 109% to the measured data.

The theory on incompressible squeeze film has shown that damping of the
device is determined by the thickness of the damping film, by the viscosity of
the fluid and by the dimensions of the moving mass (egs. 5.14 - 5.16 in
subsection 5.4.2). In order to investigate these dependences bridge-type
accelerometers with different spacings d between the seismic mass of the
sensing element and the underlying glass cap (distance d in Fig. 6.2) were
measured. Figure 7.2 clearly shows that for increasing damping film thickness
the device becomes less damped.
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Fig. 7.2 Measured frequency response of accelerometers with different spacings d
berween the seismic mass and the underlying cap recorded at room
temperature (nole: linear vertical scale)

Based on the formulae developed in sections 5.4 and 5.5 the approximate oil
film thickness needed for critical damping at room temperature is caleulated.
We see from Fig. 7.2 that the device has a resonance frequency of about 1650
Hz. Since in our mounting the damping fluid is only squeezed on the back of
the sensor chip, the effective surface of the moving guadratic mass (m = 2.4
107 g) is the square of 1863 pm. For a quadratic plate the force reduction
factor Xgin eq. 5.16 becomes 0.422. Thus the viscous damping factor ¢jgq in
eq. 5.14 has 10 fulfil eq. 5.4, e.g.

- S _ V2 7.
72@ 5 (7.1)

where k = m (2nfs).
Introducing eq. 5.14 into eq. 7.1 and solving it for h, we obtain for a silicon
oil-damped (AK 100) accelerometer a filin thickness h of

0422w w
h=,/ 282200 W 240 um (7.2)
m (27tfres) ﬁ

for critical damping at room temperature. Although the configuration, on
which the squeeze film theory is based, does not exactly correspond to our
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Fig. 7.3 Measured variation in frequency response with temperature
(note : linear vertical scale)

setup, the calculated film thickness for critical damping is of the same
magnitude as the measured one.

As can be seen in eq. 5.14 the only temperature dependent factor of the viscous
damping factor is the viscosity of the damping fluid. Since the viscosity of
liqnids decreases with increasing temperature, the oil-damped device becomes
less damped for increasing temperature as shown in Fig. 7.3. Whereas the
device is critically damped at -20°C, it shows at 120°C a resonance peak about
4 times the DC sensitivity (12 dB).

7.2.2 Conclusions

The measurements have shown that the sensor chip immersed in oil exhibits a
60% loss of sensitivity and a 50 % reduction of the resonance frequency
compared to the undamped device in air. Since oil has a much higher viscosity
than air, an oil fitm 300 pm thick, damped the device nearly critically whereas
an air film of the same thickness did not damp at all. Not only the thickness of
the damping film, but also the viscosity of the damping fluid determine the
damping factor. In agreement with the squeeze film theory the damping factor
increases for decreasing film thickness and decreases for decreasing viscosity.
The latter effect resulted in a 12 dB variation of the amplitude at the resonance
frequency over a temperature range of 140°C, which makes oil-damped
devices only useful for a restricted temperature range or for applications with
a small frequency range.
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7.3 AIR-DAMPED ACCELEROMETERS

All the results presented below were obtained on fonr-beam bridge-type
accelerometers of the second prototype mounted as described in section 6.3
and shown in Fig. 6.3. The metallic housings were sealed in air under
atmospheric pressure at room temperature. In this section the influences of the
damping film thickness and temperature on the frequency response are
measured and compared to the theoretically expected data based on formulas
developed in section 5.5. In addition the functionality of the mounting and the
mechanical overrange stoppers are investigated by crash tests.

7.3.1 Frequency Response

All the measured frequency responses were obtained using the experimental
setup as described in subsection 4.2.2. As in the case of oil-damped
accelerometers, the damping film thickness determined the damping
behaviour. Figure 7.4 shows the frequency response of air-damped devices
with different sizes of the cavity. The solid lines are measured data, and the
dashed curves are calculated based on the squeeze film formulae developed in
section 5.5. We note that the smaller the size of the cavity the better the
damping. The device is critically damped at room temperature for a measured
damping film thickness of 14 um on both sides of the seismic mass. The

10 ———rrrr
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LA

output [dB]
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Fig. 7.4 Measured and calculated frequency responses of air-damped accelero-
meters for different sizes of the cavity
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theoretical expected thickness can be calculated in the following manner,
As it was shown in section 5.3, for critical damping v needs to be vZ72. Taking
into acconnt squeezed air films on both sides we find using eq. 5.4

&L_E
Y e T 2 7.3)

where k = m (2nf¢)°. The encapsulated fonr-beam bridge-type sensor chip
hrad a resonance frequency of about 4200 Hz and a quadratic seismic mass of 4
mg with a mean side length of 2130 um. At room temperature and at 1 bar the
viscosity of air is 18.2 10 Pas. Thus introducing eq. 5.45 in eq. 7.3 and
solving for h, we get

3

768 1% w

hp=na/—2200 W
10 12 m (27fies)

=13 pm (7.4)

This value is in good agreement to the experimental value of 14 um.

In order to investigate the influence of the gas pressure on the damping, a hole
was drilled through the screw into the metallic housing. A mechanical setup
allowed the pressure in the housing to be chanped over the range of 1 to 20
bar. At a gas pressure of 20 bar, the device was slightly more damped than at
atmospheric pressure, i.e. the sensitivity at high frequencies (> 1 kHz) was
1-2 % smaller at 20 bar than at 1 bar. This indicates that the damping and thus

2600 ———g———————————

frequency range

= 20| .
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1800 L i L | 1 1] L { 1 | i 1 t | 1
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Fig. 7.5 Measured frequency range (+ 5% of an air-damped accelerometer at
different Iemperatures
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protection and the mechanical condition of the device can be tested.

The setup for crash tests can be seen in Fig. 7.6. An aluminium block, on
which the device was mounted, was vertically guided by two metal rods and
fell onto the base plate. In order to increase the maximum achievable
acceleration, a pneurnatic piston at a height of 2 m implied a starting
acceleration. Depending on the material of the base plate, the frequency
spectrum of the rebounds changed. A soft material led to a constant amplitude
in the frequency space up to 500 Hz, whereas a hard material showed a
constant amplitude in the frequency space op to 3 kHz. Accelerations of several
thousands of g were possible. The reference accelerometer (Kistler Typ 8642
A3, 1.053 mV/g) was mounted at the center of the metal block. A digitizing
oscilloscope stored the data and allowed a fourier transformation of the
measured signal peak to be made online.

Shock tests performed on air-damped devices have proved the effectiveness of
the integrated overrange stopper. A typical result of a shock test in the
direction of the z-axis can be seen in Fig. 7.7. The response curve of the
encapsulated air-damped accelerometer indicates, that the seismic mass tonches
the stoppers at an acceleration of abont 300 g and can not be deflected more.
This avoids breakage of the device although it was exposed to a peak
acceleration of more than 1000 g. Since the overrange stoppers were at a
distance of 3.5 um from the surface of the mass at zero acceleration, the
deflection per acceleration was abont 12 nm/g. The theoretical calculated value
using analytical formulae is 10 nm/g.
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Fig. 7.7 Output of the accelerometer measured ar a shock test



116 Characterization of Encapsulated Devices

7.3.3 Conclusions

The measurements have shown that the damping of air films depend on the
film thickness and on temperature. The damping factor increased for
decreasing film thickness, which is in agreement with the squeeze film theory.
Since the viscosity of gases increases for increasing temperature, the damping
increases which resuits in a smaller usable frequency range at elevated
temperatures. The calculated film thickness needed for critical damping was
within 10% of the measured value. Thns the squeeze film theory is suitable to
evalnate the size of the cavity. Since the typical film thickness was about 14
um, the encapsulation requires high precision of the cavity in order to have a
reproducible damping behaviour.

Crash test proved the effectiveness of the mechanical stopper and the
mounting. As the mass touched the stopper only at about 300 g, the device
could even be used for an acceleration range greater than 50 g. Although the
whole 51-5i-5i structure was only clamped, it survived shocks of more than
1000 g.

7.4 TEMPERATURE RESPONSE OF OFFSET AND
SENSITIVITY

In this section, the measured temperature dependence of air-damped
piezoresistive accelerometers and basic concepts of compensation circuits for
piezoresistive sensors [185 - 188] will be discussed.

First we define the temperature coefficient (TC) of a parameter X. Denoted
TCX it is calculated by dividing the derivative of the parameter X with respect
to temperature by the valae of X at that temperature. Often the temperatore
coefficient is quoted at room temperature (25°C). The mathematical
description is as follows

Elal

JT )T=25°C
TCX =X— ==~ 100% 7.5
X@5°C) 00% (7.5)

Figures 7.8 and 7.9 show the measured temperature dependence of the offset O
and sensitivity S of an encapsulated accelerometer. The sznsors of the final
series have typically a TCO of * 0.3%/°C and a TCS of -0.2%/°C. With an
offset of 4 mV/V and an acceleration sensitivity of 180 uV/V g the TCO is
equivalent to 0.067 g/°C. Tt is apparent, that the temperature sensitivity of
piezoresistive sensors is important. But there is the possibility to compensate



7.4 Temperature Response of Offset and Sensitivity 117

5 e
r Temperature dependence ]
45 L of the offset -
o ]
- 4 -
E I ]
15[ _
- y=4321-0014x + 275107 x* -
S T S T R B L]
-50 0 50 100 150

[°C]

Fig. 7.8 Typical measured temperature dependence of the offset of a piezoresistive
accelerometer with a constant voltage applied

partially for it by exact control of the TCS and TCR of the piezoresistors
during fabrication and by adding a compensation circuit.

For a better understanding of the temperature coefficients, we consider first
the temperature dependence of the sensitivity and resistivity of the
piezoresistors. Figure 7.10, taken from Ref. [189], shows the TCR/55°C,
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Fig. 7.9 Typical measured temperature dependence of the sensitivity of a
piezoresistive accelerometer with a constant voltage applied
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TCS/55°C and m4q as a function of dopant concentration of piczoresistors
[189]. In section 1.5 we have seen that the sensitivity of a [110] orientated p-
type piezoresistor is mainly the product of the piezoresistive coefficient w44
and the longitudinal stress. Thus both factors contribute to the temperature
dependence of the sensitivity.

Figure 1.3 of section 1.5 indicates a decreasing piezoresistance factor for
increasing temperatares. For a dopant concentration of 5:10'7 atoms/cm>>
which corresponds to that of our piezoresistors, we find from Fig. 7.10 a TCS
of about -0.2%/°C which corresponds to the measured valne. Thus we
conclude that the influence of thermal stress on the TCS is minimal. However,
the temperature dependence of the stress can not be neglected a priori, since
passivation layers having different expansions coefficients than silicon can
affect the stress distribution in the beams at different temperatures.
Theoretically, the Wheatstone bridge output at zero acceleration is independent
of temperature if the four resistors have equal (not necessarily zero)
temperature coefficients. Indeed, in this ideal case, temperature variations have
a common-mode effect but do not influence the differential output of the
bridge. In reality, however, the offset is temperature dependent, partly because
the temperature coefficients of the resistors are not equal and partly because
stress is introduced by thermal expansion of the different layers that constitute
the suspensions of the seismic mass.

For the piezoresistive accelerometers developed in this work no compensation
cireuit was foreseen, since such concepts are well known from the fabrication
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of compensated piezoresistive pressure sensors, and furthermore such a circnit
could be easily added using thick film and hybrid technology. However the
basic ideas of compensation circuits, as mainly nsed for piezoresistive sensors,
are briefly discussed below.

In most cases an additional circuit compensates for four parameters of the
sensor output : offset of the Wheatstone bridge (O), normalization of full scale
output (FSO} and temperature compensation of both sensitivity (TCS) and
offset (T'CO). The circuit might include resistors, thermistors, diodes and
transistors for compensation and some amplifiers for signal amplification [83].
A more effective means is the use of a microprocessor to store the
performance related parameters for an individual sensor and to compensate
for temperature effects by an appropriate algorithm. Since all compensation
techniques are based on the same background, we will only discuss the passive
compensation for a constant voltage supply. As can be seen in Fig. 7.11,
several resistors are added to the Wheatstone bridge. It should be noted that atl
the external resistors are assumed to have zero temperature coefficient of
resistance. Hence only the sensor responds to temperature. Resistors R and
R1' allow to balance the bridge. Resistor R3 provides calibration of full scale
output since it decreases the bridge voltage. As it was discussed previously the
accelerometer chip exhibits a negative temperature coefficient of sensitivity.
To compensate for this the bridge voltage which is proportional to the
sensitivity has to increase with temperature. This requires insertion of a
resistor (R4} in series with the sensor bridge. A series and a shunt resistor in a
given arm will affect the offset in opposite directions while affecting TCO in

Constant -~ Norma-
Voltage (“) lization

TCS

Fig. 7.11 Compensaton circuit for constant voltage supply
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the same direction. In general, 2 unique combination ef a series (R;) and a
shunt esistor (Rp) in an appropriate arm exists which will bath compensate
the TCO and set the offset to zero at room terperature.

The constant current supply of a piezoresistive sensor provides a possibility
for a simple temperature compensation. In this case the full scale entput is the
product of current, sensitivity and bridge resmance As can be seen in Fig.
7.10, for a given dopant concentration of 3- 10'7 atoms/cm® TCR and TCS are
approximately equal with opposite sign. Thus bridge resistance and hence
bridge voltage increases with temperature and partially compensates a decrease
in sensitivity, providing a simple temperature compensation technique.,

All the parameters which are compensated for do not depend linearly on
temperature. Therefore using passive elements delivers only a tweo peint
temperature compensation, where the parameter has the same value at two
different temperatures. Thus a linear compensated response cannot be achieved
with a passive circuitry.

7.5 CONCLUSIONS

The preceding results have shown that critical damping of the accelerometer
can be achieved by eil or air films. For both fluids the damping force depends
on the film thickness as well as on the viscosity. Due te the much greater
viscosity of oil over gas distances for critical damping are about one order of
magnitude larger for oil. Thus the encapsulation of eil-damped devices does
not require a high degree of precision, whersas an increase of 2 um of the
cavity's size strongly affects the frequency response of air-damped devices.
The major drawback ef eil as a damping medium cempared to gas is the
reduction of both resonance frequency and sensitivity which are mainly due te
the bnoyant force and a virtual added mass because the flnid snrrounding the
moving structure must alse be accelerated. Since the viscosity of liquids
decreases for increasing temperature, the device becomes less damped at
elevated temperatures. In additien, the dependence of the viscesity en
temperature is quite large. On the other hand the liquid increases the thermal
mass of the accelerometer and makes it less susceptible to small fluctuations in
temperature. 1t may also, depending on its thermal conductivity, help keep the
sensing resistor and the temperature compensation circuit at the same
temperature. Therefore liquid-damped devices might be useful for small
temperature and small frequency range applications.

As the effect of the buoyant force and added mass on gas-damped devices is
negligible, air-damped accelerometer are advantageous. Furthermore the
viscosity of air is less temperature dependent than that of oil. The increasing
viscosity of gases for increasing temperature reduces the usable freqnency
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range of a gas-damped accelerometer for increasing temperature, an effect
which is in cpposition to liquid damped devices. Since air damping has shown
a negligible influence on pressure, the damping behaviour of hermetically
sealed accelerometers will not be affected by the increasing pressure caused by
increasing temperature. The mounting with the vnique feature that the air-
damped sensor chips were only clamped in the metallic heusing withstood
shocks up to 1000 g. The deflection of the mass was limited by mechanical
stoppers integrated into the silicon caps below and above the sensor chip.

For both damping mediums the squeeze film theory allowed the dependence of
the damping on the viscosity, damping film thickness and dimensions of the
moving mass to be investigated. The calculated film thickness needed for
critical damping corresponded well with the measured data. Therefore this
theory is sunitable to give a first estimate of the cavity size for newly designed
devices and different damping mediums,

The temperature dependence of offset and sensitivity corresponds to that
expected from a piezoresistive sensor. It is caused by the asymmetry of the
resistors and by the temperature dependence of the piezoresistive coefficients.
Passive or active circuits can be used to compensate for the temperature
dependence. -

As a summary of this chapter the main specifications of an air-damped fonr-
beam bridge-type accelerometer are summarized in Table 7.1L

Tabte 7.II Main specifications of an air-damped four-beam bridge-type

accelerometer
Range +50¢
Sensitivity 170 - 200 pv/V g
Zero Acceleration Output 4-7mV/V
Non-Linearity +1%FS
Useful Frequency Range 0-1200Hz
Input & Output Resistance 3-35kQ2
Acceleration Limits 1000 g
Supply Veltage 5V
Operating Temperature -40°Cto + 120°C
Temperature Coefficient of -0.2%/°C
Sensitivity (uncompensated)
Temperature Coefficient of Offset |+ 0.3%/°C
(uncompensated)
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7.6 COMPARISON WITH COMMERCIAL DEVICES

Table 7.I1 shows a comparison of piezoresistive accelerometers, which are
commercially available from three different manufacturers. All these low cost
devices have an acceleration range of 50 g, bnt they are neither temperature
compensated nor amplified. This allows their main parameters to be compared
with the device developed in this work. It can be seen that all sensitivities are
similar, but the device developed in this work exhibits a much higher
resonance frequency. Since this air-damped device is critically damped its
useful frequency range is much greater than that of the other accelerometers.
On the other hand it is very difficult o judge the different approaches since no
detailed information about the commercial devices are available. Factors such
as size of the sensor chip as well as the mass-beam configuration have to be
taken into account for a valuation of the different products.

Table 7.III Comparison of piezoresistive accelerometers from different manufacturers,
without any amplification circuit and remperature compensation

Manufacturer Kulite SensoNor ICSensors This work
Type GY-155 5420 Model 3021 | four-beam

bridge-type
Range +50p +50¢g +50¢ +50¢
Sensitivity 170 uV/V g | 200 uV/ Ve | 200uV/V e | 190 uV/V g
Resonance 2kHz 1.5kHz 1.8 kHz 5kHz
Frequency
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Chapter 8
Conclusions

The goal of this thesis was the simulation, design and characterization of
piezoresistive silicon accelerometers fabricated by a bipolar-compatible
process. This type of sensor has an enormous market potential due to its
excellent price/performance ratio. The work presented in this thesis aimed to
produce a silicon accelerometer with a 50 g range (1 g = 9.81 ms?), being
protected against an overload of 1000 g and having a usable frequency range
greater than 1 kHz. In this final chapter the major conclusions of the previous
chapters are recapitulated. At the end some improvements are suggested and
future development trends are shown.

The sensor chip was fabricated entirely out of monocrystalline silicon, e.g. the
silicon seismic mass is suspended by thin silicon beams, Basically two mass-
beam configurations can be distinguished - the bridge-type having its mass
suspended from opposite sides and the cantilever-type with its mass suspended
from only one side. We fabricated one cantilever-type and two bridge-type
accelerometers. These sensitive elements were simulated using classical
formulae and finite element modeling. The chosen bipolar compatible process
implied an epitaxial layer thickness of 12 pm which in tum fixed the thickness
of the beams. Since a high sensitivity is advantageous, the width of the beams
should be minimized. lts minimum is defined by the lateral size of the
piezoresistors. Thus for a given overall chip size (sum of the side length of the
mass and twice the length of the beam) the only free parameter of a quadratic
four-beam bridge-type accelerometer design remains the length of the beams.
We developed an analytical formulae for the beam length leading to the
maximum possible sensitivity for a given chip size taking into account the
dimensions of the piezoresistors. Results of analytical calculations were in
good agreement with finite element analysis. However, the latter simmlation
technique allows more detailed prediction of the characteristics of the device
since boundary effects, additional layers, temperature effects and nonlinearities
might be taken into account. The transverse sensitivity of the bridge-type
accelerometer can, in principle, be eliminated by electrical means, e.g. by
positioning the four sensing resistors of the Wheatstone bridge in an
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appropriate manner oen the beams.

Moreover, the compatibility with a bipelar fabrication process required
alominom as interconnection material. This restriction necessitated dry etching
for the definition of the beams out of the membrane. The plasma process
parameters for two gas mixtures (C,CIF5/SFg and SF¢/05) was optimized with
regard to 4 good selectivity towards 1C compatible masking material and an
etch rate of = 1 pm/min. Both gas mixtures exhibited a selectivity to standard
photoresist high encugh to pierce throngh a 12 um thick silicon membrane
using a photoresist mask. The fluorine/oxygen process (SFg/O4) showed a
rather isotropic etch behaviour. However, given prior knowledge to the
reproducible undercut, these effects can be compensated for by an appropriate
design. Vertical walls were obtained nsing a CCIFs/SFg plasma. Farthermore
the fabrication of the first prototype in our laboratory has shown the
importance of etch compensation structures to avoid undercntting of the
convex corners of the silicon proof mass by KOH (40% at 60°C). Five
different compensation designs were simulated and compared with etched
samples. The most promising was optimized and resulted in a sharp convex
comer of the silicon mass of the second prototype.

Based on these developments the second generation of the sensor chip was
completely fabricated at ASCOM, maintaining full bipolar process
compatibility. In addition the four electrode electrochemical etch-stop was
used to obiain a well controlled beam thickness. This parameter is of greatest
importance for the sensor performance, since a variation of 1 pm in the
thickness affects the sensitivity by 17%.

One of the key processes is the critical damping of the sensor chip and its
overrange protection. This was achieved by enclosing the device in a small
cavity formed by under- and overlying wafers and having integrated stoppets.
Either liquids or gases can be used as damping fluids. Since the viscosity of
liquids is more temperature dependent than that of gases, the gas damped
devices exhibited less dependence of damping on temperature. Fnrther
disadvantages of liquid damping compared to a device in vacuum were the
about 60% loss of sensitivity dne to the buoyant force and the about 50%
redoction of the resonance frequency, which resulted in a reduced nsable
frequency range for the device. The thecry of squeeze film was applied to
simulate the damping of encapsulated accelerometers. For both damping
medinms (air and silicon eil) the theorctically predicted thickness of the
damping film for critical damping correspended within 10% to that of
measured devices. The theoretical considerations have shown, that a thin air
film in the frequency range below 10 kHz acts only as a viscous damper on the
moving mass. In our case the spring force is so small that it can be neglected.
Thas no loss of sensitivity is caused by the air-damping. Since liquids exhibit a
much higher viscosity than gases, oil-damped devices require a damping film
10 times larger than air-damped devices.
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As menticned above, in order to achieve damping and overrange protection
the sensitive die can be enclosed from both sides by pre-etched parts which
form the cavity, However, the reliable low temperature (< 450°C) wafer-to-
wafer bonding is not straightforward. We have chosen a chip-by-chip
mounting technique since it uses an adapted industrial process from the
company KELLER well-known for the encapsulation of piezoresistive
pressure sensors. The sensitive dies of air-damped accelerometers were
enclosed by two pre-etched silicon chips with integrated mechanical stoppers.
The mounting, with the unique feature that the senser chips were only clamped
in the metallic housing, withstood shocks up to 1000 g. Such encapsulated
devices had a usable frequency range of 2.4 kHz at room temperature. Their
sensitivity was about 190 uV/V g having a 50 g range of acceleration.
Measurements on cil-encapsulated accelerometers showed a large temperature
dependence of the damping, reduced sensitivity and rescnance frequency
compared to air-damped devices. Most of the important parameters of an
accelerometer have also been calculated theoretically. These results were in
good agreement with the measured values.

The work on accelerometers has shown that two steps are of greatest
importance : precise control of the beam thickness and a reliable encapsnlation
technique. The control of the beam thickness was realized by applying the
electrochemical etch-stop. To encapsulate the sensor chip we have chosen the
time consuming chip-by-chip mounting technique, but for industrialization this
step shonld be either fully antomated or replaced by a bonding technigne on
the wafer level. A reliable low-temperature wafer-to-wafer bonding technique
with a wafer which has passed through a 10 masks process has still to be
developed. However, such a technique might result in a loss of the bipolar
compatibility. This is not very important since micromachined accelerometers
will not have the electronic circuitry integrated on the same chip in the near
future dpe to the poor yield of a complete integration. A thorough
investigation and statistical analysis shonld also be done on the long term
stability of these devices including the influence of the encapsulation and of
different passivation layers on the device performance.

The comparison to commercial piezoresistive accelerometers with the same
acceleration range has shown that the developed four-beam bridge-type
accelerometer exhibits a similar sensitivity but a much higher resonance
frequency. However it is very difficult to judge the different approaches since
no detailed information abeout the commercial devices and their fabrication
technology are available. Factors such as size of the senser chip as well as the
mass-beam configuration have to be taken into account for a valuation of the
different devices.

This work shows a systematic analysis of every development step of a
piezoresistive accelerometer. Design rules for optimized sensitivity, a bipolar
compatible fabrication process, formulae to calcnlate the cavity size for critical
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damping and an encapsulation technigne allow piezoresistive accelerometers
with application specific characteristics to be fabricated.

The trend of accelerometers is towards higher mechanical symmetry and
arbitrarily formed beams, which might have a potential for higher sensitivity
from the same chip size. Another trend is for further integration, e.g. for
surface micromachined accelerometers with integrated detection circnitry. All
these developments are only possible dne to thorough finite element modeling
and some new fabrication technologies. Nevertheless the small size and the low
cost potential of batch fabrication render the piezoresistive silicon
accelerometer extremely attractive for a huge nnmber of applications.
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