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ABSTRACT

SURFACE MICROMACHINED CAPACITIVE
ACCELEROMETERSUSING MEMSTECHNOLOGY

Yazicigglu, Refet Firat
M.Sc., Department of Electricahd Electronics Engineering
Supervisor: Assoc. Prof. Dr. Tayfun Akin

August 2003, 232 pages

Micromachined accelerometers have folaae attention in recent years due
to their low-cost and small size. There are extensive studies with different
approaches to implement accelerometers with increased performance for a number of
military and industrial applid¢®ns, such as guidance control of missiles, active
suspension control in automobiles, and masi consumer electras devices. This
thesis reports the development of various capacitive micromachined accelerometers
and various integrated CMO&adout circuits that can be hybrid-connected to

accelerometers to implement low-cost accelerometer systems.

Various micromachined accelerometer prototypes are designed and optimized
with the finite element (FEM) simulath program, COVENTORWARE, considering
a simple 3-mask surface micromachining psscevhere electroplated nickel is used
as the structural layer. There are 8 different accelerometer prototypes with a total of

65 different structures that are fabricated and tested. These accelerometer structures



occupy areas ranging from 0.2 ritn 0.9 mni and provide sensitivities in the range
of 1-69 fF/g.

Various capacitive readout circuits for micromachined accelerometers are
designed and fabricated using the A8 pum n-well CMOS process, including a
single-ended and a fully-diffential switched-capacitor adout circuits that can
operate in both open-loop and close-loop.ingthe same process, a buffer circuit
with 2.26fF input capacitance is also impleresl to be used with micromachined
gyroscopes. A single-ended readout atras hybrid connected to a fabricated
accelerometer to implement an open-loopetsrometer system, which occupies an
area less than 1 érand weighs less than 5 gr. The system operation is verified with

various tests, which show that the systhas a voltage sensitivity of 15.7 mV/g, a
nonlinearity of 0.29 %, a noise floor of 48@/@, and a bias instability of 13.9

mg, while dissipating less than 20 mW power from a 5 V supply. The system
presented in this research is the first accelerometer system developed in Turkey, and
this research is a part of the study to implement a national inertial measurement unit

composed of low-cost micromachined accelerometers and gyroscopes.

Keywords: Micro Electro Mechanical Systems (MEMS), Micromachined

Accelerometer, Capacitive Readout Circuit.



Oz

MEMSTEKNOLOJISI ILE YUZEY MIKROISLENMIS
KAPASITIF iVME OLCERLER

Yaziciglu, Refet Firat
Yuksek Lisans, Elektrik ve Elektronik Mihend®IBolUmu
Tez Yoneticisi: Dog. Dr. Tayfun Akin

Agustos 2003, 232 sayfa

Mikroislenmis ivmedlcgerler, diiik maliyetleri ve kiguk boyutlari sebebiyle
son yillarda buyuk ilgi gormektedir. Eélerde gudium kontroll, otomobillerde aktif
suispansiyon kontroli, ve gt tiketici elektronik aygitlargibi askeri ve endustriyel
uygulamalarda, daha yiksek performansli ivmeoélcerler yapabilmek igin farkli
acilardan, geni capli aratirmalar ydritalmektedir. Bu tez g#i ivmeodlcer
yapilarini ve dgilk maliyetli ivmeolcer sistemleri ofturabilmek icin ivmedlgerlere
hibrit baglanabilecek ¢gtli entegre CMOS okuma desferini rapor etmektedir.

Cesitli  mikroislenmis ivmeodlcerler COVENTORWARE sonlu eleman
simulatoru ile elektro kaplangnikelin yapisal kaptan olarak kullanigl 3 maskeli
ylizey mikrojleme Uretimine gore tasarlanynie optimize edilmitir. Uretilmis ve
test edilm§ 65 deisik yapidan olgan 8 farkli ivmedlcer prototipi bulunmaktadir.
Bu ivmedlcer yapilar, 0.2 mmile 0.9 mnf arasinda d#sen alanlari



kaplamaktadirlar ve 1-69 fF/g arahda dgisen kapasite hassasiyeti
sglamaktadirlar.

Acik dongu ve kapali déngu olarak gabilen, bir tek c¢ilgli ve bir tamamiyle
fark gosteren anahtarlamali kapgér okuma devrelerini iceren g kapasitif
okuma devreleri AMS 0.8m CMOS ileme ile dizayn edilip Uretilngiir.  Ayni
islemeyi kullanarak, mikrglenmis jiroskoplarda kullanilmak Gzere girkapasitesi
2.26 fF olan bir tampon devresi de glirulmustur. 1 cnf den daha az alan kaplayan
ve 5 gr. dan daha hafif olan R@ongult bir ivmedlger sistemi clitwrmak igin tek
¢tkigh okuma devresi, Uretilemir ivmeolcere hibrit bglanmstir. Sistemin 5 V
kaynaktan 20 mW’dan daha az guc tikken, 15.7 mV/g oranti katsayisi, % 0.29

oranti katsayisi hatasi, 48@/ vHz gurdltd seviyesi, ve 13.9 mg bias karargizli

oldugunu gdosteren géli testlerle sistemin calmasi onaylanmtir. Bu aratirmada
sunulan sistem Turkiye'de gsirilen ilk ivmedlcer sistemidir, ve ivmeodlcerler ve
donudlgerlerden okan digik maliyetli ulusal ataletsel dlgim birimi Uzerine yapilan
arsstirmanin bir parcasidir.

Anahtar Kelimeler. Mikro Elektro Mekanik Sistemler (MEMS), Mikjl@nmis
ivmedlger, Kapasitif Okuma Devresi.
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CHAPTER 1

INTRODUCTION

Accelerometers are defined as acceleration sensors that measure the linear
acceleration along their sensitive axis. These devices have many application areas in
the military and industrial fields, such as, activity monitoring in biomedical
applications, active stabilition, robotics, vibration monitoring, navigation and
guidance systems, and safety-arming in missiles. Until the introduction of
MicroElectroMechanical Systems (MEMS), accelerometers were majorly utilized in
the military applications, where cost is of little concern. With the advances in
MEMS technology, micromachined acceleeters became the subject of extensive
research and introduced to the cost gimescommercial products. Being low cost,
small size and having low power congution, micromachined accelerometers are
widely used for low-cost industrial apgditions, such as pfatm stabilization of
video-cameras, shock monitoring of sensitive goods, electronic toys, robotics, and
automotive applications [1-5].

Automotive industry led the way to high volume applications of the
micromachined accelerometers. IC compatible micro fabrication processes enable
the fabrication of these mechanical transducers together with their readout circuitry
on the same substrate resulting in more reliable and higher performance
accelerometers. There are several companies manufacturing micromachined
accelerometers in high-volumesOne of the most successful products in the market
iIs the ADXL series of the Analog Devices. Analog Devices have a variety of
surface micromachined accealareters, monolithically fabricated with its readout



circuitry. This company is capable pfoducing 2 million accelerometers per month
and has fabricated its 100 millionth MEM®oduct recently. Table 1.1 summarizes

the application based market size for micromachined accelerometers, which totals up
to an estimate of $4 billion per year [6]For each of these applications, different
accelerometers with different performarreguirements are employed. Figure 1.1
shows the required performances of accelerometers for different application areas.
Although there are a number of accelerametin the market for some of these
applications, there is still need for the high performance accelerometers that can meet
the expectations of high performance inertial measurement units for military
applications [6-8]. Furthermore, theresaestrictions on purchasing of these high
performance accelerometers, since thag considered as critical technology
products. Therefore, there is a need & national research to implement high
performance accelerometers. This studports the development of the various
micromachined acceleronees that can be used for industrial and military
applications, and this is the first national study for implementing micromachined

accelerometers.

Table 1.1 The expected market size for micromachined accelerometers [6].

Number of
Applications Price Per Axis Products E\)/(gﬁf;qeg/ S;Ilres
Produced/Y ear y

Cameras,
Camcoders, Inertial
Mouse. other $1-10 10-1¢° $100M
Consumer ltems
Automc_)tlve, Marine, $10-100 18108 $4000M
Industrial, etc.
gﬂtg”'“ons' Fusing, $100-500 1610’ $500M
Autopilot,
Stabilization, Rate $100-1000 1610° $10M
Packages
1 nm/hr INS $5-10K 196x10" $100M-300M
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Figure 1.1 The application areas of accelerdere and required performances for
these application areas [1].

This study includes the design andbriaation of various accelerometers and
integrated readout circuits that are hylc@hnected to the accelerometers to obtain
an accelerometer system. Accelerometers are first designed using MATLAB and
COVENTORWARE simulations in order to estimate their performance. Designed
accelerometer structures are fabricated with a three-mask surface micromachining
process, where electroplated nickel is used as the structural layer.  Fabricated
accelerometers are tested for comparing the characteristics of the fabricated
accelerometers with the design \wdu Moreover, a single-ended and a
fully-differential readout circuit capable operating in both open and close loop are
designed and fabricated using the ARI8 um n-well CMOS process to implement
high performance accelerometer systems. After the operation of these circuits is
verified, the single-ended readout circuithigbrid connected to an accelerometer
sample, and open-loop emtion of micromachined acceleretar system is verified.
This study also includes the development of an interface circuit for micromachined
capacitive gyroscopes using the AMS 0.8 pmwelt CMOS process. This circuit
can be used to implement a gyroscope with its control circuit, which is necessary for
inertial measurement units that consist of accelerometers and gyroscopes. This
circuit is attached to a micromachined gyroscope and its high performance operation

is verified.



This chapter provides a brief review of micromachined accelerometers.
Section 1.1 explains the opemtiprinciple of accelerometer Section 1.2 describes
the types of micromachined accelerometers according to their transduction
mechanisms, and discusses on advantagdsdisadvantages of these transduction
mechanisms.  Section 1.3 briefly debes the accelerometers designed and
fabricated in this study. Finally, Section 1.4 lists the objectives of this study and

describes the organization of the thesis.

1.1 Basic Operation Principle of Accelerometers

Operation of accelerometers deperas Newton’s second law of motion,
which states that any object undergoiagceleration is responding to a force.
Newton’s second law can be expressedthviEquation 1.1, where F is the force

exerted on the body, m is the mass of the body, and a is the acceleration of the body.

F =mxa (1.1)

An accelerometer can be modeled by a mass-spring-damper system. Figure
1.2 shows the basic model of an acceletem&here seismic mass has a mass of m,
suspension beams have an effective spdogstant of k, and there is a damping
factor of b. External acceleration deges the seismic mass relative to the support
frame. This displacement can be sensed with different transductions mechanisms.

A detailed analysis of the mass-springrgieer system is given in Section 2.3.
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Figure 1.2 The basic model of an accelerometer.
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1.2 Classification of Micromachined Accelerometers

Micromachined accelerometers candbassified into seven groups according

to their transduction mechanisms:

» Piezoresistive

= Capacitive

* Tunneling Current
» Piezoelectric

= Optical

= Thermal

= Resonant

First six classes of accelerometers generally have stationary seismic masses
under no acceleration, and transduction fronttmeical to electrical domain is by
means of measuring the deflection of gesmic mass. Whereas, last group of
accelerometers have continuously resonatiegnbers in order to sense the external
acceleration. Following subsections giveslibeic descriptions of different types of
accelerometers. Then, Sien 1.3 explains the accelerometers designed and

fabricated in this study, which is based on the capacitive transduction mechanism.

1.2.1 Piezoresistive Accelerometers

Piezoresistance is one of the most commonly used transduction mechanism for
accelerometers. Basic description of piezoresistive effect can be summarized as the
change in the resistance of the material @umechanical strain. Figure 1.3 shows
the general structure of a piezoresistive accelerometer. A basic accelerometer
structure consists of a seismic masqyjemm, and a support. The piezoresistive
material is generally diffused on thelge of the support beawmnd seismic mass,
where the stress variation is maximum.  When the device is subjected to an

acceleration along its sensiiwaxis, the seismic mass tilts upwards or downwards,



inducing mechanical stress on the beam.is $tress causes a strain on the resistive

element, where resistance change can be expressed as [9];

%:nlcl + 1,6, (1.2)

75 is the longitudinal piezoresistive coefficient, is the transversal piezoresistive

coefficient, g, is the longitudinal stress, arg is the transversal stress on the

resistor.

Piezoresistor

Beam 1

SEISMIC
MASS

Support
Sensitive Axis

k.

Figure 1.3 The crosssection of a basic piezoresistive accelerometer consisting of
support, a beam, and a seismic maSsismic mass deflects upwards
downwards due to acceleration, ritglg in a stress on the beam, whi
results in a change of the resistance of the piezoresistive element.

Generally, there are two different rhetls for fabricating the piezoresistive
material.  First one is using singleystalline P-type resists fabricate on (100)
plane in <110> direction, ste the piezoresistive coefficisnof the p-type resistors
are highest at this direction [9-12]. Thther one is using inversion layers of the
MOS transistors as the piezoresistigement [13-15]. One of the proposed
accelerometers in the literature having resistor-type piezoresistive elements is similar
to the accelerometer structure shown in Figure 1.3, and it is sensitive to the z-axis
acceleration. The accelerometonsists of a seisminass and four supporting Si
diaphragm bridges. Each bridge has a bipgld p-type piezoresistor. The size of
the accelerometer is 3mm x 4mm including the metal bonding pads. With the bridge



sizes of 10 pum thick, 420 um long, 170 um wide, and under a bias voltage of 6 V,
voltage sensitivity of the device is 28@8 per V/g and nonlinearity is + 4% [9]. A
different type of accelerometer having talesensitive axis (parallel to wafer surface)
and £ 50 g range is given in references [l&], Figure 1.4 shows the structure of
this device. Deep reactive ion etching (DRIE) is used for the formation of the
vertical sidewalls. The piezoresistors on the sidewalls of the beam are implemented
with oblique ion implementation. With @of mass length, r, of 1mm, beam width,

w, of 3 um and bias voltage of 5 V, voltage sensitivity of the device is 3mV/g. Its

nonlinearity is smaller thab% and noise floor is OrAg/v/Hz.

Heavily
Implantad
End Cap

Lighthy
Implanted
Piezorasistor

Heavily
Implanted
Conductor

Figure 1.4 Structure of the lateral piezoresistive accelerometer fdth Lightly
implanted piezoresistors at the sidewalls of flegure is used for sengn
the deflection of the seismic mass.

An accelerometer can be damaged, when the stress on the beam exceeds the
maximum rupture point of the beam m&eé requiring over-range protection.
Figure 1.5 shows the structure of the orarge protection mechanism. Movement
of the mass is restricted, in order tokaahe device to have a high over-range
protection. As shown in the Figure 1.5, bumpers on the bottom and top caps limit
the deflection of the seismic mass undagh accelerations. Under small

accelerations, mass is free to move. Hwve for accelerations high enough to



deflect the seismic mass more than the separation between the bumper ang, mass, d

the bumper limits the deflection of the mass resulting in higher operation range.

Main advantages of the piezoresistive accelerometers are the simplicity of their
structures and their fabrication processksaddition to that, resistive bridge creates
low impedance readout node, which makesréaelout circuit very easy. Moreover,

they have a good DC response, which nsahat they can sense DC accelerations.

Top Cap
Mass
B
dy\ umpers
Bottom Cap

Figure 1.5 Structure of a piezoresistive accelerometer having oveerprotecton
capability. Two bumpers at the top and bottom of the seismic masts lim
the deflection of the seismic mass [17].

However, the disadvantages of piezoresistive accelerometers make them not
suitable for high performance applicationgrirst of all, output voltages of the
piezoresistive a@erometers are not very high,pigal voltage sesitivities of
piezoresistive accelerometers are in the range of 1-3 mV/g [18]. Secondly, the
piezoresistive coefficients are temperature dependent which causes drift in sensitivity.
Finally, thermal noise is generated in the resistors. These facts restrict the use of

piezoresistive accelerometers for high performance applications.

1.2.2 Capacitive Accelerometers

Capacitive accelerometers convert theesm@tion into a capacitance change.

When an acceleration is applied to the accelerometer, the seismic mass deflects from
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its rest position and changes the capaciabetween the mass and the conductive
stationary electrodes by a narrow gap. An electronic circuitry can easily measure

this capacitance change.

Capacitive accelerometers have several advantages, which make them very
attractive for numerous applications. €jhhave a low temperature dependency
unlike piezoresistive accelereters. Moreover, they have very good DC response,
high voltage sensitivity, low noise floor, dtow drift. Another important property
of the capacitive accelerometers is thiew power dissipation, as well as their
simple structure. However, one drawbaxfkthe capacitive accelerometers is their
sensitivity to electromagnetiaterference, as their sensodes are high impedance,
addressing the necessity of high-qualigckaging and shielding of both the sensor
and the readout circuit [18].

Figure 1.6 and 1.7 show most widelyedscapacitive accelerometer structures.
The first one is a verticahccelerometer structureThe mass and the conductive
electrode under the mass form a parallekgplcapacitor. Many vertical capacitive
accelerometers utilize this principle féorming parallel plate capacitors [19-22].
Acceleration through z-axis deflects tieass resulting in a change in the gap
between the mass and the conductive electr@t® the capacitance of the structure
either decreases or increasegarding to the direction of the applied acceleration.
There are also accelerometer structures consist of thick silicon proof mass and two
electrodes under and top of the mass formaimtifferential capacitance structure [21].

The accelerometer operates between #d.having an equivalent acceleration
resolution of 2Qug/~/Hz . Another vertical accelerometer structure composed of

interdigitated sense fingers operates in § 2ange [23]. Three metal layers of a
conventional CMOS process are placed inglie sense fingers such that vertical
deflection of the mass changes the overlap area of these metal layers. This device

has a voltage sensitivity of OtBV/g/V with cross axis sensitivity lower than -40 dB

and noise floor of hg/VHz .



Figure 1.7 shows the basic lateral acagteeter structure [24-29]. In this
structure, the overlap area of the fingers connected to the mass, and fingers
connected to the stationary anchors form the sense capacitance. When the mass of
the accelerometer deflects, so the fingers connected to the mass, gap between
movable fingers and statioryafingers increases on osé&le and decreases on other
side. Hence, capacitance of the one sidesases and capacitance of the other side
decreases. Consequently, these typescoélerometers are sensitive to acceleration

in the substrate plane.

Another conventional name of the stated devices is the varying gap
accelerometers, since the capacitance variation due to acceleration is based on the
changing gap between the mass and electrode as in Figure 1.6, or the changing gap
between the stationary and movable &rgy However, for the varying gap
accelerometers, crashing problem betweenelectrodes is possible [30]. Because
of this problem, there are also varying area type accelerometers in the literature.
Most of these are based on the overlaptlerpange of the stationary and movable
fingers [31, 32].

SusperEim Beams

P Acceleration

|

Y

Substrate
Conductive Electrode

Figure 1.6 The vertical capacitiveaccelerometer structure. Mass and conagcti
electrode under the mass form the sense capacitance. Sensitivés axis
perpendicular to the substrate plane.
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Sense Fingers
~ ger

Substrate

Suspension Beam

Figure 1.7 The lateral capacitiveccelerometer structur&ingers connected tdne
mass and fingers connected te inchors form the sense capacitanceeiVh
mass deflects capacitance betweee thovable and stationary finge
increases on one side and decreases on the other siden3itigesaxis ign
the substrate plane

Some other accelerometer designs use torsional springs and parallel plate
capacitors for acceleration sensing in \oaitidirection [27, 33]. One side of the
mass is heavier than the other side se,pfoof mass moves along the out of plane
direction under acceleration along z-axiddvantage of this structure on

conventional z-axis accelerometers s Huilt in over-range protection [18].

There are two basic methods fdahe fabrication of the capacitive
accelerometers. One is the surface micromachining where the sensor is fabricated on
the top of a substrate and the othethis bulk micromachining in which bulk Si
substrate is etched with wet or dry etching. Surface micromachined accelerometers
[23, 28, 30] are finding widespread conmgial use in automotive and industrial
applications. Analog Devices’ ADXL series accelerometers are available
commercially with different resolutionsd ranges. Figure 1.8 shows the structure
of a lateral capacitive accelerometer. The sensor is fabricated with surface
micromachining using polysilicon as the structural layer [25], and it operates
between £5g with a resolution of 2 mgdaa bandwidth of 10 kHz [34]. Although
the surface micromachinining technology@compatible, low cost, and small size,
they have high noise due to the small mpssy stability, and lack of flexibility. On

11



the other hand, bulk micromachining, prd®s of low noise, good stability, and
flexible design, with the drawbacks of higher cost, bulky size, and complex

fabrication.

2 ANCHOR

20.0 kv 1@m  RDI

Figure 1.8 Structure of ADXL 05 accelerometer, fabricated with surface
micromachining. Polysilicon is used as the structural layer.

The open loop sensitivity of capacitive at@rometers are proportional to the
seismic mass size and sense capacitaveelap area, and inversely proportional
with the spring constant and square tbé gap forming the sense capacitances.
Therefore, the most important parameters for a high performance accelerometer are
the seismic mass size and the gap forming the sense capacitances. A large seismic
mass is either achieved with the LIGAopess and electroplating [27, 31] or bulk
micromachining [20, 35, 36], where full wafthick seismic massecan be obtained.
On the other hand, the DRIE (Deep Reaxtion Etching) technology enables the
fabrication of high aspect ratand small gap devices [29, 32, 36, 37, 38].

New accelerometer fabrication techniques utilize the advantages of both
surface and bulk micromachining in ord® overcome the drawbacks of both
designs. There are two such accelerometers reported in the literature, where one of
them has z-axis sensitivity [21] and tlether has lateral axisensitivity [39].
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Voltage sensitivity othe lateral accelerometer is 0.49 V/g and the total noise floor of

the accelerometer and the readout circuit isud/6Hz [39].

In conclusion, most of the research the accelerometers is based on the
capacitive accelerometers, as they provide high sensitivity, low noise floor, and low
temperature dependence, making them attractive for the areas where high

performance is necessary.
1.2.3 Tunneling Current Accelerometers

Tunneling accelerometers convert accelerato a tunneling current. There is
always a possibility of electron tunnelingtlveen two conductive electrodes, if these
electrodes are close enough to each otfiée tunneling current is observable when
the gap between the two conductive materials is about 10 A. As the gap between the
conductive materials decreases, thenneling current increases. Two facts
determining the tunneling current betwero electrodes are the gap between the
electrodes and the sharpness of the tihefconductive material. As the tip of the
conductive material is sharper, the probty of the electron tunneling increases
[40].

Since the gap between the two electrodes is in the order of few angstroms,
close loop operation is necessary for thescelerometers. Figure 1.9 shows the
structure and the operation principle afclose-loop tunneling accelerometer [41].
Once the tip of the electrode is brougsafficiently close to the tunneling
counter-electrode by applying proper voltage, 8 the bottom deflection electrode,
a constant tunneling current,,) is established. This tunlivegy current is constant, if
the proof mass is stationagnd the tunneling voltage () is constant. Under
acceleration, the proof mass deflects frometst position resulting in a change in the
tunneling current. The readout circuit sesishis change and adjusts the voltagg, V
for nulling the proof mass displacemeMith this feedback mechanism, the
tunneling current remains constant aadceleration can be measured from the

change in the voltage,.V The top deflection electrode used for self-test purposes.
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Test results of the fabricated device togetwith its readout circuitry are presented
in [42]. The device occupies an area of 400 um x 400 um, and a voltage sensitivity
of 125 mV/g is achieved over -20g to 10g, where the minimum detectable

acceleration is 8 mg.

.,,TU.»PI ﬁeﬁecﬁuﬁ
lectrode (Fixed
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Electrode .
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Figure 1.9 Structure of the tunneling curreatcelerometer proposed by [41], V
controls the gap between the tunngitip electrode and tunneling counter-
electrode. Under constant tunneling voltage,{Vand no acceleration, the
tunneling current,qn, IS constant. When an acceleration is applied, the gap
between the electrodes change so the tunneling currgnt,Readout
circuitry senses this change and adjusts the voltage ¥chieve the initial
tunneling current,ln.

A high performance tunneling accelerometer is proposed by [43], where the
sensor is fabricated with bulk silicon micromachining. The device consists of a
substrate having tunneling tip, a proof masx] a cap. All these parts are fabricated
separately and then bonded togethermdhsions of the proof mass are 7mm x 7.8
mm x 0.2 mm suspended by a pair of 332 thick hinges. This device has a noise

floor of 20 ng/vHz and a bandwidth of 1.5 kHz.
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Tunneling accelerometers have highhsgvity since tunneling current is
highly sensitive to displacement. Thedevices have small size, wide bandwidth,
and high sensitivity, however, they suff’om drift and also 1/f noise [43]. In
addition, fabrication is not easy. Therefotieey are not widely used in industrial

applications

1.2.4 Piezoelectric Accelerometers

Acceleration detection principle of piezoelectric accelerometers is based on
applying stress on the piezoelectric matanabrder to geneta charge, proportional
to the applied acceleration. Piezoelectmaterials, such as zinc oxide (ZnO),
aluminum nitride (AIN), and lead zirconate-titanate (PZT), lack inversion symmetry

and therefore they create interpalarization in response to stress.

It is possible to implement accelerometers using piezoelectric materials and
micromachining technologies. Unlike paesistive accelerometerpiezoelectric
accelerometers are active devices, since they generate their own power, and

theoretically they do not need to be powered.

Figure 1.10 shows a piezoelectric aecemeter, which uses a thin film
piezoelectric material (PZT) deposited between the seismic mass and bottom
electrode [44]. The seismic mass exddixe on the piezoettric material under
acceleration in the polarization direction of the piezoelectric material. This force on
the piezoelectric material results in generation of a charge due to the piezoelectric
effect. A charge-sensitive preamplifier can directly sense this charge generated by
the piezoelectric film. The readout circuit of the aceebmeter consists of a charge
sensitive preamplifier, where feedback capacitance is 2 pF. The voltage sensitivity
of the device is 300 mV/g, upper cut-dfequency is 200 kHz, and lower cut off

frequency of the device is 1 Hz.

Figure 1.11 shows a cantilever type pielectric acceleroster [45]. The

cantilever beam serves both as the seismic mass and the sensing element.
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Acceleration through the sensitive axistbe accelerometer causes the cantilever
beam to bend, resulting in a stress of th® fmezoelectrianaterial. Then, a charge
amplifier senses the charge created tbg ZnO. The mechanical structure is
fabricated from phosphorus-doped polysiliconjckihalso acts as the lower electrode.
Then, a SN, layer is deposited on top dhe polysilicon, acting as a stress
compensator for the ZnO layer, which has high compressive stress. Following the
deposition of the ZnO, a thin Pt layer is deposited for the upper contact layer. The
measured sensitivity of the device is 0.21giGnd the device exhibits nonlinearity

less than 2 % over the full-scale range of 25 g [45].

Although piezoelectric acagometers are low power accelerometers and have
the advantage of monolithic integration with readout circuitry, they do not have DC
response since the charge generated opideoelectricelement leaks away under a
constant force. Therefore, low frequgraperation with piezoelectric accelerometers
is not possible. Moreover, piezoelectric coefficients of the materials, which
determine the sensitivity, are also temperature dependent. Therefore, temperature

compensation is needed for the piezoelectric accelerometers [44].

A

Acceleration
Sensing
Direction

Figure 1.10 Structure of a piezoelectric accelerometer. Piezoelectric material (PZT)
converts the exerted force by the seismic mass to charge [44].
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Figure 1.11 Piezoelectric accelerometer consisting of a piezoelectric film (ZnO)
deposited on a cantilever beam [45]. Bending of the cantilever through
acceleration exerts stress on the piezoelectric material, where it generates
charge proportional with the applied acceleration.

1.2.5 Optical Accelerometers

There are two basic sensing mechanisms for optical accelerometers: the first
one is by measuring the intensity of light coupling to the output fiber optic cable [46-
48], and the second one is by measuring ¢thange of wavelength of the light,
reflected from a surface [49].

lacement
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beam

light in
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Figure 1.12 (a) Structure of the fiber-optic aceebmeter [48]. Shutter between the
two fiber-optic cables controls the light coupling from the input to the output
fiber-optic cable. Under acceleratishutter moves downwards or upwards
(in and out of plane) controlling th@apling amount, (b) SEM picture of the
fabricated device [48].
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Figure 1.12 shows the structure ar®EM picture of the fiber-optic
accelerometer by Guldimann et. al. [48]0Operation of the device depends on
measuring the light intensity coupling to the output fiber-optic cable. The
accelerometer consists of two fiber-optic cables, a shutter connected to a mass, and a
beam used for suspending the mass. All the parts of the accelerometer are fabricated
on SOI wafer at a single step, and the stmgcts suspended by backside etching [48].

In order to increases the shutter quality, itasted with gold by e-beam evaporation,
and fiber cables are inserted and bondiéld WV-sensitive glue. Under acceleration,
shutter moves upward or downward dswn in Figure 1.12(a), decreasing or
increasing the intensity of the light coupling to the output fiber. The structure shows

a linear response between + 5¢g, and the reqsevalent acceleratn is measured as

90ug//Hz .

There are two important advantages of the fiber-optic accelerometers: (i) they
are immune to electromagnetic interface, &ndhey have the ability to operate at
high temperatures. However, integration of LEDs (Light Emitting Diodes) and
detectors with MEMS components for opiicgeneration and sensing is not easy.

Therefore, they are not widely used.

1.2.6 Thermal Accelerometers

Thermal transduction mechanisms can also be used for accelerometers. There
are two basic types of thermal acceler@m&tmoving heat sink [50, 51] and moving
heat bubble [52]. Operation principle ottfirst type of accelerometer depends on
the principle that the temperature flitom the heat source to the heat sink is
inversely proportional with the gap betwettiem. This device uses a seismic mass
positioned above a heat source. Due ®hbat difference between the heat source
and the seismic mass, heat flows from the heat source to the seismic mass. If the gap
between the heat source and heat sink is large, there is not much heat flow between
the source and the sink, so the heat source remains at the same temperature.
However, if the seismic mass comes cldsethe heat source due to acceleration, a

considerable heat flow starts from the seuto the sink, which results in a decrease
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in the temperature of the heat source. Temperature of the heat source is measured by
thermopiles, giving a measure of acceleration [50, 51]. The fabricated accelerometer

has a voltage sensitivity of 50 mV/gthout electronic amplification [51].

Other type of thermal accelerometer does not have any moving mechanical
parts. Instead, it uses a convective gaw fbs a seismic mass generated due to the
temperature difference between the heatat surrounding as a seismic mass [52].
Figure 1.13 shows the SEM picture of tfabricated device, implemented in a
standard CMOS process. A thermally isolated heater forms a hot air bubble. The
heat distribution of this bubble amges with the acceleration and becomes
asymmetric according to the heater. This asymmetry in the heat distribution is
sensed using thermocouples located at the sides of the heater. Fabricated device has

a voltage sensitivity of 136 puV/g and nodarity less than 0.5 % in +1 g range.

Etched pit

/!

Jﬂ'ﬂ fm Glass cut areas. e Poly heater

Figure 1.13 SEM picture of a thermal accelerometer based on convective gas flow
[52]. A thermally isolated poly dater forms a hot air bubble. Under
acceleration, this bubble deflects ondesi The deflection of the hot air
bubble is sensed by thermocoupd¢she sides of the poly heater.
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1.2.7 Resonant Accelerometers

Resonant accelerometers are force-sensing accelerometers, which directly
detect the force applied on the mass [53]he main difference of the resonant
accelerometers from the other types of accelerometers is that they have a
continuously resonating mas® its natural frequency under zero acceleration;
whereas, the previous types of accelexters have stationary seismic masses.
Detection principle of the resonant accetaeters depends on sensing the change of
natural frequency of the viating member. Under acceleration, an inertial force acts
on the seismic mass of the accelerometer, and this causes a strain in the resonating
member of the accelerometer. This strain shifts the resonant frequency of the

resonating member according to the sign of the applied stress by the seismic mass.

Driving and sensing mechanisms of the resonant accelerometers vary. Some of
the most common types of driving and sensing mechanisms are thermal
drive-piezoresistive sensing [54, 55], capee drive—piezoresistive sensing [56],
and capacitive drive—capacitive sensing [53, 57]. Figure 1.14 shows the structure of
a thermal drive—piezoresistive sense type resonant accelerometer [55]. One side of
the doubly clamped resonator is attachedhe cantilever support of the laterally
movable seismic mass. Acceleration deflecting the mass exerts tensile or
compressive stress to the resonating beam. This stress on the resonating beam shifts
the resonant frequency of the beam. Amplanted resistor excites resonating beam
thermally, and vibration of the beam is sensed by a piezoresistor. First mode
frequency of the resonating beam 480 kHz. The fabricated device achieves a

sensitivity of 45 Hz/g and 0.1 g resolution in 10 kHz bandwidth.

Another resonant accelerometer based on electrostatic stiffness changing effect
is presented in [57]. Device utilizes tansal springs for achieving higher Q factors
at lower vacuum levels. ‘Ehstructural layer consists of a 40 pum-thick polysilicon,

and the device achieves 73 Hz/g sensitivity.
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Figure 1.14 SEM picture of resonant accelerometer with thermal excitation and
piezoresistive sensing. Doubly clandpdeam is excited thermally and
resonant of the beam is sensed by a diffused piezoresistor [55]. Acceleration
deflecting the mass causes stress erdtiubly clamped beam. This stress on
the beam results in a shift of the resonant frequency.

A high performance resonant acceleroenes proposed by Burns et. al. [56],
which uses electrostatidrive and piezoresistivesensing utilizing 700 Hz/g
sensitivity with a base frequency betwéd®-700 kHz. Moreover, the device shows

good stability, less than 2 ppm of the basguency over seven-day stability test.

Most important advantage of the resonactelerometers is their direct digital
output, which eliminates the need for ADC. Moreover, since the output of the
transducer is frequency, it is less sensitv@arasitic capacitances. Most important
disadvantage of the resonant acceleromeédteir low bandwidth. In addition, they

need vacuum packaging in orderaichieve high performance values.
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1.2.8 Other Typesof Accelerometers

Accelerometers in the literature are not restricted with the presented seven
categories. There are also novel acceletem structures based on different

non-standard fabrication technologae®l different operation principles.

One accelerometer type uses threshold switches to obtain a quasi-analog output
for an input acceleration [57, 58]. Thiswstture consists afeveral cantilever beams
with different resonant fiuencies. Under accelewati the cantilever beam deflects
and closes a contact. Knowing the balv of the acceleration, threshold, and
resonant frequencies of @éhmicroswitch, the array can be designed for various
applications. Since the operation principle of these quasi-analog accelerometers
depends on closing a contact, there isnaed for a complex readout circuitry, and
they are immune to EMI.

Another novel accelerometer type Imased on electrostatically levitated
structures. These structures hame suspension beams and suspended by
electrostatic forces. Because of that, ¢hssuctures are not suffer from mechanical
damping, but they require complex dback. Analysis, design, and simulation
results for an electrostatically levitated desle presented by references [60, 61]. In
this accelerometer structure, suspension of the disk is performed electrostatically,
and sensing of the displacement is achieved by sensing the capacitance change
between the disk and the electrodes. &daret. al. [62] has proposed a similar type
3-axis accelerometer where the levitated mass is in spherical form fabricated by the

ball semiconductor technology [63].

Figure 1.15 shows the structure of theederometer consists of a spherical
seismic mass enclosed in a shell, which can freely move with the gap between the
outer shell, and metal surroundithe seismic mass. There are neither electrical nor
mechanical connections to the seismic mass. The metal electrodes at the inner
surface of the outer shell and the metgketasurrounding the seismic mass form the

sense and drive capacitances. Electrical connection to these electrodes is achieved
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through the bumps underneath the sphencér shell. Six semicircular electrodes

at the top and bottom part of the outdrell are used for excitation and force
feedback, whereas remaining two electrodes are used as detection electrodes. After
the capacitance formed between the upped lower electrodes are sensed by
excitation with two out of phse sinusoidal signals, the seismic mass is brought back

to its neutral position. For detection tfe three orthogonal directions, three

different modulation frequendeare used. Test results show that the noise floor of

the fabricated structure is 4@/~ Hz [62].
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Figure 1.15 (a) Structure of the electrostatically levitated spherical accelerometer.
Spherical seismic mass enclosed in a shell is free to move within the gap
between the metal surrounding the seismass and outer shelLevitation of
the spherical mass is through the six pairs of semi-circular electrodes located at
the top and bottom side. Lateral elect®desed as detection electrodes, (b)
SEM picture of the fabricated device [62].

1.3 Accelerometers Designed and Fabricated in This Study

Table 1.2 gives the summary of the advantages and the disadvantages of the
major accelerometer classes excluding the thermal accelerometers due to its small
amount of application areas, good padkggneed, and temperature dependency.

Capacitive accelerometers are the most promising class for the high performance
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applications due to their various adt@ges shown in Table 1.2.

capacitive type accelerometers are selected for the implementation of accelerometers

in this study.

Table 1.2 Comparison of the advantages atiee disadvantages of the major

accelerometer classes.

Therefore,

Piezoresistive | Capacitive | Tunneling | Piezoelectric | Optical Resonant
Sensitivity v v v v
Ease of
Readout v v v v
Temperature
Independency ‘/ ‘/ ‘/
Ease of
Fabrication v v v v
DC response \/ \/ \/ \/ \/
EMI
Sensitivity ‘/ v
Noise Floor v v v
Hard to | Very-low
Close-loop implement| bandwidth,
Comments operation optics | Vacuum
is needed with packaging
MEMS | needed

There are 8 different capacitive accelerometer prototypes designed in this study.
These designs include the usage of d#férspring topologies and also different
sense capacitances. Six of these prototgpedateral accelerometers, where as two
of them are z-axis accelerometers. Each accelerometer prototype has different
versions with different dimensions arghps, in order to fabricate the highest
performance accelerometer after the optimization of the fabrication process.
Therefore, there are a total of 65 accelerometer structures designed in this study.

Resonant frequencies of tieestructures are changing between 740 Hz and 5.27 kHz.
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Calculated sensitivities of the accelerometers based on the simulated resonant
frequencies are ranging from 1 fF/g to 69 fF/g.

Figure 1.16 shows the structure of the one of the prototypes. The
accelerometer consists of a seismic mass that converts the acceleration into motion
and comb fingers that converts the seismmtion into capacitance change. When
the accelerometer undergoesamaeleration along its sensitive axis, the seismic mass
deflects relative to the substrate in oppoditection with the applied acceleration.

This deflection increases the capacitance between the comb fingers on one side and
decreases the capacitance between thmbcéingers on the other side. This
capacitance mismatch between the sense capeega@an be detext with a readout

circuit, whose output voltage givestmeasure of the applied acceleration.

Spring

Subst

Figure 1.16 Structure of the one of the accelerometer prototype developed in this
study. When the accelerometer undergoes an acceleration through its
sensitive axis, the seismic mass defleetative to the substrate in opposite
direction with the applied accelerani. This deflection of the seismic mass
results in capacitance mismatch between the comb fingers on the two sides
of the accelerometer.

All the accelerometer prototypes are fabricated with a 3-mask surface
micromachining process, where the electroplaielel is used as the structural layer.
The fabrication steps only include lithograpkigctroplating, and wet etching, which

are very low cost processes and are suitable for the low-cost accelerometer
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fabrication. Following section presentsetlobjectives of this study and thesis

organization.
1.4 Objectives of the Study and Thesis Organization

Goal of this thesis is to design and fabricate an accelerometer system having a
nonlinearity less than %31, a noise floor smaller thanmtys/Hz , a bias instability

less than 20 mg, and cross-axis sensitivity less than 5%, which is suitable for
automotive applications. The specific objectives of this study can be summarized as

follows:

= To gain experience on the design and the simulation of micromachined
accelerometers. For this purpose, eight different accelerometer prototypes
are designed based on the accelerometer types in the literature.
Optimization of these prototypes is performed with the help of
COVENTORWARE and MATLAB simulations.

= To optimize the fabrication process thie accelerometers, especially the
optimization of the structural photoresis Accelerometer prototypes are
fabricated with a 3-mask surface micromachining process, where
electroplated nickel is used as the structural layer. The fabrication
procedure is simple and very lowstpwhich is ideal for mass production
of the accelerometers. Process steps include only lithography,
electroplating, and wet etching.SJR 5740 and SU-8 photoresists are
optimized for the fabrication of the structural mold. The thickness of the
SJR 5740 photoresist is 16 pm, and thektess of the SU-8 is around 42
um. Aspect ratios around 5.3 and 10.5 are achieved for these two

photoresists respectively.

= To design readout circuits for tih@icromachined capaci®gvaccelerometers.
Designed accelerometer protoggp convert their seismic mass

displacement to capacitance change. In order to detect this capacitance
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change a readout circuit that can i@te both in open and close loop is
designed and fabricated in AMS 0.8 pm n-well CMOS process. This
readout circuit has the advantage of force-feedback operation and digital
output in close loop form. Moreover the future developments of the
micromachined acceleronags, a high performance readout circuit is
designed and fabricated. This design has the advantage of fully-differential
operation in order to reduce common mode errors, also have

force-feedback and digital output in close loop form.

* To built a hybrid micromachined accelerometer system. A micromachined
accelerometer is hybrid connectedtt® single-ended readout circuit in
open-loop. All the necessary tests gerformed on the open-loop system,

including linearity, noise floor, and bias instability.

= To design circuit block for an Inertial Measurement Unit (IMU). Such
systems are formed with 3 accelerometers and 3 gyroscopes. The
gyroscopes are being developed ie thamework of another research,
however, a unity-gain buffer that will be used as a capacitive interface
between a micromachined gyroscope and the control circuit of the
micromachined gyroscope is designed in this work. An improved buffer
circuit having very high input impedee is designed and fabricated with
AMS 0.8 pm n-well CMOS process. This circuit is hybrid connected to a

gyroscope sample and tested.

This thesis reports the development of a micromachined accelerometer system
together with its readout circuitry. Worksat are done in this thesis can be divided

into four main groups;

» Design and fabrication of ¢haccelerometer prototypes

» Design of two different readoutrcuit for accelerometer prototypes

» Hybrid connection of the accelerometard readout circuit and testing of
the system

» Design of a capacitive interface circuit for micromachined gyroscopes.
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Chapter 2 describes the theoretical background necessary for designing
micromachined accelerometers. It prdserall the mechanical and electrical

background for designing accelerometers.

Chapter 3 describes the fabrication steps of the micromachined accelerometers.
It gives the details about the fabrication process and the designed masks for the
fabrication of the accelerometers. Is@lgives the optimized parameters for the

fabrication of the accelerometers.

Chapter 4 describes the designed surface micromachined accelerometer
prototypes, starting with the general dgsichallenges about accelerometers, and
then giving the structures of the designed prototypes. Comparison of simulation and

calculations are supplied for each prototype.

Chapter 5 discusses the capacitive readouatits and the capacitive interface
circuit designs. It describes all theatog and digital building blocks of these
circuits. Moreover, it explains the opedatiof these building blocks and also the
overall circuits. Simulation results of edalock and overall circuits are supplied. It
compares the proposed circuit with the circuit proposed by [100] for the improved

buffer capacitive interface circuit.

Chapter 6 gives the fabrication and test results of the designed accelerometers,
readout circuits, and improved buffer interfacewit. Chapter starts with giving the
fabrication results of the acceleromefaototypes. It discusses on the possible
problems that is faced during the fabrication of the accelerometer prototypes. It also
gives the test results for each accelerometer prototype and building blocks of the
readout and interface circuits. Finally, the chapter presents the results of the two
hybrid systems, gyroscope connectedthe interface circuit, and single-ended

readout circuit connected to an accefaeeter prototype operating in open loop.

Finally, Chapter 7 gives the conclusiontbis work and suggestions about the

future work on micromachined accelerometers.
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CHAPTER 2

THEORETICAL BACKGROUND

This chapter presents the theoretibackground on the design of capacitive
MEMS accelerometers. Section 2.1 givibe details and definitions of some
mechanical terms related with the decemeter design. Section 2.2 shows the
derivations of the necessary formulas fa #pring constants. Section 2.3 discusses
the governing equations related with thesic accelerometer model and also gives
the definition of damping coefficient whids necessary to understand the dynamic
behavior of an accelerater. Section 2.4 discussehe different types of
capacitances used for sensing the motiothefseismic mass. Finally, Section 2.5
gives the summary of the whole chapter.

2.1 Definition of Mechanical Terms

The accelerometer is the transduceat tbonverts accelerati into electrical
signal by means of mechanical and electrical elements. Therefore, an accelerometer
design requires both mechanical and elegk background. The mechanical design
plays an important and vital role on the performance of the accelerometer.
Familiarity with moment, force, stress, and strain calculations allows the designer to
understand the mechanical formulas relateth deriving necessary equations for
sensitivity and frequency response dfe accelerometer.  Moreover, these
mechanical terms are also necessary to explain some of the problems occurring
during the fabrication process, like residstakss of the deposited layers and affects

of these problems on the performance of the accelerometer. Therefore, following
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sections provide a review of the matraimal terms used in the design of

accelerometers.
2.1.1 Definition of Internal Forcesand Stress

A basic mechanical definition to staritivis the equilibium of a two-force
member. If a two-force member is in equilibrium, then two forces acting on the
member should have samegndude, same line of actiaand opposite directions as
shown in Figure 2.1(a). Therefore, thldwing equation must hold for a two-force

member to be in equilibrium;

2F=00 2, =0, > M =0 (2.1)

Equation 2.1 states that x and y components of the all forces acting on the
member and the total moment exerted on the member according to any point in space
must sum up to zero. Example of a two-force member can be generalized to the
equilibrium of an object under the action of external forces. This means that, for an
object to be in equilibrium, vector summation of the forces acting on the object must
be zero and the moment of these forces according to any point must sum up to zero
[64].

Apart from the external forces there are also internal forces existing in a rigid
body. These forces are defined as theds holding the components of a rigid body
together [64]. Figure 2.1(b) shows tkection KL of the member KLMN. There
should exist some internal force at sewctiL that balances the force and moment

exerted on the section KL, which is in equilibrium due to the applied external force P.

The force, F balances the x-compondéimg, force V balances the y-component,
and the moment M balances the momenth& externally applied force P. The
internal force, F, which is normal to the cross-section of the member KLMN at point
L, is called thenormal force, and creates thaormal stress (o) in the member. The

force V which is parallel to the cross-section of the member KLMN at point L, is
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called theshear force, and creates thgiear stress (t) in the member. Stresses that
are created due to the applied forces in the member can be defined as follows;

_F
7= (2.2)
LV
= (2.3)
VA
y N K F )
P P
X et P L
M
T Vi
K K c )
- —>
P
; )/’ - . y“% ! -
Px
(b)

(a)

Figure 2.1 (a) Two force member in equilibrium. Two forces acting on a member
having same line of action, sanmagnitude and oppositdirection. (b)
Internal forces existing at section L of the member KLMN for equilibrium.

By definition, if the force F tries telongate the membé&iL, the normal stress
is said to be positive and named as tensile stress. If it tries to compress the member

KL, it is said to be negative amémed as compressive stress [65].

2.1.2 Definition of Strain

Another important mechanical term is related with the deformation of the
bodies under force. Figure 2.2 shows a Alg, axially loaded with a tensile force,
F, at its free end. This force tries to elongate the rod through the direction of the

applied force. Normal strain can be defined as “deformation of the rod per unit
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length” and denoted by lettery, [65]. Hence, for a rod having uniform cross-section

area,normal strain, can be calculated from equation;

€=- (2.4)

where s is the amount of elongation, and Ltise length of the rod. The same

formula is also valid for a compressive feyevhich is trying to shorten the rod.

(@) (b)

Figure 2.2 (a) Rod with length, L, and area, A. (b) Rod is elongated by an amount of,
8, by an axial tensile load F. Straindsfined as “deformation of the rod per
unit length” [65].

Load, F, creates a stress in the rod, while trying to elongate it. Relation
between stress and strainas important property to chasterize the behavior of
material under an axial load. Behaviof a member under axial load can be
understood from stress-strain graphics. g3 shows the typical relation between
stress and strain for a ductile material. There exist four regions in the graph. Region
| is called the proportional region or elastegion, region Il is called the yielding
region, region lll is called the strain hardng region, and region IV is called the
necking region. Boundary of the elastic region is denoted ayjtivhich is called
the yield limit, representing the maximum achievable stress in the elastic region. If
the elastic region is considered then strain of the material is directly proportional to
stress. This proportionality can be exgsed with the famous Hooke’s law as written

Is Equation 2.5;
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o=Ee (2.5)
where E is called the Young’'s modulags the strain, and is the normal stress [65].

If the equations governing the normal stress (2.2) and strain (2.4) are inserted
in Equation 2.5, axial deformation of a mieer under axial loading can be expressed
in terms of externally applied load and mechanical properties of the member with
Equation 2.6;

soFxL

=a (2.6)

where F is the axial load, L is the lengththe member, E is the Young's modulus

and A is the cross-section area of the member

A
Ouf-----------2

Op[~~"~~~""~g "~~~

» £=0/L

Figure 2.3 Stress vs. Strain graphic of a ductile material. Region | is the proportional
region, where relation between the strend strain can be expressed with
the Hooke’s law. Region Il is the yielding region, region Il is the strain
hardening, and region 1V is the necking regioeyis the stress limit for the
elastic regionoy, is called the breaking stress corresponding to the rupture
point of the material, anel, is the maximum achievable stress [65].

The second type of strain is called #hearing strain, and denoted by. If a
structure is loaded with two equal, oppositeection and unaxial forces as shown in
Figure 2.4, member ABCD will deform and point K andrifakes an angle/X with

respect to M. This anglg)( measured in radians, is calldearing strain [65].
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Relation between the shearing stresy gnd shearing strainy)( can be
expressed with the Hooke’s law as written in Equation 2.7, if the elastic region is
considered. The proportionglitonstant G is called th@odulus of rigidity or the

shear modulus.

r=Gy 2.7)

Figure 2.4 Unaxial forces, P and —P, applied to member ABCD deform the structure
and result in a shear strain [65].

2.1.3 Definition of Poisson’s Ratio

In the previous section, only one-ansional deformation of the member
under loading is considered but actually tisisnot the case. If an axial load is
applied to a member, elongation in oneediion results in contraction in the other
direction as expected or vice versa. Figure 2.5 illustrates this phenomenon. The
axial tensile force elongates the member in axial direction and this elongation results
in a contraction in the transverse direction. The Poisson’s vati®,defined as the
ratio between the lateral strain, which is the strain in transverse directions, and axial

strain. Poisson’s ratio can be exgwed with the following equation [65];

_|Lateral Strain| _ ‘Jy/h‘ _|0,/w

= = = 2.
Y= adal sran o U oL (2:8)

where definitions of the terms are given in Figure 2.5.
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Lateral Elongationdy) Transverse contractiold

Figure 2.5 Picture illustrating the elongation in axial direction due to tensile load F
and contraction in transverse ditiens accompanied by this axial
elongation.

2.1.4 Definition of M oment of Inertia

Moment of inertia of areas with respect to an axis can be calculated by
multiplying the infinitesimal area element, dA, with the square of the distance of this
infinitesimal element to axis and summing up the results. This axis lies in the plane
where area of interest resides. Figure 2.6 illustrates the moment of inertia
calculations of an area according to x and ig.aXhe moment of inertia of an area is

written as [64];

L=[yda 1, =[x%dA (2.9)

Figure 2.6 Picture showing the infinitesimal element used for moment of inertia
calculation for an area.
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Similarly, moment of inertial of a mass can be calculated by taking an
infinitesimal mass element, dm, and multiplying it with the distance of this element
to the axis of interest and summing up the results. So moment of inertia of a mass

can be calculated from the following integral;

I :Jrzdm (210)

where r is the distance of the infinitesimal mass element to the axis of interest [64].
If a moment of inertia according to a point is to be calculated then radial distance of
the infinitesimal element should lbensidered. This is called tipelar moment of

inertia [64]. Moment of inertia of areaand moment of inertia of masses for

different areas and masses barfound in reference [64].

2.2 Spring Constant Calculation

Springs are the most important mechanical elements of the accelerometers that
affect the performance of the accelerometer considerably. Therefore, their
simulation, design, and fabation should be made &dully knowing details of
springs. This section describes all tleeessary details for understanding the basics

behind springs.
2.2.1 Deflection of Beams

Figure 2.6 shows a deflected cantilever type beam, that is free to move at one
end and other end is fixed. Beam is esgnted with its neutral line, which is the

center line of the cantilever. Deflection anmt of the beam according to position is

represented by variable w(x).
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Figure 2.7 A deflected cantilever beam. Deflection amount according to position is
represented by w(x) [66].

An infinitesimal beam element, dS, is chosen which makes an anglg)of
with the x-axis. From the right triangle approximation dx can be written in terms of
dS and as;

dx = dScos@) (2.11)

and the slope of the beam at any point, x, can be written as;

dw
o ane) (2.12)

As a next step, dS can be written in terms of radius of curvature of the fyezmd,
do, from the arc length formula of a circle;

dS=pdé (2.13)
If the angled(x) is very small, then cod) is very close to 1, so we can conclude

from Equation 2.11 that length of the infinitesimal element, dS, is equal to dx. So by

replacing dS in Equation 2.13 with dx, following equation can be written easily;
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x o (2.14)

From the small angle approximatioth,n Equation 2.14 can be replaced with the

right hand-side of Equation 2.12 and written as;

(2.15)

o
X

N
N

Radius of curvature of the beam can bétem in terms of, internal bending moment
M, young’s modulus E, and moment okrtia | [66]. Combining this knowledge

with Equation 2.15, the diffential equation for beam being can be obtained as;

=-— (2.16)

Equation 2.16 is a useful equation for caltnthe spring constant of various types
of beams under various types of loading. otder to calculate the deflection of the
beam for an applied load, only unknown in the Equation 2.16 is the internal bending

moment, M.
2.2.2 Spring Constant Calculation for a Cantilever Beam

Derivation of the spring constant of axially loaded beam is quite simple.
Considering the axially loaded beam in Figure 2.2, normal stress in the beam due to
the force F can be expressed by Equation E.Equation 2.2 is inserted in Equation

2.5, we can express the strai,of the material in terms of force, F, Young's
modulus, E, and cross-section area of the beam;

Ewh (2.17)
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If the definition of strain in Equation 2.4 igserted in Equation 2.17, spring constant,

k, of the cantilever beam can be written as;

_Ewh

_F
K=5=—— (2.18)

wheresd is the amount of elongation or contraction of the tip point of the cantilever

beam.

Spring constant of the cantilever beam due to transverse loading can be
calculated from the Equation 2.16, whiclates the deflection amount of the beam
to the internal bending moment of theam. Equation 2.19 gives the internal
bending moment of the beam at any point, x, for the cantilever beam of Figure (2.7),
deflected due to transversely applied forc¢66]. If Equation 2.19 is inserted in
Equation 2.15, the differential equation relating the transverse force F to the
deflection of the beam can be written as in Equation 2.20, where w is the deflection

of the beam, E is the young’s modulus, and | is the moment of inertia.

M =-F(L-x) (2.19)
d’w _ F(L-x)
o - E] (2.20)

In order to solve this differential equation, first, the boundary conditions must
be defined. Analyzing Figure 2.7, amowithe deflection and the first derivative of
the deflection of the beam at the support end is zero, so the boundary conditions can

be written as;

ow
Wo)=0 & ~1,,=0 (2.21)
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By solving the differential Equation 2.20 with the boundary conditions,
deflection of the beam according to the position x can be written as [66];

FL
wx)=—-x (1-3—):_} (2.22)

Maximum deflection of the beam occursthe tip point, so by replacing x with
length of the beam, L, transverse spring constant of the cantilever beam can be

written as;

F _ 3El

K=" (2.23)

and substituting the moment of inertia, I, in the Equation 2.23 yields the spring

constant of a transversdbyaded cantilever beam [66];

1

— 3
= (2.24)
_ Ewh®

e (2.25)

2.2.3 Spring Constant Calculation for a Beam with Fixed-Guided End
Conditions

When one end of the beam is connedtethe support and the movable end is
attached to the mass, and if the mass is restricted to move along a linear path then the
spring constant of the beam differs frahe one given in Equation 2.21, due to the
extra bending moment appearing at the mass side. Figure 2.8 illustrates the
mass-spring-support system and deflectiothefbeams under loading with a force F.

As can be seen from Figure 2.8(b), curvature of the beams differs from the curvature
of the beam of Figure 2.7. Crossisaes of the beams at the support and mass

boundaries remain parallel all the time.
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Figure 2.8 (a) Picture of a fixed guided-end spring-mass system. (b) The deflections
of the spring beams when connected to a rigid seismic mass.

Figure 2.9 shows the deflection of the neutral line of the beam, which is
connected to the seismic mass as shown in Figure 2.8. Different from the free end
cantilever beam, there exists a bending moment at the mass side of the beam as

shown in Figure 2.9. So internal bending moment at any location can be written as;
M =-F(L-x)+M, (2.26)

where M is the bending moment exerted on the beam by the seismic mass. Then

inserting the total internal bending mambheexpression in Equation 2.16 and giving

the boundary conditions as;

dw dw

Wo)=0 1070 & 1 =0 (2.27)

deflection of the beam can be calculated as;

Wx) =~ x4 E 2
6El 4El (2.28)
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Figure 2.9 Neutral line of a beam deflected by a rigid mass.

For the calculation of the spring constafitthe beam, position variable, x, in
Equation 2.28 is replaced with beam lendthand moment of inertia, I, expression

is inserted, which yield the equation;

_ Ewh®
k= E (2.29)

2.2.4 Effect of Residual Stresson Spring Constant and Folded Springs

Formulas in subsections 2.2.2 and 228 derived assuming that materials of
the beams have no residual stress. However, this is not the case in practice. Residual
stress can be defined as a tension or cosspme, which exists in a bulk of a material

without application of an external load.

If a material has a compressive residual stress, it means that material has a built
in force trying to elongate the structure. If material is released or no external force is
applied to the structure, material will elongate or expand in order to release the
compressive residual stress. Similarly, if a material has a tensile residual stress, it
means that it has an internal force trying to contract the material, and if the material

is released then structure will contract in order to release the tensile residual stress.

Hence, from these definitions, it can bencluded that a structure having
tensile residual stress becomes stiffer, where as structures having compressive stress
becomes less stiff. This effect can be used for designing springs with different spring

constants than its theoretical stress-free spring constant values. If a spring consists of
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a material having compressive residual stress, its spring constant decreases and

conversely if material hastansile residual stss, its spring constant increases.

Theoretical calculation for the effect of the residual stress on the spring
constant can be found in [67]. Durirthe design of the accelerometers FEM
simulators are used for effectively simulating the residual stress effect, instead of

calculating the effect of residual stress on the spring constant.
2.3 Accelerometer M odel

An accelerometer can be modeled as a mass-spring-damper system where
acceleration deflects the mass from its rest position. This deflection is measured by
means of transduction mechanisms from mechanical to electrical domain. In this
section, equations of motion are presdrfte a mass-spring-damper system, and the

dynamic behavior of an accelerometer system is analyzed.
2.3.1 Mass-Spring-Damper System

Accelerometers generally consist of a seismic mass, a suspension element or
spring, and a damper. Figure 2.1Bows the general dynamic model of an
accelerometer, where a seismic mass is ardeo a supporting base via a spring;
there also exists a damper for energy loss, where k is the spring constant and b is the
damping coefficient.

In order to have a system in equilibrium total forces acting on the seismic mass

should sum up to zero as written in Equation 2.1. Based on this principle, the

equation of motion for the accelerometer model can be written as;
mz(t)+bz(t) + k z(t) = -malt) (2.30)

where
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2{t) = x{t) - y(t) (2.31)
and
a(t) = y(t) (2.32)

where K is the spring constant, b is the damping coefficient, m is the mass, and a(t) is
the acceleration [68]. As shown in EquatihB0 there is a minus sign in front of the
term representing force applied by the external acceleration. This indicates that the
displacement of the seismic mass istive opposite direction with the applied

acceleration.

Seismic Mass

(m) Tx(t)

Spring (k)
Damper (b)

5 el Ty(t)

Base

Figure 2.10 Dynamic model of an accelerometer [30].

2.3.2 Steady State Response

If the acceleration applied to the system is not changing, or equivalently, if the

applied acceleration is DC, then Equation 2.30 reduces to;
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2(t)

alt

__m 5
== (2.33)

S~—r

which also represents the sensitivity of the device. This equation shows that
sensitivity of the device is directly gportional to the seismic mass size and
inversely proportional to the spring constant of the system. Therefore, the sensitivity
of the device can be increased by @aging the seismic mass and decreasing the
spring constant of the system. Anatlmportant result appearing from the steady
state acceleration sensitivity formula is that the damping coefficient has no effect to

the performance of the accelerometer.
2.3.3 Frequency Response

With a slight modification Equain 2.30 can be rewritten as [68];
2t)+ 28w, 2(t) + w,*2{t) = -y(t) = -alt) (2.34)

wherew, is called the resonafittquency of the system and can be expressed with

Equation 2.35¢, is called the damping facton@ can be expressed with Equation

2.36.

w = X (2.35)
m

b

€= (2.36)

If we assume that a sinusoidal motion is applied to the systems then

displacement of the base, shown in Figure 2.10, can be expressed as;

y(t) =Y sin(wt) (2.37)
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where w is the frequency of the motion andsYthe amplitude of motion. If this

motion equation of the base is insertei the Equation 2.34 we can get;
2(t)+ 28w, 2(t)+w,*z(t) = Y w? sin(wt) (2.38)

Steady state solution of this equation can be found by inspection as;

z(t) = Z sin(wt - @) (2.39)

where
v Y 2
—_— Wn
2= — - (2.40)
ROIREN
Wn Wn

and

)
2t

Figure 2.11 shows the plot of Z/Y, ratio of relative displacement of the seismic

tan(g) = (2.41)

mass to the base movement, versus frequency ratio, the ratio of acceleration
frequency to the resonance frequency of the system, for different values of damping
factor, ¢ . Figure 2.11 also shows the frequency ratio range where
mass-spring-damper system measures acceleration or act like an accelerometer. For
the system to act like a acceleroereZ/Y ratio should track the (wi)? ratio with
minimum error, which is valid folow operation frequemnes where operation

frequency, w, is much smaller than the resonance frequency of the sygtem, w
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If the frequency of the external acceleration assumed to be much smaller than

the resonance frequency of the systeem Equation 2.40 can be reduced to

2
n

2 . .
. :Y(ﬂj _|y(t)] _ [acceleration (2.42)

which means that relative displacement of the seismic mass to the base is directly
proportional to the input acceleration amdersely proportional with the square of
the resonance frequency of the system. Therefore, in order to increase the sensitivity
of an accelerometer, its resonant frequesioguld be as low as possible, which can

be achieved by increasing the seismic mass size and lowering the spring constant.
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Figure 2.11 Response of a vibration-measuring instrument [68].
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Bandwidth of the accelerometer is amatimportant issue, which can be found
by calculating the error introduced to the Equation 2.42 by the divisor of the
Equation 2.40. Figure 2.12 shows the acegien error sensed by the accelerometer
for different damping factors. It hews that maximum bandwidth of the
accelerometer can be achieved with damping factor of 0.7 where the useful

frequency range is ® w/w, < 0.2 with a maximum error less than 0.01 %.
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Figure 2.12 Acceleration error vs. frequency ratio (wjwior different values of
damping factors{) [68].

2.3.4 Damping and Quality Factor

The damping and quality factors akery important parameters on the
performance of the accelerometer. Theref types of damping mechanisms should
be well understood for a good accelerometesign. Basically, there are two types
of damping mechanisms: the structural damping and the viscous air damping. At
atmospheric pressure levels, the viscous air damping is the dominant mechanism.
Since accelerometers generally work at atmospheric pressure levels, the structural

damping, which is due to energy loss in the structural material, can be neglected.
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One of the components of the viscousdamping is the squeeze-film damping.
Figure 2.13 illustrates this damping mechanism. When the movable plate moves in
positive x direction, pressure of the air between the two plates is increased, and the
gas moves out from the edges of the platé.it moves in negative x direction,
situation reverses. During the motion of the air, a dissipative force created by the
moving air molecules opposing the motion of the plate. This force is cglieelze-

filmdamping. Detailed analysis of the squedim damping can be found in [69].

Moving Plate

v Squeezed air
Squeeze

Stationary Plate

Figure 2.13 Picture illustrates the basic idea behind the squeeze-film damping. Plate
moves in positive x direction, increagithe pressure of gas between the two
plates, and gas moves out from the edges of the plate.

Another squeeze-film damping effect exists between the comb-fingers. This
squeeze-film effect differs from the one existing between the large parallel plates
where the gap, h, between the parallel plates is much smaller than the parallel plate
dimensions. Assuming Hagen-Poiseuille flow [70], squeeze-film damping

coefficient between comb fingers can be written as;
t 3
b= 7.2,ueﬁl(ﬁj (2.43)

where | is the overlap length of the fingers, t is the thickness of the fingers, h is the

finger gap, andu,, is the effective viscosity ., can be calculated as [71];
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- :uair
1+9.638K

Mt (2.44)

where 1, is the viscosity of the free air, ang Is the Knudsen number determined

by equation;

K,=2 (2.45)

In this equationl = 0.069/R (um) is the mean free path of the air molecules, h is the

air gap between the comb fingers andsRhe ambient pressure.

Other viscous air damping mechanism is calBetiette-flow damping. This
damping is a slide-film damping mechanism occurring between two parallel plates,

moving parallel to each other #isistrated in Figure 2.14.

A—V velocity, v

Couette flo

Stationary Plate

Figure 2. 14 Picture illustrates the basic idea behind Couette flow.

Damping coefficient of Couette flow can be calculated as [72];

p=reo (2.46)

where 1, is the effective viscosity of theraand can be calculated from Equation

2.44, A is the overlap area of the moviagd stationary plate, and h is the gap

between the two plates. An example of Couette-flow in accelerometers occurs
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between the mass and substrate of the lateral accelerometers. This damping
mechanism must be taken into accounirduthe design, if the separation between

the mass and the substrate is not so large.

As a result, damping coefficient mostly depends on the pressure of air in the
sensor environment. Decreasing or increasing the air pressure in the environment
effectively decreases or increases the damping coefficient of the accelerometer
system. Another method for decreasitie squeeze-film damping for z-axis
accelerometers is to use damping holeéproof mass. Modeling of squeeze-film
damping in microstructures havingmdging holes can be found in [73].

In order to calculate the total damping coefficient of an accelerometer,
damping coefficients of each mechanism are calculated separately, and then added.
After calculating the total damping coefficient of the system, quality factor, Q, of the

accelerometer can be calculated as;

W, m
b

Q= (2.47)

where w; is the resonant frequency of tieass-spring-damper system, given in
Equation 2.35, b is the total damping coefficient, and m is the mass of the sensing

element.

2.4 Sensing Capacitors

Capacitive accelerometers utilize different types of capacitive sensing
structures in order to sense the displacement of the seismic mass. There exist three
main capacitive detection techniques used in capacitive accelerometers: parallel plate
movement detection, transverse comb firggrsing, and lateral comb finger sensing.
This section introduces all these typescapacitive sensing topmgies, after giving
the basics of capacitors in the next section.
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2.4.1 Basics of Capacitors

Capacitance, C, formed between a two large conductive plates separated by a

gap, 8, and an overlap area of A is;

C=e_— (2.48)

N>

where ¢ is the permittivity of the material between the plates. Usually material
between the conductors forming the paeitor is air, and its permittivity

approximately equal to the permittivity of free spa.s:(551,:8.85x1012 F/m.

If energy stored between two charged conductors is denoted by E, then;

E :%CVZ (2.48)

where C is the capacitance between the two charged conductors and V is the
potential applied betweenoeductors. Since these two charged conductors have
different polarities, they exert force to each other. This force can be calculated from
the ratio of the change in the stored energy to change in the gap between two
conductors in the movement direxti Hence, electrical forcee Petween the two

charged conductors is;

Fo=—=2—V? (2.49)

2.4.2 Varying-Gap Sensing

Varying-gap capacitance wetion method uses changecapacitance between

two conductors as the gap between them ghan There are basically two type of
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structures to obtain varying gap capacitances in accelerometers. First one is parallel
plate capacitances formed by two paralletgé and other one is comb finger type
varying gap capacitance. THetailed descriptions of theswo structures are given

below.

2.4.2.1 Parallel Plate VarygnGap Capacitance Sensing

Figure 2.15 shows the structure ofvarying gap parallel plate capacitance,
formed by a top electrode and a bottoractiode. Motion of the top electrode is
restricted in z direction and bottom electrodéxed. If fringing fields are neglected,

then the capacitance formed between the top and bottom electrode can be written as;

_&EWX
z

C (2.50)

where g, it the permittivity of air, W is the width, x is the length of the top electrode,

and z is the gap between the top anttdmo electrode. From Equation 2.49 force

exerted on the seismic mass in z direction can be calculated as;

F,=-2""V? (2.51)

where the minus sign indicates that the force in the z-direction is trying to decrease
the gap between the conductors. Therefties electrostatic force is trying to
increase the capacitance between the two electrodes.

Capacitance sensitivity of the varying-gap capacitance is defined as the
capacitance change per unit change in the gap, and it can be expressed with the

following equation;

(2.52)
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where z is the gap, and A is the overlap area. Equation 2.52 indicates that the change
of the capacitance with changing gap is not linear. Therefore, for the accelerometers
utilizing varying gap capacitances, differential configuration must be used, i.e., when
capacitance of one parallel plate increases, capacitance of another parallel plate must
decrease. However, forming differential parallel plate sense capacitance is not easy
with classical fabrication techniques,.

-y
y z
\W

Top Electrode [I:> | Top Electrode

Bottom Electrode

W
() (b)

Figure 2.15 Parallel plate varying gacapacitance formed by two electrodes. Motion
of the seismic mass is restricted redtion. (a) Top view. (b) Side view

If a spring is attached in between the top and bottom electrode, the structure
shown in Figure 2.15 can be used as an accelerometer. If the mechanical spring
constant of the spring,-kc, is smaller than the electrostatic spring constant, then a
problem may occurs due to the electrostatic force in the —z direction, which is called
pull-in problem. When the electrostatic foiedarger than the mechanical force, the
top moving plate collapses to the bottom electrode. The voltage that causes this
force is called the pull-in force voltage. Defining z as the gap between the seismic
mass and the bottom electrode under aasibage, which is applied between the
seismic mass and bottom electropd)-in phenomenon can be described as follows.

If the voltage, V, applied between the electrodes increases, the mass will deflect in
the -z direction an amount @z due to the electrostatic force between the mass and
the bottom electrode. Then, an equilibrium point will be achieved between the

electrostatic force and mechanical force which are defined as;
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2
F o=t WX o 1CV (2.53)
2 (z—Az)2 2 (Z—AZ)
F o =k Az (2.54)

where F is the electrostatic force defined by Equation 2.49, apgnks the
mechanical force exerted by the spring on the seismic mass. We can conclude from
Equation 2.54 that electrostatic force is always increasing as the mass deflects in —z
direction. For static equilibrium of the system, summation of these two forces must

be zero. Therefore, electrical spring constagtokthe system can be calculated as,

-F, =F_, (2.55)
2
kel = dFd = cv (256)
dz  (z-nz)
K, = kmhz_A; (2.57)
2- Nz

If Equation 2.57 is further analyzed we see that when the displacement due to the
applied voltage)z, of the seismic mass is 1/3 of the total gap, z, then electrical
spring constant of the system exceeds mechanical spring constant of the system.
Then, the seismic mass will move suddenlyngl—z direction and will stick to the

bottom electrode, which is callgalll-in. The pull-in voltage of a parallel plate

82°K, .,
Vodi-in = : (2.58)
27¢,A

where A is the overlap area of the parafilte conductors. This drawback of the

capacitor is given by;

parallel plate capacitors sets a limit to the applied voltage to the parallel-plate
capacitor accelerometers, which is important for sensing the capacitance change of

the accelerometer.
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2.4.2.2 Varying Gap Combinger Capacitance Sensing

The varying gap comb finger topology solves the nonlinearity problem of the
parallel plate varying gap capacitors byngsa differential sensing topology. Figure
2.16 illustrates the varying gap comb finger structure together with the differential
sensing topology. Figure 2.16(a) slswhe capacitances formed between the
sidewalls of the rotor and stator finger Figure 2.16(b) shows the change of
capacitances when the rotor moves,emh C2 increases and C1 decreases.
Capacitance change of the structure to the total rest capacitance of the structure
(Figure 2.16 (b)) is;

C2-Cl_Az
C2+C1 =z

(2.59)

where Az is the deflection of the rotor and z is the gap between the rotor and stator
fingers. Equation 2.59 shows that capacitance change is totally linear with the

displacement of the rotor.

Rotor Movement

»

STATOR STATOR

(a) (b)

Figure 2.16 Picture of varying-gap comb-fingéopology, (a) Capacitances C1 and
C2 formed between the sidewalls of the comb fingers, (b) change of
capacitances when the rotor moves.
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In order to sense the change of the capacitance, differentially connected
capacitances are biased with out-of-phase signals from the stator fingers, and the
output voltage is sensed from the rotor as shown in Figure 2.16. However, this
biasing scheme affects the resonance frequency of the system due to the electrostatic
forces occurring between the stator and rotor fingers. This is illustrated in Figure
2.17, where two out of phase sinusoidalesawith amplitude, V, and frequency, w,
are applied to the stator finger. Assumthgt rotor finger is at analog ground, we

can write;

2 2
V12 =V2? = \% —V7sin(2wt) (2.60)

and electrostatic force appearing between the rotor and stator fingers can be written
from Equation 2.49. Equivalent electrostdbecce acting on the rotor finger is the
difference between the two electrostatic forceg,dhd k. Difference between the

these electrostatic forces has two componenis: is static due to the first term in
Equation 2.60, and other one is alterohge to the second term in Equation 2.60.
Alternating component of the resultant etestatic force can easily be suppressed by

the low-pass mechanical characteristics of the accelerometer system. Therefore, the

static component of thierce can be expressed as;

£, AV ? 1 1
F _=F, -F. =20 -
dstatic — Fe1l " a2 ) |:(Z—AZ)2 (Z+AZ)2:| (2.61)

where A is the overlap area of the rotor and stator fingersoaadhe permittivity of
air. This static component can also léacpull-in as described in Section 2.4.2.1.
Moreover, this component can also be niedeas an electrostatic spring assuming

small deflection of the rotor finger where

d £,AV?
Ky :_E(Fell_Felz):_oT (2.62)
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This electrostatic spring affects the overall spring constant of the accelerometer
system. Hence, it should be taken in to account while calculating the resonance
frequency of the system. Considering #iectrostatic spring effect, the resonance

frequency of the system can be calculated from Equation 2.35.

W, :\/E: /M =w, |1+ Ky (2.63)
m m V" Kieen

V N,
[ stator |A
T I:eI1:
[ rotor | v 2
U R I
A A
I:e|2§
;
[ stator l
V VA

Figure 2.17 Picture illustrating the electrostatic forces on the rotor finger due to the
out of phase bias signal to the stator fingers

where w is the resonance frequency of theteyn including the electrostatic spring
effect, m is the mass, ang 8 the resonance frequency of the system only due to the
mechanical spring constant;dsn

Since the sign of the electrostatic spring is negative, it decreases the spring
constant of the system. This finds apation in order to increase the capacitance
sensitivity of inertial sensors since decrease in effective spring constant increases the

capacitance sensitivity of the sensor as shown in Equation 2.42.
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2.4.3Varying-Area Sensing

Varying area devices sense the mmeeat of the mass by measuring the
capacitance change due to the change in the area term in the capacitance Equation
2.50. Most important advantage of theywag-area capacitors on the varying gap
capacitors is the linearity of the capacitance change. Figure 2.18 shows the operation
principle of a varying area comb finger type capacitors. Sidewalls of the comb
fingers form the capacitance between therratad stator (C1+C2). When the rotor
moves in the indicated direction, the overlap length of the comb fingers changes
resulting in an increase in the capacitance between the rotor and stator.

Based on the Figure 2.18 capacitance sensitivity of the varying area capacitor

can be calculated as;

9C _ 2¢t
oL Z

(2.64)

where t is the thickness of the comb fingegss the permittivity of air, and z is the

gap between the comb fingers. As Equation 2.64 demonstrates, the change of the
capacitance with changing overlap length linearly proportional. Therefore,
varying area comb finger capacitances show higher linearity than the varying gap
capacitances. However, if we compare the capacitance sensitivity Equations 2.52
and 2.64 for varying gap and varying amagpacitances, varying gap capacitances
have a higher sensitivity. Moreover Equations 2.52 and 2.64 describe the
electrostatic forces occurring between the varying gap and varying area capacitances,
where varying gap devices exert more force on the rotor fingers, which is an

important property for feedback operation.
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Rotor M ovement

(@) (b)

Figure 2.18 Picture of varying-area comb-fing&pology. (a) Capacitance formed
between the sidewalls of the rotor astdtor fingers, (b) Capacitance change
due to the movement of the rotor.

2.5 Summary

This chapter presented the details of multidisciplinary background of the
micromachined accelerometers, which consists of both mechanics and electronics.
From mechanics point of view, an accelerometer is a mass-spring-damper system
where an external acceleration deflects the mass of the system. For the mechanical
characterization of the accelerometer, basic mechanical terms like stress, strain,
Young’s modulus, and Poisson’s ratio are wedi and also transfer function of the
mechanical system is derived. Behaviofshis mechanical system under static and
dynamic accelerations are investigated. From the electronics point of view,
capacitive sensing mechanisms to sense the deflection of the mass are investigated.
Capacitance sensitivity equations for diéflet types of capacitance detection
schemes are presented. Moreover pullad alectrostatic spring constant effects
related to the capacitance eleion schemes are discussed.
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CHAPTER 3

SURFACE MICROMACHINED ACCELEROMETER
FABRICATION

This chapter gives the details of the fabrication process of the micromachined
accelerometers and masks used during thbrication process. Section 3.1
introduces the basic fabricati processes. Section 3.Zdebes the fabrication steps
of the micromachined accelerometers. tlBac3.3 describes the designed masks for
the fabrication of the micromachined accelerometers. Section 3.4 describes the
fabrication of the SU-8 photoresist for falaiing thicker micro-devices. As a last

section, Section 3.5 providassummary of this chapter.

3.1 Introduction to Micromachining

The term micromachining refers tthe fabrication of micromechanical
structures with the aid of etching techreguto remove part of the substrate or
deposited thin film [75]. Basically, two main micromachining techniques exist:

surface and bulk micromachining.

Bulk micromachining can be considered as etching deeply into the silicon
wafer to fabricate the microsictures. There are several methods to etch the silicon.
One of them and the most basic one is wet etching. Wet etching of the silicon can be
considered in two categories: isotropic @ighand anisotropic etching. Figure 3.1

briefly describes the difference betweee tivo wet etching techniques. Isotropic
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etching is not directional, that is, the etch rates of isotropic silicon etchants are same
for all directions in silicon. However, anisotropic etchants are direction sensitive and
their etch rates depend on the crystal orientation. While their etch rate is very small
for a particular direction, they can etch véagt in another direction. As illustrated

in Figure 3.1(a), circulaor cylindrical cavities can be obtained by isotropic wet
etching; whereas with anisotropic etalpirvV-grooves can be obtained due to the
directionality of etching bel@r. In addition to wet etching, there are also dry
etching techniques for bulk micromachiningThese techniques are vapor-phase

etching and plasma-phase etching (RIE etching) [76].

———1 —————
SiO, mask isotropic
RS ot , wet etching
Si Wafer
< (a)
T(100)
Si Wafer
1o@aun)- 5478 anisotropic
. wet etching
Si Wafel
(b)

Figure 3.1 Difference between anisotropic wet etching (a), and isotropic wet etching
(b) of silicon

Most important advantage of bulk micromachined devices is the utilization of
thick structures since device height onlgpends on the wafer thickness, which is
several hundred microns. This propedy the bulk micromachinining is very
attractive for accelerometers since high seismic masses can be achieved by utilizing
full wafer thickness. On the other hande thost important disadvantage of the bulk
micromachining is the complexity of the process. Moreover, the bulk
micromachining process is not fully compatible with the clean room since some wet
etchants are considered as dangerous for clean room processes (like KOH). This

disadvantage can be overcome, if the etghinperformed as the final step of the
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process. Another disadvantage dhe conventional bulk micromachined
accelerometers is the size. Together with high thicknesses achieved with bulk
micromachining, devices have large featdimensions due to isotropic wet etching.
Fortunately, with the new dry etcgy technigues bulk micromachined
accelerometers having smalldeal dimensions can bebiacated. Many different
types of capacitive bulk micromachined decemeters are fabricated successfully
with wet [35, 77, 78] and dry etching [29, 36] or combination of both [79].

Surface micromachining uses thin films to form the mechanical structures on
the top of a substrate. Figure 3.2ielly describes the basics of surface
micromachining. Process starts with defiog sacrificial layer on the substrate.
Deposited sacrificial layer is then patterned (Figure 3.2 (b)). Then structural layer is
deposited on the top of sacrificial layendapatterned (Figure 3.3 (c)). Finally,
sacrificial layer is etched in order to release the structure (Figure 3.3 (d)).

Deposit and pattern sacrificial layer

(@) (b)

_ Release structural layer
Deposit and pattern structural layer etching sacrificial layer

- -
(€) (d)

Figure 3.2 Description of surface micromachinin@) Start with bare substrate, (b)
deposit and pattern sacrificial layer, (c) Deposit and pattern structural layer,
(d) Etch the sacrificial layer and release the structure
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Most important advantage of the surface micromachining technology is its
compatibility with the standard IC process. Since materials like polysilicon and
aluminum are readily used in standard IC technology, it is easy to form mechanical
structures from polysilicon and aluminum. This property of surface micromachining
decreases the chip size considerably, iabtmg the need for extra package for the
readout circuitry. Moreover high verticadalls can be achieved easily by pattering
thin films which makes the formation of sidewall capacitances very easy. On the
other hand, with standard surface micronmaicty technology it is not easy to form
thick mechanical layers. In additionesidual stress and stress gradient in the
polysilicon layers result in some problems for the mechanical structures. More
importantly, the stiction problem makes thelease of the mechanical structures
difficult due to the liquid capillary-forces acting on the structures during releasing
[75].

Mechanical structures fabricated in surface micromachining technology
include deposited thin films of polysilicon, aluminum, and silicon nitride [80]. Other
non-standard methods for surface micaaimning are dry-release process for
tunneling-tip microstructures, buried-cavdyy-release technology, high-aspect ratio
silicon-on-insulator technology [81], and eleglating process through resist molds
[27, 31, 82, 83].

Electroplating is a promising technique fitne fabrication ofmicrostructures.
Surface micromachined accelerometers using electroplating process are
demonstrated in the literature [27, 31, 83]. Advantages of utilizing electroplating

process for the fabrication of microstructures are;

» Low temperature process, compatible with IC fabrication, and reduced
thermal stress.

» Low cost equipment, easy deposition.

» High rate of deposition.

» Conformal depositionr deposition through resist masks.
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* High aspect ration structures can digained with well defined resist
masks
» Great reliability for high aspect ratio structures.

* Well understood behavior, and actively used in industry for a long time.

In addition to these properties many different metals can be deposited with
electroplating process, like copper, nicleld gold. Nickel, which is one of the
common material for electroplated microstructures, provides attractive mechanical
properties such as Young's modulus, yisldength [84] and hardness with zero
residual stress deposition [31]. Morepveopper and gold are suitable for
interconnect layers due to their high conductivity [85].

Due to these superior properties adatoplating process and good mechanical
properties of nickel, electroging process is used forbiacation of micromachined
accelerometers, where electroplated nickel is used as the structural layer, and

electroplated copper is used as the sacrificial layer.

3.2 Surface Micromachined Accelerometer Fabrication

Fabrication of the micromachined capacitive accelerometers described in this
section is the improved version of the gees steps described in [86]. Details of
fabrication procedure for the micromachined accelerometers are shown in Figure 3.3.
In this process, which is established at METU Electrical-Electronics Engineering
Department, nickel is used as the structural layer and glass is used as the insulating
substrate. Insulating glass substrate prevents the levitation effect, which is due to the
asymmetric field distribution between tlsationary comb finger electrodes and

movable comb finger electrodes [87].

The fabrication procedure is simple and very low cost, which is ideal for mass
production of the accelerometers. o&&ss steps include only lithography,
electroplating, and wet etching. The process starts with the formation of the

metallization layer on the top of glass duéte (Figure 3.3 (a)-(c)). Then the
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sacrificial layer is formed by electropildag where a negative photoresist is used as

the mold (Figure 3.3 (d)-(j)). On the top of the sacrificial layer, the structural mold
layer is formed with SJR 5740 photoresistsidie the mold nickek electroplated as

the structural layer (Figure 3.3 (k)-(m)). lleaving this step, the wafer is diced, and
accelerometers are released by etching the sacrificial copper layer (Figure 3.3 (n),
(0)). During these fabrication steps only 3 masks are used; the metallization mask,
the anchor mask, and the structural layer mask. Details of the process steps are given
in the Sections 3.2.1, 3.2.2, and 3.2.3

—1 Cr/Gold

Glass Substrate

(a)
— Cr/Gold
/ Anchor Metals\
Wiring metal Glass Substrate Wiring metal
(b)

[ Cr/Gold [ Titanium =3 Seed Copper

Anchor openings Glass Substra{[e

()
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[1Cr/Gold 2 Titanium [ Seed CopperE= Electroplated Copper
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-
Glass Substratg
(d)
[ Gold on Cr I Titanium [ Seed CopperE= Electroplated Copper
I Photoresist SIR 5740 Etch Holes

ructural Mold Glass Substra{te

(€)

—1 Cr/Gold 3 Electroplated Coppermmm Electroplated Nickel

iy

Glass Substrate

(f)

Figure 3.3 Fabrication steps of the capacitiserface micromachined accelerometer
structures.
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3.2.1 Fabrication of the Metallization L ayer

The metallization layer is used both for routing the signals and for the adhesion
of the nickel structural layer to the glass substrate. In this process, gold is used as the
main metallization layer, and chromium is used to improve the adhesion of gold to
glass. The fabrication technique used for the formation of the metallization layer is

lift-off. Process details are given below.

The metallization process starts byating Shipley’s S1828 photoresist on the
glass wafer using a spinner operating38@00 rpm to achieve a thickness around 4
um, which makes the lift-off process easkhen, photoresist is soft baked at 1 €5
for 1 min, and exposed for 9.5 seconds (~170 nf)/atnvacuum-contact mode with
EVG 620 mask aligner through the metafliaa mask. Development of the exposed
the photoresist is performed with NaOH:[7.8gr:1600 ml) solution for 1.5 min.
Then wafer is dipped into Buffered-HF (BHF, 5:1 NHF) for 30 seconds, where
photoresist layer is used as the etchingsk. Buffered-HF etches the glass and
makes the surface rough to increase the adhesion of the Chromium layer to the glass
substrate. After this step, chromium (580and gold (1500 A) is evaporated on the
wafer (Figure 3.3 (a)). Since adhesion oldgiw glass is poor, chromium is used as
the intermediate layer between the glags gmid, which has a very good adhesion to
both.

Evaporation does not have good stepecage, therefore, gold and chromium
residing on the top of the photoresist canelasily lifted-off with acetone with the
help of a buzzer, resulting in metallization layers residing on the glass wafer (Figure
3.3 (b)). With metallization layer, padadarouting layers are fabricated. Moreover,
the metallization layer is also used as the intermediate layer between the structural
nickel and glass substrate, in order to iaver the adhesion of nickel to substrate at

anchor points.
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3.2.2 Fabrication of Sacrificial Layer

The sacrificial layer is used to sugpethe movable parts of the micromachined
structures. Thick sacrificial layers arevadtageous in terms of preventing stiction
problem, and also lowering the air dampin@opper is selected as the sacrificial
material since it can be selectively etclethout damaging the structural nickel.

Formation of the sacrificial layer starts with the deposition of a thin titanium
layer. The titanium layer s&es as an adhesion layeitween copper seed layer and
glass substrate. For this purpose, 75 Alitdnium layer is sputtered on the top of
the metallization layer with a long pre-spuittg period at room temperature. On the
top of the titanium, 2500 A thick Copper sputtered at room temperature, which

serves as a seed layer during the electroplating process.

After formation of the seed layer, tp@otoresist S1828 is coated on the wafer
again to act as the etching mask for anchor opening, which is necessary for
gold-nickel contact. S1828 is coated witte same conditionas in metallization
formation process and exposed with anamask. Development is performed again
with the NaOH:DI solution. First elacdplated Copper is etched through the
openings of the photoresist layer with {MOH:H0,:DI (1:1:18) solution for 90
seconds. No undercut is observed durthg etching of the copper, which is
important for achieving electrical contact to gold layer. Then sputtered titanium
layer is etched through photoresist openings with HB:HDI (1:1:640) for 3 min.
(Figure 3.3 (c)). After etching is coheped, the mask photesist is removed.

After these steps, the wafer is reafty the formation of the sacrificial
photoresist mold for the copper electaplg process. Negative photoresist
MaN-332s is coated on the wafer withheckness around 5-6 um and soft baked at
95° C for 6.5 min. Exposure of the negative photoresist is performed through the
same anchor mask for 90 secondsatuwim contact mode with the EVG 620 mask
aligner, and development is performedhathe maD-332s for 1 min. Electroplating

of copper is performed through the negative photoresist mold with a thickness
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around 4-5 um (Figure 3.3 (d)). After the@roplating of the @pper the sacrificial
layer, the negative photoresist mold removed. Then the wafer is ready for the

preparation of the structural mold photoresisd electroplating adtructural nickel.

3.2.3 Fabrication of Structural Layer

The structural layer formation is the final process step and it is achieved in two
steps: first one is the preparation of gtreictural mold photoresist and other one is

the nickel electroplating process penfed through the photoresist mold.

The structural mold formation is the most critical process step in the
accelerometer fabrication, as it defines the aspect ratio of the structural layer, i.e.,
ratio of the thickness of the structurayéa to the minimum achieved dimension. A
higher aspect ratio allows implementing narr@nd tall finger structures that provide

larger sensing capacitances.

For the fabrication of the structunalold, Microposit's SJIR 5740 photoresist is
selected for its attractive lithographic capabilities [88]. Reference [89] reports an
aspect ratio of 6.8 with a photoresist kmess of 17.6 um using SJR 5740. First SIR
5740 is coated on the top of the sacidlidayer with a thickness around 18 pum.
After the coating of photoresist, a reltiwa period of 5 min. is needed, which
reduces the film stress and improves tmaformity. Then, soft bake of the
photoresist is performed at 106 by putting the wafer for 10 min. onto a hot plate.
After that a relaxation period more thafl h. at a humidity environment around %
50 is needed. This relaxation peridgd necessary for the formation of
developer-soluble acids in the photasesand improves the resolution of the
photoresist. Photoresist is exposed folb23ec. (~495 mJ) at vacuum contact mode
with EVG 620 mask aligner. After another relaxation period of more than 10 h.,
photoresist is developed witlicroposits 2401 solution diluted with DI water (1:4)
(Figure 3.3 (e)).
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After the mold is prepared, the next siegghe electroplating of the structural
nickel on the mold photoresist. Sulfurtimated nickel anodes and the glass wafer
are dipped into Nickel Sulfamate solution. By applying proper current (~4 A)
through the solution, wafer is coated with nickel to a thickness around 16 um. It
should be noted that deposition rate ofdlextroplated nickel affects the mechanical
properties of the material. Main effect of the deposition rate on the structural nickel
is the changing residual stress. As the deposition rate increases, tensile stress of the

electroplated nickel increases (compressive stress decreases).

The wafer is diced before releasing the structures. After that, accelerometers
are released sample by sample. First, the photoresist mold is removed. Then,
sacrificial Copper is etched with GEOOH:H,O,:DI (1:1:18) solution for 2 hours.

In order to fasten the etch time of sacrificial copper, etch holes are replaced on the
seismic masses of the accelerometers. Then, Titanium is etched withGxBH
(1:1:640) solution. After rinsing the samples in DI, they are quickly dipped into IPA
solution for 3 min., and DI is changed with IPA. Then samples are dipped into
Methanol for 3 min., and Methanol isvaporated on the hotplate with plate
temperature of 90C. With this technique no stion problem observed. Figure 3.3

(f) shows the cross-section of the accelextars at the end of fabrication step.

3.3 Mask Design for Accelerometer Fabrication

As stated in the previous section, thmeasks are used for the fabrication of the
surface micromachined capacitive accelezters. Although device layouts are
presented in the next section, this setgives some common layout features for all
the designed micromachined accelerometers. In all the figures given in this section,
red color corresponds to the structural laggout on the structural mask, blue color
corresponds to metallization layer layaut the metallization mask, and green color
corresponds to the anchor layout on thehan mask. Figure 3.4 shows a sample

layout drawn for an accelerometer design.
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Figure 3.4 The layout of a designed accelerometer, showing the mask layers. Red
corresponds to the structural lay®tue corresponds to the metallization
layer, and yellow corresponds to the anchor layer.
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There are two important features on thavan layouts, first one is the structure
of the anchor layer and second one is thactire of the comb fingers. Figure 3.5
shows the layout of an anchor. Anchor of an accelerometer is composed of
combination of all three layers; structural, metallization, and anchor layers. The

important point in the layout is thezess of anchor and metallization layers.

Figure 3.5 Picture showing the layout of amar layers. Metallization layer should
overlap the anchor layer for guaranteeing the electroplating of the structural
layer on the top of the anchor metal.
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Another common layout structure for the accelerometers is the comb fingers.
There are two types of comb fingers in the designed accelerometers. One is the
conventional comb fingers, and other onéhis cross over comb fingers. Figure 3.6
shows the structures of these two comigédir topologies. Difference between the
two comb fingers is that the cross-over combs include the small-size anchors.
Fingers given in Figure 3.6 are for varying gap type comb fingers. The structure of
the varying area type comb fingers are similar to conventional comb fingers shown in
Figure 3.6(a).

Figure 3.7 shows the overall layouttbke masks, designed for the fabrication
of the accelerometers. Instead of showing each mask separately, this figure shows all
the masks at the same time. Empty areas are reserved for another MEMS design that
would be fabricated with the same proce#s0.5 cm region from the wafer edge is
left empty for edge bead removal. Alignment marks are placed at the sides of the

layout to decrease the alignment error.

(b)

Figure 3.6 Examples of comb finger designs, (@nventional comb finger structure,
(b) cross over comb finger structure.
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3.4 SU-8 Optimization

As mentioned in the previous section, the structural mold layer is the most
critical step in the fabrication of the electroplated accelerometers. Thick and high
aspect ratio molds are required to achigateand narrow structures, which provide
higher sense capacitance and lower Browmiaise. In section 3.2, it is mentioned
that SJR 5740 is selected ae 8tructural mold layer, which provides an aspect ratio
up to 7 with a thickness about 17 pum. It is possible to obtain much higher
thicknesses (up to 200 um) with an edpratio around 10 using SU-8 as the
structural mold. In the framework of thiesearch optimization studies have been

performed for SU-8 structurahold, as explained below.

SU-8 is a negative-tone, epoxy sea photoresist developed for MEMS
micromachining processes, where a thick, chemically and thermally stable
photoresist is desired [90]. For fabricatitngcker structural layers, SU-8 50 can be
used, where it is possible to fabricate mtran 50 pum thick structural photoresist
mold in a single coating. Formation 8tJ-8 photoresist mold consists of 5 main
steps; coating, soft bake, exposure, pagosure bake, and development. Optimized

process conditions can be described below;

First, the wafer was prepared where a 2500 A thick copper was sputtered on
the top of the wafer. Coating of the photoresist is performed 3500 rpm for 30 second
with a dispense speed of 500 rpm for 10 sec. This spin speed results in a 40-50 pm
photoresist thickness. There is relaxationgaeof 15 min, before continuing with
the soft bake of the photoresist. Timgreases the uniformity of the photoresist

throughout the wafer.

Soft bake of the SU-8 photoresist is imjoit in order to reduce the film stress
of the photoresist. A three step softkbaprocedure is applied to the coated
photoresist. Figure 3.8 shows the temparatersus time diagram of the soft bake
procedure of the photoresist. First photoresist is soft baked &t fa® to 2 minutes.

This improves the uniformity of the photoigsand also helps reducing the edge
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bead of the photoresist. Then, temperatifirne hot plate is slowly increased t0°65

C. Since our hot plate does not have amypterature rate control, this is achieved by
increasing the hot plate temperature with( steps. These two low initial bake
temperatures allow the solvent in the photoresist to evaporate out of the film at a
more controlled rate, which results in better coating fidelity, reduces edge beads, and
provides better photoresist $abstrate adhesion [90].

Exposure of the photoresist is also impotta terms of defining the resolution
and sidewall angle of the photoresist. wéwer it has been observed that photoresist
stress depends on the exposure time. HigRkposure times results in higher stress
in the photoresist film. Therefore, exposwnergy of the photoresist was optimized
as 270 mJ in the vacuum-contact modee Tiélaxation period between the soft bake
and exposure is around 12 hours. Also &t edge bead of the photoresist should
be removed before the exposure of the photoresist.

Post exposure bake is also importandefine the resolutn and sidewall angle
of the photoresist. Higher post exposur&dsaresults in vertical sidewalls and
higher resolution. However, stress of the film increases so much that, deformation
and cracks on the photoresist layer can be observed. Optimized post exposure bake
procedure of the photoresist is same with $bft bake procedure as shown in Figure
3.8.

Figure 3.8 Soft bake and post exposure diagram of the SU-8 photoresist.
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After the post exposure bake, a relaxatiare of 12 hours is also necessary for
letting the photoresist release some of tssst Development of the photoresist was
performed with the SU-8 developeupplied by the MicroChem. Continuous
agitation is necessary during developmemowever it should not be so strong

because this could result in a deformation of the film.

Figures 3.9 and 3.10 show the resultstli# optimized fabrication process.
Thickness of the photoresist is approximat&yum. Figure 3.9 shows the part of a
seismic mass of the device, where the Stded shows the etch holes on the seismic
mass. As can be seen from the figure sidewalls are nearly vertical. Figure 3.10
shows the SU-8 mold taken from a part of the accelerometer, showing the etch holes
on the seismic mass and comb fingers. Nad&¢ comb finger widths on the mask is

4 um, resulting in an aspect ratio higher than 10.5.

18KFm
METU cAaKLU o8B

Figure 3.9 Part of the SU-8 mold of the seismic mass, where SU-8 mold represents
the etch holes on the seismic madsckness of the photoresist is around 42
pm.

It should be noted that there is adhesion problem between the photoresist

and the substrate, especially around thehars of the devices. Since photoresist
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mold is not touching the substrate arounel éimchors, electroplating occurs in these
regions resulting in short circuit between the anchors of the seismic mass and the
anchors of the comb fingers. This asilba problem can be solved with SU-8 2000
series of MicroChem, whithas improved adhesion propes, as well as, improved
uniformity [91]. Moreover, since most tife springs of the devices are 3 um, mold

of these springs are touching to each o#tehe top of the photoresist. This problem
can also be solved with SU-8 2000 photwtes After solving these problems and
using SU-8 photoresist as the structuraldnlayer, it is possible to obtain higher

performance accelerometers with the current mask set.

Figure 3.10 SU-8 mold of the part of an accelerometer. Comb finger widths are 4
pKm on the designed mask, resulting in an aspect ratio higher than 10.5.

3.5 Summary

This chapter presents the fabrication steps of the surface micromachined
capacitive accelerometers. For the fabrication of the surface micromachined
accelerometers three dark-field masks are used; metallization, anchor, and structural.

Fabrication of the accelareters does not involve any complex steps, instead
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lithography, etching, and electroplatingeaused for the fabrication of surface
micromachined accelerometers. The electroplating technique is used for the
fabrication of the sacrificial layer and alsa fabrication of the structural layer. The
sacrificial layer is fabricated from copper electroplating through a negative resist
mold. Similarly, structural layer is fabricated by nickel electroplating through a thick
resist mold, which is patterdeéby standard UV lithography. Finally, structures are
released by etching the sacrificial layer. Moreover this chapter includes the
optimization of SU-8 negative tone resisatitan be used to fabricate thicker and

higher performance accelerometers in the future.
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CHAPTER 4

SURFACE MICROMACHINED ACCELEROMETER
DESIGN

This chapter gives the details of the surface micromachined accelerometer
designs. Section 4.1 dedms the important parametess the accelerometers and
challenges affecting these parameteiSection 4.2 describes the reasons behind
designing variety of accelerometers basedhensame prototype. Section 4.3 gives
the details of the designed accelerometers, their performance values, and also
calculated capacitance sensitivity parameters. Finally, Section 4.4 gives the

summary of this chapter.

4.1 Design Challengesfor Surface Micromachined Accelerometers

Main considerations for the evaluatioh the micromachined accelerometers
are the resolution, voltage sensitivitycdte-factor), nonlinearity (scale-factor
nonlinearity), bias instability, and cross-axis sensitivity. Resolution is the minimum
resolvable acceleration by the accelerometer and is the most important criteria for the
evaluation of accelerometers. Voltage sensitivity is the change in the output voltage
to 1g acceleration input. Nonlinearitg the deviation of the output of the
accelerometer from the linearput-output curve plotted according to the sensitivity
of the accelerometer, which is necessary for extracting the acceleration information
from the output of the accelereter system. Bias instability is the change of the

accelerometer output to the same variablgnge, which is an important property for
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inertial navigation applications.  Cross-axis sensitivity is sensitivity of the
accelerometer to the off-axis accelerations. An accelerometer has to be evaluated in
all areas stated above to be consideredigis performance. Further explanation of

the performance specifications are given in Appendix A.

Design of a high performance acceleater consists of selecting process
technology, designing the readout circaibd choosing packaging facilities. From
this trio, basic and the most important asehe process technology, which directly
affects the structure and performance of the accelerometer. Therefore, the process

technology must be considered painty for an accelerometer system.

Resolution of the accelerometer is determined by the noise floor of the
accelerometer system and bandwidth ofrapen. There are two different noise
sources in an accelerometefectronic noise which is due the readout circuit of
the accelerometer and mechanical noise, which is due to the Brownian noise [92] and

can be expressed in terms of msige and total damping [21, 93].

Mass size of the accelerometer is totally process dependent. For example, if
polysilicon is used as the structural layer, which can be deposited onlynfiésy
devices will have small seismic masses [22, 25]. Alternatively, electroplating
process can be used to from thick seismic masses, by the help of thick molds
prepared by LIGA [27]. Another example to achieve large seismic masses is to
utilize full wafer thick masses with DRIE Si etching [36, 94].

Damping of the accelerometer can be reduced by vacuum packaging, which
decreases the effective viscosity of airreunding the accelerometer as given in
Section 2.3.4. Vacuum packaging is répdrfor the resonant accelerometers to
achieve high quality factor [53, 57]. On the other hand, reduced damping decreases
the bandwidth of the accelerometer having static seismic masses as shown in Section
2.3.3. Another drawback of high qualitgctor for this type of accelerometers is the
vibration of seismic mass at resonancejdiency under static accelerations. Hence,

accelerometers having the high quality fa@nod the static setsic masses should be
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operated under force balanced operation to prevent oscillation at resonance
frequency.

Voltage sensitivity of an accelerometer is related with the resonance frequency,
sense capacitance, and readout circuithef accelerometer, where first two are
process dependent design ddesations. Resonance frequency of the accelerometer
can be reduced with high seismic mass aimlow spring constant. However, small
sense capacitance values is a big problem for sensing the mass displacement of the
accelerometer, since parasitic capacitances degrades the output of the accelerometer.
There are two solutions to this problem. Either the accelerometer can be
monolithically integrated with its readoutrciitry in order to decrease the parasitic
capacitances [22-25, 28] or the accelerometer should have high sense capacitance
values, where effect of the parasitt@pacitances can be reduced. However,
achieving high sense capacitances is dyeclated with the process technology.

For high sense capacitances, high overlap area and small gap are needed, which
addresses the need for high aspediorgprocess technology. Unfortunately,
achieving high aspect ratio microstructwigh conventional surface micromachining
technology is not possible. Voltage sengyiand noise floor of the accelerometer
defines the SNR (Signal-to-Noise Ratio) of the accelerometer, which is the main

design consideration.

Nonlinearity is a geometry dependent parameter. Structure of the sense
capacitances can introduce nonlinearity ttte output of the accelerometer.
Especially for the varying-gap type semsgacitances, a differential sensing scheme
is necessary for linearity. Process variations while forming the differential sense
capacitances can introduce a mismatch to the varying-gap sense capacitances, which
results in nonlinearity. Therefore, the process has an important effect on the linearity
of the accelerometer. Fortunately, this mismatch between the sense capacitances can

be eliminated with force feedback operation.

Bias instability shows the sensitivity of the accelerometer to the changing

conditions and aging. For example, changing the ambient temperature can change
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the resonance frequency of the accelerometer, especially if the structural material of
the accelerometer is sensitive to the temperature changes. This change can affect the
sensitivity of the accelerometer. Moreover, due to the temperature change, sense
capacitance value of the accelerometer can change, again resulting in a different
capacitance sensitivity. As a result, accelexmnoutput loses its repeatability. This
temperature change affects the performance of the accelerometer, and this problem
can be solved with good packaging wdet isolates the accelerometer from the
changing environmental conditions. Another cause for the low bias instability is
aging. Due to long operation times of the accelerometer, mechanical properties of
the structural layer can change, resulting in a change at the output of the
accelerometer. Aging is especially important for the resonant accelerometers, where

mass of the accelerometer is continuously vibrating.

As a result, main consideration for an accelerometer is the selection of the
process technology. The process technolplays an important role on all the
critical performance considerations for an accelerometer ranging from selection of
the structural material to the sensitivitytbé accelerometer. Next important design
consideration is the readout circuitryhere it plays an important role on the
resolution of the accelerometer. Also, soofighe drawbacks of the design can be
eliminated with a force balance opeoati implemented together with readout
circuitry. Finally, packaging is a must for stable and reliable operation of the

accelerometer, which also increases the operation lifetime of the accelerometer.

4.2 Surface Micromachined Capacitive Accelerometer Design

As described in the previous sectiahe most important property of the
accelerometer is the resolution. In order to increase the resolution of the
accelerometer, its natural resonant freqyemeist be lowered, and also, the sense
capacitance must be increased as much as possible. However, both of these design

considerations depend oretfabrication process.
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Moreover, since accelerometer desigresrande before the optimization of the
fabrication process, there are many défg accelerometer layouts based on the
same accelerometer structure. An example can be given for the spring designs, for
achieving the maximum resolution, spring dans of the accelerometer should be as
low as possible. However, minimum acrable spring constant in our process
depends on the size of the springsd aseismic mass size. Resolution of the
lithography process defines the minimum Wwidif the springs. On the other hand,
material properties of the electroplateatkal define the maximum length of the

springs. Therefore, some devices hawkfferent spring lengths and widths.

Same considerations are also valid fa& bngth and width of the comb fingers.
In order to increase the sensitivity of the accelerometer, maximum sense capacitance
value should be achieved. Therefore, tiee comb finger type sense capacitances,
overlap area of the rotor and stator fingerstie increased. Again, thickness of the
structural nickel layer defines the heighttbé comb fingers, and overlap length is
defined by the length of the comb fingers. If the length of the comb fingers is too
long, and stress gradient of the structur@kel is high, comb fingers can buckle
upwards resulting in a lower sense capacitance value. For this purpose, most of the
devices utilizing comb finger sense capaatshave three different types of finger
length. Another method to increase sense capacitance value is to decrease the
gap between the comb fingers. However, this depends on the resolution of the
lithography process. For this purpose ¢hare 3 different sense finger gapgm3

4um, and um for most of the accelerometer designs.
In conclusion, there are different desigof the same accelerometer topology.

This provides to fabricate the best pemnfi@nce accelerometer, after the optimization
of the fabrication process.

4.3 Surface Micromachined Capacitive Accelerometer Prototypes

This section describes the designedeterometer prototypes for fabrication

with surface micromachining process, which is described in Chapter 3, and it
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provides their critical dimemsns, calculated and simulateesonant frequencies, and
sense capacitance values. Moreover, itgnssthe figures showing fundamental and
secondary resonant modegiud accelerometer designs.

We have designed 8 prototypes. These designs include the usage of different
spring topologies and also different seeapacitances. There are several versions
for each prototype. These versions havednt spring lengths and widths, and also
different comb finger gaps. There are @lt@f 65 different accelerometer designs.
This provides the fabrication of the best performance accelerometer, after the
optimization of the fabrication proces®esonant frequencies of the accelerometers
are changing between 740 Hz and 5.27zkHCalculated sensitivities of the
accelerometers based on the simulatedrast frequencies are ranging from 1 fF/g
to 69 fF/g.

Resonant frequency simulations of the accelerometers are performed with a
finite-element-simulato(FEM) called COVENTORWARE, a program specifically
designed for MEMS applications. Duritige resonant frequency simulation of the
accelerometer prototypes, fingers of the lateral accelerometers are neglected. This
will introduce only a small error to theesonant frequency simulations, since
contribution of these comb fingers to the total mass of the seismic mass is negligible.
Table 4.1 shows the mater@ioperties of the structuralckel for the simulation and

the calculation purposes.

Table 4.1 Material properties of electroplated nickel used in the simulations and

calculations
Density (kg/m°) 8908
Young's Modulus (GPa) | 100
Poisson’sratio 0.3
Residual Stress (M Pa) 0
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4.3.1 Prototype-1

This prototype is a lateral acceleroeret It is based on the accelerometer
structure in Figure 1.5, where folded spring structure is used instead of the clamped
springs. Figure 4.1 shows the simplifidihgram of the accelerometer structure and
common dimensions for each version ardigated on the figure. Etch holes and
comb fingers are not shown for the simplicitf the diagram. There are 3 different
versions of the same structure having edent spring lengths. Each version can
also be divided into two groups as, haveunventional comb fingers and cross-over
comb fingers. Each comb finger type has 2 different overlap lengths. For the
optimization of the comb finger spacingthme process, 3 different comb finger gaps
are used in the designs. Therefore, there are a total of 30 different accelerometers

based on prototype-1 design.

Figure 4.2 and 4.3 shows the cross-amed conventional comb finger sensing
schemes of lateral accelerometers. Otsions also have the same structures
having different spring lengths. Thiclsses of all the devices are same and 16 pum.
Moreover, anchor width and seismic masdtiviare same for all devices and denoted
with the same letter. Table 4.2 gives the dimensions specific to each accelerometer.
In the same table, calculated and simulated resonant frequencies of each version are
also presented. During the calculationtloé resonant frequeres, etch holes and
fingers are not taken into account. Resorigguency of this accelerometer can be
found by calculating the totapring constant and inserting it into the Equation 2.35.
Spring constant of the folded spring, equaighe half of the spring constant of a
beam with same length. Total spring constaf the accelerometean be calculated

as;

(4.2)



where E is the Young’s modulus, h is the thickness of the spring, SW is the width of
the spring, and SL is the length of thpring. Based on the simulated resonant
frequencies, capacitance sensitivity of the eaaision are also calculated and shown

in Table 4.2.

Figure 4.4 shows the deflections tiie accelerometer prototype in its
fundamental and secondary resonambdes, and Table 4.3 compares the
fundamental and secondary madeonant frequencies. Thssimportant to evaluate
the cross-axis sensitivity of the acceleroanetlt can be concluded from the Table
4.3 that mechanical cross-axis sensitivitytlod structure is around 5 %. However,
secondary resonant mode is along z-dioec Therefore, seismic mass motion in
this direction does affect the sense capacitance mismatch of the accelerometer. Thus,

cross-axis sensitivity of the accelerometer is expected to be much lower than 5 %.

-,—v Anchor

A

Mass length, ML
(1036um)
Spring width, SW
(3 um)

4

A
[ 4

Spring length, SL
+—>
Mass width, MW (183um)

Figure 4.1 Simplified structure of the prototypke-Comb fingers and etch holes are
not shown.
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Figure 4.2 Layout of prototype-1 having crosster comb finger sensing scheme.
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Figure 4.3 Layout of prototype-1 having conngonal comb fingesensing scheme.
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Table 4.2 Dimensions and performance valuestloé each version of prototype-1.
“FOL” refers to the overlap length of the comb fingers, “FS” refers to the
spacing between the rotor and staforgers, “SC” refers to the sense
capacitance value. Capacitance sensitivity calculation is based on the
simulated resonant frequency. Finggpe 1 corresponds to conventional
comb finger structure and type 2 czsponds to the crossover comb finger

structure.
Resonant . Total | Capacitance
Frequency Finger FOL FS s
SC Sengitivity
(kH2) Type | (um) | (um) | ¢py (fE/g)
Calc. | Sim.
90 4 223 1.42
1 5 178.4 0.91
4 495.6 3.16
Ver 1 200 5 396.4 2.02
3.165| 3.118 3 509.8 4.34
SL=200um 90 4 382.4 2.44
5 5 305.8 1.56
3 | 1019.6 8.67
200 4 764.6 4.88
5 611.6 3.12
4 223 4.74
90
1 5 178.4 3.03
4 495.6 10.54
Ver 2 200 5 396.4 6.74
1.722| 1.708 3 509.8 14.4
SL=300um 90 4 382.4 8.13
5 5 305.8 5.20
3 | 1019.6 28.92
200 4 764.6 16.27
5 611.6 10.41
90 4 223 11.40
1 5 178.4 7.29
200 4 495.6 25.32
5 396.4 16.20
Ver.3 3 | 5008 34.73
1118| 1.102 90 4 | 3824 19.54
SL=400pm , 5 | 305.8 12.50
3 |1019.6 69.47
200 4 764.6 39.07
5 611.6 25.00
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Figure 4.4 Two resonant modes of the prototyp, (a) fundamental resonant mode
(in y-direction), (b) secondarysenant mode (in z-direction).
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Table 4.3 Fundamental mode and secary mode resonantefijuencies of different

versions of prototype-1.

Fundamental Secondary Mode Ratio of Spring
Mode Frequency Frequency Constants
(kH2) (kH2) '
Version 1 3.118 11.752 0.0703
Version 2 1.708 7.070 0.0584
Version 3 1.102 4.817 0.0523
4.3.2 Prototype-2

This prototype is a lateral accelerometer structure having varying-area type
comb fingers. Figure 4.4 shows the simplified diagram of the accelerometer

structure. This structure also utilizes folded type springs. There are 2 different
versions of the same structure with diffet finger lengths and different overlap
lengths. For each version 3 different #nggaps are used to fabricate the highest
performance device after the optimization of the fabrication process. All versions
have the same dimensions, except the fitgyggth and finger overlap length. There

are a total of 6 accelerometer based on prototype-2.

Figure 4.6 shows the layout of the prototype-2 for a specific device version.
Other versions of prototype-2 group alsawdnahe same layout with different comb
finger overlap lengths and gaps. Tabtl.4 gives the calculated and simulated
fundamental mode resonant frequencypobdtotype-2 and based on the simulated
resonant frequency, capacitance sensitivity of each device is calculated. Equation
4.2 that gives the spring constant formulaised for the calculation of the resonant
frequency, where E is the Young’s modulhgs the thickness of the device (for the
definitions of other variables refer to Frgu4.5). Finally, for the evaluation of
cross-axis sensitivity, Table 4.5 gives tlesonant frequenciesf fundamental and
secondary mode of prototype-2, where Fegd.7 (a) and (b) show deflection of the

seismic mass in these modes.

Eh Sw?®

k =4
total W 4.2)
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Spring width, swu

(3 um)

Mass length, ML
(2073um)
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Spring length, SL v
(350um) F N :'"Spring length, SL1
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Mass width, MW (777um)

Figure 4.5 Simplified diagram of the prototype-Zomb fingers and etch holes are
not shown.

Figure 4.6 Layout of prototype-2 for a specifidevice version. Other versions of
prototype-2 group have different fingengths and finger overlap lengths.
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Table 4.4 Dimensions and performance valuestloé each version of prototype-2.
“FL” refers to the finger length, “FOLrefers to the overlap length of the
comb fingers, and “FN” corresponds the finger number on the seismic
mass. “FS” refers to the spacing between the rotor and stator fingers, and
“SC” refers to the sense capacitance value. Capacitance sensitivity
calculation is based on the silated resonant frequency.

Resonant FOL Total | Capacitance
Frequency FL FS s
(um) | FN SC Sengitivity
Calc. | Sim.
10 160 3 151 4.99
Ver.l 916.3| 866.7 30 10 138 4 97.7 3.23
10 120 5 68 2.25
30 160 3 453 4.99
Ver.2 916.3| 866.7 60 30 138 4 293 3.23
30 120 5 204 2.25

Table 4.5 Fundamental and secondary mode mest frequencies of prototype-2.

Fundamental Secondary Mode Ratio of Spring
Mode Frequency Frequency Constants
(H2) (kH2) )
| Prototype-2 866.7 2326 0.1388
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Figure 4.7 Two resonant modes of prototype-2), fandamental mode in x direction,
(b) secondary mode in z-direction.
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4.3.3 Prototype-3

This structure is a lateral accelerometer having varying area type comb fingers.
Figure 4.8 shows the simplified diagramtbg prototype-3, where etch holes and
fingers are not shown. This prototype utilizes clamped type springs. Moreover,
seismic mass of this prototype is largeomder to decrease the Brownian noise floor.
This accelerometer structure has 2 different versions having different finger length
and finger overlap lengths. Similar to the other prototypes, this prototype has also 3

different finger gaps for eactersion. There are six versions of this prototype group.

Figure 4.9 shows the layout of protypder a specific version. Table 4.6 gives
the calculated and the simtdd fundamental mode resamarequencies of each
version. Capacitance sensitivity of the dréint versions are calculated based on the
simulated resonant frequenciegquation 4.3 is used for the calculation of the total
spring constant. Moreover, Table 4.7 is provided for the comparison of the
cross-axis sensitivity. Figure 4.10 (a) gbdl shows the displacement of the seismic

mass in fundamentahd secondary modes.

Eh Sw?®
ktotaJ = 4? (4'3)
Spring width, SW
(5um) A
:
Spring length, st
(550 um)
v
< > Mass length, ML
Mass width, MW (999um)
(1628um)

Figure 4.8 Simplified diagram of prototype-3. &t holes and fingers are not shown.
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Figure 4.9 Layout of prototype-3 fioa specific device version.

Table 4.6 Dimensions and performance valuestloé each version of prototype-3.
“FL” refers to the finger length, “FOLrefers to the overlap length of the
comb fingers, “FN” refers to the finger number on the seismic mass, “FS”
refers to the spacing between the ratod stator fingers, and “SC” refers to
the sense capacitance value. Capacitance sensitivity calculation is based on
the simulated resonant frequency.

Resonant FOL Total | Capacitance
Frequency FL FS o
(um) | FN SC Sensitivity
Calc. | Sim.
10 214 3 202 9.08
Ver.l 740 743 30 10 184 4 130 5.86
10 162 5 91.7 413
50 214 3 1010 9.08
Ver.2 740 743 60 50 184 4 651 5.86
50 162 5 458 4.13

Table 4.7 Fundamental and secondary mode nast frequencies of prototype-3.

Fundamental Secondary Mode Ratio of Spring
Mode Frequency Frequency Constants
(H2) (kH2) '
|  Prototype-2 743 2362 0.099
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Figure 4.10 Two resonant modes of protoB42, (a) fundamental mode in
x-direction, (b) secondary mode in z-direction.
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4.3.4 Prototype-4

Prototype-4 is a lateral accelerometevihg varying-gap type comb fingers.
Figure 4.11 shows the simplified structurepobtotype-4. Prototype utilizes folded
springs in order to prevent the effectslod residual stress on the resonant frequency.
There are two different versions of the same prototype. Difference between the two
versions is the structure of the combgers. Version 1 has conventional comb
fingers and version 2 has cross-over tgpenb fingers. Cross-over comb fingers

have three different gaps, where as cotivaeal comb fingers have two different.

Figure 4.12 (a) and (b) shows the layotithe two different versions. Table
4.8 gives the details of the performaneglues of each prototype based on the
simulated fundamental modesmnant. Resonant frequency of the structure can be
calculated from Equation 4.1. Finally, Tab.9 compares the simulated resonant
frequencies of the fundamehtand secondary modes, where Figure 4.13 (a) and (b)

show these modes.

Spring width, SVH
(3 um)

Mass length, ML
(2073pum)

Spring length, SL
oo —

»

Mass width, MW (7771um)

Figure 4.11 Simplified diagram of prototype-4Etch holes and fingers are not
shown.
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(b)

Figure 4.12 Layouts of two different versions qifrototype-4, (a) structure utilizes
conventional comb fingers (version {i)) structure utilizes cross over comb
fingers (version 2).
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Table 4.8 Dimensions and performance valuestloé each version of prototype-4.
“FOL” refers to the overlap length of the comb fingers, “FN” refers to the
finger number on the seismic mass, “FS” refers to the spacing between the
rotor and stator fingers, and “SC” refers to the sense capacitance value.
Capacitance sensitivity calculation is based on the simulated resonant

frequency.
Resonant :
Total | Capacitance
Frequency | FOL | o | FS e | gansitivity
(kHz) | (um) (um) | o (tFlo)
Calc. | Sim.
76 4 135 3.64
Ver.l 1.517| 1.487 50 76 5 107 531
82 3 194 6.97
Ver.2 1.517| 1.487 50 82 4 145 3.85
82 5 116 2.46

Table 4.9 Fundamental and secondary mode mest frequencies of prototype-4.

Fundamental Secondary Mode Ratio of Spring
Mode Frequency Frequency Constants
(kH2) (kH2) '
| Prototype-4 1.4870 5.2836 0.079
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Figure 4.13 Deflection of the seismic mass ofopotype-4 in, (a) fundamental mode
in x-direction, (b) secondary mode in z-direction
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4.3.5 Prototype-5

This prototype has similar structure wiototype-4, but folded springs have
more turns in order to lower the resonant frequency of the accelerometer. Again,
there are two different versions of tlgsototype. Figure 4.15 shows the simplified
schematic, and Figure 4.16 @)d (b) shows the layouts of two different versions.

Table 4.10 compares the simulated antwated resonant frequencies, and
based on the simulated resonant frequencies, capacitance sensitivity of each version
of prototype-5 is calculated. Spring ctarg of the device is 1/4 of the spring
constant of prototype-2, whicis expressed by Equation 4.2 (For the definitions of
the variables refer to Figure 4.14). TaBlél gives the fundamental and secondary
mode resonant frequencies of the ptgbe-4, where these modes are shown in
Figure 4.17 (a) and (b).

Spring width, S

W
Gum) —p %

A

Mass length, ML
(21073 um)

v

Spring length, SL2 Spring length, SL1
(217um) (200pm)

Mass width, MW (777:m)

Figure 4.14 Simplified diagram of prototype-SEtch holes and fingers are not
shown.
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Figure 4.15 Layouts of two different versions @fototype-5, (a) conventional comb
fingers (version 1), (b) cross over comb fingers (version 2).
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Table 4.10 Dimensions and performance values of the each version of prototype-5.
FOL” refers to the overlap length of the comb fingers, “FN” refers to the
finger number on the seismic mass, “FS” refers to the spacing between the
rotor and stator fingers, and “SC” refers to the sense capacitance value.
Capacitance sensitivity calculation is based on the simulated resonant

frequency.
Resonant :
Total | Capacitance
Frequency | FOL | o | FS e | gansitivity
(kHz) | (um) (um) | o (tFlo)
Calc. | Sim.
76 4 134 9.05
Ver.l 1005 | 962.9 50 76 5 108 5 28
82 3 194 17.27
Ver.2 1005 | 962.9 50 82 4 145 9.71
82 5 116 6.21

Table 4.11 Fundamental and secondary mode mes frequencies of prototype-5.

Fundamental Secondary Mode Ratio of Spring
Mode Frequency Frequency Constants
(H2) (kH2) )
| Prototype-5 962.9 2.7476 0.112
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Figure 4.16 Deflection of seismic nm&s of prototype-5 in, (a) fundamental mode in
y-direction, (b) secondary mode in z-direction.
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4.3.6 Prototype-6

This prototype is a lateral acceleromesgucture having folded-type springs.
Figure 4.17 shows the simplified diagramtloé prototype-6 and operation principle.
This structure utilizes the gold metal-lines under the seismic mass for differential
sensing. Sense capacitances are formed between the gold metal lines beneath the
seismic mass and the lateral bars on the seismic mass. Varying-area comb fingers on
the seismic mass can be used for foeedback operation. This prototype has 3
versions, having 3 different spring widtlicach version has 2 different bar width in
order to fabricate highest possible senseacéignce. Figure 4.18 shows the layouts
of two versions of prototype-6 having twidferent bar widths.Other versions differ
in terms of spring widths. There are #atmf six different accelerometers based on

prototype-6 design.

Spring width, SW§
I_‘J Anchor Seismic Mass
A R
C1 Cc2

Gold metal lines

Overlap Length, OL

. ’ Clﬂ
- C1 Cc2
¥

Bar width, BR
v : :
Mass length, M
(136um) <—» Spring length, SL
< > (200 pum)

“Mass width, MW, (1114m)

Figure 4.17 Simplified diagram of prototype-6, and capacitance change under
acceleration.

Table 4.12 shows the simulated resonarguescies of each prototype. It also
gives the capacitance sensitivity of each device. Sacrificial layer thickness is

assumed to be 4 um for the calculation of total sense capacitance and capacitance
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sensitivity. Spring constasitof the fundamental anéé®ndary modes need to be
compared for the determination of thess-axis sensitivity, where Figure 4.19 (a)
and (b) shows these modes. Howevercas be seen from the simulations of the
fundamental and secondary modes, d¢iffecmasses of two ades are not equal.
Therefore, for the calculation of the spring constants, simulated effective masses are
considered. Table 4.13 shows the sirtedaresonant frequencies and effective

masses in these two modes, aaib of the spring constants.

Res
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&:I

e

=
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\\\\\
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=
=

(b)

Figure 4.18 Layouts of two different structures afversion, (a) thin capacitance bars
resulting in higher sense capacitance, (b) thick capacitance bars.
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Table 4.12 Dimensions and performance values of the each version of prototype-6.
“SW” refers to the spring width, “BW'efers to the bar width, and “SC”
refers to the calculated capacitance sensitivity based on the simulated

resonant frequencies.

Resonant Metal | Total | Capacitance

Frequency | SW | BW . apacital
(kH2) @m) | (um) Line | SC Sensitivity

# (fF) (fF/g)

15 2x42 948 30.1

Ver.l 1.399 3 T30 [ 2xe1| 474 15.0

15 2x42 948 12.9

Ver.2 2.139 4 730 | 2x21| 474 6.43

15 2x42 948 6.67

Ver.3 2.969 S 730 [ 2x21| 474 3.34

Table 4.13 Ratio of spring constants of eachrsion for determining of the cross-
axis sensitivity. Spring constant calculations for each mode are based on the
simulated effective masses.

F?Z?Jne?]ncg/ Effective | Secondary | Effective Rati_o of

(kH2) Mass Mode Mass Spring
(kg) (kH2) (kg) Constants
Ver.l 1.399 1.278e-7 3.203 7.644e.8 0.31
Ver.2 2.139 1.278e-7 3.501 7.071e.8 0.67
Ver.3 2.969 1.278e-7 3.683 6.769e18 1.22
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Figure 4.19 Two resonant modes of prototype{&) fundamental mode y-direction,
(b) secondary mode in z-direction.
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4.3.7 Prototype-7

This prototype is z-axis (out-of-plane) accelerometer using clamped type
springs. Figure 4.20 shows the simplifidichgram of the accelemeter structure.
Sense capacitance is formed between the seismic mass and the gold metal electrode
beneath the seismic mass. A reference capacitor having the same capacitance with
the sensor is formed between the seismic mass and metal electrode for reading the
capacitance change. Since nickel layer of the reference capacitor is very stiff in the
sense direction of the sensor, its cajgace does not change under acceleration.
Therefore, change in the sense capacitance can be extracted by comparing the sensor
capacitance and the reference capacitor. There are two versions of this prototype,
having two different spring widths. Figu4.21 shows the layout of prototype-7 for
a specific version. Only diffence between the versionghg width of the springs.

Table 4.14 summarizes the calculated #rel simulated resonant frequencies
of these two versions. Spring constantho structure can be calculated using the

following equation;

3
:4M

ktotal S_g

(4.4)

where E is the Young’'s modulus, SW is tharspwidth, SL is the spring length, and
h is the thickness which is 16 um. Capmwe sensitivity of each version is also
given based on the simulated resonémgquencies. During the calculations

sacrificial layer thickness is assumed to be 4 um.

The cross-axis sensitivity of the device is minimized by suppressing the motion
of the seismic mass in the lateral direc with the orthogonal alignment of the
springs. Simulation results show that lateral motion of the seismic mass is not in the
first three resonant modes. Table 4.15 shtlve resonant frequencies of first three
resonant modes, and Figure 4.22 (a)-(c) sti@vmotion of the seismic mass in these
modes. Note that deflection of the seismic mass in orthogonal direction is the

secondary resonant mode.
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(b)

Figure 4.22 Two resonant modes of the prototypef@) secondary resonant mode in
z-direction, (b) third restant mode (torsional).
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Table 4.14 Simulated and calculaleresonant frequencies of two versions of
prototype-7. Capacitance sensitivity calculations are based on the simulated
resonant frequencies. “SW” refers taiag width and “SC” refers to sense

capacitance.

Resonant :
Total | Capacitance
Frequency | SW SC Sensitivity

KH2 M) | Ry | (Fig)

Calc. | Sim.

Ver.l 3.48 | 3.352| 2.83] 1.33% 6.56

Ver.2 4.26 | 4.007] 4.24| 1.33% 5.17

Table 4.15 First three resonant mode frequencies of each version of prototype-7.

Fundamental Secondary Third
Resonant Mode | Resonant M ode Resonant
(kHz) (kH2) Mode (kHz)
Version 1 1.5893 3.3520 8.4614
Version 2 2.8793 4.007 10.111

4.3.8 Prototype-8

This prototype is a z-axis acceleroerehaving a similar operation principle
with prototype-7. However, this device uses folded springs instead of clamped ones
in order to releases the residual stress in the structural layer. There are 4 versions of
this prototype having different spring lengths and widths. Figure 4.23 shows the
simplified diagram of the structuren@ Figure 4.24 shows the layout of the

prototype-8 for a specific version.

Table 4.16 gives the simulated resaindrequencies of each version.
Capacitance sensitivity of each versioradculated based on tlsemulated resonant
frequencies. Moreover, similar to qgtotype-7, secondary resonant mode

corresponds to the out of plane motiontloé seismic mass. Table 4.17 gives the
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simulated resonant frequencies of thedtrte corresponding to the first 3 resonant
modes. Second and third resonamaides are shown in Figure 4.25.

Mass Anchors
width, MW
Beam width, BW ) 4
Mass Lenght,ML Electrode length,
(777 um) EL (733um)

y < >
I
Electrode width, \ Reference Capacitor

EW (733um)

Sensor Spring length, &

Figure 4.23 Simplified diagram of prototype-8, aWwing the sensor and the reference
capacitor.

Figure 4.24 Layout of the prototype-8 for a vens, for other versions only spring
width and spring length changes.
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Figure 4.25 Resonant modes of prototype-8,) (secondary resonant mode in
z-direction, (b) third restant mode (torsional).
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Table 4.16 Simulated resonant frequenciasd calculated sensitivities for each
version of prototype-8. “SW” correspontisspring width, “SL” corresponds
to the spring length, and “SCbrresponds to sense capacitance.

Resonant W g Total | Capacitance
Frequency @m) | (um) SC Sensitivity
(kHz) (pF) (fF/g)
Ver.l 2.8327 2.83 229 1.33% 10.33
Ver.2 4.0810 2.83| 106.7 1.33p 4.97
Ver.3 3.7686 4.24 229 1.335 5.83
Ver.4 5.2765 4.24| 106.1 1.33p 2.98

Table 4.17 First three resonant mode frequencies of each version for prototype-8.

Fundamental Secondary Third
Resonant Mode | Resonant Mode Resonant
(kH2) (kH2) Mode (kHZz)
Version 1 1.4266 2.8327 6.6363
Version 2 1.9357 4.0810 12.054
Version 3 3.5202 3.7686 8.6624
Version 4 4.9441 5.2765 16.645

4.4 Summary

Main considerations for the evaluatiohan accelerometer are the resolution,
voltage sensitivity, nonlinearity, bias iasility, and cross-axis sensitivity. An
accelerometer has to be evaluated in all of these areas to be considered as high

performance.

Designing a high performance accelerometer involves careful consideration of
the process technology, the readout dirdesign, and packaging. Most important
one from these three considerations s finocess technology. Process technology
sets the limits on the performance of thecelerometer, and also affects the
performance of the readout circuit.
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We have designed 8 prototypes. These designs include the usage of different
spring topologies and also different seeapacitances. There are several versions
for each prototype. These versions ha¥iedint spring lengths and widths, and also
different comb finger gaps. There are @ltof 65 different accelerometer designs.
This provides the fabrication of the best performance accelerometer, after the

optimization of the fabrication process.
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CHAPTER 5

CAPACITIVE READOUT CIRCUITS

Capacitive micromachined acceleromstare transducers that convert an
acceleration to a capacitance change. Hence, performance of a micromachined
accelerometer is limited by the minimum detectable capacitance change. In general,
amount of the capacitance change for sucis@es can be quite small, in the order of
attofarads, due to the small feature size of MEMS accelerometers. Therefore, there
Is a need for a capacitive readout circuit capable of detecting capacitance changes in
the order of attofarads for a high performance MEMS accelerometer. This chapter
describes the design and immplentation of the capacitive readout circuits capable of
detecting such small capacitance changesyalsas performing force-to-rebalance
operation in close loop operation for acceleeten prototypes described in Chapter 4.

In addition to that, chapter describes a new capacitive interface circuit designed and
implemented for capacitive MEMS gyroscopes. Described circuits are implemented
with AMS 0.8 um n-well proces and simulation of the structures is performed with

Cadence Design Environment, unless otherwise stated.

Section 5.1 explains different capacagivinterfaces and their operations.
Section 5.2 describes the dgsi implementation of a single-ended readout circuit.
Section 5.3 introduces the fully-differentialrg®n of the readout circuit. Section
5.4 describes the on-chip tesgfiof the fabricated singleaded and fully-differential
readout circuits. Section 5.5 introduces new interface circuit designed and
implemented for micromachined capacitiveagcopes. Section 5.6 shows the floor

plan of the readout circuit chip. Finallye&ion 5.7 gives the summary of the chapter.
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5.1 Capacitive I nterfaces

A micromachined accelerometer can be classified as a transducer which
converts the mechanical accelgon to electrical signal by means of measuring the
seismic mass displacement. In capacitiveelerometers, semc mass displacement
results in a capacitance change. This chasgtustrated in Figure 5.1. Two sense
capacitances are equal at equilibrium.  When accelerometer undergoes an
acceleration, seismic mass @efis resulting in a decrease in the gap between the top
electrode and seismic mass, and an increase for the bottom gap. This results in an

increase in the upper sense capacitance andagrim the bottom sense capacitance.

Top Electrode

Anchor I
—— Csensc
:: Csensor
I
o}
Bottom Electrode
Top Electrode o
;é CSGHSOI+ AC
_ _lz
7_ CSGI’ISOI" AC
o}

Bottom Electrode

Figure 5.1 Picture illustrates the change of semspacitances with movement of the
seismic mass.
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There are three different capacitive interfaces commonly used for capacitive
accelerometers. These interfaces are called half-bridge capacitive interface,
differential capacitive interface, and fultiffferential capacitive interface. Figure
5.2 (a) shows the structure of the half-badtppacitive interface. This structure is
commonly used for surface micromachine@éxis capacitive accelerometers [95].
Structure consists of a variable sensor capacitance and a fixed reference capacitor.
Change in the sensor capacitance can be detected by applying complementary square
waves to the input nodes. Assuming sguaave swinging between 0 and 5 V,

output voltage at the middle nodeyy can be found from the voltage division as;

V. =5x C+AC
2C +AC

(5.1)
However, linearity of this capacitive interface is not so high, as shown in
Equation 5.1. This capacitive interface is soitable, especially for varying gap
sense capacitances, due to the additiommllinearity. Higher linearity can be
achieved with ratiometric operation with ttiéferential capacitive interfaces. Figure
5.2 (b) shows the structure of the differentapacitive interface structure. This
structure consists of two variable sensor capacitances, changing complementarily
with the motion of the seismic mass. Assuming same bias signals with the
half-bridge structure, output voltagéthe middle node can be written as;

2AC
T 52)

This structure shows higher linearity compared to the half-bridge structure, and
suitable for varying-gap sense capacitancddowever, two sensor capacitances
constructing the differential-bridge mube equal for achieving highest possible
linearity. Any mismatch between the two sensor capacitances affects the linearity of
this capacitive interface. This effect can be reduced further by using a
fully-differential capacitive interface showin Figure 5.2(c). Most important

property of this structure is that it enabtbe differential readout schemes, which are
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discussed later. Assuming identical sensor capacitances, the differential output
voltage of this structure can be written as;

4AC
T 53

where the square wave signals are swinging between 0 and 5 V.

It should be mentioned again that tgli displacement of seismic mass under
acceleration is very small, in the order of sub-Angstroms, resulting in very small
output electrical signals at the output oé ttepacitive interface [97]. This is valid
especially for the surface micromachingctelerometers, where sense capacitances
are small. Besides the small electricagnals, output node of the capacitive
interfaces is a high impedance node, and it is not possible to read the voltages at this
node via a simple measurement with pralbea multimeter. Moreover, capacitive
interfaces are seitise to parasitic capatances at the input of the electronic
interface [98]. Therefore, special atien must be paid to the readout circuit
especially for hybrid systems, where thecelerometer and readout circuit are wire
bonded to each other. As a result, capaeitiecelerometers neachigh performance

readout circuit for detecting the sejrcoming from the capacitive interface.

V+
J_ V+ _I_ V+
l / Csensoﬁ'AC CsenSOTAC
— CsensoTAC S Csenso'AC —— Y
—0O +
O Vmid O Vmid Vmid
O
1 ). & . | -
-1 Creference_‘ Csensor Csenso'r}'AC YZi 7/i
CsensarAC CsensatAC
) 8
L v- 1 v-
L v
() (b) (c)

Figure 5.2 Three different types of capaciivinterfaces, (a) The half-bridge
capacitive interface [95], (b) The differial-bridge capacitive interface [96],
and (c) The fully-differentiabridge capacitive interface [24].
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Several different types of capacitiveadout circuits for capacitive interfaces
are proposed in the literature. Front-endhese readout circuits are implemented
with either a capacitance-to-frequen@pnverter [99], or buffered capacitive

ac-bridge [96, 100], or different typ®f switched-capacitor circuits.

Operation principle of the capacitaniefrequency converter circuits depend
on the charging and discharging time afagacitor with a fixed current. Figure 5.3
shows the basic structure of the circpibposed in [99]. Sensor capacitance is
charged with a constant current, I. When the voltage on the sense capacitance
exceeds a threshold value, switch is clos&lis time sense capacitor is discharged
with a constant current | until the voltage level falls below a threshold value. With
this technique a triangular wave, whdssguency depends on the sense capacitance

value, can be obtained.

Control
Logic

|

I
e —

V(t) 5= Ser!se
. Capacitance

Figure 5.3 The basic structure of the capacitance-to-frequency converter circuit [99].

In buffered capacitive ac-bridge technique, capacitive interface is driven with
two complementary signals. The outputt&ge generated at the middle node of the
capacitive ac-bridge is sensed with a butfecuit and demodulated. Advantage of
this technique is built-in chopper sii@ation, where capacitance change is
modulated to high frequencies [96]. Wever, disadvantage of this circuit its

sensitivity to the parasitic capacitances between the buffer circuit and the capacitive
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bridge. Therefore, the buffer circuihauld have a small input capacitance, and
parasitic capacitances at timput of the buffer must be reduced by means of special

techniques, such as bootstrapping [100].

Switched-capacitor interface circuits candssigned to be parasitic insensitive
[101] and can be monolithically implementedthout any need foexternal circuit
components. The sense capacitances asget up with a constant voltage at the
sense phase, and a packet of chargpgtional to the seescapacitance mismatch
IS integrated with a charge-integrator [LO2Yloreover, amplifier offset, kT/C noise
and switch charge injection can be cancetegkther with reduction in flicker noise
by correlated double samplif@DS) [103]. In addition, switch capacitor front-end
circuits have other advantages, agythcan reduce power supply noise, EMI,

switching-noise can be reduced [95].

Two different readout circuits are implented in this work. First one is a
capacitive readout circuit using switched-cajmccharge integrator as a front-end
circuit [39, 87, 102, 104-106] that can ogeran both open-loop and close-loop.
Single-ended and fully-differ¢ial versions of this readout circuit are designed.
Other one is an improved buffer circuit &hng very high input impedance by
utilizing feedback and bootstrapping to imiize the input capacitance of the buffer

circuit and the parasitic routing capacitances, respectively.

5.2 Single-Ended Readout Cir cuit

This readout circuit is basically awver-sampling converter and capable of
working in both open and close-loop. Systuses single bit quantization both for
digital reading of the seismic mass displacement and also for the force-to-rebalance
operation. Figure 5.4 shows the basic buddilocks of the single-ended readout
circuit [102]. Output of the circuit is ipulse density modulated form and can be

low-pass filtered to obtain the analo@déng of the accelation information.
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Figure 5.4 Basic structure of the single-ended readout circuit [102].

Operation principle of the circuit is singpand can be divided into two phases:
the sense phase and the feedback phase. The sense phase starts with resetting the
charge on the sense capacitance, when V+ is low. Then, the swigkhklosed and
middle node of the differential capacitanbedge is connected to the front-end
charge integrator circuit. After bias signals V+ and V- change their states (V+
becomes high and V- becomes low), a charge imbalance occurs on the two sense
capacitances proportional with the capacitance mismai€h, Charge integrator
integrates this charge imbalance and slhift®utput voltage from the analog ground
level according to the amount of charge integrated. CDS cancels error sources like,
charge integrator offset and switch charggction to the first order. Then, the
comparator circuit compares the output voltage of the CDS circuit and generates a
1-bit digital output voltage. Purpose of théchacircuit is to hold the output of the
comparator and to synchronize it with thadsignals of the capacitance-bridge. In
the feedback phase, switgh is opened ang@, is closed. Then, the output of the
latch is connected to the middle node of gense bridge. Output voltage of the
comparator generates a force on the seisnmass counteracting the deflection of it
and tries to null its position. Figure 5.5 illceges the feedback operation. Note that

the bias signals V+ and V- are still high and low respectively in this phase.
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Figure 5.5 Force-feedback operation assuming V+ is 5V and V- is OV. If seismic
mass deflects upwards, feedback lompplies 5V to the seismic mass
resulting in an electrostatic force trying to move the seismic mass to the
bottom electrode. If mass deflects dovards, feedback loop applies OV to
the seismic mass and tries to pull the mass to upwards.

In the open-loop accelerometer, where regls charge integrator or a simple
buffer circuit is used, overall linearitypbandwidth, and dynamic range of the
accelerometer are determined by the semarameters. On the other hand, with
closed-loop feedback operation, where thensiisnass is forced to stay in its null
position, overall linearity, dynamic raeg and bandwidth can be improved
considerably [102]. Following sub-semtis describe the building blocks of the

single-ended readout circuit.
5.2.1 Single-Ended Folded-Cascode Operational Transconductance Amplifier

The Single-ended readout needs a wdadwidth, low-noise, high-gain, and
low-offset Operational Transconductandenplifier (OTA) for implementing the
front-end charge integrator.

An operational transconductze amplifier (OTA) can be considered as an

OPAMP without an output stage. There&foroutput resistance of OTA is high

compared to an OPAMP. As a result, OTAs can not drive small resistive loads but
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they are suitable for driving highly capacitivads. Because of the stated reasons, a
folded-cascode OTA is selected for the implementation of the front-end charge
integrator. The main advantage ofetHolded-cascode topology is its, high
bandwidth together with high phase margvhich are both achieved without a need

for a compensation capacitance, becauséotte capacitance serves for that purpose
[107]. Moreover, the folded-cascodgpblogy can operate under a wide range of
bias currents, which enables the designer to adjust the characteristics of the OTA for

optimum performance.

Figure 5.6 gives the schematic of théd&ml-cascode OTA, which is designed
for the implementation of the front-end chaigtegrator [107]. Table 5.1 gives the
WIL ratios of the transistorsLength of the transistors is drawn 5 times larger than
the minimum gate length to minimize the effect of process variations on the

transistor parameters.
The low-frequency gain of the folded-cascode OTA is expressed by the

transconductance of the inpuage multiplied by output sestance of the of the
amplifier [107] as follows;

A, = gmy(gm, Ty, Ty ||9Mg Tyg Tag) (5.4)

where gm is the transconductance ayid the output resistance of the transistors.
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Figure 5.6 Schematic of the designed foldedscode operation&lansconductance
amplifier (OTA)

Table 5.1 The WI/L ratios of the transistors of the folded-cascode OTA shown in
Figure 5.6

M1, M2 | 400/4 | M12 | 100/4
M3,M4 | 200/4 | M13 | 17/4
M5, M6 | 150/4 | M14 | 20/4
M7,M8 | 150/4 | M15 | 100/4
M9, M10 | 200/4 | M16 | 100/4
M11 100/4 | M17 | 200/4

The high frequency small signal analysis can be used to calculate the

unity-gain bandwidth of the OTA. Poles thfe gain stage appear at drains of M3,

M4, M9, and M10 [107]. However, total reEance seen at the drains of transistors
M3, M9, and M10 are approximately 1/gamd the total capacitance at these nodes
are small. A load capacitance connectethatoutput of the circuit sets the dominant
pole of the circuit. Thus, there is no need for extra compensation capacitance for the
folded-cascode OTA, since a load capacitance connected at the output performs the
compensation, which is not the case for otlypes of OTA structures. Considering
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the dominant pole of the circuit at the outpote, unity-gain frequency of the circuit
Is expressed as [107];

(5.5)

where @ is the capacitance connected to the output of the OTA.

Slew rate of the OTA defines the ri@um operation frequency. It depends
on current passing from the output brancithef OTA, and can be calculated as;

S == (5.6)

where } is the DC current at the output branch.

One disadvantage of the folded-casctujmlogy is the reduced output voltage
swing. The effect of this disadvantagedecreased by using high-swing current
mirror type folded load which maximizes the output voltage swing of OTA. This
load consists of transistors M5, M6, M7, and M8 of Figure 5.6. If these transistors
are biased at the edge of saturationpoutvoltage swing of the OTA is maximized
to Vdd-2Vdsa.: Figure 5.7 shows the circuit, which biases the high-swing current
mirror load. On the other hand, the mamonsideration is not the output voltage
swing. Therefore, W/L ratio of the bias transistor of the high-swing current mirror
load (M5 of Figure 5.7 corresponding to M14Fafure 5.6) is selected to be smaller
than the ideal value which maximizes the voltage swing, so that process variations

will not affect the operation.

Simulations of the OTA are performed using the CADENCE design
environment. Figure 5.8 shows the gain-bandwidth simulation of the folded-cascode
OTA, and Table 5.2 presents the othenwdation results. Necessary bias voltages

are also included in Table 5.2. The layout of the design is drawn according to a 0.8
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pum CMOS n-well process and occupias area less than 280 pum x 200 pm.
Substrates of all NMOS and PMOS transistors are connected to ground and positive
supply voltage, respectively. Sealing the PMOS and NMOS transistor from each
other with substrate connections dmses the latch-up effect. Moreover,
common-centroid layout technique is usednitrease the matching of the transistors
having the same WI/L ratios [108].

® O

M3 ]| |[ M4

lout

M1 =M2 =W/L

L|_. M3 = M4 = WL x (1/n2)
|:M5 M1:| |_4| |:M2 M5 = W/L x (1/(n+1)?)

Figure5.7 Bias scheme of the high-swing cemt mirror for highest output swing.
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Figure 5.8 Gain-bandwidth simulation of the folded-cascode OTA.
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Table 5.2 Simulated performance resutisthe folded-cascode OTA.

DC Supply Voltages Vdd=5V,Vss=0V
Bias Voltage 4V

L oad Capacitance 7 pF

L ow-Frequency Open Loop Gain 89 dB
Unity-Gain Freguency 8.16 MHz
Phase Margin 65.5°
Slew Rate 6.1 Vlus
Offset Voltage 40 pVv
Input Referred Noise 26.7nV //Hz
CMRR 144 dB
Output Voltage Swing 43V
Power Consumption 1 mW

5.2.2 ChargeIntegrator and CDS

The charge integrator circuit detects the seismic mass motion of the
accelerometer via sensing the change irsérese capacitances. Figure 5.9 illustrates
the operation of the charge integrator carteé to the differential capacitance bridge.
Operation of the circuit consists of resetd integration phasdbat are defined by
the closed and open states of the switghrespectively. From the charge
conservation rule, the output voltage oé tintegrator can be calculated. Assuming
bias signal swing of 0-5 V and reference voltage of 2.5 V, thean@ Q can be

written as;
Q, =-25(C-AC)+25(C +AC) (5.7)
Q, =AVC,, +25(C-AC)-25(C +AC) (5.8)

where Q and Q are the total charges, when switghis closed and open,

respectively, andV is the change of the output voltage from the reference voltage.
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From the charge conservation rule, totarges at two different states must be
equal. Hence, equating Equations 5.7 aBd&®each other, change of output voltage

from the reference level can be written as;

2xAC
AV =V, XC— (5.9)

int

where G, is the integration capacitancdC is the change of single sense
capacitance, andyys is the peak-to-peak value of the complementary bias signals.
However, the output voltage of the charngéegrator generates error signals like
amplifier offset. In order to get ridf these error signals, a correlated double

sampling circuit is introduced in the charge integrator.

Y
/
V+
| | Cint
1.
C-AC | |
— -+
_ OTA e Vout
C+AC —— +
_l_+
V+ | | | |
Vref V- l | | |

Figure 5.9 The charge integrator schematic and operation principle.

The basic structure of the implemented charge integrator with CDS is shown in
Figure 5.10, which is similar to the strumt explained in [103]. Operation of the
circuit consists of two phases. In thest phase, OTA is buffer connected, and the
error storage capacitance, Ccds, is connected to the reference voltage level. This

generates an error voltage on the error storage capacitor. Then, in the second phase,
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the error storage capacitor is disconnected from the reference voltage level and
connected to the output. OTA is in charge integrating mode at this phase. After the
charge integration, the OTA output comiaithe signal including the error due to
OTA offset. If the output voltage of the CDS circuit is considered, this error value is

subtracted from the output of the OTA resulting in an error-free output voltage.

The charge integrator together with CBiguit is simulated with a capacitance
change AC, of 10 fF, and integration capacitanof 1 pF. Figure 5.11 shows the
simulation results of the output of the changegrator and output of the CDS. The
ideal output voltage of the integrator is 100 mV. Figure 5.11 shows that the
integrator output is very close to 100 ;36 as the CDS output, showing that the
designed OTA has a very low offset voltage. The small mismatch between the
integrator output and the CDS output is doeharge injection from switches to the
CDS capacitor.

0,

yd

| |

I I Cint

) _ | 9
To Sense /
Capacitance OTA | Out;)ut
Bridge l + Ccds \ 0,
lVref Vref =/

Figure5.10 The charge integrator circuit with CDS [103].
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Figure 5.11 Simulation result of the charge intagpr and CDS circuits for a sense
capacitance change of 10 fF. Output of the charge integrator is 100.7 mV,
and output of the CDS is 98.6 mV.

5.2.3 Fully Differential Latched Comparator

The comparator is the most importamtd limiting component of the readout
circuit, due to its finite accuracy and comparison speed. Moreover, it sets the
precision of the loop, since the output oé tbharge integrator is compared with a
reference voltage, where offset of the comparator plays an important role in the loop
error. Therefore, there is a need for a high-speed and high-precision comparator for
proper operation of the readout circuit. eTesigned comparator is a differential

comparator, but it can also be used as a single-ended one.

Figure 5.12 shows the schematic oé iimplemented comparator [109, 110],
and Table 5.3 gives the WI/L ratios of the sigtors. The circuit consists of a PMOS
differential input pair (M1, M2), NMO%nd PMOS regenerative loops (M15, M16,
and M5, M6), and an S-R latch (M8-M1¥17-M20). Note that the bulk nodes of
the input pair transistors are connected to their sources in order to prevent the
threshold variations due to bulk-to-sounsgltage variations. The circuit operates

with two non-overlappinglock signals, namely,eset andcalculate. In the reset
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phase, drains of M15, M16, and M5, M@ ahorted, which equalizes the voltages at
these nodes from the previous state. After reset signal goes low, regeneration
starts on the NMOS regenerativeirpa.e. non-overlapping period afeset and
calculate signals. This step is important faxducing the input offset voltage of the
comparator [109]. Then, in the calculateaph, the voltage difference at the drains

of the differential input pair is further amplified by the NMOS and PMOS
regenerative loops to a value very close to the supply voltages. The latch preserves

the state of the output till the start of the next calculate phase.

Simulation of the latched comparatisr performed with a 1 mV sinusoidal
signal applied to the inverting input, whil@n-inverting input is connected to 2.5 V.
Reset andcalculate signals have a frequency of 5 MHz and a non-overlapping period
of 100 ns. The bias voltage of the congtar is 4 V. As can be seen from the
simulation result, shown in Figure 5.13ethomparator operates properly with a 1
mV sinusoidal signal. The offset voltage of the comparator is 1 pV, and the settling

time of 3.5 ns.
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Thi Calc;-ﬂit'a—.i@4 :| |: :”-_
ias M5 Mé
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outp
Vinp Vinn Vnut.-;l
M1 M2 F— ‘L{[Mu Ml?]}—lf w7]| [b113

Mla— T 4 Reset
[1

g us S o}

£

Ves

Figure 5.12 Schematic of the fully differential latched comparator.
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Figure 5.13 Simulation result of latched compdor with 1 mV sinusoidal wave.

Table 5.3 The WI/L ratios of the designed latched comparator.

M1, M2 30/4 | M10,M11 10/4
M3 20/4 | M12,M13,M14 4/4
M4, M5 10/4 | M15,M16 15/4
M6, M7 10/4 | M17,M18 4/4
M8, M9 10/4 | M19,M20 4/4

5.2.4 Description of Complete Single-Ended Readout Cir cuit

Figure 5.14 shows the comefe schematic othe single-ended readout circuit
connected to an accelerometer, which requires eight clock signals that are shown in
Figure 5.15. These clocks are for propentrol of switchesrad complementary bias
signals. These clock signals are geted internally from a 4-bit synchronous
counter, through a combinational logic circuietails of this circuit are described in
the next section. The operation of the dir@ibased on the integration of the charge
due to the mismatch of the sense capacitances. The charge imbalance is generated by
complementary square waves. Opiera of the circuit connected to an

accelerometer is described below;
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If the seismic mass of the accelerometer deflected downwards, it decreases the
capacitance of the upper sense capacitorraréases the bottom. This capacitance
change results in an increase at the output voltage of the integrator during integration
time, as described in Section 5.2.2. Then, the comparator compares this voltage with
the reference voltage and generates logw b its output. This voltage is applied
to the seismic mass during the feedback time and creates a force pulling it to the

upper electrode, as described in Figure 5.5.

Operation of the circuit starts with resetting the sense capacitances of the
accelerometer. Switches operating with clogka@® used for this purpose, so that

charge imbalance on the sense capacitances due to the previous state is equalized.

Clock @ is used to connect the sense capacitances to the complementary bias
signals. Without switches operating withis clock signal, complementary bias

signals are connected to ground during reset of the sense capacitances.

Clock @ controls the switch between thed®ut node of the sense capacitance
bridge and charge integrator. After this switch is closed, charge imbalance is
integrated on the integration capacitance of the charge integrator during the transition

of the V+ bias signal to high.
Clock @Q performs the reset operation oftimtegration capacitance of the

charge integrator, and also controls the Gip8ration. If switches controlled by this

clock are closed, integration capacitance is reset, and CDS is in error sensing mode.
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Reset andcalculate, are used to control the opgoa of the latched comparator,
as described in Section 5.2.3. After threoe on the output signal of the charge
integrator is cancelled by the CDS circuit, the comparator compares this signal with
the reference voltage, in order to undiemsl the direction othe seismic mass
displacement. Then, comparator generatesudjput voltage that will counteract the
deflection of the seismic mass. During clock €is output voltage is applied to

seismic mass and nulls the deflection of the seismic mass.

Figure 5.15 shows the clock sigsalcontrolling the switches of the
single-ended readout circuit. Open-loop demions of the circuit are performed for
two different capacitance values. Figid6(a) shows the result of the simulation
with the upper and lower capacitances atecsed as 95 fF and 105 fF, respectively.
Figure 5.16(b) shows the sarssnulation where valuesf these capacitances are
reversed. Figure 5.16 (a) and (b) also show the comparator output.

Calculate [ 1 [ 1
Reset 4|
Qs 1
Q4 — ] [
Q3 0
Q2 ____ ] L |
Q1
V+ 1
CNT4 [ 1 [ |
CNT® [ o L 1 1
CNT2 | | | | | | | | | | | | | | I |

Figure 5.15 Control signals for the switches of single-ended sigma-delta interface
circuit, and bias signal of the sense capacitance bridge.
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Figure 5.16 Open-loop simulation results of thengie-ended readout circuit, (a) Top
sense capacitance is 95 fF, and bottorh@B fF, (b) values of capacitances
are reversed.

5.2.5 Digital Control Signal Generation

A digital circuit generating the proper control signals is necessary for the
proper operation of the readout circuit. eTdigital control signal generator uses a
4-bit synchronous counter having asynchronmset. The circuit generates all the
necessary control signals and their complements for switches and the bias signals for
the sense capacitance bridge. Table 5wgjithe logic functions of the control
signals, whose diagram is shown in Figure 5.15. A common problem in the digital

circuits is the output glitches that ocaluwe to the delay between the inputs of the
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circuit. The output of the complementary logic circuit is sampled by a D flip-flop at
the negative edge of the clock signalarder to overcome this problem. Output
signals are free off glitches with this rhet since output of the complementary logic

is changing at positive edge of the clock signal.

Table 5.4 The logic functions of the digital control signals.

Control : .
Signals L ogic Function
V+ CNT 4
Q1 [cNT2+CNT3+CONT4)
Q2 (eNT1+CNT2+CNT3)+[CNT3+CNT4))

Q3 (UCNT3+ CNT4)+ [CNT1+ CNT 2)) . ((CNT3 +CNT4) [CNTL- WTz)]J

Q4 ((CNT3 0 CNT4)e [ONT3- WTz)]

Q5 (cNT3+CONT4)

Calculate (cNT2+CNT3+CONT4)

Reset (CNT4- [cNT1. CNT 2. ONT 3)]

5.3 Fully-Differential Readout Circuit

Different from the single-ended readout aitcfully differential approach uses
fully-differential charge integrator as the front-end circuit. This approach is very
popular for several reasons. Most impottadvantage of the fully differential
approach is its immunity to common mode errors, like the switch-introduced noise
and the noise on the power rails [102]. iylaifferent accelerometers utilizing fully
differential readout techque are reported in tHigerature [21, 29, 39, 87, 102, 105,
111, 112]. Figure 5.17 shows the simplified stuwe of the fully-differential readout

circuit. The circuit utilizes the fullghfferential capacitance bridge interface for
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acceleration detection. Foretlaccelerometer prototypes presented in this thesis, this
structure can be constructed with two aeomineters having very similar resonant
frequencies and sense capacitances, where each accelerometer constructs one of the
sense capacitance of the diffetial bridge. Another approach is to use a single
accelerometer and two reference capacitances instead of capaciaarse @ [21,

102]. For the two accelerometer case, the operation of the circuit is as follows:
Under acceleration, the middle nodes o€ ttwo differential bridges generate
complementary charge packets. These ¢ementary charge packets are integrated

by the fully-differential charge integrator, resulting in complementary output voltage
shifts. After the amplifier offset cancellation and further reduction in the common
mode errors by the CDS circuit, the latched comparator generates a single-bit
according to the differential output. Then, these voltage levels are feedback to the
seismic masses of the accelerometers for forcing the seismic masses to null position.

Digital output of the circuit can be obt&d from one of the optits of the latched

comparator.

VA o,

c, ¢ 0
Charge CDs Latched
Integrator (Error Cancellation) Comparator

9,
_lxc, ¢,
IV_ (pz

Figure 5.17 Basic structure of the fully-differential readout circuit.

The basic component of the fullyfiirential readout circuit is the
fully-differential OTA that is used for the lfy differential charge integrator circuit.
The differential comparator described Bection 5.2.3 is used as the latched
comparator. Rest of this section delses the components used for the construction

of the fully differential readout ciréuand the detailed operation of the loop.
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5.3.1 Fully-Differential Folded-Cascode Operational Transconductance
Amplifier

Fully-differential OTA is very advantagus in terms of rejection of the
common mode errors for switched-capacapplications [102]. Figure 5.18 shows
the schematic of the fully-flerential folded-cascode OTA structure [112], and Table
5.5 shows the W/L ratios of the transistoiidie circuit consists of two main blocks:
the bias circuit and the main OTA parT.he bias circuit generates necessary bias
voltages for the folded branch of the ®Tand also for the drive current of the
differential input pair froma single voltage supply. Note that the CMFB (common
mode feedback) terminal in Figure 5.18 is notinected to the bias circuitry, whose

bias is separately genézd by the CMFB circuit.

Although the fully-differential approacis advantageous iterms of reducing
the common mode errors, it needs a CMff8uit. The output common mode level
of the output voltage is undefined since theut voltage of the OTA is differential
and common mode gain is very low [107¢leally, the CMFB circuit tries to set the
common mode level of the output, prefdyatp the half-way between the power
supply voltages in order to maximize theputtvoltage swing. This is achieved by

controlling the current passing through the folded branch of the OTA.
Figure 5.19 shows the implemented CMFB circuit for setting the output
common voltage level of the fully-diffeméial OTA [109, 114]. The circuit operates

with two non-overlapping clds. Expression relating the total charge in the two

phasesd¢; and¢,) can be written from the charge conservation rule as [109];

(Cl +C, ) |.Vcom (¢2) ~Verty (¢2 )J =G (Vbias _ch) *+C,[Voom (¢1) ~Vero (¢1 )J (5.10)

where \,om is the common mode outputltage level and defined as;

Vcom = (\/outp +Voutn )/2 (5 11)
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Equation 5.10 states that, in order todngtable common mode output voltage
level, (Veom - Vemi) at two clock phases should lequal to each other and also
should be equal to (s- Vem) [109]. WiasiS selected as 3.95 V andMs selected
as 2.5V, considering the necessary CMieBage in order to set the output common

mode voltage level close to 2.5 V.

Figure 5.20 shows the simulation resofitthe common mode output voltage
level of the fully differential folded-casde OTA with the switch capacitor CMFB
circuit. The common mode output voltalgeel of the OTA comes closer to the
desired output voltage leivef 2.5 V with every clock pulse. The common mode

voltage level can berfe trimmed to 2.5 V by properly adjusting thgapwoltage.

Table 5.5 The WIL ratios of the transistors of the fully-differential folded-cascode

OTA.
M1 100/4 | M13,M14 | 140/2
M2, M3 80/2 M15, M17 | 40/4
M4, M5 80/4 M16, M18 | 40/2
M6 16/4 M19 10/4
M7 240/2 | M20 40/4
M8 240/4 | M21 40/2
M9, M11 120/2 | M22,M23 | 120/2
M10,M12 | 120/4 | M24,M25 | 120/4
(Pz (Pl
Vbias P Voutp
L c1(1pF) _1 C2(4pF)
2 @, Vemfb
Vem — /
—L_c1(1pF) 1 C2(4pF)
(Pz -1 (Pl -1
s Voutn
Vbias

Figure 5.19 Schematic of the common mode feedback circuit for the
fully-differential folded cascode OTA [114].
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Figure 5.20 Simulation of the fully differential OTA with CMFB circuit. CMFB
circuit sets the output of the fully-differential OTA to 2.5 V.

Table 5.6 gives the performance values and summary of the designed
fully-differential folded-cascode OTA structure. Figure 5.21 illustrates the
differential gain-bandwidth simulation of the OTA. The OTA has a relatively large
low frequency open-loop gain with a highgse margin, and it is used to implement
the fully-differential charge-integrator freend of the fully-differential readout
circuit. Since operation of the fully-differential charge-integrator is very similar to
the single-ended one, it is ndéscribed separately. lead, the overall operation of

the fully-differential topology is described in the next section.

Table 5.6 Performance values and necessary parameters of the designed
fully-differential folded-cascode OTA.

Supply Voltages Vdd =5V, Vss = 0V
OTA Bias Voltage 4V
CMEB bias (Vbias) 3.95V
Vecm 25V

L oad Capacitance 4 pF
Slew Rate 5.6 Vlus
Differential Offset ~ 0V
Power Consumption 2.1 mW
L ow-frequency Differential Gain | 90.7 dB
Phase Margin 68.5 deg
CMRR 310 dB
Unity Gain Frequency 29.7 MHz
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Figure 5.21 Open-loop gain-bandwidth simulation of the fully-differential
folded-cascode OTA.

5.3.2 Description of the Fully-Differential Readout Circuit

Figure 5.22 shows the schematic of thiyfdifferential readout circuit. The
operation principle is very similar to the siegended readout circuit. In addition to
the seven clock signals that are shoim Figure 5.15, there are two additional
non-overlapping clock signals for the CMR&rcuit. Note that the switches of
fully-differential readout circuit have the same functions with those of the
single-ended readout circuit.

Operation of the circuit starts with resetting the sense capacitances of the
fully-differential sense capacitance bridgktegration capacitances are reset by the
Q4 switches before applying the bias signals to the sense capacitance bridge.
Meanwhile the CMFB circuit sets the out@rd input common mode voltage levels
of the fully-differential OTA close t@.5 V, since input and output common mode
levels of the OTA are not stable withouistloperation. If the amount of deviation is
large, bias signals applied to the sense capacitance bridge for sensing seismic mass

motion can exert force to the seismic mass, which results in oscillation of the seismic
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mass. After setting the common mode level, and resetting the integration
capacitances, complementary bias signals are applied to the fully differential sense
capacitance bridge. Due to these bias signals, the charge mismatch is integrated on
the fully-differential charge integrator resulting in complementary output shifts at the
differential outputs of the charge integratofhe differential comparator senses the
shift and generates the complementary outputhe force-feedback operation of the

seismic masémasses).

Note that the CMFB circuit does not operate during the integration time of the
charge-integrator. This is because of ghiches that are appearing at the output of
the fully-differential OTA during the switch-capacitor CMFB circuit operation as
shown in Figure 5.20. Another cause is tevaent CMFB circuit to affect the charge
integration operation of thelly-differential OTA.

Figure 5.23 (a) shows the simulation dé$or a capacitance mismatch of 2 fF
for each differential bridge (C2 is higherr fine left differential bridge and C3 for the
right differential bridge). The calculatelfferential output voltage is -20 mV where
as the simulated is -19.94 mV. Figw23 (b) shows the simulation for the same
capacitance mismatch but values of the capacitors of each differential bridge are

reversed. The differential output voltage is 19.93 mV.
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Figure 5.23 The open-loop simulation of the fully-differential readout circuit for a
capacitance mismatch of 2 fF for each differential bridge. (a) C2 is higher for
the left differential bridge and C3 ftine right differential bridge, (b) values
of the capacitances are reversed.
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5.3.3 Digital Control Signal Generation

Digital signals controlling the operation tife fully-differential readout circuit
is the same with that of the single-ended readout circuit, which are described in
Section 5.2.5. There is an additional digital circuit that is generating the necessary
non-overlapping clock signals for the opera of the CMFB circuit. Figure 5.24
shows the circuit that is used for nowmerlapping clock generation. The circuit
consists of two cross-coupled NOR gateith delay elements connected to their
outputs. Delay element consists of snsitled inverters with dummy inverters as
capacitive loads. Non-overlapping clock outputs are synchronized with reset
operation of the charge integrators (ref@rSection 5.3.2), and therefore the CMFB
circuit operates only when the fully-differential OTA is connected in negative

feedback mode.

CLK 0l

> Delay D—’

¢2

Delay ) ’

Figure 5.24 The schematic of the non-overlappirigck signal generator circuit.

5.4 On Chip Testing of Charge Integrators

On-chip test capacitances are included in the designed chip for testing the
proper operation of the charge integrators. These capacitances consist of imbalanced
capacitive bridges simulating the sense capaces of the accelerometers. These
capacitance bridges are connected to tiputi of the charge integrators through

switches. These switches are controllathva decoder circuit. Figure 5.25 shows
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the structure of the test capacitance brsdged Table 5.7 gives the values of these
test capacitances. There are three differential bridges for the single-ended charge
integrator and four for the fully-differentigharge integrator. An eight-bit decoder

is necessary for controlling the connectionttadse bridges to the inputs of the charge

integrators including the exteal accelerometer connection.

> > V+
V+ >
‘ > ‘ Fully-diff
8. lntegrator
T e
N DR |
C1 ° g cf
o
&
(Yrr} B — —/ o000 —/
Fully-diff
Integrator
V_ >
> >\
(a) (b)

Figure 5.25 The structure for connecting testpeaitances to (a) the single-ended
and (b) fully-differential readout circuit. Each capacitance bridge is
connected to the charge integrators by closing the switches.

Table 5.7 Values of the test capacitanceghanotation used in Figure 5.25.

Cl(fF) | C2(fF) | C3(fF) | C4(fF)
Fully 1 | 20491 | 195.8 195.8 204.91
Differential | 2 | 949.3 450.7 450.7 549.3
Bridge 3 | 210.3 190.4 190.4 210.3
4 | 525.1 474.5 474.5 525.1
Differential | © | 195.9 204.9
Bridge 6 | 190.4 210.3
7 | 450.6 549.2
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5.5 Unity-Gain Improved Buffer Capacitive I nterface Circuit Design

In addition to the readout circuitdlesigned for the MEMS capacitive
accelerometer, another interface circuit for sensing the motion of a capacitive
gyroscope is designed and fabricateithwva 0.8 pm n-well CMOS process. This
circuit can be used in the future while implementing an inertial measurement unit

(IMU), where three accelerometers and three gyroscopes are used.

The operation principle of a capacitive MEMS gyroscope is given in [115].
The structure of the MEMS gyroscope thatléveloped at METU is shown in Figure
5.26 [116]. The gyroscope operates according to the Coriolis coupling principle.
The proof mass is vibrated along drive mode (Figure 5.26 (a)). When the gyroscope
Is rotated around substrate plane, the proaks starts to vibrate along the sense
mode (Figure 5.26 (b)) due to Coriolis cting [115]. Since sense and drive mode
capacitances of the structure is veryaimand these nodes are highly capacitive,
there is a need for a capacitiveéerface, such as a buffeitiv high input impedance.
Such an improved buffer structure is proposefll00], where it has very high input
impedance. A modified version of this structure is implemented in this work, where

both the gain and the input impedance of the structure are improved further.

Figure 5.27 shows the flipped vesi of the improved buffer structure
proposed in [100], when drawn in the n-w€MOS process. The circuit is biased
with an external resistor through a diamnected PMOS transistor. There are two
outputs of the circuit. The first one ihe shield output, which is used for
bootstrapping. The other one is the off-chip output, capable of driving resistive loads.
C. represents the capacitance that is driven by the shield output. The key issue in the
design is the minimization of the input @atance and achieviregbuffer gain close

to unity.
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(@) (b)

Figure 5.26 Structure of the MEMS gyroscopewdoped in METU. (a) Drive mode
of the gyroscope, (b) sense mode of the gyroscope.

There are three components of the totput capacitance, which are due to the
input transistor, M1. These mponents are gate-to-sourcedCgate-to-drain (g),
and gate-to-bulk (&) capacitances. These capacitances can be minimized by
forcing the source, bulk, and drain voltagestrack the gate voltage of the input
transistor [100]. The small-signal gatesodrce voltage of the input transistor, M1,
is inversely proportional with the open-logjain of the amplifier, which provides
desired reduction in the,C On the other hand, connecting the bulk terminals to the
source terminals (n-well pcess) and utilizing the opeodp gain of the amplifier on
the reduction of the gate-to-source capacitance can regycer@nsistors M3 and
M4 are included for the reduction of the gate-to-drain capacitances,. These
transistors are copying the drain voltageM# to the drain of M1, thus forcing the
drain voltage of the M1 to track the tgavoltage [100]. This lowers they{

component of the total input capacitance.
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Figure 5.27 Schematic of the improved buffstructure proposed by [100].

Figure 5.28 shows the proposed buffer streestwhich is the modified version
of the buffer structure shown in Figure 5.Zircuit operates with2.5 V and -4.0 V,
with a biasing resistor of 15k Current mirrors M3, M4, and M5, M6 are replaced
with cascode current mirrors in this stwet. This both increases the open-loop gain
and decreases the input capacitance eflibffer. Table 5.8 compares the gain
transfer functions and input impedanceshaf two improved buffer structures, where
I, IS the output resistance of a transistor apdsgthe transconductance. Common
source output stages are excluded in theutaions. The new buffer design has a
lower input capacitance and also highandhan the buffer structure of [100].

One drawback of the new circuit is the decreased output voltage swing due to
the high number of cascaded transistdfertunately, this does not have the primary
importance, since output voltage of the citcis expected to be in the order of
millivolts.
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Besides the capacitances associated thighinput transistor of the improved
buffer structure, there aresal routing capacitances thdirectly adds to the input
capacitance of the improved buffer structude. order to minimize the capacitance
due to the routing lines, a techniquelex bootstrapping is used. Figure 5.29
describes this technique. The metal-2 line is carrying the signal coming from the
capacitive gyroscope. This metal-2 linesisielded from the conductive substrate
with the metal-1 line, which is carrying the shield output of the buffer. Forcing the
shield output to have theame potential with the buffenput suppresses much of
parasitic capacitance from the signal carrying routing metal to the substrate. The
shield output of buffer must be identical witke input voltage for effective shielding,

which can be achieved with buffer gain very close to unity.

vdd
|—c||:M11 |—o||:|v|12 |—0||:M13
: ' =
%’ oo o e

v

M3:| _4 M4 shield

e ool L

w7 H———{ e
M9 | ————{[M10
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Vss

Figure 5.28 The schematic of the proposed improved buffer structure.
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Table 5.8 The gain-transfer function and input iegance formulas of buffer circuit
in [100] and proposed structure.

Reference [100] Proposed
Gain i i
Transfer R 1+ - 0
Function Ommilome  Imm1 Imm1Imme foms om0 Imme

Input

-1 -1
sC sC
| . gmi| 1 + 1 +C, gs,Ml[ 1 + 1 +SC|_]
mpedance 20mm1 Toms  Towms 20mm1 (Tomiz  Immelomelomio

Metal-2 layer carrying
the input signal to the buffer

Metal-1 layer used for shielding
the parasitic field lines

Substrate

Figure 5.29 Bootstrapping of the signal metal-2 line with metal-1 line carrying the
shield output of the improved buffer structure.

The improved buffer structure is desigrfed sensing the drive and sense mode
motions of a capacitive MEMS gyroscope. Connecting the high impedance buffer
input to a capacitive gyroscope addressesieed for DC biasing of the high
impedance input node of the improved bufféhis is achieved with a minimum size
PMOS transistor operating in sub-threshadgion connected between the input node
of the improved buffer and ground. The Vel of the input node is not defined,
and the output of the buffer saturates withthis DC biasing. Simulations of the
circuit is performed assundra capacitance of 0.035 fi#t* between the metal-1 and

metal-2, and also 0.03 fi#h” between metall and field oxide, in order to calculate
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the capacitance that the shield output drives [117]. Table 5.9 gives the simulation
results of the proposed improved buffer structure. As can be seen from the results,

gain of the buffer circuit is very close to unity.

As
expected, the gain is increased and akput capacitance of the buffer is reduced

Table 5.10 compares the simulation results with the results of [100].
with the new improved buffer structure desigklso the rms noise of the circuit is an

order of magnitude lower than the rmm®ise of [100], which is due to the

replacement of the diodedsing technique with the transistor biasing technique.

Table 5.9 Simulation results of the proposed improved buffer structure.

Shield Output Gain 0.999997
Output Gain 0.9804
Offset Between Shield and I nput ~0V
Input Capacitancew/o biasing Tr | 2.2637 fF
Input Capacitance with biasing Tr | 22.0 fF
Bandwidth 13.7 MHz
Rms output Noise (50 kHz) 6.32pVrms
Output Voltage Swing 2.0 Vpp
Power Dissipation 1.5 mW

Table 5.10 Comparison of the simulation resutié proposed improved buffer with
improved buffer structure of [100].

Reference [100] Proposed
Input Capacitance 4.32 fF 2.2637 fF
Shield Output Gain 0.9965 V 0.999997 V
Rms Noise (50 kHz) 81 pVv 6.32 pv
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5.6 CMOS Chip Designed for the Readout Circuits

Designed single-ended and fully-diféstial readout cingits, and improved
buffer structure are fabricad in the AMS 0.8 um n-well CMOS process. Test
results of these designs are presentethénnext chapter. Figure 5.30 shows the
complete photograph of the fabricated clmgluding the readout circuits. The

bonding pad list for the readout circuits are given in Appendix B.
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Figure 5.30 The photograph of the fabricated chip designed for readout circuit. The
circuit occupies an area of 4 fim
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5.7 Summary

Performance of capacitive accelerometers majorly depends on the minimum
detectable capacitance change. Therefore, there is a need for a high performance
readout circuit capable of weting capacitance changestive order of attofarads.

This chapter describes the design anmgblementation of two different readout

circuits capable of operating in bothpen and close loop and detecting small
capacitance changes. Moreover, these readoutits are capable of performing the
force-to-rebalance operation.

Two different readout circuits are dgsed, namely, the single-ended readout
circuit and the fully-differential readout cuit. The fully-differential approach is
advantageous in terms of reducing thenomn-mode errors at the output of the
charge integrator circuit. Both circuits use CDS in order to cancel the charge
integrator offset. The latched comparator at the output of the charge integrator
defines the feedback voltage that will be applied to the seismic mass of the
accelerometer for the fioe-feedback operation.

In addition to these readout circuits, iamproved buffer having very high input
impedance is designed for sensing the drive and sense mode motions of a capacitive
MEMS gyroscope. This circuit can beedswith gyroscopes, when an inertial

measurement unit is required to be implemented in the future.
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CHAPTER 6

FABRICATION AND TEST RESULTS

This chapter presents the fabrication and test results of the MEMS
accelerometers, fabricatedMOS readout and interface circuits, as well as the
open-loop tests of the hybrid-connecteccederometer and single-ended readout
circuit. This chapter also includes the tests of the improved buffer capacitive
interface circuit hybrid connected to a capacitive microgyroscope sample. Section
6.1 presents the testing methods and testlts of the individual accelerometer
prototypes. Section 6.2 gives the test ltssof the capacitive readout and interface
circuit.  Section 6.3 presents the tasisults of the improved buffer circuit
hybrid-connected to a gyroscope sampkgection 6.4 gives the test results of the
single-ended readout circuit hybrid connedi@dn accelerometer prototype. Finally,
Section 6.5 presents the summary of thegptdr and discusses the test results.

6.1 Fabrication and Test Results of Individual Accelerometers

Capacitive MEMS accelerometers afabricated with the process steps
described in Chapter 3. Optimization of theustural mold resist is difficult due to
the sensitivity of the SJR 5740 resist to cleanroom temperature and humidity.
Therefore, an important step in the pregés the development of the SIR 5740 resist.
During development of the resist, feature size of the structural resist increases and
gap spacing of the comb fingers decreades to the lateral development of the
unexposed resist. This also results inlevispring widths from the original design.

From the SEM views, this expansionestimated to be 1.5-2.5 ymhanging due to
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the curved surface of the hotplate which results in different soft bake temperatures
throughout the wafer. The effect dis expansion on the performance of the
accelerometers is the change in the masb frequency due to the expansion in
springs, as well as, the change in the total sense capacitance. For lateral springs, the
spring constant is proportional to the thpower of the width, thus expansion in the
width of the springs results in an increaséhie resonant frequency of the structures,

as described in Section 2.3.

In addition to the feature size and gap spacing change due to the structural
mold resist, the thickness of the fabricatézl/ices also vary throughout the wafer.
Thickness of the nickel structural layer is estimated between 15 um and 17 um. This
is due to the variation of electroplating thickness through out the wafer surface. It is
a well known fact that electroplating occuraich faster at the edges of the wafer
than the center of the wafer due to the increased number of field lines at the edges of
the wafer. This affects both the total sense capacitance of the structures and also

weight of the seismic mass.

Figure 6.1 SEM picture of a fabricated accedereter with optimized fabrication
process.
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Figure 6.1 shows the SEM picture offabricated accelerometer with the
optimized fabrication process, and Fig@€ shows the spring, comb fingers, and
etch holes of the same accelerometer, as well as, demonstrating the gap between the

seismic mass and substrate.

A test structure is used for stress characterization of the electroplated nickel,
whose deflected photograph is shown in Fég8.3. The deflection direction of the

test structure shows the type of tiesidual stress, which is compressive.

ME T L = B L

Figure 6.2 SEM picture of comb fingers, etch holes on the seismic mass, and spring
of the accelerometer of Figure 6.1.
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Figure 6.3 Characterization structure for the nickel electroplating. There is
compressive residual stress in the electroplated nickel structural layer.

Test methods and tests ofdividual accelerometers are presented in the
following parts of this section. Moreovehese test results are compared with the
calculated results in the following d$Ems, which are updated according to the
achieved process results. The calculated results are updated assuming that the
structural thickness is 16 um, the finger gaps decrease 2 um compared to the original
gaps on the designed mask, and the spring widths increase 2 um compared to the

widths on the designed mask.

6.1.1 Tests Performed on the Accelerometer Prototypes

Various tests are performed on the fabricated micromachined accelerometers
for determining their performance values and also evaluating the fabrication steps.
There are mainly four different tests ttzae performed on the designed prototypes:
the stiction test, the short circuit test, the sense capacitance measurement test, and the

resonant frequency test.

First test, namely the stion test, is performed using a probe station. Aim of

this test is to evaluate the releasing of the accelerometer structure with sacrificial
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layer etching. In this test, the sampeplaced under the microscope of the probe
station, and a probe tip is used to mdihe seismic mass of the accelerometer
through the sensitive axis of the structureis iimportant to move the structure in its
sensitive axis, otherwise possible deformations in the springs of the accelerometer
can occur, resulting in a damaged accelerometer sample. Fortunately, we have not

encountered in a stiction problem throughting releasing of many accelerometers.

The second test is the short circuistiethe aim of which is, to check the
possible shorts between the rotor fingers and stator fingers of the accelerometer. The
sample is placed under the muscope of the probe station. With the help of the
probe tips and a multimeter, any short circuits between the rotor fingers connected to
the seismic mass and stator fingers are checked. There were some accelerometers,

which failed in this test, and therefore, they are eliminated from the further tests.

The third test for the samples havipgssed above two tests is the sense
capacitance measurement test. Two sensacitapces of the accelerometer forming
the differential bridge are measured and compared. This test also shows the
mismatch between the two sense capacitances. The sense capacitance measurement
is also performed with the help of a prattation. An impedance analyzer is used for
measuring the capacitance between the rotor and stator fingers. However, measuring
capacitances in the order of femtofarated special attention because parasitic
capacitances due to the probes of the probe station can affect the measurement results.
For this reason, the impedance analyzer rnastalibrated before each measurement.
For the short circuit calibration, probe dighat are connected to the impedance
analyzer are first short circuited on the anchor of the accelerometer. Then, for the
open circuit calibration, one dhe probes is moved to the other anchor, where the
measurement will be taken, and the othebpris not moved from its location. Then,
before touching anchor with the proltee open circuit calibration is performed.
With these measurements much of the giicacapacitances between the probes are
eliminated. It should also be noted heratttne calibration must be renewed, if the
probe tips are moved from their locations.
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The last test for the accelerometer prototypes is the resonant frequency
measurement tests. This test is performed with a network analyzer and with the help
of a probe station. The measurement tepmmifor the resonant frequency test is
illustrated in Figure 6.4. Sweeping AC outmitthe network analyzer is connected
to one of the stator electrodes, and theisgnaput probe of the network analyzer is
connected to the other electrode. If there is a DC bias connected to the seismic mass
of the accelerometer, this creates an alternating force on the seismic mass of the
accelerometer, Section 2.4.2This force resonates thgeismic mass, when its

frequency sweeps through the mechanicalmasoe frequency of the accelerometer.

Network
Analyzer
(ONO)
Sensing
AC Output Input
Seismic
Mass
—= ~::» Stator
Electrodes
——_— DCBias

Figure 6.4 Connections of the network analyZer the resonant frequency tests of
the accelerometer samples.

A capacitance variation between the seismic mass electrode and stator
electrode, where sensing input of the nekvanalyzer is connected, occurs due to
the resonating seismic mass. This capacitance variation creates an alternating current

as,;

200V, dC

= — A
ot dt dt ©.1)
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where C represents the capacitance between the seismic mass and stator electrode,
and Q is the total charge on the sensing capacitance. Note that the voltage between
the seismic mass and sermgielectrode is constant, so only the second term
contributes to the alternating current. Tairnating current is converted to voltage

by the resistance and capacitance of the probe of the network analyzer and compared
with the drive signal for the magnitude plot. Since vibration of the seismic mass is
maximum at resonance, this results in the highest output current. Therefore, we
observe a peak at the network analyzeris Peak represents the resonant frequency

of the accelerometer.

6.1.2 Test Results of Prototype-1

This prototype has three different versions according to their spring length, and
each version has subgroups according to thrger length and fingers gaps. For all
versions, only 5 um spaced fingers could be fabricated. Moreover, accelerometers
having cross-over type sense fingers cautl be fabricated since the development
of the small anchors could nbe completed. This makehe adhesion of the small
anchors to the substrate weaker. Thdsting releasing, fingers having small

anchors are pealed off from the substrate.

Figure 6.1 and 6.2 show the SEM picture for a sample having 200 um length
fingers and also having 200 um. Table idicates the devices passing all the tests
which are described in Section 6.1.1 (Note thvaginally finger spacing is 5 um for
all devices that could passethests). Moreover this table gives the calculated values

of each fabricated accelereter type according to the optimized process conditions.

Figure 6.5 shows the total sense capacgameasurement versus percentage
error between the two sense capacitancesdueral samples. Devices are divided
into two groups during sense capacitanaasurements, with comb fingers having
90 um overlap length and 200 um ovprla Measurement results show large
variation from sample tosample due to differenphotolithography resolution

throughout the wafer. Moreover, measuoeghacitance values are higher than the
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expected sense capacitance values. That is due to the parasitic capacitances between
the comb fingers. Section 6.4 presentssiheulation of these pasitic capacitances,
while characterizing the performance of accelerometer hybrid-connected to the

readout circuitry.

Table 6.1 Updated performance values for prototype-1 according to optimized
process conditions. “SW” correspondssiaring width, “FOL” corresponds
to finger overlap length, “FS” corresponds to finger spacing. Detailed
description of each version can be found in Section 4.3.1.

Framiney | SW | Finger | FOL | FS o ngcgfart‘;e
(kHz) | M) | Type | (um) | (um) | p) (tHo)
Versionl 6.8 5 1 29000 g 22(7) g-iig
Version2 3.7 5 1 29000 g é% ézgg
Version3 2.4 5 1 29000 2 22(7) ggi

Total Sense Capacitance vs Percentage Error
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Figure 6.5 The measured total sense capacitance versus mismatch between the sense
capacitances for prototype-1. Increase in the sense capacitance is due to the
parasitic capacitances.
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Resonant frequency measurements are performed for each sample as described
in Section 6.1.1. Resonaiitequencies of samples eameasured under same
condition, for an AC excitation voltage of 1.2%ms and DC bias voltage of 5 V. It
is important to apply the smallest possible DC voltage to the mass to prevent the
electrostatic spring constant effect for vagygap sense fingers. Figure 6.6 shows a
resonant frequency measurement resultaforaccelerometer. Figure 6.7 shows the
measurement results for each version akeerometers. The measured frequencies
are close to the calculated values coesid) the thickness variation throughout the
wafer. Variation in the remant frequencies for each viersis again due to varying
spring widths for each sample.

CH1 RASE Iag MAG z.5 EBI REF -5@.45 dE -649.4 dE
: : : : : : 3. 355 kHzZ

Es E}URE-E---E}N

CHZ AfR  phase ) o; REF 28 = S.7178 °
: : : : : : 3. 355 kHzZ

cr

---------- T e SOURCE ON

EBll 18 H=z POHERE 18 dBEm SHP__949.68 sec
ET Z.5 kHz STOP 4 kHz

Figure 6.6 The output of the resonant frequency measurement for an accelerometer
sample.
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Resonant Frequency Measurements
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Figure 6.7 The resonant frequency measurements for several samples from each
version of prototype-1. Variation ithe resonant frequency is due to the
varying spring width, related width the photolithography resolution change
throughout the wafer.

6.1.3 Test Results of Prototype-2

Figure 6.8 shows the SEM picture of fladricated prototype-2 accelerometer.
Table 6.2 shows the updated performanceeslof two versions of this prototype
according to the optimized fabricatioorditions. Fabricated devices hayerband
4um drawn sense finger gaps, but there is a reduction of 2 pum in the finger gap on
average. Some devices have more and some have less change in the gaps due to the
changing photolithography resolution thrivogt the wafer. Therefore, resonant
frequencies and sense capacitances of the samples are not matching well with each

other.
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Figure 6.8 SEM picture of the fabricated prototype-2 accelerometer.

Table 6.2 Updated performance values for prototype-2 according to the optimized
process conditions. “FL” corresponds to finger length, “FOL” corresponds to
finger overlap length, “FN” corresponds to finger number, and “FS”
corresponds to finger spacing.

e | FL | FOL | N | FS Tl | Capad i
(kH2) (um) | (um) | (um) | (um) (fF) (fF)
: 138 | 2 195 117
Versionl| 2.3 30 10 %0 3 113 0.68
: 138 | 2 | 586 1.17
Version2 2.03 60 30 120 3 339 0.68

Figure 6.9 shows the percentage error between the sense capacitances versus
total sense capacitance of the two versigingrototype-2, and Figure 6.10 shows the
measured resonant frequencies of theqgbype-2 samples. Measured results are
close to the calculated ones. Finally, Feg6.11 gives resonanefijuency test result
of a sample. Note that Q factor of this prototype is much higher than the prototype-1

due to varying-area type comb fingers.
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Percentage Error vs Total Sense Capacitance
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Figure 6.9 The percentage error versus measured total sense capacitance values for
prototype-2.
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Figure 6.10 The measured resonant frequencies for prototype-2.
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Figure 6.11 A resonant frequency measurement foototype-2 with 20 Vdc bias
and 1.25 Vrms AC excitation.

6.1.4 Test Results of Prototype-3

This structure suffers from the compressigsidual stress of the electroplated
structural nickel layer. Due to the large seismic mass of the structure, center of the
seismic mass curls up, while edges curl doauching to the substrate. Therefore,
these structures could not be effectivedleased. Figure 6.12 shows the fabricated
device, where the seismic sgis deflected along its sensitive axis, and Figure 6.13

shows the edge of the seismic mass touching the substrate.

— 188Fm F1 [EEH
X258 3Z9mm

Figure 6.12 SEM picture of the fabricated prototype-3, where the seismic mass is
deflected along its sensitive axis.
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Figure 6.13 SEM picture of seismic mass of pobtpe-3. Edge of the seismic mass
is touching the substrate.

6.1.5 Test Results of Prototype-4 and Prototype-5

From these two prototypes, samples having oply finger spacing could be
fabricated. Table 6.3 shows the updapedformance values for prototype-4 and
prototype-5 according to optimized processditions. During these calculations 3
um reduction is assumed specific for these two prototypes based on the SEM
observations. Figure 6.14 shows the fingdrthese devices, where finger gaps are
around 2 um. Measured capacitance aesonant frequencies for these two
prototypes are given in Table 6.4. Moreover, resonant frequency measurement for a
sample is given in Figure 6.15 for prototype-Mote that Q factor of the device is

higher than the prototype-1 due to loweerlap length of the sense fingers.
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Table 6.3 Updated performance values of prototypes 4 and 5 according to optimized
process conditions. “FOL” corresponds to finger overlap length, “FN”
corresponds to finger number, “FS"roesponds to finger spacing, and “SC”
corresponds to sense capacitance.

oy | FoL | En [ s [ 158 G
Prototype-4 3.26 50 76 2 269 3.14
Prototype-5 2.31 50 76 2 269 6.25

V

i

180K
9 @A

ME TLU = B kL)

Figure 6.14 SEM shows theZm finger gaps for prototype-4.

Table 6.4 Measurement results for the prototypes 4 and 5.

Sense
Sample Resonant Total Sense Capacitance
Frequency Capacitance Mismatch
(%)
1 3.705 347 4.68
Prototype-4 2 3.69 322 151
Prototype-5 1 2.28 285 1.14
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Figure 6.15 Resonant frequency measurement result for an accelerometer sample of
prototype-4. DC bias is 5V arflC excitation voltage is 1.25 Vrms.

6.1.7 Test Results of Prototype-6

Figure 6.16 shows the SEM picture of fabricated prototype-6 accelerometer.
This prototype utilizes metal lines undeath the seismic mass instead of comb
fingers. Table 6.5 gives the updated perforoeavalues of the structure according to
the optimized fabrication. During these cddtions, a 2 um increase in the width of

the springs is used based on the SEM observations.

Table 6.5 Updated performance values ofopotype-6 according to optimized
process conditions, assuming a 2 pm increase in the width of the springs.
“SW” corresponds to spring widtiBW” corresponds to bar width, and
“SC” corresponds to sense capacitance.

Resonant sw | Bw | M etal | Total | Capacitance
Frequency w@m) | (m) Line | SC Sensitivity

(kH2) H # | (fF) (FF/g)
15 | 2x42| 948 475
Ver.l 3.148 S T30 [ 2x21| 474 237
15 | 2x42| 948 2.75
Ver.2 4.138 6 30 [ 2x21| 474 1.37
15 | 2x42| 948 1.73
Ver.3 5214 T 730 [ 2x21| 474 0.86
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Figure 6.16 SEM picture of the fabricated prototype-6 accelerometer.

Test results show that measured sengaatances of the structures does not
match with the calculated capacitance values. This is most probably due to the
fringing field between the metal lines beneath the mass and column-shaped
electrodes of the mass. During the capaciacalculations only the overlap area is
considered. A capacitance increase of 30 % due to fringing fields is acceptable for a
two parallel plate capacitor; however, since parallel plate capacitors in this design is
misaligned (Figure 4.17), the increase in the capacitance due to fringing fields is
much higher. Table 6.6 gives the measus=bnant frequencies for each version of
prototype-6, and Figure 6.17 gives the pdbtthe sense capacitance measurements
for two different types of bar widths.Figure 6.18 gives a resonant frequency

measurement result for a sample of prototype-6.

Table 6.6 Measured resonant frequencies for prototype-6

Sample 1 Sample 2
Versionl 4.3 kHz
Version2 4,72 kHz 4.54 kHz
Version3 5.3 kHz 5.73 kHz
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Figure 6.17 Percentage error versus total sereggacitance plot of the prototype-6.
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Figure 6.18 Resonant frequency measurement of prototype-6 with 40 Vdc bias and
1.25 Vrms AC excitation.

6.1.8 Test Results of Prototype-7
Structures in this category consist of a single variable sense capacitance and a
fixed reference capacitor, so resonant fregies of these structures is measured by

applying both AC excitation and DC biagnal to the seismic mass of the device
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and measuring the output signal from thedo electrode. However, only one of the
two samples could be characterized wftis technique. Figure 6.29 shows the SEM
picture of the fabricated device, and Tabl7 gives the measured sense capacitance,

reference capacitance values, and resoimaquency of this prototype.

Figure 6.19 SEM picture of fabricated prototype-7.

Table 6.7 Measured sense and referencepac#tance values, and resonant
frequencies for prototype-7.

SenseCap. | Ref. Cap. | Meas. Res. Freq
Version-1 | 460 fF 1200 fF 8.34 kHz
Version-2 | 800 fF 1570 fF

There is a large difference between the sense capacitance and reference
capacitance of the structure. This is due to the fact that compressive stress causes the
springs to buckle upwards, so the seismic mass, decreasing the sense capacitance of
the structure. Figure 6.20 shows this gitra Moreover, reference capacitances are
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higher than expected. This could be daethe fringing fields or due to the thin

sacrificial layer.

METLI

Figure 6.20 Buckling of the spring of prototype-7. This buckling increases the
separation between the mass and nedéadtrode underneath. Thus, the sense
capacitance of the structure decreases.

6.1.9 Test Results of Prototype-8

Since this structure has also one variable sense capacitance, the resonant
frequency measurement is perfed as described for prototype-7. Although these
structures have folded type spring thalpbeto prevent the buckling of the springs,
there are still buckling showing the internal stress is very high. Sense capacitance of
these structures and reference capacitor hiselarge mismatches. Table 6.8 gives
the measured sense and reference capacitance values, and measured resonant

frequencies for prototype-8. Reference capacitances are higher than expected like
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the reference capacitances of prototype-7iciwthave the same structure. Figure
6.20 shows the SEM picture of the fabricated device, and Figure 6.21 shows the
SEM picture of the buckled spring.

Table 6.8 Measured sense and reference capaw#s, and resonant frequencies of

prototype-8.

Sense Reference Measured
Sample Capacitor Capacitor Resonant
(fF) (fF) Freg. (kH2)
Version 1 1 550 1160 4.03
Version 2 1 615 1200 4.42
Version 3 1 860 1430 NA
2 780 1650 10.01
Version 4 1 1000 1500 NA
2 804 1570 NA

METU

structure, which prevents its proper operation.
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Figure 6.21 SEM picture of fabricated prototype-8. There is buckling in the




Figure 6.22 SEM picture of the buckled spring. Buckling is reduced, but still affects
the sense capacitance of the sensor.

6.2 Tests of Readout and | nterface Circuits

The building blocks of the readout amtterface circuits are tested, before
connecting them to the accelerometers and gyroscopes. For this purpose a
single-ended OTA, a fully-differential OTA, and a latched comparator are separately
placed in the designed chip. Since the CMFB circuit of the fully-differential OTA is
not implanted in the test structure, only basic characteristics of the fully differential
OTA are tested.

There are on-chip test capacitances placed in the layout for the characterization
of single-ended and fully differential clygr integrator circuits. These test
capacitances are also connected to the charge integrator circuits for the
characterization of the charge integrators.

6.2.1 Characterization of the Single-Ended OTA
Main component of the readout circuitttee OTA. The input offset voltage,
slew rate, and output voltage swing of the OTA is measured in unity-gain

configuration, and open-loogain of the OTA is measured in the open loop

configuration.

181



OTA is operating with a 5 V supply and bias circuit generates the necessary
voltage for biasing of the internal nodesrr an external bias voltage of 3.93 V.
This external bias voltage was originallysaged to be 4V, but adjusted to 3.93 V to

set the current drawn from the 5 V supply to 2@5for proper gain.

The input offset voltage measurementloé OTA was performed by applying
2.5 V to the non-inverting input of the OTavhile it is in unity-gain configuration.
Then the output of the OTA was measyrand difference was taken as the input
offset voltage of the OTA. Measured difference between the input voltage and the
output voltage is 10 mV.

The measurement of the slew-rate was performed by applying a 3-Vpp square
wave on the top of 2.5 V DC to the non-inverting input of the OTA. To prevent the
effect of probe capacitance on slew rate L F353 Opamp is connected at the output
of the circuit in unity gain configutimn. Figure 6.23 shows the input and output
voltages of the OTA. The slew rate of the OTA is measured from the rise and fall
times of the output square wave. Fig@&23 shows the input and output of the
buffer connected OTA. The slew rate of the OTA for rising and falling edges were
measured as 4.5 M and 5.43 \{Is, respectively, which were around 6u¥/in

simulations.

Output voltage swing measurements were performed by applying a 5-Vpp sine
wave on top of a 2.5 Vdc bias to the nawmerting input of the buffer connected
OTA. The output voltage swing is measured about 4.2 V, where the transistors start
to saturate beyond this leveéducing the gain of OTA. Output voltage swing of the
OTA was simulated as 4.3 V.

The open-loop gain measurement of BTA was performed by applying a
triangular wave to the non-inverting inpuslopes of the input wa and output wave
are measured. Figure 6.24 illustrates rteasurement technique of the open-loop
gain of the OTA. For the measurement, a triangular wave having an amplitude of
200 Vpp and 200 mVdc offset is appliedttee non-inverting input, and inverting
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input is biased with 200 mVvdc. Moreayen LF353 Opamp is connected at the
output of the OTA to prevent the effeof the finite probe resistance of the
oscilloscope on the open-loop gain of theAOTThe slope of the input triangular
wave is 0.4 V/s, and the slope of the risauge of the OTA is measured as 6250 V/s
resulting in an open-loop gain of 83.87 dB, which simulated as 89 dB.
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|| | output } \

I Eﬁg 200 sy

Figure 6.23 The input and output voltages of t&d A for measuring the slew rate.
The slew rate is determined as 4.u&/And 5.43 \{Is for rising and falling
edges respectively, which are closéhe simulated slew rate of 6 \4.
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Figure 6.24 The open-loop gain measuremepthnique for OTA. The gain is
measured as 83.87 dB, which is very close to the simulation value of 89 dB.
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6.2.2 Characterization of Differential Latched Comparator

Tests of the differential latched comparator are performed with two
non-overlapping clock signals that are ganed from a two-bit counter operating at
5 MHz. A 1.3 Vpp triangular wave at 5 Hz applied to the positive input of the
comparator, and negative input is biagdgth 2.5 V. Figure 6.25 shows the input
triangular wave and positive output of tt@mparator. This measurement shows that

the comparator has an offset of 40 mV.

s

Figure 6.25 The test result of the latched comgiar. Input is a 1.3 Vpp triangular
wave with 5 Hz frequencapplied to the positive input of the comparator.
This measurement shows that the comparator has an offset voltage of 40
mV.

6.2.3 Tests of On Chip Digital Control Signals

Figure 6.26 shows the measurement result of the on chip control signals. All
signals are correctly generated except the reset signal. However this does not affect
the close loop operation of the readout dirduecause the reset signal, as well as all

of the digital control signals, can bapplied externally with an FPGA chip.
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Figure 6.26 The measurement result of the on chip digital control signals.

6.2.4 Tests of the Single-Ended Char ge I ntegrator

The single-ended charge integrator circuiested with the help of on-chip test
capacitances. Connection of these test atgp®es to the charge integrators are
controlled by an 8-bit decoder circuit. @@#s of connecting these test capacitances
to the integrator circuit are describedAppendix B. These three capacitances are
connected to the input of the circuit atirmae, and the output of the charge integrator

is measured. Table 5.7 gives théuea of these capacitances.

Figure 6.27 shows the output of the charge integrator, when the test
capacitance #5 is connected at the input of the circuit. This capacitance bridge has a
capacitance mismatch of 9.05 fF. Note tbhange at the output of the charge
integrator is 50 mV, where ideal voltage change is 45.25 mV which is very close to
the calculated output voltage change. Considering the measurement errors,
capacitance change due to the fabrication, and routing capacitances, this

measurement is very close to what is expected.
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Figure 6.27 The output of charge integrator when test capacitance #5 is connected to
the input. Mismatch of the capacitandes9.05 fF. Calculated integrator
output change is 45.25 mV. Test result show that integrator output change,
due to this capacitance mismatch, is 50 mV.

Figure 6.28 shows the output of the chargegrator when test capacitance #6
Is connected to the input of the chargegn&or circuit. This capacitance bridge has
a capacitance mismatch of 19.51 fF. @klted output voltage change for this
capacitance mismatch is 99.55 mV. Measured output voltage change is 112.5 mV.
Measured value is very close to calculated output voltage considering the

measurement errors, routing capacitanaed,capacitance change due to fabrication.

Figure 6.29 shows the output of the dwrintegrator to the last test
capacitance bridge connected to the inpuhefcircuit. This test capacitance bridge
has a capacitance mismatch of 98.53 fF. @ated output voltage change for this
capacitance mismatch is ab@d®3 mV, and measured output voltage change is 493.7

mV, which is very close to what is expected.

These tests verify that the single-enaddrge integrator operates properly as

designed.
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Figure 6.28 The output of the charge integratarhen test capacitance #6 is
connected to the input. Mismatchtbe capacitances is 19.51 fF. Calculated
integrator output is 99.55 mV. Test réésshow that integrator output change
due to this capacitance mismatch is 112.5 mV.

1 B=00l 2 BS0.OW 0005 Z.00%- £1 STOP
____________ I RS SN S
: Integrator Output

i

: : : ! = :I : : :
W1C1d = 2,500 % WZ2Cl1) = 2,994 W AW C1D = 493, 7Fmy

Figure 6.29 The output of the charge integrator, when test capacitance #7 is
connected to the input. Mismatchtbe capacitances is 98.53 fF. Calculated
integrator output is about 493 mV. Tessult show that integrator output
change due to this capacitance mismatch is 493.7 mV.
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It should be noted that there is a reut in the integrator output during the
end of integration time. This reduction coincides with the opening of switch Q3 of
Figure 5.13, which connects the sense d#maces to the input of the charge
integrator circuit. However, this does not affect the operation of the comparator
circuit because latched comptor generates its outputfbee this reduction at the
output of the charge integrator.

Another observed result of this test is the affect of the(d gwbbe resistance
on the gain of OTA. Resistive loads dade the open-loop gain of OTA. However,
as proved with the charge integrator tesults, degraded open-loop gain of the OTA
does not affect the charge integrator rapien of the OTA. This means that

open-loop gain of the OTA is still higmeugh for the charge integration operation.

6.2.5 Characterization of Fully-Differential OTA

Only open-loop operation of the fully-differential OTA could be observed
since the switch-capacitor common mode feedback (CMFB) circuit is not present in
the test structure of the fully-differentti@ TA. Figure 6.30 illustrates the open-loop
configuration of the fully-differential OTA.For observing the differential output of
the fully-differential OTA, a 4-Vpp triangar wave at 1 kHz is applied to the
inverting input of the OTA and 0.966 V ipg@lied to the CMFB input terminal of the
OTA. The bias voltage of the OTA is adjusted by measuring the total current that
OTA draws from the 5 V supply voltage.

Vin OTA @
—T + - Vout-

Figure 6.30 Open-loop configuration of the fully-differential OTA.
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Figure 6.31 The input and output waveforms for the open-loop test of the
fully-differential OTA. Input is 4 Vpgriangular wave with 1 kHz frequency.

Figure 6.31 shows the output of the OTA for the triangular wave input.
Although this test proves thaperation of the full-differential OTA, measurement of
the open-loop gain is not possible since omamplgain of the OTA is sensitive to the
CMFB voltage.

6.2.6 Tests of Non-Overlapping Clock Generator Circuit
Figure 6.32 shows the test result of ttwm-overlapping clock generator circuit
for the CMFB circuit of the fully differettal OTA. Two non-overlapping clocks are

generated, when positive and negative iapot the OTA are connected to the

negative and positive outputs of the OTA, respectively.
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Figure 6.32 The test result of the non-overlappidg@ck generator circuit for CMFB
circuit of fully differential OTA.

6.2.7 Tests of Fully-Differential Charge Integrator

The fully-differential charge integrator circuit is used for the tests of the
fully-differential charge integrator circuitMoreover, this test also proves the proper
operation of the switch capacitor CMFB circuithere are 4 test capacitances on the
designed chip for testing the performancetha fully-differential charge integrator

circuit.

Figure 6.33 (a) shows the output voltagé the fully-differential charge
integrator for test capacitance # 2 andure 6.33 (b) shows the differential output
voltage of the charge integrator for four test capacitances. Offset between the
outputs of the fully-differential OTA is around 8 mV. Also note that this test
validates the operation of the CMFB circuit because the common mode level of the
output voltage is very close to 2.5 VThe calculated differential output voltage
values for four test capacitancae -91.1 mV, -985.33 mV, -199.1 mV, and -505.9
mV, respectively. Measured differential output voltage for these capacitances
are -93.75 mv, -1.01 V, -220 mV, and -537 mWhese results are matching well
with the calculated values, considering the capacitance changes due to process

variations, andouting metals.

190



4 1.00v 2 1.00¥ 3 SV —0.00s 5008/ £1 RUN

(@)

Differential Output Voltage of Fully Differential Charge Integrator

Integrator Output (V)

2134

— TestCap 1l — Test Cap2 — Test Cap 3 Test Cap 4 ‘

(b)

Figure 6.33 (a) Output voltage of the fully-diffential charge integrator, when test
capacitance bridge #2 is connectedthe input, (b) Differential output
voltage of the fully-differential charge integrator for all the test capacitance
bridges.

6.2.8 Characterization of the Improved Buffer Interface Circuit

The improved buffer circuit is designed to be used with capacitive MEMS
gyroscopes. This circuit is first teste¢parately, before connected to a gyroscope.
The buffer capacitive interf® circuit operates with +2.5 V and -4.0 V supply.
Biasing of the buffer is performed with a potentiometer. This potentiometer is
adjusted for a bias current of 66 pA.
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First test, for the improved buffer stture include the measurement of the
output offset voltage and the output voltageng. For these tests, a sinusoidal wave
having peak-to-peak voltage of 500 midaa frequency of 100 kHz is applied to the
input of the buffer. Figure 6.34 showise input and output waveforms of the
improved buffer structure. The offset voltagfethe output waveform is measured as
1.44V, which is due to the source follower output stage of the improved buffer.
Output voltage swing of the circuit is measured as 1.9 Vpp limited by the positive
voltage supply. Output voltage gaintbe buffer circuit can be calculated as 0.987,
which agrees well with the simulation results of 0.981.
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Figure 6.34 Output voltage of the improved buffstructure for a sinusoidal input of
500 mVpp and 100 kHz.

Second test for the characterization tbe improved buffer circuit is the
validation of the high impedance input nddeasing. A square wave of amplitude
100 mVpp and frequency 1 kHz, and an efffef 50 mV is applied to the ground
terminal of the input node biasing tranerstor this purpose. Figure 6.35 illustrates
the test setup, and Figure 6.36 shows tHeage at the input node of the improved

buffer structure.

Final test is the measurement of tj@n bandwidth of the improved buffer
structure. This test is performed byingsHP 4395A network analyzer is used for

this test. Source power of the network analyzer was set touV@8s for the

192



measurement. Figure 6.37 shows then daandwidth measurement result of the
improved buffer circuit. Output gain of the buffer at 100 kHz is 0.981, which is
totally consistent with the simulati results of 0.9804. Moreover, the 3 dB
bandwidth of the buffer is 14.8 MHz, whichsightly large than the simulated value
of 13.7 MHz.

Input Square
Wave

Figure 6.35 Test setup for testing the high impedance input node biasing of the
improved buffer structure.
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Figure 6.36 Changing input DC voltage when a square wave of 100 mVpp
amplitude, 50 mV offset, and 1 kHz freaquoy is applied to the drain of the
input node biasing transistor.
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Figure 6.37 Gain bandwidth measurement of the improved buffer structure. Gain is
0.981 at 100 kHz and 3 dB bandwidth is 14.8 MHz.

6.3 Testsof Improved Buffer Circuit Hybrid Connected to a
Capacitive Gyroscope Sample

For the overall test of the improved buffgructure and also for determining
the input capacitance, the buffer circuitcisnnected to senseoate electrode of a
gyroscope, whose structure and operatwimciple is described in Section 5.5.
Figure 6.38 shows the connection diagrantha gyroscope and the buffer circuit.
Two different tests are performed on théhg connected gyroscope and the buffer

interface circuit.

—_[ DC Bias
I Voltage

Excnatlon
Voltage
. L

Figure 6.38 The connection of the improved bufiaterface circuit to the gyroscope
sample.
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The first test on the hybrid system is to compare the resonant frequency
measurements of the buffer circuitFigure 6.39 shows the resonant frequency
measurement with and without the buffercait with an excitation voltage of 1.25
Vrms and a bias voltage of 40 Vdc. gbkre 6.39 (a) shows the resonant frequency
measurement without the Dbuffer ciftculand Figure 6.39 (b) shows the same
measurement with the improved buffer circuit connected at the output of the
gyroscope. Note that, with the buffer circuit, the peak value of the buffer circuit
appears at -19.53 dB, where as without buffer circuit it appears at -41.09 dB. The
improvement at the output of the gyroscopahsut 21 dB, which is very significant.

CHL R/R_ log NAG .1 dB/ REF -41.4 8B -41.898 dB CHL A/R_ 109 MRS 5 dB/ REF -4B dB . -19.527 dB
: : : : : y 13, 10755 ke : : : : :
: o tel

:19.2784 kHz
Lo Lel

e DC--SOURCE QN

CHZ A/RE  phose 1 «f REF -9 = -18. 787 = CHZ A/R  phose o8 ¢/ REF SB = -74.983 =
: : : : : : : o 1802259 kHz
: kRl

BC SO;URCES? ON

IF Bl 18 Az “PONER 15 dBn SUP 59,69 sec IF_BH 18 Hz
START 18 kHz STOP  19.68 kHz START 18 kHz F

(a) (b)
Figure 6.39 The difference between the reson&mtguency measurements of the
gyroscope with and without buffer cuic with an AC excitation of 1.25

Vrms and DC bias of 40 V. Improvement with buffer circuit corresponds to
about 21.6 dB.

The second test that was performed on the hybrid system is to calculate the
input capacitance of the improved buffer aitc For this test, the gyroscope was
excited with a 5 Vpp sinusoidal wave the resonant frequency of the sense mode
and 30 Vdc bias voltage is applied to the mass of the gyroscope. Figure 6.40 shows
the input excitation voltage and senseatput voltage with the improved buffer
circuit. With 5 Vpp excitation voltagenproved buffer circuit can generate 500

mVpp output voltage. If the excitation voltagechanged to square wave then the
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buffer circuit can generate 770 mVpp output voltage for the same DC biasing.
Figures 6.40 (a) and (b) shows the output of the improved buffer circuit for the
sinusoidal and square wave drive signaNote that the output of the improved

buffer is still sinusoidal, even when gyroscope is excited with square wave. This is

due to the low-pass characteristics of the mechanical resonators.

00 ENEE: OLEImE O

Output of Output
Buffer of Buffer

A A
Vam NARV:EIVA] Wanmmviniivainy;

Excitation Excitation
Voltage Voltage !
1 Bel o - 1 T «[o]» t ole 20.0ps/dv waasouoons BDmV =i

(a) (b)

Figure 6.40 The AC excitation signal of the gyscope and output of the improved
buffer circuit to this excitation voltage. (a) Gyroscope is excited with 5 Vpp
sinusoidal wave at the resonant fregeyeof the sense mode. Sensed output
voltage is 500 mVpp, (b) Gyroscope is excited with 5 Vpp square wave at
the resonant frequency of the sens®le sensed output voltage is sinusoidal
and has a peak-to-peak amplitude of 770 mV.

SIMULINK model of the sense mode the gyroscope was constructed for
calculating the resonant amplitude of theagpgope, with excitation voltage of 5 Vpp
and DC bias of 30 V. Quality factor tife resonant characteristics of the gyroscope
IS measured from the resonant frequetest of the gyroscope as 800, which is
shown in Figure 6.39 (b). Figure 6.41 shows displacement of the proof mass of the
gyroscope for a sinusoidal excitation ofVpp at resonant frequency of the sense

mode with a 30 Vdc bias voltage.
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Figure 6.41 Simulink simulation result showing the displacement of the sense mode
of the gyroscope for an AC excitation®Vpp and DC bias voltage of 30 V.
Displacement of the proof mass is around 0.23 um for this bias voltage.

Knowing the displacement of the proof mass of the gyroscope, the current
generated due to the movement of thers& mass can be calculated using Equation
6.1. Then, the total parasitioput capacitance at thers® node of the gyroscope
can be calculated by integrating the current generated by the capacitance change and
dividing it to the generated sinusoidalltage amplitude at the input node of the
buffer, which is known from Figure 6.40 (ayVith this techniquethe total parasitic
capacitance at the input node of the buffecatculated as 219 fF. Note that this
capacitance measurement includes the parasitic capacitance due to the hybrid
connection of the gyroscopensple and improved buffer ciu@. This demonstrates
the reduction in the input capacitance of tldfer circuit. Monolithic integration is
necessary in order to effectively utilizestlow input capacitance of the buffer circuit
because wirebonding increases the totalacapnce at the input of the improved

buffer circuit.

6.4 Tests of Accelerometer and Single-Ended Readout Circuit
Hybrid System

Prototype-1 accelerometer is selecfed hybrid system connection. Reason
for selecting this prototype is due its high sense capacitance, its relatively low

resonant frequency, and its fabricatiorlgi The selected sample for the hybrid

197



connection with the readout cuit is version-2 type of pitotype-1. Properties of this
sample are shown in Table 6.9.

Table 6.9 The properties of the accelerometeleseed for hybrid connection with
the single-ended readout circuit.

Spring Length 300 pm
Resonant Frequency 3.05 kHz
Sense Capacitance 1 476 fF
Sense Capacitance 2 486 fF

COVENTORWARE simulations were performed for extracting the
capacitance change of the acceleromet#h whanging finger gap. Figure 6.42
shows the simulation model of the senseac@pnce of the accelerometer prototype.
Simulation is performed by changing the dpgtween the stator fingers from 3 pm to
5 um with 1 pm steps. Figure 6.43 shows the comparison of the calculated and

simulated sense capacitance value for prototype-1.

Figure 6.42 Simulation model of prototype-1 for extracting the parasitic
capacitances of the sensor. Rotor fingers are shown with blue and stator
fingers are shown with red.
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Comparison Between Calculated and Simulated
Capacitance
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Figure 6.43 Comparison of the calculated and simulated capacitance change with
varying finger gap.

This simulation shows the affect of the fringing fields on the sense capacitance
of the accelerometer. Capacitance sensitnitthe accelerometer is related with the
slope of the capacitance change curve, shown in Figure 6.43. Although there is a
high offset between the simulated and calculated capacitance change, slopes of the
curves are very similar. Capacitance sensitivity of the accelerometer can be
calculated as 3.68 fF/g from the slope of the simulated capacitance change.
Sensitivity difference between the calcethtand simulated capacitance change is
only 160 aF/g, which is negligible. Moreover, this simulation also explains the
difference between the calculated senspacdiances in Tabl 6.1 and measured

sense capacitances in Figure 6.5.

After determining the capacitance nséivity of the sensor, close-loop
SIMULINK model of the hybrid system was constructed for evaluating the
close-loop performance. Figure 6.44 shows the SIMULINK model of the close-loop
system [118, 119]. Output of the systenmipulse-density-modulated form and can
be converted to analog by low-pass filtgyi Various simulations are performed on
the close loop model in order to estim#te close-loop performance of the hybrid
system. Maximum operation range of ttlese-loop system can be calculated from
the maximum force that the feedback system can apply to the accelerometer through
stator and rotor comb fingers with the/Sfeedback voltage. Considering the duty
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cycle of the feedback operation, the maximum average force that can be exerted to
the seismic mass of the accelerometan be calculated as 1.86 g. Thus,

accelerations beyond this value resulta saturation of the feedback system.

Sense
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Input 1
Acceleration
(@) Flu) PDM output
‘ : MI—»E ] g
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Sl L T fu) Readout Readowt Zero-Order Comparator
Gain  Saturation  Hold
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Capacitance
2
flu) ot
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Figure 6.44 The SIMULINK model of the closéop hybrid accelerometer system.

First simulation on the system is the step response test in order to see the
stability of the system. Figure 6.4hawvs the input acceleration, and low-pass
filtered output of the system to a lgcateration input. This figure shows the
stability of the system; however, for high Q accelerometers compensation is
necessary. Second simulationtesdetermine the response of the system to an AC
input acceleration. Figure 6.46 showke sinusoidal input acceleration,
pulse-density-modulated output, and lovepdiltered output of the system to a

sinusoidal acceleration having amptlie of 1g and frequency of 200 Hz.
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Figure 6.45 The simulation of the close-loop hybisgstem to a 1g step input. (a) 19
step input, (b) low-pass filtered outpaf the accelerometer showing the
stability of the system.
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Figure 6.46 AC simulation of the close-loop hydrsystem, (a) 1g sinusoidal input
acceleration at 200 Hz and pulsensity modulated output, (b) Low-pass
filtered output of the accelerometer system.

Close loop tests of the accelerometemild not be performed using the
currently fabricated devices. There are two main reasons for that. First one is the
offset of the comparator circuit, whide about 40mV; and the second and more
important one is the sense capacitance mismatch of the accelerometers. Simulations
and calculations show that close-loopsteyn can not null the 10 fF capacitance
mismatch, which sets the limit for the adekop operation. The mismatch of the
capacitances can be decreased by optimizing the fabrication process further. Also,
some attention should be paim reduce the parasitic Gaptances that occur during

hybrid connection of the rdaut circuit and accelerometer.
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6.4.1 Open-Loop Testsof Hybrid System

Figure 6.47 shows the photograph of theederometer and readout circuit wire
bonded to each other. There are 4 magtstéor the open-loop characterization of
the hybrid system. These tests are voltsgesitivity, nonlinearity, noise, and bias
instability tests.

Voltage sensitivity and nonlaarity tests of the accelerometer are performed
with an index table having & tesolution. Response of the hybrid system to the
acceleration is measured by a spectrum analyzer observing the peak amplitude at
fundamental frequency of thmutput square wave of the charge integrator. Figure
6.48 shows the measured output voltage chahgfge hybrid accelerometer from the
spectrum analyzer. As a result of the test, nonlinearity of the system is determined as
0.29 % and voltage sensitivity of the accetaeter is determined as 15.7 mV/g.
This corresponds to 3.14 fF total senspacitance change per applied gravitational
acceleration, which is veryade to the simulated capacitance sensitivity of 3.68 fF/g.
Also note that the offset voltage of thessgm is 79 mV corresponding to capacitance
mismatch of 15.8 fF, consistent witie sense capacitance measurements.

N —

Figure 6.47 The photograph of the acceleromedad readout circuit wire bonded to
each other in a DIL-48 package.
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Output Voltage vs Acceleration
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Figure 6.48 Output voltage change of the accelerometer with changing acceleration.
Voltage sensitivity of the hybrid accelerometer system is 15.7 mV/g and
nonlinearity is 0.29 %.

Figure 6.49 shows the measured squaresvoitage output noise of the hybrid

system up to the resonant frequency of the accelerometer with a spectrum analyzer.

Noise floor of the hybrid system is 7.6\5/\/Hz. This noise floor corresponds to
an equivalent acceleration noise floor of 4@7\/Hz . As a result, hybrid system is

capable of resolving a capacitance mismatch of dF5¢Hz .

Finally, the bias instability of the acesbmeter was tested for 3 hours. This
test was performed by applying Og to the accelerometer and measuring the output
voltage change of the adeeometer over time. Figure 6.50 shows the output voltage
change of the accelerometer a 3 hour period. Bias iradtility of the accelerometer
is measured as 13.9 mg. The output voltage in Figure 6.50 slightly increases with
time. However, this is mostly due to theaolging bias voltages of the readout circuit,
which are generated from a battery.
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Noise Figure
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Figure 6.49 Squared rms output noise of thebhyg accelerometer system. Noise
floor of the hybrid accelrometer system is 7.6%Y / vJHz , corresponding to

equivalent acceleration noise floor of 483‘/\/Hz :
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Figure 6.50 Result of the bias instability test. The bias instability of the
accelerometer is 13.9 mg.
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As a result, the tests prove that hybrid accelerometer system works properly.
Table 6.10 gives the summary of the measured performance values of the
accelerometer and readout hybrid systdfarther tests that can be performed on the

hybrid system are summarized in Section 6.5.

Table 6.10 Summary of the test results for aleremeter and readout hybrid system

Voltage Sensitivity 15.7 mV/g
Noise Floor 487 pg/ﬁ
Nonlinearity 0.29 %

Bias Instability 13.9 mg

Power Dissipation 20 mW

Operation Range (Calculated) +20¢

6.5 Summary and Discussion of the Tests

All the necessary tests and characterizations are completed for the development
of the accelerometer prototypes, capaeitreadout circuits, and hybrid-connected
system. Moreover, an improved buffer structure is tested for use with a capacitive
gyroscope. This section summarizes andudises the test results, and reports future

work.

» Resolution of the structural mold resipends on the environmental conditions,
especially relative humidity of the air, affecting the resolution uniformity
throughout the wafer. This problem peens the proper fabrication of most of
the accelerometer prototypes. kddition, it causes non-uniform sense

capacitances, which prevents thet of the close-loop system

* Resolution of the structural mold resist is also changing highly throughout the
wafer due to the hotplate, having reon-flat surface. This results in a
non-uniform soft bake time faifferent parts of the war. Development of the
structural resist starts from the middle of the wafer for our case. Therefore, after

completing the development of the resist, structures in the middle of the wafer
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has a very bad resolution due to overdepeient. Using oven for soft bake may

overcome this problem.

Structures do not suffer from the stictiproblem due to the high out-of-plane
stiffness of the accelerometer prototyp&¢e have not encountered even a single
stiction problem during the release of the accelerometer prototypes. However,
some structures, especially the z-axis structures having clamped beams, suffer
from buckling. this results in a high mismatch between the sensor and reference

capacitance, which saturates the readoatit output for z-axis structures.

Measured resonant frequencies of fretotypes are close to the calculated
resonant frequencies, even thougk tlesolution change throughout the wafer
affecting the spring widths. This is also valid for the sense capacitance
measurements, if the capacitances due to fringing fields are excluded from the
measurement results. Capacitance simulations are performed showing the
capacitance due to fringing fields forethprototype that is connected to the

readout circuit.

Characterization of the readout andtemface circuits shows that all the
components of the circuits are workipgoperly excluding the offset of the
latched comparator. This offset cdube due to the mismatch of the input

differential pair.

Improved buffer circuit has a total input capacitance of 219 fF, when hybrid
connected to a capacitive gyroscope. This capacitance also includes the parasitic
wire bonding capacitances. In ordér effectively utilize the low-input
capacitance of the improved buffer stwre, it should be monolithically

integrated with the gyroscope.

Accelerometer and single-ended sigma-delta interface hybrid system could not be
operated in close loop mode. This has twajor reasons: first one is the offset

of the comparator which is around 40 ke second and more important one is
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the sense capacitance mismatch of the accelerometer. SIMULINK model of the
accelerometer-readout hybrid system shidhat close-loop system has a stable
operation. However, the feedback frcan not null this capacitance mismatch,

resulting in saturation of the comparator output.

Test results of the opendp operation of the singlexded readout circuit show
that readout circuit can detettte capacitance mismatch of 1.88/+Hz of the

sense capacitances. All the necessasys for evaluating the operation of the
accelerometer system are performed. Achieved results after the test of the hybrid

system are as follows: voltage sensitivity is 15.7 mV/g, nonlinearity is 0.29 %,

noise floor is 487ig/+/Hz , and bias instability is 13.9 mg.

Further tests can be performed ire tfuture on the accelerometer-readout

circuit hybrid system. These tests can be listed as follows;

Response of the system to AC accelerationlmatested by a shaker table. This

test is necessary to evaluate the bandwidth of the accelerometer system.
Characterization of the system for a heglnput acceleration must be performed
to determine the operation range of the accelerometer. This test can also be

performed with a shaker table.

Temperature test of the system is necessary for determining the operation

temperature range of the accelerometer system.
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CHAPTER 7

CONCLUSIONSAND SUGGESTIONSFOR FURTHER
RESEARCH

Research presented in this thesis can be categorized into four main groups;

= Design and fabrication of micrauohined accelerometer prototypes.

= Design of readout circuits for micraohined accelerometers (single-ended
and fully-differential approach).

= Hybrid connection of the fabricatedasterometers and readout circuits and
testing of the system.

= Design of a capacitive interface circuit for micromachined gyroscopes.

Micromachined accelerometers conves thput acceleration to seismic mass
motion, which results in a capacitanceacge. Readout circuit detects this
capacitance change and converts it imiectrical signal. Single-ended and
fully-differential readout circuits are caple of operating in open and close loop
form. These readout circuits are falted with the AMS 0.8 um n-well CMOS
process. Close-loop operation has thiwvaatages of force-feedback and digital
output in pulse density modulated formThe fully-differential approach has
advantages in terms of reducing comnmooee errors, like the switch introduced
noise. Micromachined capacitive accelerometers are fabricated with 3 mask surface

micromachining process, where electroplated nickel is used as the structural layer.
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The capacitive interface circuit wihicis developed for micromachined

capacitive gyroscopes is used for detecting the proof mass motion of the gyroscopes.

The developed interface circuit usesedback together with bootstrapping for

reducing its input capacitance, and It can be used as a bridge between the

micromachined gyroscope and its control circuit.

Based on the results obtained during tlEsearch, the following conclusion

can be made;

1)

2)

Several different kinds of micromachined accelerometers that are
proposed in the literature are investigated through MATLAB and
COVENTORWARE simulations. Mgl appropriate ones for our
fabrication process are selectettiaoptimized from these accelerometers.
Designed accelerometers occupy areas ranging from 0?2arrd mm.

Accelerometer prototypes are fabricated with 3-mask surface
micromachining process, where elegiated nickel is used as the
structural material. Fabrication of the accelerometer consists of 4 main
steps; fabrication of the metallizatidayer, fabrication of the sacrificial
layer, fabrication of the structuralyler, and release of the structure by
etching the sacrificial layer.  Humidity sensitivity and soft bake
non-uniformity of the structural mold photoresist (SJR5740), and
deposition conditions of the electroplat@dkel affect the resolution of the
fabrication process during the fabtica of the structural layer. The
structural layer thickness of the fabricated accelerometer prototypes
changes from 15 um to 17 um due to the difference of the electroplating
rate at the center and edges of the wafer. A more uniform structural layer
thickness can be obtained with a pdigdating setup [120]. Moreover,
there is a reduction between 1.5 um and 2.5 um in the finger gaps of the
accelerometer prototypes, due to kheeral development of the unexposed
structural photoresist. Therefore, priccelerometers having 5 um finger

gaps could be fabricated. In addition to these problems, residual stress of
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3)

4)

the electroplated structural causes buckling problem for the accelerometers
having clamped type springs, i.e., the accelerometers designed for sensing

the z-axis movements.

Stiction, short circuit, sense cagaoce measurement and resonant
frequency tests are performed on all the designed and fabricated
micromachined accelerometer prototypes. None of the structures suffers
from the stiction problem. The structutlst pass the short circuit tests are
used in further tests. Capacitance measurements are performed on the
structures with an impedance analyzeZapacitance measurements show
that sense capacitance values of the fabricated structures are changing
through out the wafer indicating the resolution and thickness change of the
structural layer. Moreover, most of the devices suffer from the sense
capacitance mismatch. This is related with the resolution of the structural
mold photoresist. After the senscapacitance measurements of the
micromachined accelerometers, resonant frequency tests are performed on
the prototypes with a network analyzer. Measured resonant frequencies are
compared with expected resonant frequencies, which are determined
according to the optimized process comdi. Variations of the resonant
frequencies for each prototype are related with the spring width change of

the devices.

The single-ended readout circuit that can operate in both open and close
loop is fabricated with AMS 0.8 umwell CMOS process. The fabricated
circuit occupies an area less than 0.25%rmuluding all the digital and the
analog blocks. Circuit operates wih5V supply and dissipates less than

20 mW power. All the blocks of sifegended readout circuit are tested
with the test structures placed on the fabricated chip. Except the
comparator, all of the blocks are operating properly, except the comparator,
which has an offset voltage of 40 mV. A possible cause of this is offset is
the mismatch of the input transistpairs. The single-ended charge

integrator is tested with the on chip test capacitance bridges, by connecting
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5)

6)

these capacitances to the input of threwt. Test results show that output
of the circuit is very close to ¢hsimulated values considering the
capacitance change due to fabrication. Moreover, they also show that the
circuit can detect very small capacitance changes, in the order of attofarads,

and it has a sensitivity of 10 mV/fF.

Fully-differential readout circuit thatan operate in both open and close
loop is fabricated with AMS 0.8 um-well CMOS process. Fabricated
circuit occupies an area less than 0.38%ranmd dissipates less than 30 mW
power from a 5 V supply, while operating at 100 kHz. Operation of the
fully-differential charge integrator is verified with the on chip test
capacitance bridges. All the on chip test capacitances are connected to the
input of the circuit and differentiabutput of the charge integrator is
measured. Test results show that fully-differential charge-integrator circuit
operates properly and has a verprmising performance. This circuit
needs two on chip reference capacitance in order to implement a
fully-differential accelerometer system. However, these reference
capacitances were not included in the fabricated chip since fabrication
process of the micromachined accelerometers were not optimized during

the design of the readout circuit.

Most successful micromachined accelerometer prototype is hybrid
connected to the single-ended deat circuit operating in open loop.
Hybrid system occupies an area less than 13 amd dissipates less than

20 mW power, while operating from a\bsupply with a frequency of 100
kHz. Nonlinearity, voltage sensitivity, noise floor, and bias instability tests
are performed on the hybrid system. First two tests are performed with a
rotation table having®resolution. Voltage sensitivity of the system is 15.7
mV/g with 0.29 % nonlinearity. This sensitivity value corresponds to 3.14
fF/g capacitance change, which is close to the theoretical calculation of
3.68 fF/g. Noise measurement of thgbrid system shows that readout

circuit is capable of deténg a capacitance mismatch of laPZ\/Hz,
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which corresponds to minimum resolvable acceleration ofqu.

Bias instability test is performed by measuring the output voltage change of
the hybrid system, while applying 0g. Bias instability is measured as 13.9
mg. Table 7.1 compares the performargoals at the beginning of this

work and achieved results.

Table 7.1 Comparison of the achieved accelerometer performance values
with the performance goals at the beginning of this work.

Parameter Performance Goals Achieved
Nonlinearity <1% 0.29 %
Noise Floor 15 mg/\/E 487 ug/\/m
Bias I nstability <20 mg 13.9 mg
Cross-Axis Sensitivity < 5% 5.8%

“This is the simulated mechanical cross-axis sensitivity of the accelerometer. Cross-axis
sensitivity of the hybrid system is expected to be much lower than this value, since at
secondary resonant mode of this accelerometer, which is shown in Figure 4.4 (b) ,there is
no differential capacitance change. Therefore, this motion of the accelerometer does not
change the output voltage of the accelerometer system.

Close loop operation could not beerformed, which is due to the
capacitance mismatch of the accelerometers. Operation range of the close
loop system is 1.86 g for the selectpbtotype, which has the lowest
capacitance mismatch. However, mismatch of the sense capacitances

corresponds to 5 g.

A new improved buffer circuit having very high input impedance (very low
input capacitance) necessary for @apve interface is designed and
fabricated with AMS 0.8 um n-well C®IS process. The circuit occupies
an area less than 0.05 mmand dissipates less than 2 mW power. The
circuit utilizes feedback and bootstrapgiin order to decrease the input
capacitance of the improved buffer circuit. This buffer circuit is an

improved version of a buffer structune the literature [100]. Table 7.2
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compares the performance values of the designed buffer structure and the
buffer structure proposed in [100]The new buffer structure is hybrid
connected to a capacitive micromachined gyroscope prototype in order to
evaluate its performance. Test resshisw that buffer circuit can generate
500 mVpp output, when the gyroscope prototype is resonated with a 5 Vpp
sinusoidal wave and with a DC bia$ 30 V at its resonant frequency.
Total parasitic capatance at the input node dhe buffer structure is
calculated to be 219 fF from this tedtiowever, this capacitance is mostly
due to wire bonding capacitances. dRetion in the total input capacitance

of the buffer can be further understoddhe parasiticcapacitance only due

to a pad structure is calculated, whiclexpected to be as high as 350 fF if

bootstrapping is not used.

Table 7.2 Comparison of the proposed improved buffer structure with the
buffer structure of [100].

Reference[100] | Proposed
Input Capacitance 4.32 fF 2.2637 fF
Shield Output Gain 0.9965 V 0.999997 \
Rms Noise (50 kHz) 81 pVv 6.32 uVv

Although much of the work has been accomplished for the development of
micromachined accelerometer, various other steps need to be taken for the further
development and characterization of the micromachined accelerometers. Some of

the steps can be summarized as follows;

1) For the further characterization of the accelerometers, higher acceleration
values must be applied to the hybrid accelerometer system. This can be

achieved with a shaker table.

2) Response of the hybrid accelerometestay to AC accelerations must be

characterized. A shaker table is also needed for this test.

213



3)

4)

5)

6)

7

Bias instability test must be performed several times, in order to obtain a

more accurate bias instability value.

Cross-axis sensitivity of the accelerometer must be tested. This test can be
performed with an index table.

The hybrid accelerometer system must be packaged to improve the EMI

immunity. This also improves the resistance of the accelerometer system to
environmental conditions. Packaging can be made on the chip level by

sealing the system with a metal can, however, this increases both the size
and the cost of the system. Wafer lgyackaging is desirable for the high

volume production of the accelerometers.

In this work, close loop operation tife system is limited by the mismatch

of the sense capacitances. Perfect matching of the sense capacitance is
impossible. Therefore, one possibléuson to this problem is to reduce

the resonant frequency of the accelerometer. This can be achieved by
increasing the seismic mass size af #iccelerometers. SU-8 is a good
candidate for increasing the seismic mass size of the accelerometer. Initial
work for development of an SU-8 mess started in this research, however,
fabricated SU-8 in this work s@fs from adhesion problem. Fortunately,
newer version of SU-8, which islted SU-8 2000, hasnproved adhesion
property, and the SU-8 2000 is ordeffed future studies. In addition to
lower resonant frequency, a thicker structural layer also increases the sense
capacitance. Another possible solution to overcome the sense capacitance
mismatch is to construct a startup circuit. Details of this startup circuit can
be found in [109].

A fully-differential readout circuit, which is proposed in this work, can be

used with for the next generationcaterometers. This improves both the

noise floor and common mode errorstla¢ readout front end. For this
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purpose, after the optimization of the fabrication process, two reference
capacitances equal to the rest sense capacitances of the accelerometer must

be placed on the readout chip.

8) A z-axis accelerometer must be developed for the fabrication of the
three-axis accelerometers. This can be achieved either fabricating an
in-plane accelerometer and aligning its sensitive axis to z-axis or using

torsional z-axis accelerometer structures.

In conclusion, the most significantomtribution of this research is the
development of an accelerometer systentlie first time in Turkey. Furthermore,
improved and new readout tedques are implemented andterl. This work also
contributes to the development of thecromachined gyroscopes via proposing a
new high performance interface circuit. ltigped that this research will be the first
step to develop tactical and inertial grade high performance micromachined

accelerometer system, in METU.
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APPENDIX A

DEFINITIONS OF PERFORMANCE SPECIFICATIONS
FOR ACCELEROMETERS

This appendix gives the definitionsich formulas of the main performance
specifications for accelerometers. Other nauthat are used for these specifications
in the literature are also indicated.

Voltage Sensitivity (Scale-Factor): Voltage sensitivity of an accelerometer

system is defined as the output voltagarde at the output fd.g input acceleration
and can be calculated as;

Voltage Sensitivity =AA_\8/. = Capacitance Sensitivit%yé (A1)

Where% is the gain of the readout circudind capacitance sensitivis defined as;

Capacitance Sensitivi'rs;r£ - ><£ (A.2)
Aa Aa AXx

where Ax/Aais the displacement of the seistmass for an input acceleration, and
AC/Ax is the sense capacitance change of the accelerometer for a seismic mass

displacement.
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Noise Floor: Noise floor of an accelerornes is expressed in termsgﬁ\/Hz :

Sensitivity and output voltage noise floor of the accelerometer system defines the
noise floor of the accelerometevhich can be calculated as;

_OutputVoItage Noise Floc(r A/ H)z

Sensitivity( V/ ) (A.3)

Noise FIoor( dx/_H%

where output voltage noise floor represahts rms noise floor of the output voltage

of the accelerometer system constgtaccelerometer and readout circuit.

Resolution: This term corresponds to a minimuesolvable acceleration by the
accelerometer depending on the operatiamdiadth and noise floor. Resolution of

an accelerometer can be calculated from the noise floor of the accelerometer as;
Resolution( § = Noise Flocér/g/ I—)z Bandwic (A.3)

Nonlinearity (Scale-Factor Nonlinearity): Nonlinearity is the deviation of the
output of the accelerometer from the lineaput-output curve which is plotted
according to the sensitivity of the accelerometeis calculated in terms of percents
(%).

Bias Instability: Output of the accelerometer must be repeatable. Bias
instability of an accelerometer shows titeange of the output of the accelerometer
with constant input acceleration. It isngeally performed with Og constant input
acceleration, and calculated in terms of gravitational acceleration (g).

Cross-Axis Sensitivity: Accelerometer output musbe sensitive to input
acceleration along its sensitive axis. Cross-axis sensitive is defined as the voltage
sensitivity of the accelerometer to off-axis acceleration. Cross-axis sensitivity is
calculated in terms of percents (%), which is the ratio of the sensitivity of the

accelerometer to off-axis acceleration, tlee sensitivity of the accelerometer.
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APPENDIX B

BONDING PAD LIST FOR THE CAPACITIVE
READOUT CIRCUIT CHIP

Figure B.1 Pad numbering convention for thengie-ended and fully-differential
capacitive readout circuits. Unused pads are not numbered.
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Table B.1 Bonding pad list of the single-ended and fully-differential capacitive
readout circuits.

Pad Pad Name Function
Number
1 Ti Active high toggle input of the counter (1 enables the count

operation 0 freezes the output)

Select input for the selection of the internally generated

2 SEL | O digital signals or externally entered (1: internal, O:
e external)
: External input pin of the V+ bias signal of the sense
3 V+_in :
— capacitances
4 V- in Exterr!al input pin of the V- bias signal of the sense
— capacitances
. External input pin of the Reset signal of the latched
5 Reset_in comparator
6 RSC in External input pin fpr the digital signal controlling the reget
— of the sense capacitances
7 RIO in External input pin for the digital signal controlling the reget

of the integration capacitances and for the cds capacitgnces

External input pin for the digital signal controlling the
8 CC_in connection of the mid point of the sense capacitance afray
to the charge integrator

External input pin for the digital signal controlling the

9 CB_in switches that connects the bias signal of the sense
capacitance array
10 Feed_in External input pin for the digital signal controlling the

feedback switch for the force —to-rebalance operation

External input pin for the digital signal calculate of the

11 Calc_in latched comparator

12 RN Acti\{e low reset pi'n of the digital control signal generator
for single-ended sigma-delta modulator
Output pin of the digital signal biasing the sense
capacitances, this is the output of the digital circuit

13 V+ controlling necessary digital signals for single-ended and
fully-differential sigma-delta modulator with cont.-time
CMFB
Output pin of the digital control signal for the reset

14 Reset operation of the latched comparator
Output pin of the digital signal controlling the reset senge

15 RSC capacitance operation

16 RIC Output_ pin of the_ digital _signal con_trolling the reset
operation of the integration capacitances

17 cC Output pin of the di_gital signal controlling_ the connectiof
of the sense capacitances to the charge integrator

18 CB Output pin of the digital control signal controlling the

connection of the sense capacitances to the bias signals

Output pin of the digital control signal controlling the

19 Feed force-to-rebalance operation

20 Calc Outpu'g pin of the digital control signal for the calculate
operation of the latched comparator
Input pin for the clock signal of the digital circuit

21 CLK generating necessary clock signals for the single-ende(
sigma-delta.

22 Vref 1 2.5 v bias signal necessary for the operation of the single-

ended sigma-delta.
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Table B.1 (continued)

Pad Pad Name Function
Number
. 4V Bias signals of the OTA and latched comparator used
23 Vbias 1 in single-ended.
24 cap m Input pin for the connection of the middle node of the
p_| sense capacitance bridge for single-ended sigma-delta
o5 cap t Input pin for the connection of the top node of the sensg¢
p_ capacitance bridge for the single-ended sigma-delta
26 b Input pin for the connection of the middle node of the
cap_ sense capacitance bridge for the single-ended sigma-dglta
5V Vdd input pin for single-ended and fully differential
27 VDD_1 sigma-delta with cont.-time CMFB
0 V gnd pin for the single-ended and fully-differential
28 GND_1 sigma-delta with cont.-time CMFB
Output pin for the bottom branch of the fully-differential
sigma-delta with SC CMFB according to the selection
30 Full_2b input from pins S1S0 (outputs are bottom branch of
comparator output (00), bottom branch of CDS output (P1)
and bottom branch of integrator output (10))
31 Full 2 t Output pin for the top branch of the fully-differential
—— sigma-delta with SC CMFB same selection as Full_2_b
32 Not Used
33 Not Used
. Output pin for the outputs of the single-ended sigma-dejta
34 Single_ended_out selection are same as fully-differential circuit
Connection pin for the fully-differential sense capacitanfe
35 Cap_r_b array (right-bottom)
Connection pin for the fully-differential sense capacitanfe
36 Cap_r_m array (right-middle)
Connection pin for the fully-differential sense capacitanfe
37 Cap_r_t array (right-top)
Connection pin for the fully-differential sense capacitanfe
38 Cap_|I_b array (left-bottom)
Connection pin for the fully-differential sense capacitange
39 Cap_|_m array (left-middle)
Connection pin for the fully-differential sense capacitange
40 Cap_|_t array (left-top)
a1 0 LSB bit of the decoder generating select signals for the
output pins 30-34
42 s1 MSB bit of the decoder generating select signals for the
output pins 30-34
0 v gnd voltage for the fully-differential sigma-delta circtit
43 GND_F2 with SC CMFB
5 v vdd voltage for the fully-differential sigma-delta circyit
44 VDD_F2 with SC CMFB
45 BS? MSB of the decoder generating necessary control signals
for the selection of the test capacitances
46 BS1 2" bit of the decoder generating necessary control signjals
for the selection of the test capacitances
47 BSO LSB bit of the decoder generating necessary control signals

for the selection of the test capacitances
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TableB.1 (continued)

Output pin for the output of the non-overlapping clock

t

a

48 Fi2 signal generator
49 Fil1 Output pin for the non-overlapping clock signal generat|
Pad Pad Name Function
Number
. 4 v bias signal for the fully-differential sigma-delta circu

50 Vbias F2 with SC CMFB

4v bias signal for the top branch and bottom branch of the
51 Vr_F2 SC CMFB circuit

2.5 v reference signal for the fully-differential sigma-del
52 Vref_F2 with SC CMFB for CDS and CMFB operations
53 Y in Input pin for the non-overlapping clock signal generator

— for SC CMFB
54 X in Input pin for the non-overlapping clock signal generator
— for SC CMFB

55 DIG GND 0 v gnd signal for digital circuits
56 DIG VDD 5 v vdd signal for digital circuits

Clock signal for the digital circuit generating necessary
57 CLK _sw control signals for fully-differential sigma-delta with SC

CMFB

Active low reset input for the digital-circuit generating
58 Rn_sw necessary control signals for the fully-differential sigmal

delta with SC CMFB

Table B.2 Test capacitance connection to thput of the charge integrators

TEST
BS2 | BSL | BSO CAPACITANCE #
0 0 0 For Output Connection
0 0 1 1
0 1 0 2
0 1 1 3
1 0 0 4
1 0 1 5
1 1 0 6
1 1 1 7

Table B.3 Connection of the circuit outputs to the output pads.

Sl | SO | Single ended out | Full 2t Full 2 b
0 0 Comp-out Comp (+)| Comp (-)
0 1 CDS-out CDS (+) CDS ()
1 0 Int-out Int (+) Int-bot (-)
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