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Abstract

The objective of this thesis was tevelop a fastesponse multifunctional MEMS (Micro Electro
Mechanical Systems) sensor for the simultaneous measurement-cgfinger pressure and
temperature in an internal combustion (IC) engine. In a representative IC engine, the pressure and
temper&ure can reach up to about 1.6 MPa and 580 °C, respectively, at the time of injection during
the compression strokAt the peak of the combustion process, the pressure and temperature near the
cylinder wall can go beyond 6 MPa and 1000 °C, respectiveljure of current membrargased

MEMS pressure sensors operating at high temperatures is mainly caused bsegsitbgty to
temperature, which affects the pressure readout. In addition, the slow thermal response of temperature
sensors used for such andynic application makes retne sensing within a combustion engine very
challenging. While numerous approaches have been taken to address these issues, no MEMS sensor
has yet been reported that can carry out-ieed measurements of -zylinder pressureand

temperature.

The operation of thesensorproposed in this Thesis based on a new ngilanar and flexible
multifunctional membrane, which responds to both pressure and temperature variations at the same
time. The new design draws from standard memdsbased pressure and thermosthased
temperature MEMS sensing principles to output two capacitance values. A numerical processing
scheme uses these values to create a characteristic sensing plot which then serves to decouple the
effects of pressure artémperature variations. This sensing scheme eliminates the effect of cross
sensitivity at high temperatures, while providing a short thermal response time. Thermal, mechanical
and electrical aspects of the sensor performance were mod@sil. a semiaralytical therme
mechanical model, based on classic beam theory, was tailored to the shape of the multifunctional
membrane to determine the sensorbs response toc
software was used to verify this seamalytical modebhgainst finite element simulations. Thehe

model was then used to calculate the capacitive outputs of the multifunctional MEMS sensor
subjected to ircylinder pressure and temperature loading during a complete cycle of operation of a

typical IC engine awell as to optimize the sensor specifications.

Several prototypes of the new sensing mechanism fabricated using the PolyMUMPs® foundry
process were tested to verify its thermal behavior up to 125 °C. The experiments were performed

using a ceramic heateromnted on a probe station with the device connected to a precision LCR



meter for capacitive readouts. Experimental results show good agreement of the temperature response
of the sensor with the ANSYS® finite element simulations. Further simulations pfeksure and
temperature response of different configurations of the multifunctional MEMS sensor were carried
out. The simulatiomwere performed on an array of 4200 multifunctional devices, each featuring a
0.5 em thick silicamaeaanli &gdndestadsmparallel shavistthat

the optimized sensor system can provide an average sensitivity to pressure of up to 1.55 fF/KPa (over
a pressure range of G6LMPa) and an average sensitivity to temperature of about 4.62 fF/°C (over a
terrperature range of 160000 °C) with a chip area of approximately 4.5 InAkssuming that the
accompanying electronics can meaningfully measure a minimum capacitance change of 1 fF, this
optimized sensor configuration has the potential to sense a minimgsupgechange of less than 1

KPa and a minimum temperature change of less than 0.35 °C over the entire working range of the
representative IC engine indicated above.

In summary, the new developed multifunctional MEMS sensor is capable of measuring temperatu
and pressure simultaneously. Tirdquedesign of the membrane tife sensominimizesthe effect

of crosssensitivity to temperature of current MEMS pressure sensors and promises a short thermal
response time. When materials such as silicon carbide are used for its fabrication, the new sensor may
be used for redime measurement of {gylinder pressure and temperature in IC engines.
Furthermore a systematic optimization process is utilized to arrive at an optimum sensor design
based on both geometry and properties of the sensor fabrication materials. This optimization process
can also be sed to accommodate other sensor configurations depending on the pressure and

temperature ranges being targeted.
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Chapter 1

Introduction

Industrial processedike power generationcan be monitored by measuring their characteristic
variables such as pressure and temperatlire efficiency of these processes affects tine
consumption of valuable resources and the productiopotititants and waste byproducts The
everlastingneedfor higher efficiencies has led #ohuge interest in pushing the working limitstbé
available measurementechnologies even furthefo achieve this goal, new sensors are required

which can survive the increasing harsh environment condifitamslin suchapplications.

Micro-Electro-MechanicalSystens (MEMS) sensorshave receiveda great interesin recent years
because of their potential to precisely measure physical variables in various applications. This, along
with their low cost, small foot prinsuperiorreliability, and possibility of integration into an array for
multiplexed measurements have made the MEMS semsgmodcandidate formeasurements

harsh environment applicatioriBhe trend for pushing the working limits of industrial proces$ses
created a huge demand for the development of new MEMS sensors which capprogxiately and
reliably in extremby harshconditions A good example iIMEMS sensorsought forcombustion

monitoring ininternal combustion (IC) engines

1.1 Motivation

The availableMEMS technologyfor pressure and temperature sendmdikely to malfunctionin
harsh environment applications becausthefdegradation ahe sensod structuralmaterias and/or
the failure of its sensing mechaniqig). While the former shortcoming can be addressed by using
strongermaterials, the latter onasks forthe development of neiEMS sensing mechanisnthat

canoperatdn harsh environments with acceptable precisiod speed

MEMS sensors are usually designed sisigkkedio measure one parameteradime. However, they
often operate in complex environmeatiswhichvarious parameters change simultaneously. In such
environmentsone of the majoobstacles toward achieving an acceptable operational preEdioa
crosssensitivity of the MEMS sensoto undesiredparametersCrosssensitivity to temperature in

MEMS pressure sens@ an example of this problem

So far, the main solution tive problemof crosssensitivity to undesired parametdras been using

auxiliary sensors for independent measurement of the undesired paraandtérisrdegoying signal

1



processingschemego cancel outand compensate for tineeffects.However,increased sizeadded
cost andhe complexity due to the addition of new serssbavehindered successful implementation
of this compensatiosolutionin many applicationsSa the design of a hew MEMS sensor with

improved compensation schermésesas the first motivatioffor this Thesis

Additionally, in some harsh environment applicasofastrespondingsensorsare needed to keep up
with the rate oftemperature variatiorMeasurement of temperatureside the cylinder of an IC
engine isan example of such application§o carry out ircylinder temperature measuremetp
generalapproaches have bedollowed so far: 1) optical basednethods and) thin film based
methods The first approach enables very fast measurementewfperature; however, it requires
relatively bulky components and is not suitable for consumer use out&dgboratory. Thesecond
approachhasotherdownsidessuch as limited life time ancelatively moderate response timehis
example can be extended to other applicatimnsvhich fast respondingemperaturesensorsare
required but the need has not béaly answered yet. Thiseed for fast responding temperature

sensorgonstitutes the second motivatifaw this Thesis

1.2 Objectives

A new MEMS sensor for simultaneous measurement of pressure and tempasider¢he cylinder
of IC engina is designedn this Thesis It is calledherea multifunctional MEMS sensor since it
carries out two measurementShe new sensolddresseghe concern of crossensitivity to
temperaturaluringthe measurement @f-cylinder pressurelt alsoprovidesa shortresponse timén
catching up with the rate of variation dgh-cylinder temperatureThe newmultifunctional MEMS
sensorcombires membranébased pressureensingand bimateriabased(thermostat) temperature

sensing principleand is designetb specificdly achieve the following objectives:

1. Development of a nevmultifunctional sensing mechanisrfor smultaneous measurement of

pressure and temperatureoatlocation

2. Improvement ofthe accuracyof pressure measuremeby introducing a newtemperature

compensation scheme.

3. Improvement of response timi@r temperature measuremerty taking such measures as

minimizing the thermal mass olie sensing body

4. Small footprintfor nonintrusive integratiomsidethe cylinder of IC engine.



5. Compatibilitywith different measurement techniqui® capacitive(implemented in thighesi3

andoptical(listed among the future work)

1.3 Organization of thesis

The Thesisis divided intosix chapters. Chapter 2 preseathterature review on MEMS sensors for
harsh envionment applications. It staty defininga harsh environmerit the context of thighesis
and continues by revidmg availableharsh environment MEMS materials aahilablemethodsfor
pressure and temperature measurentersuch environmentsA review of failure mechanismgn
available MEMS senssifor harsh environment applicatiofallows. The chapter concludes with a

reviewof currentmultifunctional MEMSsensing platforms.

In Chapter 3the operational requirements for the newltifunctional MEMSsensorfor IC engine
are establishedndthe conceptual design diie sensoris presentedThe design evolves around a
nonplanarmultifunctional membranewhose responseto pressure and temperaturariationsare
inherently different. This differenclays the foundation foand enables decoupling the effects of
pressure and temperatwariations The chaptefinisheswith a sectiorthat discusses thategration

of capacitiveinterrogatiorwith the multifunctionalmembrane

Chapter 4presentghe modeing and analysis of the sen8osesponse to different pressure and/or
temperature loading cases.iftludesboth numerical finite elemenand semanalytical modeling
approachesThe chapter starts witthe numericalthermalmodelingof the effect of different sensor
materials and geometrical parameters. Based on the restlitsse$imulations, appropriate materials
and dimensionare selectetb achieve the operational requirements s&hapter 2Next, based on
classic beam theorya semianalytical model is developedfor the mechanical analysis othe
membraneresponse to pressure andtemperature loadingrhis semianalytical model which is
validated by the finite element simulationsdrastically decreasethe modeling time Electrical
modelingand sensitivity analysis of theensorprovide capacitive outpwof the sensoat different
loading conditions and dimensions. The last section investigates thes effégbrication errcs and

deviation fromideal design parameters @he performance dhe sensor.

In Chapter 5experimental results davo groups offabricated devides are presented. The first group
includestest devices designed and fabricated for the determination of the residual strédE&4Sof

structural materials The second group dfudes proofof-concept MEMS prototypes made to



gualitatively and quantitatively verify the thermal response mechanism of the new Jdresdest

setup used for the experimentgiso described in thishapter

Finally, Chapter6 concludes tb Thesisby listing the main contributionand propoisg potential

future worktrendsto continue this research



Chapter 2

Literature Review

Throughout the physical scienceseasuremeris defined as the process aétermining the ratio of a
physical quantityike pressurgo a unit of measuremelite Pascal defined as one newton per square
metrd. It is usuallycarried out by aensomhich converts theghysicalphenomenorfmeasurandor
inpuf) into a quantity gutpu) that can be read by an observer or by an instrunteemsors are an
essential part to anpdustrialapplication.There are as marsensorsas there aréifferent physical
guantities to be measured

In late 1960s, trrowing from the integrated circuil@) fabrication technology, the first bulk
micromachined silicon wafer was used as a pressure sensofed liree way fora newcategory of
very small devicedater known asMicro-ElectroMechanical Systens (MEMS). MEMS sensor
technology isconcernedwith highly miniaturized devicequsually less than a few hundreds

micrometelin sizé) thatconvertphysicalmeasuranslintoelectrial signals

Development of robusMEMS sensorsand their tilization in harsh environmenapplicationshas
recently emerged as omé the most sought fotrendsin industry. Examples ofsuchapplications
include awn-hole drilling, space missionsand combustion monitoring irmutomotiveindustry, to
name a fewVarious measures have been taken lately to impitezveobustnes®f MEMS sensors,
including the development of harsh environmBtEMS materials and the design of novel sensing
mechanisms for extreme working conditions. Moreoviegesaccurate measuremgateessential in
manyindustries andconsidering the fact thaill measurements aigherentlyapproximations, a great
deal of efforthasbeen put into makng the MEMS sensoras accurate as possibkes highlighted in
Chapter 1,the cross interference between tbH#ects ofdesired and undesiredeasurandgcalled
crosssensitivity in thisThesig is a major challengén many harsh environmenapplications To
addresgheseproblems the development ohew MEMS sensorgor harsh environmentsas recently
attracted a lot of interest amohgth researchers and indusity 7.

In the following sectionsa review of the main works on sensors fpressure and temperature
measurements imarsh environmentss presentedlt investigates e ongoing research on both
MEMS and noAMEMS basedcompetingsensorswith a special emphasis on those developed for

operation in IC engineg&.inally, the current status afultifunctional MEMS sensors igviewed



2.1 MEMS sensors for harsh environment

2.1.1 Definition of harsh environment in the context of this thesis

A harsh environments generally characterized by extreme working conditiosisch asintense
vibrations, radiation, electromagnetidnterference chemically aggressive medihigh pressureand
most notably high temperature. the context of this work, we are specifically concerned with harsh
environment applicaitons associated with the last two of the aforementioned charactErires.

2.1 reviewsthepressure and temperature rangesociated witla handful ofsuchhars environment
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Figure 2.1. Pressure and temperature ranges as well as characteristic times of some h

environment applications for which MEMS sensors are being developed.



applications Among the applicationeepresentedn Figure 1, thoserelated tolC engine (including
both gasline and dieselpowered onesjtand out as highly dynamind intermittentexample at
which pressure and temperature changecur oververy shortperiods oftime (in the order of
microsecond omillisecond. Moreover,these applicationare associated witbomeof the highest
temperature variations observaghong harsh environment applicatio@ the contraryfor example
in downhole applications, pressure and temperature ctengjewly that the whole apation can
be regardedtatic.

In theautomotive industrythe development akliablesensors for real time monitoring ofaylinder
processconditions is ahigh demanding research trusSuch sensors can provide unparalleled
information to engine conbl unit in order to minimize fuel consumpticand emission level.
Successful implementation of-gylinder sensorgcludesoperation during the variousrokesof an

IC engine As a result, such sensarill be exposed t@and should surviveuchharshconditionsas
electromagnetic interferencesléctrical discharge during spark ignitjprhigh pressure and high
temperature during compression and workingtroke$, and chemically aggressive media by
products of combustion during the working and exhauysies. Additionally, one should notice that
in applicationssuch as monitoring of #aylinder conditionsadditionaldifficulties arise from the fact

thatsuch extremevorking conditions usually appear in combination with each other.

2.1.2 MEMS sensor materials

The requirement for reliabland robustMEMS sensors for harsh environmespplicatiors has
initially beenansweredy pushing the existing MEMS sengechnologyto its limit. To do s@ many
efforts have been put inioproving the environmental resistae of MEMS sensorghorough the
development and implementatiohharsh environment compatidEMS materials. Thesematerials
can be categorized in three main groudgsemiconductorsuch as silicon, aluminum nitride, gallium
nitride, diamond and silan carbide 2) delectricsfor passivation such as silicon carbonitride, silicon
dioxide and silicon nitrideand 3) efractorymetalssuch as titanium, chromiumickeland tungsten

In the following, the most important MEMS materialand theirapplicatiors at harsh environment

sensorsrereviewed

Silicon (Si)
Silicon isthe most commonly usesemiconductoin MEMS sensorsvhich can be found in a variety

of forms includingsingle crystalsubstratg SG-Si), amorphoughin film (a-Si), polycrystdline thin
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film (Poly-Si), andsingle crystdine thin film. From a mechanical point of viewilison is known to
maintain itselastic strengthat temperatures up tabout600 °C without showingany noticeable
plastic deformation[3]. In terms of electrical propertiessilicon-based electronic starts to
malfunctionat temperatures above 150 fi@inly because aéxcessivdeakage currerfd]. By using
Silicon on Insulator (SOl}technology the maximum temperature limit of silicdr@sedelectronics
can be further pushagh t0350 °C B]. So, 350 °C and600 °C areregarded as theltimateworking
temperaturesf silicon-basecelectronics antlEMS mechanical componentsespectively.

Aluminum nitride (AIN)

Aluminum nitride is a promising piezoelectricsemiconductoffor high temperature applicationk
maintains its piezoelectric characterisiictemperaturesp to 1150 °C6]. AIN thin films have been
successfullydepositedgrownin amorphoug7], polycrystalling[8] andsingle crysta[9, 1J formson
a variety of substrate materiaRecently single crystal AIN wafers ha alsobeen reportefiL1]. The
main shortcomingof AIN in harsh environment applicatioisthat it oxidizes above 800 °@ the

presence of oxygei?].

Gallium nitride (GaN)

Gallium nitride has excellent mechanical and thermal stability as well as inherent piezoelectricity
[13]. It is a semiconducting piezomaterial and combines the piezoresistive and piezoelectric behaviors
[14]. The maindrawback of GaNn harshenvironment applications that it dissociates to gallium

oxide and nitrogen at approximately 650 °C in the presence of oxyen [

Diamond

Diamond is the hardest material found in nature with superior mechanical stedytthermal
conductivity Sinde crystal diamond has r@om temperaturéhermalconductivity of 1000to 2000
Wm'K™ [16, 17], which makes it thebestthermal conductr of any known solid Although the
survival of diamond has been documentetkatperatures up 8200 °C in a hydrogeatmosphere
[19], it burns in the presence of oxygahtemperatureabove D0 °C which hinders its usage in

manyharsh environment applicatiofik9].

Silicon Carbide (SiC)

Silicon carbidethe most investigateahaterialfor harsh environment applicatigns a wide banehap
semiconductor which has been successfully used in the fabrication of high temperature electronics
8



[20] and MEMS sensorsl]. SiC has been deposited in single crystalline, polycrystalline, and
amorphous forms on different substraf@d]. In addition, pure SiC wafers up to four inches in
diameter are commercially availab®?] and six inches wafers are on the horiza8].[ Among SiC
different polytypes the cubic 3CSiC andthe hexagonal 4F5iC and6H-SiC are extensivelyused in
harsh emironment MEMS application as structural and high temperature electronic materials,
respectively{24]. For high temperature harsh environment applicat®€,is known tomaintainits
outstanding mechanicatrengthand chemical stabilitgt temperature excess 01000°C [25, 26)].

Silicon carbonitride (SiCN)

Silicon carbonitridetypifies a class of amorphous polyragriveddielectric materia that maintain

their mechanical strength and chemical stability at temperaasrédgh asl400 °C R7, 28]. SIiCN

MEMS structures are usually fabricated using liquid polymer polysilazane as a precursor. The
fabrication process igthercheap and simple because the liquid precursor is inexpensive and it is
possible to make micro features using only a-luhography process2P]. However, realization of

smalland complexeatures can not be achieved usirigjuid precursor.

Silicon Dioxide (SiOy)

Silicon Dioxideis commonlyused as an intermediate layerelectrically insulate conductive layers
from each othe It is also used as a sacrificial layer in wet etching processes. Among the different
methods used to deposit $Sj@vet and dry thermal oxidation have gained a great popularity in MEMS
industry, mainly due to the high chemical stability of thsultantoxide layer and its strong adhesion

to underneath substance.

Silicon Nitride (SisNg)
Silicon Nitride is widely used as an electricaisulator between conductive layerd. is usually

deposition by chemical vapor deposition (CVD) methdise to itschemical stability, SN, is also

used as the masking layer for etching processes.

Titanium (Ti)

Titanium, due to its mechanicaltoughness and corrosion resistance, bagergedas a potential

structural materiafor the fabrication of MEMSadio frequencyRF) switchedor harsh environment

applications[30]. In such applicationghe nativetitanium oxide which forms on exposed titanium

protectsthe rest of itfrom the harsh environmentMoreover, due to its strength at high temperatures
9



as well as its ahiy to form conductive alloys with other materials such as nickel and tungsten,
titanium is extensively used in the metallization@imic contacts in harsh environment MEMS

devices B1].

Chromium (Cr)

Chromiumis mostly usedn MEMS devices as an adhesion layer betwetherwise non bonding

materials It is also used for contact metallization in harsh environment MEMS.

Tungsten(W)

Tungstens used in the metallization of Ohmic contacts in harsh environment MEMS déMiceds
to it thermal and phase stability at temperatures up to 22432, tungstenalloyed with titanium
along with a gold film following a short annealing step at 100 is extensively used & reliable
Ohmic contactn SiC MEMS devicegor prolonged opration at temperatures up to 3@[33, 34.

The densities of the MEMS materials reviewed in this section are givegible 2.1and areassumed
to betemperaturéndependent

The remainder of this section reviews the most important temperature deperuenties of thee

MEMS materials.Figure 2.2 shows how thermal conductivityQof MEMS materialsvaries with
temperatureAmong the materialgwvestigated in this figurediamond possesses the highest thermal
conductively of all followed by singlerystal SiC(SCGSIC). On the other handSiO, and SiN,4
demonstrate the lowest thermal condugtiwhich makes them ideal thermabulators Onegeneral

trend observedn Figure 2.2 is the drastic reduction in the thermal conductivities of SiC and Si as
their crystalline structure changes from single crystal to amorphous. This is mainly due to the

increaseghonon scattering on the grain boundadethe crystalline structurd85].

Table 2.1. Density of some common MEMS materials.

Material Si AIN GaN Diamond SiC
Density (Kg/nf) 2330 3260 6500 3520 3210
Material SiCN SiO, SisN,4 Ti Cr W
Density (Kg/nf) 2600 2200 3200 4500 7190 19250
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Figure2.2 Thermal conductivitywersus temperature for selected MEMS materials.

Figure 2.3 represents the change in specific heaif MEMS materials with temperature. Since the

specific heat of a material mostly depends on its density, no major differenlogeizvedamongthe
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specific heats of various crystalline structures of materialsSikend SiC 36]. Figures 24 and 25
show how elastic modulus and coefficient of thermal expansion (CTE) of MEMS materials vary with

temperature. Similar to the case of specific heat, no major deperzneen the CTE and the
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Figure2.3 Specific heaversus temperature for selected MEMS materials.
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crystalline structure of materials @bserved As an anomaly irFigure 25, the CTE of Si@ is

reported as negatif@7] which is in agreementith some earlier published datf].
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Figure2.4. Elastic modulusersus temperature for selected MEMS materials.
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Figure2.5. Coefficient of thermal expansiomersus temperature for selected MEMS material

For each ofigures 2.2 to 2.5, the corresponding references from whictdteeis collected are given
in the fi gur e d shisThesi&mekver nécdgdee echarhoterstic curves of MEMS

materialpropertiegeported inthis sectiorare extrapolated to cover the temperature ranggerest.
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2.1.3 Pressure sensors

Pressure sensors are the most extensivelgstigated MEMS sensors for harsh environment
applications. They ardesigned and fabricatedound the idea of utilizing a thin flexible membrane
which is made from a resilient materidhe membrane serves a® thensing element of the sensor.
When there is ressure difference between its two sidbs, membranelefleds. A measurement
system is integrateihito the sensowhich is used to measure the deflection of the membrane under
pressurdifference The ultimate output of a MEMS pressure sensor is typically an electrical signal

whose amplitude is proportionate to the pressure difference.

Piezoresistive

A piezoresistiveMEMS pressure sensavorksbased on the change of resistance of a material due to
mechaical loading and/or deformatidpiezoresistive effect)The change in resistance comesstly

from the physical change of the structure due to deformd68h Figure2.6 schematicallyshows a

—Signal  +Signal

out out
| — - "

Pressure difference

21222

%/—/

Membrane

(b)
Silicon
wafer

] exc+ exc—

Sealed cavity
(©)

Figure 2.6. Schematic of a piezoresistive pressensor: (a) top view; (b) side view; (c)
piezoresistivestrain gaugesonnecedin a Wheatstone bridgsnfiguration.
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piezoresistiveMEMS pressure sens@nd itsequivalentelectronicscircuit. The Wheatstone bridge

configuration is often used for tlmterface electronics of Piezoresistive MEMS pressure sensors.

In 1954, Smith reported the piezoresistive effect of silif68. The evolution of piezoresistive
MEMS pressure sensors started with metallic membrane sensors with bonded silicon piemyresisto
but later crystalline membranes with diffused piezoresidtmok over The first efforts to develop
MEMS pressure sensousing piezoresistive micromachined single crystal silicon strain galages

back to 1960sThe work by Tufte et al[64] is one of the earliesbf such effortswhich reports a
MEMS pressure sensor consisting o$iagle crystalsilicon wafer diaphragm having piezoresistive
regions formed by localized diffusion of impuriti@opants)

In 1970s the idea ofanisotropicallyetched silicon membraneas introducedto piezoresistive
MEMS pressure sensorghich allowedfor further miniaturization of thesensorsSamaun et a[65]

used anisotropipotassium hydroxide (KOHgtching of silicon wafer to achieve single crystal

silicon membrane wittat hi ckness oandabaoudi @&meener Thekensarb o ut
achieved aensitivity of 105 V ™ ¥Pa'. Utilizing a similar fabrication procedureClark and Wise

[66] reported a sensitivity #10e VW™ KPa® for al| mm’ squaresingle crystalksilicon membrane

with a thickness ol0 em. They also investigated an alternative design of the pressure sensor with a
capacitive measurement system and showed that the sensitivity of the capacitive device is
approximately an order of magnite more than that of the piezoresistive drerthermore, hey
showed that the capacitive device is less susceptible to undesired thermal drift effect préent in
piezoresistivesensor Sa, they concluded that MEMS pressure sensor with capacitive mis@ement

system is doettercandidate for higlbemperature applicatiom®mpared to a piezoresistive one

In 1980sand 1990sthe idea of using MEMS sensors for harsh environment applicatiarted to

gain importanceén industry Till this time, the high sensitivity and ease of fabricatiorsioiglecrystal

silicon piezoresistive sensors had led to successful implementation of many MEMS pressure sensors.
However, the problem of leakage at high temperatoaeslimitedtheir applications to tempatures

below 150 °C. Thleakage occurs at the pn junction that isolatepitbeoresistofrom the substrate

It can be minimizedf an isolating material such &O, or SizN,4 is usedbetweenthe piezoresistor
andtheunderneath layeOne of the earli& publishedworks on the development of MEMS pressure
sensos for high temperature harsh environmapplications is that dPeterseret al[67] in which the
fabrication of apiezoresistive silicotbased MEMS pressure sensocapable of operation at

tempeaturesbetween-40 and250 °C is reported The sensomwas fabricated by a silicon fusion

16
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bonding procesdn this process theingle crystakilicon piezoresistor elements from one wafer (used
as asacrificial carrier wafer) were bonded to the oxidized surface of a second wafer in which the
silicon membranevas anisotropically etchedThe intermediate oxide layer electrically isolates the
piezaesistors from each othandfrom the silicon membraneThis guarantees low leakage oeints

at temperatuas high a200 °C [68]. The sensor achievesensitivity of 145V V™ KPa' anda
pressure nonlinearity less than 0.2% for the pressure cdridgepsi (0.1 MPa) to 5000 psi (34 MPa)

To further increase the maximum temperatureitiwf piezoresistiveMEMS pressure sensorSOI
wafers are usedinstead of silicon waferdn [69], the piezoresistive properties of potystalline
silicon and the applicability of SQvafersfor the production ofMEMS pressure sensors operatiig
temperatures up to 200 °C is investigatelding epitaxial AJO; films as the isolating material
Chung et al[70] fabricated a high temperature piezoresistive MEMS pressure sensor on hetero
epitaxially grown Si/AJO;/Si SOlwafer. Their device featurka sensitivity of 262 V " ¥Pa' and
worked in the temperature range €20 to 350 °Cwith a pressure nonlinearity of 0.18% and a
hysteresis of 0.07% for the pressure range of 0 to 93 U§lag silicon on sapphire (SOS) substrate,
Stuchebniko\71] reporteda piezoresistivea MEMS pressure sensor operatisitgemperaturg up to

350 °C.The sensor measut@ressursup to 60 MPa with a pressure nonlinearity less than 0.2% and

a hysteresis smaller than of 0.05%.

The problem with using silicopiezoresistors at temperataghove 350 °C is the excessive thermal
generation of charge carriers at such high temperafdggsRecently, Guo et dI73] demonstrated

that by using smartcut® SOI wafes (featuring a single crystal silicon film less thGn. 5 e m i n
thickness on top ofn insulathg layer) the maximum operating temperature of a piezoresistive
MEMS pressure sensaan bepushedto 600 °C with an acceptable accuradjpelow 0.5%) and
hysteresigbelow0.1%)

Regarding theeefforts, silicon baed MEMS technology is already at its maximum temperature limit.

Further progress can only be made by using more resilient materials than Siticaxample[74]

reports on the development ofharsh environment MEMS pressure sensor basegiezoresistive

effect of borondoped diamondvhich works at temperaturesp to 250 °C The membranef the
sensorconsists& e m of wundoped di amo reohsiliCon henbramihsant ed ov
area of2x2 mnf. Borondoped diamond piezoresistage depositedand formed on the membrane

The main limitation of diamond piezoresistors at high temperatures is the decrease in their gauge

factor with increasingtemperature. The highest reported operating temperature for didmead
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MEMS pressure sensors 300 °C [5. To further push the maximum temperature limit of
piezoresistive MEMS pressure sensors, SiC has been used extenSi@ahased piezoresistive
MEMS pressure sensors can be categorized into two main groups:-@p-Silicon devices at whit
cubic 3CGSiC is deposited on silicon wafeand 2) SiCon-SiC devices at which hexagonal 4&hd
6H-SIiC aredepositedover SiCwafer[76]. The firstgroupcan be regarded as a modification to the
SOlbased piezoresistive MEMS pressure sensors in thatdped silicon piezoresistive elements are
replaced by SiC ones. The membrane #drelsubstrate; however, are still made of single crystal
silicon. The limitation on the maximum operational temperatursuchdevices is due to gradual
degradation of siion mechanical properties at temperatures above 600 °C. This inherent geoblem
addressedby usingthe second group devices, i.e. Ki€SiC ones Such all SiC MEMS sensors are
investigated forextreme applications such as higtessure densifiers in jengines, nuclear power
plants, materials processing and space applications.

Piezoresistors are inherently temperature dependent and their output changes with ambient
temperaturelt is thereforenecessary to compensate for this undegiredssensitivity totemperature

effect This is usuallydone by separatelyneasuring the temperature througkegondtemperature
sensor.The two signak are thenfed into a signal processinginit which calculatesthe corrected
temperaturéndependentpressure. This methodf compensationis applicable up tothe critical
temperature at whicthe resistance value tie piezaesistos drops(around 600 °C for silicon7p)).
Substituting piezoresistors withcapacitive measurement syst@ranother methodtminimize the
temperature sensitivity effect in MEMS pressure sensors. Thiscsuse the pressurea capacitive

MEMS pressure sensds convertedo electrical signaby a vacuum capacitawhose dielectrids

inherenly temperaturéndependen[77].

Capacitive
In a @pacitive pressure senspa pressuresensitivemembraneis used aghe top electrode of a
variablecapacitorwhosebottomelectrode isisuallyfixed to the substrate underneath the membrane
Pressuredifferencebetween the two sidegeflects the membrane. As a result of this deflectithe
gap and the capacitancdetween thetwo electrode change Figure 2.7 schematicallyshows a
capacitiveMEMS pressure sensavhich is fabricated usingadth bulk and surface micromachining
methods A seakd cavity under the electroddsealized through wafer bonding)rovides the
reference pressumgainst which the external pressure is measurkdtwo electrods are separated
by thin insulator layers.
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Figure 27. Schematic of a capacitiMEMS pressure sensdabricated using surface and bulk
micromachining methods. The top electrode is shown deflected under pressure differer

Capacitive pressure sens@neadvantageous over tipgezoresistiveones becaudieyconsume less
power (thetransducer itself consumes no active poweaye smalletemperature sensitivifyand are
tolerantto contact resistance variatiomsie to temperature changdoreover, capacitive pressure
sensors can achieve higher sensitivigesl are less sensitive &mvironmental variations7B]. In
spite of these advantagesycessive signal loss from parasitic capacitancdéleignajor drawback
which hindered the development of capacitiMEMS pressuresensorsfor high temperature
applicationsuntil on-chip circuiry could be fabricated7p]. However, this solution has its own
limitation as the maximum temperature for-arip signal conditioning circuitry achieved so far is
around 508600 °C reported by researchers at Case Western Reserve Univ8hit]] fnd NASA
Glenn Research CentetQ, 81.

The work by Moe et al in 2000 isne of the earliest implementations sificon-basedcapacitive
MEMS pressure sensor for harsh environment applicat&®s Ih their work, a pressure sensor for
the differential pressure range ofL00 KPa in oil industry applicationsas developed. The sensor
was fabricated using a triple stack of fuslmonded silicon wafers. Through bulk micromachining, a
bossed membrane \ita diameter of 1.8 mm and a minimum thickness of Zfwas realized. The
sensor wassuccessfullytested in temperatures up to 200 °C. To compensate for the ambient
temperature variations, a reference capacitor insensitive to the differential presswith dhd same

size as thamain capacitive pressure sensaas integrated within the design. Having the sensor

packagdilled with oil, the devicevas reported tachieve a minimum sensitivity of 109 fF KPa
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Kasten et alin 2000 reportedthe fabricationof an array ofcapacitive MEMS pressure sensor
(connected in parallel for bigger capacitive outfa¥ed on SOI technolodgr the measurement of
pressures up to 12.6 MPReith ambienttemperature up to340 °C[77]. To compensatdor the
parasitic capatances andhe ambienttemperaturdiuctuations a reference capacitance sensas
added to the desigDistributed over an area of ~ 2 man array of 128ircularmembranesg 0 & m
in diameterand2 . 5  sthitknéss)achieved asensitivity of 1.04 fF KPa" before temperature
compensation and 0.9F KPa&" aftertemperature compensatidrater ontheymodified the linearity
and temperature sensitivity of tlsensorby using a onchip CMOS readout circuit monolithically
integrated with theMEMS sensorchip. However, a compromise was made by limiting trew
maximum operational temperature of the sens@s®°C B3).

Young et al in 2004 reported onSC-SIC capacitiveMEMS pressure sensoin their sensor,he
membranéhad a diameter o#00¢ mand was realized from@&. 5 ¢ m -§i@ filnc dpitaxdally

grown on a silicon substrai@8]. The sensor was used to measure pressures up to 96 KPa in non
contact mode and 332 KPa in contact (touch) mode at temperatures up to 400 °C (limited by the test
setup).The average sensitivity the sensor had achieved was affufil KP&". Experiments at
different temperatures showed that the device had noticeable temperature sensitivity, mostly due to
the trapped air insidthe sealed cavity and the CTE mismatottween the SiC membrane and the
silicon substrateThis necessitated the use afseparatesensorfor temperaturecompensationin

addition, due tdhe high residual stress ithe SiC layett hi cknesses in excess of
have been achieved.oTsolve this problem, replacing the single crystal-3C film with
polycrystalline3C-SiC was proposed in follow up workby the same grougdowever, the modified

device still suffered from excessive temperature sensitivity as well as decrgasssole sensitivity

at hightemperaturg

In 2008, Chen and Mehregany reported dime successful implementation ah all poly-SiC
(membrane and substratgpacitiveMEMS pressuresensor for the measurementpséssurenside

the cylinder of an IGngine[1]. In their sensor, the membrane meadured 4 iredrameter and 3

em i n tamdwasequippedwith high temperature interface electronics capable of operation at
temperatures up to 600 °@8.total of 130 membranes were connected in paraledr achip areaof

~ 20 mm, for amplified capacitive outputEnclosed in aceramic duain-line (DIP) packagethe
sensomwas used toneasure static pressures u@atound5 MPawith temperatures up to 574 °C and

dynamic pressures up to 0.56 MWith temperaturespto 150 °C. The dynamic tes@ascarried out
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inside a one cylindetest engingunningat ¥ = 750 rpm undepartial loadsDuring the static tests,
the sensor achieved a sensitivity of arourBiff KPa' and a temperature coefficient of 0.05% at the

maximum temperaturef 574 °C(limited by test setup)

Recently,Jin et alreported on the design and fabricationadbiC capacitiveMEMS sensorfor the
measurement of pressures up to 4.83 MPa at temperatufggh as 500 °@84]. The sensowas

fabricated in twdalifferent configurations: 1) poh&iC membranen poly-SiC substratéSiC-on-SiC,

or all SiC), and2) poly-SiC membranen silicon substrat¢SiC-on-Si). The al SiC and SiCon-Si
configurations(arays of260 membranes connected in parallele ach 94 & mabout3 di a met
& min thicknes$ achieved sensitivities ofiround0.65 and 0.61 fF KPaat roomtemperature,
respectively No information on temperature coefficient of the sensweas reported in the paper

Moreover, he high temperature experiments reported in this werecarried out in a controlled test

chamber with minimum temperature fluctuation.

Optical

Optical pressure sensors are membitzamed sensors whose transduction raaism is based on
optical interferometry. They comprise an optical cavity which is formed between two mirrors: the
polished end face of an optical fiber ahd bottom side of pressuresensitivemembrane. The cavity

is sealed at a constant referencespuee ideally vacuum) and any deflection of the membrane due to
pressure produces a change in the cavity lewdibh is measured opticallpptical MEMS pressure
sensors areinherently immune o electromagnetic interferencand can work at very high

temperatures since the signal processing can be carried out remotely in a safe envirBiguonex.8

Reflection Membrane
Incident light s
‘—
*—  Pressure
-— difference
‘—

Optical fibre
Cavity

Figure 2.8. Schematic of an optical MEMS pressure sévasmd ori-abry-Perot interferometry.

The depth of the cavity formed between the reflectiariaces changes with pressure differen
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schematicallyshowsan optical pressure sensbased orFabryPerot interferometryThe works by
Pulliam et al 85, 8§ were among the firsts reporting optical MEMS pressure sensors for harsh
environment applicans. In thee works, hybrid systems based on Sii&mbrane and sapphire
optical fibers were reporte®ue to thermal mismatch between the structural materiegse sensors

were prone to failurby cracking of the interfaces betweenitttifferent componentsg[/].

Zhu et al in 2006 reported om @ptical MEMS pressuresensor entirely made of fused silica with
maximum working temperatui@ 710 °C (limited by fused silica creepndfiber dopant diffusiorat
higher temperaturg) and a sesitivity to pressure 0f.22 nm KPa [88]. Despite usingnly one
structural materialand eliminating the thermal mismatch effettiar sensorshowed noticeable
temperaturesensitivitymainly due to the pressure change of the residual gas trappedtivesicherity

with temperature.

In 2009 Ceyssens et al reported on an optivEMS pressure sensor for the measurement of
pressures up to around 0.4 MPa and at temperatures as high ag88D0IGe sensor design includes
silica optical fiberand amorphous SiMolybdenum bilayer membranBespite the match between

the thermal expansionsbfh e s ensor 6 s danfl 4 vmauesealed cavitfno cesideial t s

gastrapped inside the sensor shadanonnegligible sensitivity to temperatiof 0.03%K ™.

Recently, an albapphire optical MEMS pressure seng@sreported 0. The sensor was used for
pressure measuremeiietween 0.04 and 1.38 MPa at room temperatureusing whitelight
interferometry. While no high temperature experimdatsthe device were reported in the paper, a

temperature of 1500 °C was proposed as the maximum functional temperature of the sensor.

Temperature compensationn MEMS pressure sensors

Many MEMS pressure sensormsxhibit undesiredsensitivity to temperature In extreme harsh
environment applicationshich are associated with big temperature changesh as IC enginéhis
problem is more pronounced. Theref@eme means of temperature compensatierequired te
incorporated intahe pressuresensordesignin order to correct the output signal for temperature

effect

In pressure sensor8yo major approaches for temperature compensatencommonlyfollowed.
The first approach aims at minimizing the temperature sensitivity thrdwgtt modification of the
pressuresensordesign Such modifications include for example, fabrication thfe sensor from

materials with similar CTEs (and ideally from one materjal) 89, modification of the pressure
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sensitive membrane through introduction of corrugaf@i93], or addition ofa new material for

activelycounteractinghe temperature effecdq.

The secondemperature compensation approach involves measurement of the ambient temperature
and cancelling ouits effectin the signal processingtep One way of implementing this method was
mentioned earlier in the review of the capacitive MEMS pressure sensor by Mo82&taalwhicha
reference capacitor insensitive to theasurand (pressure@psintegrated within thesensordesignto
compensate fothe ambient temperatureariations The drawbacks of this technigirclude 1) the

need for biggeon-chip propety for the reference devicand 2) the undesired inherent difference
between theoutput of the reference deviemdthat of the main sens@dueto differences between

their structures To address these issyesiother method is used which involves utilizingeparate
temperature sensor to provide supplemental information to the signal processingounihe
measurements to be as precise asiples the temperature sensor needs to be as close to the pressure
sensor as possible, preferably on the same chip. In IC eagiplecationat which temperature
changes happen very quickly and large temperature gradients exist, fast measurement dagfitempera
at the same poiwherepressure is measured is critichis implies thathetemperature sensor will

be exposed to the same harsh environment conditions that the pressure sensor exptoigeces.

such a fast respondif@arsh environment tempeuae sensohas not been reported yet

2.1.4 Temperature sensors

Temperaturaneasuremenin harsh environment applicatiosan be accomplishedith a variety of
sensors A brief review of these sensors along with some notes on their applications in harsh

environments igprovided inthis section

Thermocouple

Thermocouple (TC)onsiss essentially of twodissimilar electrical conductors joined at one end
(called junction) Any change in the temperaturgf the juncture with respect to a reference
temperature, produces a voltage output roughly proportional to the temperatiiange
Thermocouples havene of the widest temperature rarggef all available temperature sensor
technologiesj.e. -200 to 2300 °C95]. Ceramic thin film thermocoupleBave beendeveloped to
measure surface temperatug to 1500°C [96]. Recently agroup of thermocouples with ultrathin
junction tips, called wface junction thermocouples have been used in applicdtionsed of fast

response time such &®at transfer andurface temperature measurementsC engine[97, 9§.

23



However, these thermocouples are bulky and their implementation in IC engine requires big holes
be drilled in the cylinder wall97]. Moreover, theijunction gets deteriorated over time (thisnigy

they are sometimes call erodible junction thermocouples) which requires frequent calibration.

Thermostat

A Thermostais usuallyformed by bonding strips of two materials with differ@fEstogether. As a

result of temperature change, stress fields develdipeinwo materiallayers which cause thehole
structure to deformThe deformation is measured and correlated to the temperature change. The
maximum working temperature of a thermodstatletermined by thermomechanical stability of its

structural materials as well as the readout system used to measure its deformation.

Thermistor

Thermistor performance based ora ceramicmaterialwhose resistance varies with temperature.
Nagaiet alin 1982demonstrated a thermistoomprising SiC sensing element over alumina substrate
with gold- platinumelectrodedor measuring temperatures in the range26f to 350 °C and with a
thermal time constant of 80 se®9]. Later on, with some modifications, the same group
demonstrated a faster SiC thermistor for measuring temperatures as high @ [300] with a
thermal time constardf 1.5 secWhenisolated from harsh environment througihcapsulabn in a
metallic paclkges (the tradeoff would be increasedresponse time)thermistors can measure
temperatureas high as 1000C, suitable forapplicationssuch asutomotiveexhaust gas temperature
sensing [101]. In generalbecauseof their inherent nonlinearity, therniiss are usedover narrow

temperature ranges, but with high sensitivity.

Resistive temperature detector (RTD)

It is similar to thermistor in performance, but its sensing element is usually made of almbigh
temperature applicationgjngsterandplatinumare usually used as the sensing elemt®#[ RTDs
offer good accuracy and linearity over a widange of temperaturthan thermistors. Recently,
Miyakawa et al has reported on @latinum thin film RTD, coated by CVDdepositedSiO, and
annealedat N, atmospherefor MEMS-based microthruster aerospace applicatifi®3. Their
device has beesuccessfully tested at temperatures uf@00 °C with good repeatability and small

temperature driftbutonly for a limited life time of 1 hour

24



The majorproblem with the application of thin film thermistors and RTDs at high temperatures is

material degradation in the presence of oxyd&[

Infrared (IR) sensor

IR sensorsdetectos) measure temperature by sensing the thermal radiation emitted by an Digect.
problem with using IR sensors in harsh environments isttie@itreadout can be easibffectedby

the surface finistof the objectthey are aiming aand the presence of dushd particles in the
environment Moreover, these devices are sensitive to the composition of the atmosphere whose

temperature they measure.

Other optical temperature sensors

Some otherimportanttechniques used for thaptical measurement of inylinder temperature in IC
engines includeéaserinducedfluorescencg¢105, 106, coherentanti-stokes Ramascattering[107],

and Rayleigh scatterin10g. A comprehensive review of these temperature measuring techniques
and their drawbacks for {aylinder operatiorcan be found ateferencg109. One common problem

of these techniques is that the optical source is rather bulky and sensitive to temperature. These
techniques have proved promising inside laboratories, Hait tmplementation in production IC

engines has not succeeded yet.

Another optical sensor recently reported for temperature measuramelmarsh environment
applicationscombinesBlackbody radiation and laser interferomef87, 11Q. The sensor performs
based on the optical signature of a SiC chimisintered SiC tuband has been used to measure
temperaturesis high as 1077C. Once more, the bulky components of the sensor have hindered its

outside laboratory implementation.

The temperature sensoryieved in this section can be categorized into two main groups: 1) contact
mode devices whose performance is based on conductive and/or convective heat transfer mechanisms
and 2) non contact mode devices which work based on thermal radiation. Exceptdéast®s, other
temperature sensoreviewed in this section belong to the first group. As a general rule for contact
mode devices, the smaller they are in size the falsesr respondo temperature chang&his is

because smaller devices have smallernia¢ mass as well as larger ateavolume ratio which
facilitates heat transferThis will be effectively used inChapter 3 in the design of new

multifunctional MEMS sensor.
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2.1.5 Failure of available MEMS sensors in harsh environments

Failure of sensing mechnismsdue to crosssensitivity

Crosssensitivity to undesired parametees mentioned iChapter 1js a majorproblemin MEMS
sensors working at extreme conditions. One well known example of this problém ioss
sensitivityto temperature in MEMS pssure sensors which originates from thermal mismatch among
the various components of the sendoifferent methodshave beerdeployedso far to address this
problem in MEMS pressure sensors, includigctronic temperature compensation, selection of
mateaials with similar CTEs,and using corrugated membraneBhe dectronic temperature
compensation schemes are usually accompanied with inherent error which comes from the fact that
they are implemented dhe pressure sensor's back end where the electtomiponents are located.

In dynamic applications such as IC engine where a considdmhferature gradiemhay develop
throughthe sensor body, the front end of the sensor (i.gpibgsure sensingembranepandits back

end (where temperature iglectranically measured)can experiencedifferent temperaturesThe
selection of materials with similar CTE®uld solve the problem of cresensitivity only in static
applications where a uniform temperature exists. Moreovdimits the combinations of MEMS
materialsavailable for a desigr-inally, using corrugated membraradversely reduces the working
pressure range of the pressure sensing membianéhe new multifunctional MEMS sensor
developedn this Thesis a new method for addressitite problem ofemperature crossensitivity is
proposed

Degradation of structural materials

The other major problem MEMS sensors encountén harsh environment applications fhe
degradation of their structural materidisom a mechanical point of view, MEMS materimsetheir
elasticityandeventually gie way to plastic deformatioat high temperaturedoreover, in a harsh
environment application like an IC engine, the cyclic nature of loactigd lead to degradatioof

MEMS materials due tareep To address these mechanical issisgnger materials which can
survive such harstenvironments should be useth addition to mechanical degradation, the
deterioration of electrical properties is also a major concernméMEMS materials exposed to harsh
conditions; examples include redistribution of dopants or reduction of semiconductors bandgap at
high temperatures. To solve this problem, wide band gap semiconductor materials or temperature

control over the electrorsgpart of the sensor are commonly practiced.
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In addition, the degradation of interconnects can also be a limiting factor for harsh environment
operation of MEMS sensors, due to diffusion at the material interfaces and changes in the metal/alloy

compositons that can lead to narhmic contact, for example.

2.2 Multifunctional MEMS sensors

The performance of MEMS sensdrmsharsh environmentfacesdifficulties due tolimited available
property area for mounting the sensochallenging design requirementsdue to the harsh
environmentsand demanding computational requirement®rehestratingamongmultiple MEMS
sensorgequiredto simultaneously measure multiple measuraitie solution to these problems is

using multifunctionaMEMS sensor

The first approach tamplementa multifunctional sensing platform sombining multiple single
taskedMEMS sensoron a singlechip (common substrateralled hereaftediscreteapproach The
result of this approachis a multifunctional chipsensitive tomultiple measurandsThe second
approach called integratedapproach is based oncombining two or more singlasked MEMS
devices into one deviaghichis sensitive teseveraimeasurandatthe sameime. The latter approach
results in more complexity compared ke ffirst one; however, on the positive side it enables smaller
and more precise MEMS sensande realized.

In the following a review of some recent efforts on developing multifunctional MEMS sensors for
harsh environment applicatioreccording to the farementioned categorizatiois presentedIn
accordance withhe objective of thi§ hesis this review mostly focusson MEMS sensorslesigned

and/ordeveloped for pressure and temperature measurements.

2.2.1 Discrete approach

Berkeley Sensorand Actuator Center (BSAC) athe University of California, Berkeley,n
collaboration with researchefsom Case Western Reserve Universi9hio, and NASA Glenn
Research Center, Ohithas one of the most prominent research curriculums on multifunctional
MEMS sensors for harsh environment applicatisash as IC enginegeothermal,and power
generationThe BSACefforts on harsh environment MEMS sensarslude development of single
tasked MEMS sensors such 8iC resonant straigauge[111] and SiC resonantuning fork for
accelerometers and pressure sensbi]] high temperature electronic2(, and integration of
multiple singletasked MEMS sensaralong with SiC high temperature electronios,a singleSiC

chip for the realization of multifunctional APS (TemperatureAcceleration,Pressure andstrain)
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sensolschematically shown iRigure2.9). The TAPSsensor is supposed to work at temperatures up
to 600 °C pressures up to ~ 7 MPa, Higkslgock and corrosive and oxidizing harsh environments

[113; however, no evidence of its completion has been provided yet

Strain Pressure

Amorphous SiC
(Encapsulation)

Y
\\

Poly 3C-SiC
(MEMS Structures)

Epitaxial 4H-SiC
(SiC Electronics)

. 4H-SiC (Substrate)
Temperature Acceleration

Figure2.9. Schematic of the harsh environment multifunctional MEMS sensor proposed |

Berkeley SensasandActuator Centef113].

Figure2.1Q A photo of theharsh environment multifunctional MEMS sensor designed anc
fabricated by researchers at theiversity of British ColumbiaThe capacitive pressure senso

silicon diaphragm and platinum RTdde labeled on the phofbl4] (figure used with permission
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The research group formed around professor Mu Chiao at the University of British Columbia is
another group investigating multifunctional MEMS sensors, based on the distributed approach, for
simultaneous measurement of pressure and temperature in harsmmevit application§rimarily

pulp industry) Its sensor includes a capacitive pressure sensor made by bonding silicon and Pyrex
chips using a high temperature bonding adhesive and a platinufiirthimire RTD patterned on top

of the silicon chip 114. Top view of the sensor is shownkigure2.10. To compensate for thermal

effects in the capacitive pressure sensor, a second reference pressure sensor with immovable
membrane isadded tothe silicon chip. For protection in harsh environment applicatithes final

device is embedded into epoxy. The multifunctional sensor has been tested at temperatures up to 170
°C and pressures up to 2 MPa inside an environtestthamber The maximumerror of the sensor

was determined as  * 1.74% fullscale outpuaindthe average pressure sensitivity was measured

as 0.257 fF KP& A piezoresistive version of the device has recently been reported by the same
research group which offessmaximum error of #.72%full-scale outpuaind an awage pressure
sensitivity of 116 gRKPa'ylly.

Thedistributed approacsktudied in this section, howevédaces difficultiesin applications where size
matters andbr the measurements need to be carried @utthe same locationMoreover,
multifunctional sensors designed based on the distributed approach requihép oslectrical
connectios betweentheir multiple sensing componerits addition toand on top othe connection
needed teelectronis signal processing uniffo address theseoncerns, theoncentratedipproach

has been pursued through developing new MEMS devices which manidigle measurements at the

same timendlocation and can be integrated with various measurement techniques such as capacitive

and optical

2.2.2 Integrated approach

The work by Mertens et allflg was one of the firstto investigaé the effect of pressure and
temperature on the resonance frequency of microcantileVbesexperiments in this workvere
carried out in atmospheres of helium and dry nitro@ased on the results, the authprspose that
in asilicon microcantilever the resonance frequenegcreasgewith temperaturencreasedue tothe
decrease i n ‘dowmelhag @sncreasednuhe lersgth of microcantiléMes authorslso
showedthat the resonance frequency of microcantilevargeswith pressuremainly due to varying

damping effecbf ambient atmosphere

29



anchors
N

;\\

etch-holes

Y\

non-released beam

airgaph 7 /I; vsi-,r

(b) lezoactuator . o
%: £ Yo sinwt Excitation)

focusing
objective

Microcantilever

focusing
lens

+—
not used —
Pathi HeNe laser
splitter A =632.8nm
photo
detector

Pressure (MPa)

200 400 600
Temperature (°C)

Figure2.11 Multifunctinoal MEMS sensor for pressure and temperature measurement; (a)

picture of array of microcdilevers, (b) optical measurement system, (c) Contour plot of comkt

outputsshowingviscous damping coefficient as a function of ambjgessure antemperature

Later on,Sandberg et al showed tHat the casef microcantilevers made of thermally grown silicon

[118] (figureused with permissign

oxide, the change of dimensions due to thermal expansias a negligible effect othe shift of

resonance frequenaf the microcantilevers. They proposed that the temperature dependence of the
Youngods

temperaturgf117. They also studied the resonance frequency of microcantilevers vibrating in a

oh siliten! oxide is the main reason for the observed frequency witifi

gaseous environment and showed that the resonance frequency desitagesreasingambient

pressure. They suggested that this effect is caused by increase in the effective mass of the
microcantilever due to the increased amount of gas moleculesdmgtre the cantilever when it

vibrates at higher pressures.
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Recently, Nieva et al in 2007 proposed a multifunctional MEMS sensor for the simultaneous
measurement of pressure and temperature based on an array of micromachined silicon nitride
microcantileversanchored to silicon substratéidure2.11a) [11§. Their test setupricluded a laser
source for the characterization of microcantilevers vibration and a piezoelectric actuator for excitation
(Figure2.11b). The effects of varying temperature and pressurgsmous damping coefficient of air

were used to predict the muitifictionaloutputof the senso(Figure2.11.9. Based on experimental
results,Nieva et alsuggestedhat if two adequately designed microcantileversdriven at a known
displacement and frequency, itgessible to measuand decouple the effect of ambigmessure and
temperatureDespite its inherent simplicity and ease of fabricationijr thaultifunctional MEMS
sensorequiresa bulky external optical setup as well as a clear optical pattheameasuremertb be

carried out These requirements, howeverake its implementation in harsh environment applications
such as IC enginevhere particles and combustion products can block the optical path aqf laser
doubtful. Moreover, since the fragile microcantilever sensing eésnare in direct contact with the

harsh environment, they gpoeoneto damage
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Chapter 3

Sensor Design

In this chapterthe working conditionsinside the cylinder of a typical 1€ngine are reviewed first.
Next, the operationalrequirements forthe new multifunctional MEMS sensor arestablished
Conceptualdesign ofthe sensorwhich is based om multifunctionalnonplanarmembraneand a
capacitive measurement systésnpresentechext Finally, a numerical processing schemr the
determinatiorof the pressure and temperature loading based araffaitive outputs of the sensser

presented
3.1 Working conditions

3.1.1 Sensor location

Figure3.1lillustrates thecrosssection view of a typicalC engine cylinderA total of thredlocations
for potentialmountingof aMEMS sensoiinside the cylinder of an I€ngineare identifiedon this

Inlet valve Exhaust valve

Cylinder
head

Important points
A - Spark plug

B - Head gasket Too,2

C - Threaded rod Cylinder
[ wall

Important temperatures f Piston

Figure3.1. ICengine cylinder crossection view(A)-(C) represent the prospective mounting

>

positions fotheMEMS sensor and 0 mar ks the char a:

T - Burnt gas temperature

(o]

Cooling channel

I > - Unburnt gas temperature

)
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figure, including (A) spark plug[2, 119, (B) head gaskef12(, and (C) threaded rothrough the
cylinder wall(with the MEMS sensoiattachedo its end [1].

The sensomounting locationsidentified onFigure 3.1 share the presence of a thermal conductive
host for the MEMS sensor which is in thermal equilibrium wthl engine body (cylinder head
specifically) In a typical IC engine, feer warmup period the enginebody reaches a steadstate
thermalequilibrium with a meanbulk temperature”™Y , between100 °C and200°C (127177 °C
[121], 130180 °C [L122, 110145 °C [L23). The temperaturfuctuation overthe cylinderinterior
surface (in contact with combustigproducts)during the engine combustion strakeusuallysmaller
than 5 °C 122 123. So, it is reasonable to assume that remainsconstanthroughoutengine
work period As a resultall thermally conductive components which areontact wih the cylinder
head such asthe spark plug andhe threaded rodshownin Figure 3.1, share the samenean
temperatureas thecylinder headi.e.”Y . That said by propely attacling the sensor tdhe host
component(e.g. byusing hightemperature ceramic adhesives suclCasamabond®&amily from
AREMCO [124] and a similamethodas proposedn referencd125), meantemperaturéY  can

be provided to thtEMS s e n sbagesurdace(Figure 3.2). It will be shown in nexchapterthat
mai ntaining a constant r ef esuriacesceticaltereapha suableir e o n
thermal performancelhe output signalof the sensois sent tothe enginecontrol unit through a
transmissionine which isassumedo not affect the thermal performance of the sefisonoticeable

thermal conductionr losttakes plac¢hrough thearansmission ling

wirebonding

packaging . / high-temperature
T / ceramic adhesive

Conductive
material

(T=Ty )

sensor chip

Output signal to engine control unit

Figure3.2. MEMS sensor attached to host component with mean bulk tempénaturdn the

case ofin-cylinder MEMS sensor, the host component is either engine block or cylinder ht
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3.1.2 Working environment

In atypical IC engine the air (or air/fuel mixturg drawn into cylinder isusually hotter that the
ambient air(e.g. 76116 °C [L123, 90 °C [126) due to the mechanical wonerformedon it (for
exampleby a turbochargers well adts contact with the hot wall of inlet manifoldo increase the

efficiency of thecombustion procesatercoolers are sometimes useddool the intake air

In a naturally aspiratel engine the air is drawninto cylinder bythe atmospheric pressure acting
against a partial vacuunmside the cylinder For higher volumetric efficiency, turbochargers are
sometimes used to force feed the air into cylinder. bhstases, the pressuretbé arriving air is
slightly higher than theatmosphericpressure.Regardless of such intake pressure variations and
considering thatheintakepressurds in any casenuch smaller than the maximypnessureccurring
during combastion stroke in this Thesisit is assumed thathe pressure of the arriving air and

therefore the pressure inside the cylinder at the start of compression stroke is atmospheric pressure.

After the cylinder is filled and the inlet valves are closeaimpression stroke startBuring the
compression strokthe averagepressure and temperatwécylinder gaseous contermcreasefrom
their initial valuesto 0 and”Y at the time of ignitiofinjection and further t&d  and”Y at the
peak of the combustion strokeepending on engine speed, it will take the crankshaft between 4
(for amaximumspeed of 6500 rpm) to 45 ms (for @le speed of 600 rpm) to fulfill the compression

stroke up to th@oint ofignition/injection.

Table 3.1provides more information othe abovementionedcharacteristic parameters se¢veral
examplelC enginesFor the HCCI engines reviewed tinis table, the end of the compression stroke
is determined by finding the point at which the slope of ttesgure curveersus crankshaft angle
suddenly changes-or the first three casestudied inTable 3.1 ¢ase #1 to #3shadedrows), the
reported temperature & (refer to Figure 3.1) which has beemeasured witifast responding
erodingjunction thernocouples Thesethermocouplesnablea short response timéowever,the
erosion of the surfacejunction elementby wear continuously changes tineresponsg127] and
necessitates frequent calibratioloreover, thetemperaturemeasurements carried out by these
thermocouplesre approximateand can resulin noticeableerror for example, look at the middle
panel ofFigure3.4 at which the thermocouple measurement is comparedthatiretical prediction.
More information can beotind inFigure4.8). For the remaining five IC test engines studied in table
3.1 (case #4 to #8)he reported temperature correspond¥'tp (refer toFigure3.1), which is either

measured by optical methods or theoretically calculated.
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During compression stroka-cylinder pressure and temperatuiigangegradualy due to mechanical
work performed The gaseous content of cylinder is fairly homogenous during compression stroke.
So at any given time durinthis processhe entire cylinder volume can be characterizea ipair of
pressure and temperature values. In other words, the pressure and tmapeeasured by a MEMS
sensor during compression stros@n characterizewith a good precision, thentire volume of the
cylinder.On the other handt ¢he end ofcompression strokeshenignition/injection takes placthe
homogeneityinside the cylindebreaksdown and a substantial temperature graddevelops 106,
137, 138. The main reasanfor this temperature gradient atee presence of flame front which
travels with a speed of 220 m/s from its epicenter toward cylinder wdlBf and the formabn of
thermal boundary laygalso known as unburneghslayer [138) near cylindemwall [133,14(. The
thickness ofthermal boundary layevaries at different locations 3§ and can be up to dew
millimeters[133,141].

During working stroke, the teperature of unburnt gas inside the thermal boundary layer i
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Figure3.3. Variation of burnt gas temoperati¥g; and unburnt gas temoperaturé (optically
measured) with crankshaft angle in anastane powered Kengine. This figure refers to engin
case # 4 imable 3.1.
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Figure 3.1) is noticeablylessthanthat ofthe mainstream combustigmoducts("Y ; in Figure3.1)

[140, 142,143. Figure 3.3 shows howY  and”Y vary with crankshaft angle in an isictane

powered IC engine the sameengine reported incase # 4 table 3.). The resultingthermal

inhomogeneity lingers on during exhaust stroke asnitial mixing mechanism, i.e. th&wirl of the

intakeair, is disrupted141]. In other wordsfollowing injection/ignition a single set of pressure and

temperature valuesanno longer characterize the complex situation inside the cylinder.
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Figure3.4. Variation of incylinder parametergith crankshaft anglen a dieselC test engine

Directly measured and calculated quantities are showrgnatidi symbols, respectively. The

primary (hatched section) and secondary working ranges of the sensor are shown in thel.to
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This limits themeaningful working range ainy potential sensodevelopedor the measurement of
in-cylinder pressure and temperature, includingrthdtifunctional MEMS sensodevelopedn this
Thesis to the compression stroke up the point of ifjection (or whercombustionstarts) Figure 3.4
shows howthe incylinderpressure and temperatwary with crankshaft angléCA) in an IC engine
(the same engineeportedin cass # 1 and 2in Table 3.1) In the middle panel oFigure 3.4, the
temperaturevaluesdirectly measured byrneerodible junctionthermocoupleand calculatedusing the
Newton's law of coolingare shown The calculationof temperature in this figures based on the
assumption that the main mechanism responsiblettfer heat transfer is thermal conduction.
Regardless of the type of IC engingistassumptions valid up to the point of injection/ignition when
the flame initiates anthethermal radiation from the high temperature solid soot particulatesrges
[12]]. In a diesel 1Gengine, radiation during/orking strokeaccounts for about 10% to 40% of the
total heat transfer from the cylinder while argasoline Sl enginés share is only about ® 10%
[121]. The variation of heat flux through the cylinder headth CA is also shown inFigure 3.4
(bottom panel)During the suction and compression strokest J# ! ¢ 1 11 the heat flux takes
negative values which correspondséwerseheat transfer from hot cylinder head into @ohtake
air. Generally speakinghe trends observed figure 3.4 can be extended to other é@gines.The
datagivenin Figure 3.4 is usedextensively in thisThesisasthe referenceressure and temperature
loading against which theperformance of thedesigned multifunctional MEMS senso is
characterizedAdditionally, the heat flux data given in the bottom panedFigure 3.4 is widely used

in the numerical simulations (appendix B) as the thermal load applied to the sensor.
3.2 Operational requirements

3.2.1 Pressure and temperature working range

The primary operational rangef the multifunctional MEMS sensoduring which pressure and
temperatureneasurementare carried out covethe compression stroke up to theint of injection
(pywmHE! o0 ¢hRatchedareain Figure 3.4). During theprimary operational rangethe in
cylinder pressureand temperature increaBem0 * T®- 0 And’Y * pc® to0* pd&- 0 A
and "Y* v 31, respectively After injection, as explainedefore a considerabletemperature
gradient develops instdthe cylinder which makes the poimise measurement of temperature
irrelevant however, e incylinder pessurestill can be meaningfully measured in a poiwise

manner.The secondaryperational rangef the sensor is thusssociated witpressuraneasurement
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over the crankshaft angle rangeafb ¢ J# ! v 1 mDuring thesecondaryperational rangethe
in-cylinder pressure and temperature increase fiomp®- 0 And"Yx v 3T tod * @- 0 A
and Y x p 1t 18T respectively. The secoad/ range can be further extended to include the

exhaust stroke if needed.

3.2.2 Sensitivity and resolution

As the mechanical part of the new MEMS sensor, the multifunctional membrane responds to pressure
and temperature variatisifthe inputs) by adopting a mieanical deformation. The electrical part of

the sensor includes two capacitofsrmed between the multifunctional membrane #mel fixed
electrodesunderneathand the onboard electronics for the measurement of these capaciidnees
capacitiveoutputscorrelate tathe membran@ shapeand thus to pressure and temperature inputs

The sensitivity of a sensor is basically definedtesslope of the outpwersusinput characteristic

curve For example, in a capacitive MEMS pressure sensor, the sewsitiviiressure is usually
expressed in fF/kPa unit showing how much capacitance change (fF) is observed when a unit pressure
change (kPa) occurs. I f the sensorés output is
defined as a local paratee at the corresponding input valtéhe sensitivity of thanultifunctional

MEMS sensor depends on the performance ofmiechanicaland electrical parts. The onboard
electronics of the sensds beyond the scope of thiehesis So, in order to seand atieve the
sensitivity requirements for the sensor we would refer to comparable MEMS devices in literature
(which, as will be shown ifChapter4, will help us determine theminimum area required by the

sensor chip)For the case of the multifunctional MEMS sensor, customized definitions for sensitivity

to pressure and temperature will be provideGhapter 4.

The resolution of a sensor refers to the smallest incremental cimatiigeénput parameter that can be
meanngfully detected in the output signdh a typical IC engine, the advance/retard setting of
ignition/injectionis usually carried out with a resolution equal or better than one degrettidn of
crankshaft angleAccording toFigure 3.4, around the e of ignition/injection, one degree rotation

of CA corresponds to about 8®Pa and9 °C variation of the irtylinder pressure and temperature.
So, for the multifunctional MEMS sensor to provide precise information for the adjustment of
injection/ignition,a pressure resolution better thankd®a and a temperature resolution better than 9
°C are requiredin this Thesis it is assumd that theonboard electronicean measure a minimum
capacitance change of 1 fBirfiilar to what the LCRneter used for the eeriments inChapter 5

provides. This will be used later i€hapter 4 to meet the requiremset herdor s e n sresoludian.
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3.2.3 Ability to follow the input variation rate

In a sensor,@sponse time is the amount of time requiredtieoutput to chang from its initial value

to a new settled value, within a tolerance band of the correct new value, in response to a change in

s e n sioputdrsother words, the response time shdvesv fasta sensoreactsin response t@

variation in itsinput. A MEMS sensomlways includes a mechanicansingpart which transfers the

input into a measureable parameter (in our case, pressure and temperature variations are transferred to
deformation of a membranend an electrical part which converts the secpndaeasureable
parameter into an electrical signBhachone of these two subsystems requgesie time to fulfill its

task. In thisThesis the focus is on theechanicapart; sowhenever response time is mentioned the

response time associated wilie mechanical paris meant.

As will be described shortly, theechanicabart of the neWMEMS sensor for ircylinder pressure

and temperature measurement is a multifunctional membwvhose response tinrelates to the time

it needs to undergatemperaturevariation (following thein-cylinder temperaturgariation) and also

the time it needs to mechanically resporithe temperature variation pai$ concerned with

1) convective heat transfer from-aylinder gaseousontent to the membranand 2) conductive

heat transfer to distribute the input enetgyoughout the membran&@hough different in nature,
thesetwo heat transfer mechanisms are in action at the same time and can not be separated. In
Chapter4, it is shown that thermal condacice in thin films with thicknesses in the order of
micrometer isvery fast anadonvectiveheat transfeis the sloweronewhich determinesow fast the

sensor performsA similar argument can be made between the response time doevexrtiveheat

transkr to the membranand that pertained to mechanical deformation. Again, the two processes
occur at the same time and the slower one will dominate the total response time of the membrane.
Numerical calculations show that for the proposed multifunctional breame, the total strain energy
associated with mechanical deformations@&veralorders of magnitude smaller than the thermal
energyrequiredfor temperature change. Soséemgeasonable thate takethe heat transfer process

asthe slower onavhich dominates the total response time oftechanical sensing part

To get some idea about how fast the multifunctional MEMS sensor needs to becjdinder
application,Figure 3.5 showsthe rates opressure and temperatwariation with crankshaft ahe in

a typical IC engine (the sanemnginestudied inFigure 3.4). Around theinjection time, the rates of
pressure and temperatwariationare abouB0 KPa/deg an® °C/deg Assuming that theariation

ratesin Figure3.5 hold trudor differentenginespeed, for an engine speed of = 2000rpm, the
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Figure3.5. Rate of variation of irtylinder (a) pressure and (b) temperatuith crankshaft angle

in a typical IC engine.

temperaturevariationspeedat the time of injectiort# ! ¢ o { id calculatedabout110°C/ms. This
means thathe multifunctional membrarghould showa temperaturgariation speedf 110 °C/msto
potentially catch up withthe incylinder temperature variation trerd # ! ¢ o ¢ 1d the primary
working rangeof the sensorthis corresponds to the highest temperature variation spieed
membrane needs temonstrateWith the sameengine speed of = 2000 rpm, he temperature

variation speedhits the maximum value oB46 °C/ms at the height ofthe combustionstroke

(equivalet to 28.3 °C/deground# ! ¢ @ 1nJigure3.5).

3.3 Design of multifunctional membrane

Combining theideas of membranéasedpressuresensingand bimateriabasedemperaturesensing
Figure 3.6 schematicallypresentsa multifunctional membranecomposed of two plananalves

connected through a stégature. Themultifunctionalmembrane is characterized by the lengths
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Fixed edge

Figure3.6. Schematic of multifunctional membranEnhe edges of the membrane fixed.

of its halvesd (left) and0d (right), width @, thicknes , and the height of the step featifeThe

membranas fixed on its edgesigidly anochoredo substrate Below the multifunctional membrane

aresituatediwo electrodes, suspended in a vacyaero pressuredealed cawit, which carry out the

capacitive measurememnti(l be describedn more detaishortly). The membranés initially assumed

free ofanyresidualstressdue to fabricationhowever, later irChapter 4when the modeling of the

membrane is studietthis assumipon will be partially relaxedandthe effect ofresidualstress will be

taken into accouniThe sensd@r s r ete @temmperaure increase based on thassumption that

the multifunctional membrane experiences a bigger thermal expansion than tretesabsthich it is
anchored. The multifunctional membr aneds respons.

downward analogous to that of other flexible membranes used in MEMS pressure sensors.

3.3.1 Pressure response

Whenthe pressure differenced? is appliedon the membranet deflects downward adepictedin

Figure3.7. Thestep featurégn the membrané uncti ons as a | ocal stiffener
deflectionat its centerAs a result, theleformed membrangrofile takes asaddlelike shag andthe

maximum deflection happenstato off-center positions marked by arrowsHigure3.7.
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AA section:

WP x,y)

Figure3.7. Multifunctional membrane deformatiodue to pressure changeP

- / '
Rotation axis 7

AA section:

Figure3.8. Multifunctional membrane deformation due temperaturehangesel. The inset
highlights the rotation of the membrane aroamdtation axis that passes through the step feat
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3.3.2 Temperature response

Whent h e me mtbmperatizedirereasey &, it demonstrates biggerthermal expansion than

the substraten top of which it is deposite®incet h e me mdrgesare #&xédgo the substrate
thebiggerthermal expansionauss the membran& deformasschematically depicteih Figure3.8.

The deformatiorinvolves both translation and rotation arowtation axis passing through the step
feature.Upon temperature increasbgtleft side of the membrane deflects upward and the sigat
deflects downward, with the step feature serving as the rotatiotinaxétween Such a deformation
trendcan potentitly resultin 1) immobility of the center ofravity of the membrane ar2) zero net
volume of displaced aibverthe membraneThese characteristics can f@cticallyused to achieve
faster responding devicetn Chapter 4, thermal response of the membrane and the effect of

geometrical parameters on it will be investigated in details.

3.3.3 Temperature and pressure combined response

When pressure and temperature simultaneourstyease (combined loading) the membrane

deformation is more complex than the cases investigated above at which only one parameter changes

AA section: AP 4 AT

Figure3.9. Multifunctional membraneesponsé¢o combinedpressure and temperatuoading.
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at a time To determinethe me mb r adeferdhaion when combined loading occursthe
superposition principle can hailized providedthat the deformatiaare smallenough (smallethan

the membrane thickngssConsequently the deformation of eachalf of the membrane can be
regarded as the summation of thefatmatiors it experienceswhen pressure and temperature
loadings are applied separately, dspictedn Figures 3.7 and3.8. Figure3.9 schematically shows the
deformation due téhe combined loading of thenultifunctionalmembraneOn the righthalf of the
membrane, thelownwarddeformations due to pressure and temperature changes agree and add up
while on the lefthalf they oppose each other and subtract. In the following section, it will be shown
how this unique combination gdressure and tempeua¢ induceddeformations can be utilized to
decouple the effect of amdeasurehe pressure and temperature changes the membrgeeiences

3.4 Implementation of capacitance measurement

The multifunctional sensadesign includeswo fixed electrodegreferred to adottom electrodes)
situated below the multifunctional membrafde fixed electrods form two capacitos 6 ando
with the multifunctionalmembrane serving as tltemmonelectrode(Figure 3.10. The initial gaps
(vacuum filled)between the fixed electrodes and the membranéaamd O.When pressure arat

temperaturehangethe membrane deforms atiiis the gapshange. This

Figure3.10 Schematic of the deformed multifunctional membrane. Two capadit@sdd are
formed between the multifunctional membrane and the bottom fixed electi©desl"O are the

initial gaps (prior to membrane deformation) between the electrodes.
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Figure3.11 Characteristic grapbf multifunctional MEMS sensone set ofnputs (& ¥ecan be

assigned to each pair of outputsdee .

results invariationsof & ando , in line with the deformation ofhe membraneFor eachset ofinput
pressure and temperatwalues YORY'Y, a uniquesetof capacitancesd 5 is measuredis the
output of the systenThe characteristiplot shown inFigure3.11representshe relation between the
outputs 6 F5  and the inputsYORY'Y of the multifunctional sensorThe pressure and temperature
working ranges of the MEMSensor are identifiedn this figureas 0 0 and Y

Y , respectivelyThe dottedand the solidines in Figure 3.11relateto equal capacitance curves
associated witld ando , respectivelyThe characteristic plot dfigure3.11 enables the electronics
part of the sensor toalculatethe pressure and temperature loading according to the capacitive
outputs. To achieve this, it is only required to find the paint® in the characteristiglot of the
sensor and then deteine the corresponding values wfand”Y The procedure is shown Figure

3.11 whered hd is correlated to 0dd ¥e

3.5 MEMS sensor

So far, the design of multifunctionahembraneandits integration with capacitiveneasuremerttave

been addressge For these components to functiaB a MEMS senspia carrier substratand a
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vacuumsealed cavity under the membrane are also requtigdre 3.12 schematically shows how
these components are combined and whafitted MEMS sensor look like. The fabication process
custom designed fothis deviceis described in details in appendix. In brief, it includes bulk
micromachining of silicon substrat® create the cavitfe.g. with DRIE processwhich creates
vertical sidewalls wet etching of thesacrificial layer to release the fixed electrodes under the
multifunctional membraneand waferto wafer bondingof the chips(both SiO.-SiO, and SiSi
bondinginterfaces are considergd

SC-Si chip

Si-Si
bonding
8102—8102
bonding
Bonding
SC-Si chip
] Harsh environment compatible material _| Polysilicon electrode
Insulating layer Single crystal (SC) silicon chip

Figure3.12. Schematiaepresentationf multifunctional MEMSsensorFor better visualization

of sealed cavity and fixed electrodes, half of sensor is shown in this figure.

47



Chapter 4
Modeling and Analysis

In this chapter, different aspects of timedeling and analysis of the multifunctional MEMS sensor
areinvestigatedusinganalytical and numerical approaches. The analytical modeling evolves around
the classic beam theoryodified by introducingsome modification factorghe analytical modeling

is used in the analysis @he multifunctional membraneDue to its mixednature the analytical
modelingis referred tan this Thesisas semianalytical approach with the distinctive advantage of
reduced processing timé&ollowing verification with numerical simulations, the semalytical
approach is used in the structuratleelectrical modeling and analysis of theltifunctional MEMS
sensor. Moreoverit is used for sensitivity analysis of the senskine numerical modeling, on the
other hand, relies on finite element (FE) simulaticasried out by thecommercialFE software
ANSYS®. Regarding the type diie modeling, differenelement types anchodules of the software
are usedn this Thesiswith details given in corresponding sectiofiie ANSYS® softwareis also

used forthetransienthermala n al y si s o0 fspohsh téen-cgliedar eanditiongFigure3.4).

4.1 Thermal modeling

In this sectiongconvective and conductive heat transfievolved inthe thermal performancef the
multifunctionalMEMS sensor are modeleohd analyzedTheresults of FEhumericalsimulations in

this sectionprovide useful information on the average temperature amemperaturevariation of
different component®f the sensoduring its working cycle (the in-cylinder thermal scenario of
Figure 3.4 is used in this section as loadinghis informationis used inthe selection ofhe right
structural materisland t he opt i mi zdimensomin arder tdmbetthe gperatisnalr 6 s

requirementset inthe section 3.2

Figure 4.1 providesan insight intothe thermal energy tradeetween themultifunctional MEMS
sensorand its surrounding mediumThe configuration of the multifunctionaMEMS sensor
introduced inFigure 3.12 is used in this sectionThroughoutthe thermal modelingection the
presence ofhe step feature in thenultifunctional membranés ignored and the membranesisnply
assumed planamMoreover, theeffect of thefixed bottom electrodesF{gure 3.12) on thermal
response of the sensorighoredin this section, mainlyglue to their small thermal mass and igolat

from the main heat transfpath(Figure4.1).

48



(a)

over-the-
cavity part

oft-the-
cavity part

Insulation

tinrfc 5

1

outr

Figure4.1 (a) Array of multifunctional sensor cells connected in parallel, (b) enlarged view
single cell, (c) exploded views of the sensor cell showing the thermal transfer between dif
components; @, andT represent energy, thickness, and temperatespgctively.

As a common practice in capacitive MEMS sensiororderto get a stronger output sigregveral
devicesare usually connectedn parallel[1]. This approachs alsousedin this Thesis asshownby

the array of sensor cells Figure4.1.a.Moreover, he sides of thesensorchip areassumedsolated

from the incylinderharsh environment by a specific packagihgat said, only the top surface of the
sensorsurface, which happens to include the multifunctional membrarie, dentactwith the in-

cylinder harsh environmentFurthermore, as will be explained shortly the bottom surface of the
sensor is assumed to maintain a reference temperature throughout the sensor work. Taking all these
into account, the only path for heat transfepiand from the sensor is through its top and bottom
surfaces, respectively.
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As thein-cylinder temperature increasekiring the compression strokike MEMS sensorabsorbs
somethermal energy0d in Figure4.1).In this processconvective heat transf@laysthe majorrole

in transferringhermal energyrom the hot ambiergaseous conteifty “Y') into thesensorcold top
surface (Y "Y). At the same timéhat the convective heat transfer works to provide thermal energy
into the sensagrconducive heat transfedistribuesthe arriving thermalenergyamongthe different
component®f the sensor The conductive heat transferside the sensas identifiedin Figure4.1¢

by 0 and0 , represerihg the heat transfebetween themembrane and the insulation layer and
between the insulation layer and the substraspectivelyFinally, 0  representshe conductive
heat transfeed from the sensobottom surfacgbase)into the underneath materiallhe important
characterist time-varying temperature®f the different componentsf the sensoare identified in
Figured.las

1 7Yy average temperature of teembrandayersuspendedverthe cavity,

1 “Yy:temperature of the top surface of the membrane layer off the cavity

1 7Y j: temperatures of the top surface of the insulating lafthessame as the temperature of
the bottom surface of the membrane layer off the cavity)

1 Y j:temperatures of the top surface of silicon subs{thtesame as the temperature of the
bottom surface of the insulating layers)

1 °Y :averaggemperature of thbonding Si@-SiO; interface between the S8l chips

1 Y : constantreference temperature at serisasbase (the same as the cytier head

temperature after engine waiup).

Here it is assumethat the temperatuseof the adjacentiayers on theitommonsurfaceare equal
Moreover,the membrane is assigned two different temperati¥gsand“Y; to account forthe
potential internal heat flow between its ovHrecavity and offthecavity parts(the latter can

thermally communicatwith theunderneatlinsulating layerks

Biot (Bi) numberis a dimensionless parameter used in transient heat transfer araalgsisdefined
asthe ratio of the heat transfer resistance inaitb@dy tathe heat transfer resistanoeits surface. In
MEMS devices, owing to small thickneasdhigh thermalconductivity of thin films, the Bi number
is usually very small(e.g. Bi numbersas low as @1 have beerreported for Sichaseddevices
[144]). A small Bi number suggests th#te temperaturegradient through the thickness of the

corresponding structuiie negligible Thisallows forassuming that the system behaves like a lumped
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one For the case of multifunctional MEMS sensor, a similar discussion holds true for thth@ver
cavity part of the multifunctional membrangccordingly, a singletemperature value, i.8Yy, can

be usedo fully characterizehe temperature of @it partof the membrangFE simulation confirms

that no noticeable temperature gradient through the thickness of that part of the membrane does
exist).

Idealizing the multifunctional membrares a lumped element with uniform temperatiiye its
thermal behaviocan beapproximated by the Newton's law of cooling:

% VoY Y (4.1)
where™Q is the heat transfer coefficient betweire multifunctionalmembraneandthe incylinder
harsh environment anéirepresentshe surface area of ttmembranevhich isin contact withthein-
cylinder harsh environment lfased onFigure 4.1 equals0d @ for overthecavity and 0

® 0 o for off-the-cavity partof the membrane Since”Y and”Y vary with time, equation
(4.1) can be usetb characterize the instantaneous thermal behavior of the systéme.ideal case
scenariowherethe multifunctionalmembrane is completeigolatedfrom the substrategll the input
energy0  will be consumedo heat themembrane ugFE simulation show thatthe strain energy
associated withthe deformationof the multifunctionalmembranedue to thermal loading several
orders of magnitude less th#re total input energy. That meanso portion of0  is conducted out

or0 0 0 1tin Figure4.1 In such a case, tlodnservation of energyecessitates
0 a&yyYy " ® 6YyY (4.2)

where” and0 arethe density and the specific heat of thembranematerial respectivelyando

denotests thickness The term” @ 0O on the right hand side afquation (4.2) isalled thethermal

massof thesystem

Heat fluxin a thermal systens defined asthe rate ofthe thermalenergypassingthrough aunit
surfacearea on the system boundaBo, for the case of multihctional membranghe associated

heat fluxis expressed as

n - 4.3
oYo (4.3)

Combiningequatiors (4.2) and(4.3) gives
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LYY

Z 4.4
635 (4.4)

n nb

Holding to the idealization thall the input thermal energy is used to change the temperatthe of
membranegequation(4.4) sets an upper limit on thme mb r anaxénmiure achievable temperature

variationrate or simply temperature rat€he thermal efficiency of the membragiés defined as

(45)

|
o
C‘1| C-
¢

The thermal efficiency- varies between 0 and 1 and shows how much of the input heat energy is
used by the membrane to change its temperatlternatively, p — suggests how much of the input

energy is conducted out of the membraitee ideal thermal scenario mentioned aboveesponds to

1.0 0
0.9 H0.1
0.8 H0.2
0.7 403
0.6 404

=05 dos T

—
0.4 H0.6
0.3 10.7
0.2 H0.8
0.1 409
O0_1 I 'ofslml J' 510 "' ””'105'0

t,,(nm)

Figure4.2. Temperaturevariation rateof a SiCmembranes er sus CA r ot dnt i
(°C/deg unit, for different values ob and— (0 ¢ L Exv ¥ =600rpm)
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— p. Using equations (4.4) and ®). Figure 4.2 shows thetemperaturevariation of a SiC
membraneversuscrankshaft angle rotation, i.e. ifC{@leg unit, for variousvalues of- ando . The
temperaturevariationsin Figure4.2 arecalculatedor the casavith 0 ¢ E A and theengine
speedy = 600 rpm In order to develop a better understanding of the effe¢ch®thickness of
membrane, a broader thickness ratitggn targeted in thiShesisi.e. 0.1 0 0 ¢ amglyzed kere
According toFigure 4.2, for the ideal casscenariowvhere— p, the maximum temperature rate is
around 4.5 ° C/deg fan SiCmembrane withdb 1Tl and around 0.4 °C/deg far vtl .
The results shown iRigure4.2 can be modified to accommodate other and¥ values according to
yy - P
6006 "00 @

(4.6)

'~<n<

Equation (46) suggests that a high allows for the membrane to experience a biggerperature
variation ¥'Y Moreover, it shows that a higheengine speed adversely affects the thermal
performance by reducing the time the membrane has to undergo temperature Rafargag to the
data inFigure 3.4, the temperaturgariationratein a typical IC engineylinder is abouB °C/deg at

# 1 ¢ X andabout9 °C/deg at the time of injectiost ! ¢ o ¢Ther associated with these
instances, according tine samefigure, are about 25 kW/mand 500 kW/m respectively Using

n v TE7A  in equation (46), onefor examplefinds thata SiC membane withd — T@® ¢
and— T ccanachieve a maximum temperatwariationrate of about 9 °C/degt the time of
injection #! o o ¢with an engine speed of = 2000 rpm Equation (4.4) suggests thfdr a
giveninput heat fluxthe thermal response tinfiee. the timeYo needed for the membrane to undergo
a temperature change ¥fY can bereducedby lowering thethermal mas®f the multifunctional

membrane. This can be achieved by

9 selecting a material witlower density
1 selecting a material wittmallerspecific heat

9 reducing the thickness of tineembrane

Additionally, asmentionedearlier, themembranes required tgpossess small Bi number.Defining
the thermal diffusivityD as the ratio ofthermal conductivityto densitymultiplied by spedfic heat
i.e. O " 6, the aboverequirements forminimizing the thermal response time of the
multifunctional membranean be combinednd summarizedinto a need for athin membrane

fabricated from dighthermal diffusivitymaterial
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As highlighted inChapter 2, the successful application of other MEMS materials than SiC in harsh
environments is hindered mostly by their chemical instability at high temperatures (diamond burns,
AIN oxidizes, and GaN dissociates). So, framtability pdnt of view SiC stands out as the most
promising material for realizing robust harsh environment MEMS. Calculations show tHailCSC
demonstratethe second highest thermal diffusivafter diamond over the temperature range of 300
1000 K while it also provides a reasonable chemical stability for harsh environment applications
Among the different crystalline variations of Si&,membrane made i8GSIC would offer the
fastestthermal response timélowever,deposition ofSGSIC film is a slow process angquires

very high substratéemperatured145 which make it a formidable taskMoreover, as will be
investigated in details shortly, the high thermal conductivity of-SBC contributes to two
contradicting effects: 1) faster thermal diffusion througle thickness of themultifunctional
membrane, and 2) increaséidermal flow from the ovethe-cavity part of the multifunctional
membrane toward itsooler off-the-cavity part whichthermally communicatewith the underneath
insulatinglayer (Figure4.1). The latter effechegatively affects the thermal performance of the sensor
by increasinghe heat flow to the insulating layérhe possiblesolution to thiscomplexproblem is

using other crystalline structure$ SiC whose depositioprocessis less demandingind result in

films with lower thermal conductivityTo shed more light on the isstie effect of such variatioris

the material properties of SiGn thethermal performance dhe multifunctionalmembranewill be

numerically investigateih the followingsection.

As mentioned earlier, the ideal thermal scenario for the multifunctional membrémat iso heat
transfer occurs between theembraneand the underneaihsulation layerand all the input thermal
energy0 is used to increse the temperature of the membraBat in reality, the heat transfer
between the membrane and the insulating lajees existand its associatecheat flux can be

expressed as

n — Q—, (4.7

whered0 0 W 0  is thecontact area between the membrane #edinsulating

layer, 'Q is the thermal conductivity of thimsulating layer material and z refers tothe vertical
direction (positive downward)Assuming a linear temperatudgstributionthrough thethickness of

theinsulating layerequation (47) can be rewritten as
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n Q (4.8)
whereo represert the thickness of thinsulatinglayer. Equation (8) suggest that the undesired
conductive heat transféom the membrane tine insulatinglayer can be&educedoy minimizing the
thermal conductivity othe insulating layeand by increasinghe thicknessof the insulating layer
Moreover,decreasing the contact area between the two lagersases the contact resistance and
thus makes the heat transfer hardenong the different MEMS materials reviewed @hapter 2,
SiO, stand outs as the ideal insulating candidate due to its ease of depasiialer thermal
conductivity compared to the other candidatsNgiand possibity of its application as the bonding
interface materiahs well Sg SiO, is selected in thiFhesisfor the insulating layefThe effect of the
SiO, insulating layer thickness on thermal performance of thensorwill be quantitatively
investigated in thenext section.Moreover, forthe sensorsubstrate material, SSi is the default
choice due to the maturignd availability ofthe processing technolog$o, the tandard thicknessf
4- and 6inch SGSi wafes, i.e.5 2 5 aenmd 7 0 0 usedm this Bhesisfor the substrate chips,

i.e.0 in Figure4.1

4.1.1 Results and optimization

In the previous sectiothe ideal combination of layers/materials for a-faspondingnultifunctional
MEMS sensorwas determinedas: a thin SiC layerfor multifunctional membrane(to minimize
thermal mass while maintaining chemical and physical robusinas)ick insulating Si@layer
between the multifunctional membrane and the substateninimize thermal croswlk between
them), and aSC-Si substratechip.

In this section, the numerical results of thermal simulations using ANS¥E®software are
presentedThethermalmodels ae meshed usin§OLID70which is a3D thermalelementwith eight
nodesand a single degree of frdem, temperature, at each nodée temperaturdependent
propertiegeviewed inChapter 2 areisedin FE simulations. Fothermal boundary conditisnthe top
surface of the sensoris subjected tothe thermal loading(ambient temperature and heat flux)
introduced inFigure 3.4. Additionally, a reference temperatuegual to that of the engine body,
appliedto thebaseof the sensofThe ANSYS APDL codes used for the thermal simulatiassvell

as other simulations reported in thilsesisaregivenin AppendixB.
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Thickness of SiQ insulating layers(2 1 < v 1)

The effect of the thickness of Si@hsulating layer, varying in the range 062 € m, on t
response of the multifunctional membrane is studiedrigure 4.3. The specificatioa of the
p Tt ut It (corresponding to the
prigt .1 emab,

¢ T 31. Thesedimensions and specifications are used

utl , o
prTtit, O

multifunctional sensainvestigated irthis figure areo
thickness of two bonded-idch wafers) O w

poly-SiC asmembrane materiand”Y
other FE simulations reportélroughout this section unless otherwise stated.
As shown inFigure4.3, around the time of injectios#(! o o)d¢he thickest Si@layer provides the
best thermal response (in ternfs"8, being close tGY ). As a general trend iRigure4.3, during

the compression stroke 1T # !
different thicknesses of Sjs relatively small. This suggests that tieating up of the membrane is

weakly dependent on SjGhickness. On the other harle difference between the results

1100 T T | | T I T
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1000 O O SOOI SN I el —
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¢ [ Y
£ 600F
1.
[-%]
=
£ 500F
%]
ot
400
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Figure4.3. Variation of Y j; with in-cylinder temperaturéy y for¢cti o6 vl .
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corresponding to different thickness#fsSiO, during the working strokéo @ Tt# ! L T)7iS very
noticeableThis is mainly due tdhe higher thermal resistance alaiger heat capacity of the thicker
insulating layer whichslow down the cooling of the membrane during the working strdke.

summary, the thicker the insulating layer, the better the thermal response of the membrane would be.

Thickness of SiCmultifunctional membrane 8 | <« i

A thinner SiC membrane corresponds to a seralhermal masén the systemSince the input heat

flux is constanta thinner membranganslats to a faster thermal respondéigure 4.4 investigates

this by providing the results dhermal analysesfor different thicknesses of pel$iC membrane
between 0. m a n d This thickness range more or less covers the typical thickness numbers
reported in literature for SiC films at MEMS application&he resultsn Figure4.4 confirm thatthat

the thinnest membrare the selected thickness rangevides the closest matbletween the
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Figure4.4. Variation of"Y j; with in-cylinder temperaturéy j, for T@t i 0 utl .
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membrane respons¥ ;, and thein-cylinder temperaturéY i . This conclusion is in agreement with

the results presented iigure4.2.

Multifunctional m embrane material (poly-SiC or a-SiC)

Figure 4.5 investigates the effect dhe crystalline structure ofmembrane materiabn its thermal
responsevhen subjected tthein-cylinderthermal loading ofigure 3.4. The results show that the a
SiC membraneloesa slightly better jokin closely following the incylinder temperature variation.
The main reason for this promising result is the lower thermal conductivitysaE avhich reduces
the thermal communication between the etercavity and offthe-cavity parts of the membrane.
While the thermal conductivity of-8iC is less than that of PoiSiC, the small thickness of theSiC
membranesnables it to achievelag enough Bi numbeiThis avoids a considerable throuttie-
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Figure4.5. Variation of"Y j; with in-cylinder temperaturéy j; for different membrane materials
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thickness temperature gradient develops in the-thvecavity part of the &5iC membrane.

Silicon bonding interface (SiSi or SiO-SiO,)

The otherstructural characteristic of the sensor studied in this section is the wafer bondnfare
featuring SiSi or SiGQ-SiO, contact Figure3.12). Figure4.6 presentsieresults oftwo series of FE
simulationscarried out with and without a8 m t h ©, interfacglayer between the S6i chips
The latter scenario resembles the case witBiSonding interface. Based on the results of FE
simulations the differencebetween themembranethermal respons&Y predicted for the two
interface scenarios negligible arounthe injection time# ! o o cas well asat the height of the
combustion stroke# X ¢ @ vOn the other handluring theworking stroke tte differencebetween

more noticeable and ttseenario with th&iO,-SiO; interface results in loar membrandgemperature
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Figure4.6. Variation of"Y j; with in-cylinder temperaturéy ; for different bonding interfaces.
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which gives rise temaller thermal stress@sthe systemMoreover, theSiO,-SiO, wafer bonding is

easier to implemenh terms ofrequiredsurfacesmoothnesand bonding temperature.

The width of bonding interface < _

Different widths ofthe SiO,- SiO, bonding interfac€0 in Figure4.1) between 2@ mand200 € m

have beenusedin FE simulations but no noticeable difference in the thermal response of the
membrane has been observed. To assure a strongbetwden the SGi chips a big bonding

i nterface area is desirabl e. Her e, wenaghsfa ume t hat

that purpose

Thickness of SCGSi substrate
Different thicknesses dhe SC-Si substratehip betweer250e m and m7 Q0 nl i neor wi t h t yrp
thinned4- and 6inch wafers available throughommercialsuppliers such agww.svmi.comand

www.universitywafer.co have been studied; however, no noticeable difference @nthtermal

response of thmmembrane has ben observ8d, here we select to continue witl2 5 ¢ chis thé i
standard thickness ofidch SGSi wafer. Accordingly,due to wafer bonding, the total thickness of

the sensochipcomestar ound 1050 & m).

Effect of engine speedy)

Engine speed is the important working factor which affectstlileemal response of the senduyr
changing the time the multifunctional membrane has to undergo temperature variation. As mentioned
earlier, at higher engine speeds, the membrane has less time aiscettpected to undergosmaller
temperature changéigure 4.7 studies this effect by looking dhe membrane temperatuf® j
variation with CA for different engine speedsetween 700 and 4200 rpm. In this figure, the

multifunctional membrane is in®C and has a thicknessof @11 .

Throughout the~E simulations inFigure 4.7, it is conservatively assumed that thecylinder heat

flux and temperature are the same as those giveRigare 3.4 and do not change withy.
Nevertheless,ni production IC enginedigher engine speeds are usually assatiatgh higher
engineloads which in turn drastically increase thecytinder heat fluq97]. The increased heat flux
would ultimately help the multifunctional membrane demonstrate a better thermal response (closer

following of in-cylinder temperature vation) as predicted by equation (4.4)
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Figure4.7. Variation of Y j with in-cylinder temperaturéy j for different engine speeds.

Figure 4.8 summarizes the findings so far and shows how the temperatures of different parts of the
optimized multifunctional sensor vary with CA for the typical thermal loadingigéire 3.4. The

optimized sensor design includesSiC membraned( 1@t ), Si0, insulating @ vl ) and
bonding (thickness = 3 &m) -Sichigseor sp amdi ).st andar
Moreover, the width of the bonding interface is chosefi as p v i . In the FE simulations, the

reference temperature at the basethsd sensor is set d¥ ¢ T 3t. Based on the results

presented ifrigure4.8 some important observations can be made.

The first observation is about the temperature of thetheftavity part ofthe multifunctional
membran€Y ; and its variatiorwith CA. Thetotal variationof Y ;; for a completecylinder cycle is
about 30 °C whichis much less than that 6fY which is about 750 °C. The reasorfor this

noticeabldemperature differendsetween the ovethe-cavity and offthe-cavity parts of the
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Figure4.8. Variation of temperature of different parts of sensor withyilinder temperaturéy ; .

membraneis the weak thermal conductance a&iC from which the membrane fabricated By

using this material, the thermal communicatiamd heat transfebetween the two parts of the

membrane is minimizedThis allows for the two parts of the membrane biehave almost
independentlyFE simulation shows that at the time of injextthe region between the two parts of

t he membrane at which the mé¥Yygha™gsniesd sl etsesmptehraant ulr 0
wide. Beyond this region,hie overthe-cavity part of the membranean be considerethermally

isolated like an islash (the cavity beneath this part is vacuurecalling fromFigure 4.2 and its

ensuing discussion, the ovitre-cavity part of the membrane absorbs and kedpmstall of the

input heat fluxwithin its structure.In other words, thermal efficienayin the overthe-cavity part of

the membrane is close to On the contrary, the cothe-cavity partof the membranés in direct
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contact with the insulating layer. So, a good portion of the inputfheainto this part is transferred

into the underneathlayga nd ul ti mately out of the system thro

The secondmportantobservation irFigure 4.8 is onthe tenperature of the SGi substrate and its
variation withCA. The variationof this temperaturés less tharl2 °C and mostlyoccursin the top
SGCSi substrate A closer look at the~E simulationresults suggeststhat the total temperature
variation in the botton8C-Si substratds less than ?C. This is due tol) high conductivity of the
SC-Si material which quickly conducts the ifpu heat fl ux owut Of riofiguehe sen
4.1), and 2Yelatively small heat fluxeaching théottomchip. Furthef~E simulations show that the
temperaturevariation inthe SCSi substratedrastically decreases as the engine speed iy ddwe
multifunctional membrane iactuallyanchored tahe SC-Si substrate. So, it is desirable that the SC
Si substrate maintains itsverage temperaturgiith a minimum temperaturefluctuation So, by
providing the reference temperatlie to thes e n sbagseald also including it in the processing
schemethe sensowould benefit from an almost constant substrate temperaglaidve to which the
membrane temperature will be measuréd summarize theection the optimized dimensions and
materials for the multifunctional MEMS sensadrious componentare listed below. Among these
dimensions, the thickness of substrdtg, the thickness of the interface layer ( ), andthe width

of the bonding interfac€0 ) can be variedni accordance to fabrication requirements without

affecting the thermal performance of the sensor.

MultifunctionalmembraneamorphousSiC,0 1™ t1 ,
Insulation layebetween the membrane and the subst&i®, 6 vt ,

1

1

f substrate: SGi, 06 v ¢l (two similar substrates are bonded together),

1 Interface layer between the ST substratesSiO,, with a thickness ab otl,
1

Width of bonding interface) 1@ 0 O potfi.

4.2 Mechanical modeling

At the core of thenultifunctional MEMS snsor is a multifunctional membrane with bilt(fixed)
boundary conditionsln this section a semianalytical model is developed for the analysis of the
multifunctional membrane response to pressuréoaneimperature loadingince an exact analytical
solution based orthe theory of platess extremely difficult if not impossible to obtain, we will
develop an alternative soluti@miginated fromEulefi Bernoulli beam theorgnd extended to the case
of multifunctional membrandlo lay the foundation dhe model, some assumptions need to be made
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first. Inspired by the analogy between the bending response of ararardnd a clampedamped
beam it is assumed here that the response of the multifunctional membrane to pressure and/or
temperature loading isimilar to that of a clampedamped beam cut from itsiddle and subjected

to the same loading. This is schematically shown in

(a) 7

z Multifunctional
membrane

(b) Lkz

1r unit width
20 (w=1)

Figure4.9. (a) Multifunctional membrane with builb boundary condition and the characterist
clampedclamped bearselected from its middle part; (b) analogous straight clarsfsdped
beam attached to extensional and rotational springs at its midspan.
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Figure 4.9.a wherethe clampeetlamped beanflight color) is selected from the middle part of the
membrane(dark color) In line with the previous section, the membrane is represented by its
dimension: lengthd), width (@ ), thicknessd ) and step heightQ. In order to assimilate the effect

of the step feature, thenalogousstraightclampedclamped bea (whose width is equal to 1§
assumed to be supported at its midspaathliemoment unknowmxtensional and rotational springs

Q andQ, respectively Eigure 4.9.b). When theanalogousbeam experiences deformation due to
pressure and/or temperature loading, thgmgngsprovide counteractingextensional force and/or
rotational moment which oppose the beam deformation.

The otherassumption made here is that the deflections of the memlaraoh the clampedamped
beam are small enoudlbompared to their thicknest) allow the principle of superpositido be
used.The deformationof the membraneue to combined pressure and temperature loadinghus

beexpresseds

aohdy  a dw g G (4.1)

whered andd refer todeformations due tpressure and temperatdoading, respectivelyFigure
3.9). In line with the analogy mentioned earliand using separation of variabléise pressure and

temperatureesponsesn the right hand side of equation (4.1) are assumed to take treedbrm
o , a4 OO (4.2)
G oo, 4 W w (4.3)

where, and, are unitless amplitude modification factorsg @ and & & representthe

deformationof the clampeatlamped beardueto pressure and temperatloading respectivelyand

o w and @ w expandthe deformation of the beam to that of the membranereover, the
deformation given by equations (4.20 and (4.3) should satisfied the merbowardary conditions.

4.2.1 Pressure response

Figure 4.10 shows the deformation of a clampeldmpedsubjected to g@ressure chang#d on its
top surface and supported by an extensional spring at its midepautilize the symmetry ofhe

beam, the origi of the coordinate systemgslectedat its midspan with the-axis extending along its
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lengthto the right Using the inherent symmetry with respect to texis, the deformation of the

right half of the beamm @ & is studied firstUsing the principle of superposition, the

Figure4.1Q Response of the analogous clampkimped beam to (a) both pressure differéfice

and retaining forc&D, (b) pressure differené@ only, and (c) retaining forc® only.
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deformation of thaight half of th éeamis determined by adding its deformations dueYtb and

concentratedetainingforce O, i.e.
O 0w ap ® af ® T ® © (4.4)

The clampeetlamped beam investigated here features a rectangular cross sétttianunit width

(0 pasin Figure4.9). Its bending momendf inertia aound they-axisis thusgiven by

0o 0
DC DC

O (4.5)

So, he deformatiosof the clampedlamped beardueto pressure differenc®) (Figure4.10.5 and

concentrated loa® (Figure4.10.9 areapproximated, respectively, py44

Ap @ Y0 () (4.6)
< h cO0 '

and

O @ © W oW O 4.7
A R 0o q :

where @ O 0 and 'O ™Qd& 1. Combining equations (4), (46) and (4.7), the total

deformation of the beam can be expressed as

Y0 o & Q4
¢Oo cOo

a w C oW W 8 (4.8)

To eliminated 1 from equation (4.8)x is set equal to zero whigksults in

YOO
‘ c¢Oo QW (4.9)

Substitutingfrom equation (&) backinto (4.8) gives

0 b
cOo p OO0 jQo

COW 0NV W O (410
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Figure4.11 Response of a clampethmped beam rigidly supported at its midspan to pressi

differenceYd (corresponding t&)  Hbin Figure4.10.a).

If Q T equation (4.0) reduces t@quation(4.6) of a beam under pressure difference ofiy the
other hand, ifQ  Hy, the problemcorrespondso a clampegtlamped beam subjected to a uniform

pressure/d andrigidly supported at itsmidspanas shown irFigure4.11.

If 'Q Hb, equation (4.10) reduces to

Y0
¢To

a w W OO W (4.11)

which exhibitsthreeextremumpointsat 1t ¢ itd . Equation (410) goverrs the deflection of
the right half of the clampedamped beamDue The deformation of théeft half of the beantan
easily bedeterminedas the mirror image of that of the right halith respect tdhe z-axis For the

general caswheret Q b, differentiation ofd ¢ given by equation (40) with respect to

gives
I P DE e (4.12)
T & <00 0 (0o |jQn e % :

Setting the right hand side of equationl@.equal to zeroandrecallingt h a tx O@ forGhe right
half of the beamthefollowing extremumpointsin the deflection curvare found

PRI (4.13)
o @ PG & 414
rp p 00 jQn (4.14)
(4

VERA A (4.15)
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These extremum pointselabeledon Figure4.10.a by their corresponding numbers 1 to/ghile @
and w values are constant and triviglofisistent witithe boundary condition and the symmetry of
the clampeetlamped beam) dependson Q. For the extremum pointat @ @ to exist the

T ® @conditionshould be satisfiedAfter somecalculationsthis results in

.. TO0
Q -

w

(4.16)

Equation (4.6) establishes theequirementfor the extremumpoint 2 in Figure 4.10.a to exist If
equation (4.16) is not satisfiednly two extremumpointat® mandw  @will appear. Insg the
effect of a nonzer® reduces ta merebroadeningof the deflection curve arourits extremumat
@ 1L In order b determin€Q for a given membrane geomettiie dimensionlesparameter- is
definedhereas

Gp mim

TR @10

Usingequatiors (4.10) and(4.17), 'Q can be determined kynore details on FE code in appendix B)

W
pPoe

. 0

0 co— £ (4.18)
Utilizing the analogymentioned earliebetween th&eflection of amultifunctional membrane and the
bending response of edampedclamped beamequation (4.8) constituts the procedure forthe
determiration of Q from the results of numeric&E simulations To do so,- is first calculated from
the results ofE simulations on the multifunctional membrane. Ndxt substitutingthe values of
anda used in theFE modeling along with the calculated, 'Q can bedeterminedirom equation
(4.18). To studythe effect of membrangeometryon 'Q, Figure 4.12 shows howQ changes with
length- and widthto-thickness ratigsi.e. 076 andw 70 , of a aSiC multifunctionalmembraneor

two cases with step heigha-thickness rati&¥o equal to0.5 and 1.
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Figure4.12. Variationof "Q with length and widtHo-thickness ratiog an a-SiC multifunctional

thickness ratio ofa) 0.5or (b) 1.

membranevith a step heighto-
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As a general trend ifigure 4.12 the larger the lengthand the widtkto-thickness ratiosre the
smaller the spring constaf@® will be. In other words,Q is inversely proportionate t6¥6 and
w70 . Moreover,a biggerstep heighto-thickness raticcontributes to darger Q. By knowing the
spring constantQ, the deformation ofie clampeetlamped beaminderpressure loadiny0 can be

fully understood using equation (4.10).

In order to expand thedampedclamped beardeformation given by equation {4) to the case ofhe

multifunctional membrane&y « in equation (4.2)s introduced as

W w (4.19

£ &
O

Equation (4.20) satisfies the fixedlge boundary condition of the multifunctional membrane at
W o (Figure4.9.a).Substituting from guations (4L0) and (419) into equation(4.2) gives

~

, Yoo . p )

1] Y _ LY LY [ — 4'20
a ofw Ge~ @ @ G0 100 o ohe & = p (4.20

The dimensionless amplitude modification factorappearingn equation (4.8) compensatefor the
effect of simplificationsand assumptionmadeso far by scalingthe deflection of theanalogous
clampedclamped beam for adaptation to tbese ofmultifunctional membrane. is numerically

calculated agémore details on FE code in appendix B)

(4.21)

whered Timt is the deflection at the center of the membraredictedby FE simulationand
G T is that calculated from equation (). Figure 4.13 shows how, changes withh760 and
w 70 for the samea-SiC multifunctionalmembranecaseinvestigated inFigure 4.12. The general
trend inFigure4.12is that, is inversely proportionate to thee mb r dengthdosvidth aspect
ratio 07w . Additionally, except for a small portion of each graplrigure4.12 associated witsmall
0F0 and largew 70 values, theamplitude modification factor, is alwaysless than oneThis
suggests thathe beam theorygenerally predictsa larger deflectiorfor the analogous clamped

clamped beamompared tahe multifunctionamembrandrom which it is taken.
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Figure4.13. Variationof, with length and widthto-thickness ratiogh an aSiC multifunctional

membrane with a step heigtatthickness ratio ofa) 0.50r (b) 1
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Finally, substituting the values 60 and, extracted fronFE simulationsinto equation (4.9), the
threedimensional deformation profile of the multifunctional membrane subjected to pressure loading
Y0 can be determined. Ithe electrical modeling sectigrthe semianalytical model of equation
(4.20) will beusedfor the calculation othe capacitive outp@of the sensor.

4.2.2 Temperature response

Figure 4.14 schematically shows the deformation atlampedclamped beamsimilar to theone
represented irFigure 4.9) subjected toa uniform temperaturencreaseY Yand supported byhe
torsional springQ at its midspanThe origin of the coordinate system again selectedat the

midspan of the beam with tlxeaxis extending along its length to the right.

@ AT f,.(0)
P ;.
? A kg' N > i % § 313 i_bx

A

2 (%)

Figure4.14. (a) Deformation of clampedclamped beardueto temperature increa38Y (b) The
reaction force O applied by the end supports giviee toaninternal bending momef® " Qwhich

is opposed by the torsional momeént from therotational spring.

In previous section it was shown that the contribution of the step feature toward the pressure response

of the membrane is an added stiffness whiictits the deflection of the membrane arouthé step
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feature.For the case of temperature loading, the dbation of the step feature is mocemplicated
as it provides @ internalmechanism which gives rise &thermalbending momenand deforms the
membraneAt the same timehe step featureontributes to the stiffness of the torsional sprrgch

oppo®s the deformation of the beam

Whenthe temperatureof the beanincreasesit tends toexpand to accommodate the added length
however, its clamped ends prevent its free expansion by appglgiogposing compressive ford®,
as shown inFigure 4.14.b The compressive forc® gives rise to a bending moment at the step

feature in the middle of the beam whose magnitude is given by

0 e '0Q (4.22)

This bending moment tends to rotate the clampachped beam around tetep features shown in
Figure4.14 However,the torsional sprindQ opposs the deformationof the beanby applyingthe

counteractingorsional moment

0 Q—m (4.23)

where— T is the rotation angle of the beanuat T determinedy

(4.24)

The net bending moment applied to the center of the clafaedgped bearmas shown irFigure

4 .14 his thus calculated as

6 0 0 0Q Q& n (4.25)

The deformation of theght half of theclampedclamped beam subjectedttee bendingnomentd
at its midspan can be approximated b§q
0 . 0Q Qa m o, .

0w © Ww W T O ® (4.26)

a o

Solving the equation (462, the function governing the deformation of the clampleanped beam

dueto thermal compressive for@® is determined as
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» O (4.27)

*0 o o ”

The thermally deformedclampedclampedbeamdemonstratesvo extremum pointslong its length
atw  ® , marked by corresponding numbers 1 and Bigure4.14.b.Differentiationof equation
(4.27) with respect tax gives@  &j o which an the contrary to equation (4.14#hich gavethe
location of the extremum point for pressure loading éaselely dependent adhe clampeetlamped
b e a gebmetryand does natlate to thermal loading”Yor therotational sprindgQ .

The compressive thermal foré® which deforms the clampedlamped beanoriginates from the
difference between the thernsttairs of the beamand the substrat® which thebeamis anchored
This can be generalized for the multifunctional membrane from which the beam is sééctednd

| represent the CTdof thebeamandthe substrate materials, respectively,can be expressed as

08 08 YY | YY (4.28)

whereY’Y andY'Y are the temperature changes thatlibem(or membraneand the substrate
experienceand0 O Uis the cross section area of the beéman IC engine as shown in thermal
modeling sectionY"Y is much smaller thatY’Y (Figure 4.8). In contrast in a steady state
thermal analysisY"Y and Y'Y are the sameSo, different design guidelineare required for

transientand steady state thermal conditions.

To expand the deformatioof the beam modelto the case ofmultifunctional membrane function
¥ w is introduced into the thermal resperexjuationd¥ w is selected similar tadg & proposed in

equation (4.19)Based on equation (4.3hdthermal responsef the membranis given by

, ™0 YY | YY Q.

5 )
Y o - T —_— 429
& o ORI GO & = p (4.29

Substituting fofO from equation (4.5) and recalling tf@t 'O 0, equation (&9) is rewritten as

a ohdo T ¥YY | ¥YY oo © = P (4.30
where
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, 0Q
cod To QOO

(4.31)

Similar to themethodused inthe previous section fathe calculationof the modification factor ,, [

is numerically calculated by

3 e

r SXx_ G¢s & of
: T YY | YY

(4.32)

where & ;  ¢j ofit corresponds tothe displacementpredicted by the FE simulation at
© doho m,foragven| YY | YY value (more details on FE code in appendix
B). As a numerical exampld&igure 4.15showshow, [ changes wittto 6 and’@¥d in an aSiC

membranevith 0j © o ®. Themodificationfactor, | takesits highestvalue at(Yo e p&. More

Figure4.15 Variation of, [ with @ 70 and’@® in an aSiC membrane withj 6 ¢ ®.
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FE simulations show that this holds true for other dimensionsnag@ghbranesubstratematerials.
This suggests that fom given set ofmembrane dimensions, an optimiZ€kb ratio can be found

whichresults in the highest thermal deformatadrthe multifunctional membrane.

Up to this pointthe temperature dependence of tteriab used in the fabrication of the MEMS

sensorthas notbeentaken into accountAccording to the datpresentedn Chapter 2.a temperature

variation of 700 °C(which is comparable t8"Yy)canc hange the Youndwas modul
much af2%. Sg takingtheYoungés mo dul u Sndependeamaterial pnopentyalltnat r e

bring about a major error to thesponseanalysis of the sensorHowever the variation of other

material properties such & E with similar temperaturehangess far from negpible. To take this

into accountequation (80) is first expressed ithedifferential formof

y 0
Qacw I QY | QY o & = P (4.33)

whereQ & chw is the differential deformationf the membraneQ "Yis the temperature change the
membrane experiences (froM to”Y 'Q"Y)andQ”Y is the temperature change of the substrate
(from Y to Y QY ) during the same period of tim& Q“YandQ"Y  aresmall
enough] and| can be assumed to remain constant duttregemperaturevariation period On

the other hand, enthe temperature chargiare considerahlequation (430) is modified to

v

. o W
a oido T ¥YY | ¥YY oo & = P (4.34)
wherg and areCTEsaveraged ovethecorresponding temperatuvariationrangesi.e.

IVERATINY IV gy

- (4.35)
% h | Y% 8

In a harsh environment application associated with static (or steady state) thoewdivady all the
components of the sensor have the same temperature. In this case, according to edg@4dtion (4.
maximizing the difference between the CTEs of the membaadethe substrate materials results in
the highestachievable thermal deformatialn ¢fwy. Among the materials studied @hapter 2,
titanium (Ti) stands out as possessing the highest CTE over the temperature rangd Q0380

Accordingly, the combin&gon of Ti membrane and Si substrate, in shorSiTisystem, would
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potentially provide the largest thermal respoasa MEMS sensor based on thermostatic efféct
the other hand, for a dynamic harsh environment application such asgi@e where different
components of the sensor experience different temperdkigese4.8), short thermal response time
not the amplitude of the thermal respoisé¢he first priority As argued in the previous section, the
combination of SIC membrane and Si substratertyy SiGSi system,could provide the shortest
response timevhile maintaining an acceptable levelrobustnesshroughout the loading cycle

4.2.3 Combined pressure and temperature response

It was earlier assumed that the principle of superposition haldsatrd can be used in the analysis of
the multifunctional membranevhen subjectedo pressure and temperatul@ading So when
pressureand temperaturdoading coexist the total deformation of the multifunctional membraise

expressed as

aofs A o & o G o mh H o b (4.36)

adhd o do ¢ dw m & &h O ® (4.37)

S

whered andd aregiven by equations (20) and (434), respectively,anda andb represent the

half-length anchalf-width of themultifunctionalmembrangFigure4.9).

To validate the thermmechanical model of equations (4.36) and (4.8Bigure 4.16 compareshe
deformation profileof two membraneaubstrate systems) their xz andyzplanes predided by the
thermoemechanical modeind by FEsimulatiors. The first membransubstratesystemis a Ti-Si one
with dimensiondd @ p il and’Q o ¢tl , and he secondneis a SiC-Si systemwith
dimensiondd @ v mi and’Q o6  p 1l . In bothsystemsthe multifunctional membrane
is subjected t0 ¢ 0 0 @ndY’'Y x T . Thecharacteristiparameterextracted fronthe FE
simulationsand used irthe semianalytical model are ™EQ c@ptx Al and,l
ik fortheTi-Sisystemand, 1@ ¢Q o¢® X fi and, I m@inmpix for
the SiC-Si systemThe maximumdifference between thdisplacementgredictedby thetwo models
is less than 3% whichonfirmsthe good agreement betwedime two approacheand validates the
semianalytical therme mechanical modelThe main advante of the semanalytical model,

however s the reduced processing tim@rovidescompared to FE simulations by ANSYS8uch

78



T T T 89 ()
—o— Semi-analytical model
""""" Numerical simulation (FE)
) - -
g 075 2
= =
«P 72}
2 i
N’ 250 4150 N
3.75 2.25
05 -0.25 0 0.25 0.50
X/W
®) o 0
—o— Semi-analytical model
"""""" Numerical simulation (FE)
T 101 107 =
E E
= &
(&) avks
9 =
N 20 {14 N
3.0 1 2.1
-0.5 -0.25 0 0.25 0.50
y/W

Figure4.16 Deformation of the multifunctional membrane in X&) plane and (byzplane for
SiC-Si and TiSi membranesubstrate systems predicted by the sanailytical model (solid line

with round symbol) and FE simulations (dotted red line).

an advantagéacilitates the electrical modeling of the multifunctional MEMS serigcothe next

sectionand also allows for quicptimization of the sensor desigiich will be discussed shortly

As in Figure 3.10, the initial gaps between thaultifunctionalmembrae and the bottom electrodes
are designatet® and"O. Since the multifunctional membrane is designed to work ircootact
mode of operation (i.e. at the maximum displacement the membrane would not toloditone

electrodes);O and"O need to be Igiger than the maximum deflection thfe membranex

to
avoid any physical contact and/or pinlto happen
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According toFigure 3.4, in a typical ICengine the maximum inylinder pressure and temperature
occur almost simultaneously at the peak i tvorking stroke. So, the maximum deflection of a
multifunctional membraneor IC engine applicationcan easily be determined hyutting the
maximum pressure and temperature values (e.g. figure 3.4) in equatios (4.36) and(4.37).
Throughout thisThesisit is assumed that the pressure and temperature loading giveguire 3.4
holds true for different engine speexddand load. Generally speaking,sauming that the absolute
maximum incylinder pressure and temperatusduesare knowngquations (486) and (4.37) are first
used todetermined . If 'O is theminimumclearance distance maintained between the top and
bottom electrodes—{gure3.10),"0 and"O arethendetermined by

O 0 & "0 (4.38)

In aflexible membrane with fixed boundary condition which is subjected to pressure difference, the
maximum deflectiorof the membrane depends s length and widthto-thickness ratios147.

That said, for a constant thickness, biggeplame dimensions result insanaller maximum pressure
associated with a given deflectidn.the mechanical modeling sectiofithis chapterthelinearbeam
theorywas used in the derivation of equation2@}. The applicatiorand validity of this theoryis
limited tothe cases witmall deflectios. In thisThesis small deflectiorrefers to deflections which

are smallerthat the thicknesof the deforming body(clampedclamped beam, for example)
Additionally, the numerical procedwe&eveloped foequations (4.18)ral (421) havebeenusedfor

small deflection cases. Sdan this researchthe length and widthto-thickness ratios of the

multifunctionalmembraneareselectedn such a way thatt  is always smaller thai .

As argued earlierto achieve the shortest thermal response ttmemembranshould be as thin as
possible Based on the design parameter ranges mentioned before, the ideal membrane thickness has
been selected a® { | . Figure4.17 shows how the maximum deflection of aSiC multifunctional
membrane withd ™ il varies with its length and widtfhe pressure and temperature loading
usedin this figureare those given ifigure3.4 at the peak of the working strakEhe resultsuggest

that different combinations of lgth and widthvalues (below and to the left of tige @il

contour line inFigure 4.17) can satisfy theequirementof & 0 . A sensitivity analysigmore

details inSection 4.4)carried out orthree example combinations @b ( 0 ¢ 4l ), (@ ¢ i

and0 ¢ dqi) and® ¢dqgli andd ¢ @i ) showed no noticeable difference between the

results. Sow 0 ¢ yl is selectedor the inplane dimensions of the membrane.
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Figure4.17.Var i ati on of maxi mum aSiCfmembrane withnlengibf

and widthw when subjected tpeakin-cylinder pressure and temperatuFae region at which

the maximum deflections smaller tharthethickness of membrans contained withn dotted line.

To measure the capacitive outputs of the semswoltagedifferencebetween the membrane and the
bottom electrodess required FE simulationsshow that foro 0 ¢ i and ahypothetical
measurement voltage difference of 0.1 a/minimum clearance oiO @t 4 i between the
membrane and the bottom electrogesnoughto avoid any pulin (or collapse)Xue to electrostatic
attraction If a bigger voltage difference is needed the measurementthen a largeiO is also
needed to bedwised of in the design of the multifunctional sengorsummary of the results and
findings of the mechanical modeling section are given in the following. They supplement the ones
presented at the end of the thermal modeling section.

Multifunctional membanewidth: @ ¢ yi ,
Multifunctional membranéength:0 ¢ yi ,
Multifunctional membranstep heightQ p& o0 1@t ,

Gap between the membrane and the left bottom elecfiode:T® i ,

= =4 -4 -—a A

Gap between the membrane and the right bottom elect@de:T® y i .
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4.3 Electrical modeling

In this section, the capacitive output of the multifunctional MEMS sefasatifferent pressure and
temperature loadings predictedand analyzed. According to the results rendered time thermal
modeling sectionKigure4.8in particula), it is reasonable to assume thating the working cycle of
the ICengine, the temperatuoé the substratef the MEMS sensofY , remains almost constant
Substitutingy”"Y Tt in equation (4.8) and its following equatics) the modifiedmodelis used
in this sectiorto first calculate thehreedimensionaldeformation of the membrarecht and then

determine the capacitive outpd@tsand® by

3y -QwQw - .
o "0 Sahos O @ o & ohwos W T
(4.39)
v v - QO - QwQw .
0 uvhY T ® ©

0 Qdadws O w dv a dws

whered andd are given by equations (€)Rand (434), respectively The optimized dimensions of
the sensodeterminedn thethermal and mechanical modeling sections are irs#te calculation of
6 and & from equation (4.39)Due to relatively complex shape tffie & o function, the

integrations in equatior(g.39)arecarried ounumerically.

Alternatively,0 and0 can bedirectly calculatedby the FE simulations usinANSYS®. For that,

the multiphysics module and ESSOLV solver are usked the analysis of thecoupled
thermomechanicatlectricalmodel In the multiphysics analysis, the solid model is first creatat a
the material properties are definéa the form of temperaturdependent tablesThe dielectric
between thanembrane and the bottom electrodes is assumed to be vacuum wérmhigivity

- y& v p 1t &N . Next, thesolid model is meshed with 2@odebrick element SOLID122. In

a coupled multiphysics analyses,pair of compatible electrical and structural elements is required in
orderto minimize the need for remeshing while switching between the physics. The ideal companion
to the electrical elemerB8OLID122 is the 26hode structural element SOLID186. For the loading
cases which involve severe distortion of thelectricvolume elements, the mesforphing option is
turned onto allow the software to remesh the model whenever needed during itvéteras. The
remeshing is specifically requiraghen the membrane deflection is at its maximum #redgaps

between the membrane and the bottom electrodes are at theirvaluest
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4.3.1 Fringing effect

When twoparallelplates form a capacitothe electricield between the platedoesnot end abruptly
at the edge of the plateShere is someslectric field extendingoutsidethe plateswhich carries
electrical energy andhould be taken into account when the capacitance is calcul&isceffectis
referred to as fringing effect amdwuses the real capacitance to be larger than what catcbiatbe
analytical modelasfor exampleby equations (4.9) above Calculation ofthe capacitance bthe FE
software ANSYS®has the advantage ¢éking the fringing effect into accountHowever, this
inclusionin turn drasticallyincreass the processing timeand the complexity of the model sinae
bigger dielectric volume with irregular edgesieeds to beneshed an@dnalysed When thevoltage
difference betwen t he capaci tigamallithe ¢lestdc field betwaen thedoes not
extend far beyond thelectrodeé boundary.For the the multifunctional MEMS sensor designed in
this Thesis ignoring the fringing effect and limiting the analysis to tleifidary of the electroddas
implied by equation (4.39) for examples) assumed tmot bring about a major error in the results.
Supports for this assumption are provided in appendix C where the effect of fringing effect on the
capacitive output of aimple membranbased pressure sensor is investigated by FE simulations.

4.3.2 Connecting multiple sensors in parallel

To get a bigger capacitive outpistbm MEMS sensorsit is a common practice to connect multiple
sensorgn parallel[1]. Figure 4.18 schematially shows an array d 0 multifunctional MEMS
sensors connected in parallel. The capacitive outpued® in this figureared 0 times those
of thesingle MEMS sensahown inFigure3.10. In the connected configuratiothe multifunctional
menbrane forms the common top electrode oftladl connectedunits whilethe bottomindividual
electrodes are connectédseriesto form two large bottom electrodesThe connecting of multiple
MEMS sensors in paralletould increase the surface ara@adthe footprint of the sensoaccordingly

It was assumeearleirthat the electronipart of the sensor cameaningfullymeasure a minimum
capacitance change of 1 fF. This will be used later in the determination midirtiteer ofthe sensors
required to barrayed

As arguedin the thermal modeling sectiofpr the multifunctional membrango exhibit a good
thermal performanci is critical © minimizeits thermal lost into the substraie (Figure4.1). To do
so the contact area between the membrandtanthderneath insulating layer shouldromimized.
This requirements met with the custom fabrication process flow proposedjipendixA for the

arrayed multifunctional MEMS sensor
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N columns

M rows

Figure4.18. Several multifunctional MEMSensors arrayeid parallelto provide bigger outputs

4.3.3 Capacitive output

In this section, equation A3is used for the calculation ofthe capacitive output®f the
multifunctional MEMS sensor.The dimensions andpecifications of themultifunctional MEMS
sensorstudiedin this sectioninclude®6 t™®ti , o6 vufi,0 pmuyit,d © ¢ul,
O O ™ (i, Q m®ti and thenumber of individual sensor arrayed in paralled 0
(yet to be determined iaccordancevith the assumption of a minimum capacitancengieaof 1 fF
detectable by sensor electronic¥he temperature depenaenof the sensomaterial properties
discussed ifChapter 2s taken into accourin this section. Moreovethe fringing effectas discussed
in Section 4.3.1is ignoredin the numerical calculationsurthermore, dr thein-cylinderpressure and
temperature loadingf the sensor the datdrom Figure 3.4 is used The first results are presented in
Figure4.19 wherethe capacitive outputs andd predicted bythe semianalytical modeandthe FE
simulation(see appendix B for the FE codek comparedrlhe difference between the resufsthe
two approachesaveraged over thentirepressure and temperature rangesbout2.3 % for 6 and
1.5% for & . The capacitance units of fe 1 & A O Ar/dbF p m & A O Aeployedn this figure
are associated with cases involving one siiMfieMS sensoor one thousand array&udparallel.
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Figure4.19.(a)6 and (b)0 predictedby the semianalytical modelreddotted ling andFE
simulation pluesolid ling) for the SiC-Si MEMS sensowith dimensionsb @ cul,
Q ™t ,0 ™ii, and’O O ™ gl .
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