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Synopsis

The broadefield of present research is FalPgrot interferometer based fiberoptic pressure
sensors. The optical pressure sensors based on MEMS fabrication technology in particular
have been investigated.istfound that the optical sensors have a sealed cavjiyetent the
ingress of foreign material. The sealing method used in any fabrication technology leave
behind some residual gas in the cavityess special measures are takanthe literature,

effect of the trapped gasas been studied only from the gmective of its temperature
behaviour. Calibration with temperature and pressure is carried toutachieve active
temperature compensation of the pressure sensor. Hovaenaffect whichhas been largely

ignoredin the literaturejs the central idea ohis research workas outlined further

The trapped gas pressure in the sealed cavi
pressure sensor. The reference pressure must be firm in all the operating conditions of the
sensor. However, imicrocavity sensors, it ienticipatedthat the movementf diaphragm

would result in change of reference pressure. Thus there is a mutual dependency; the
deflection(under a given applied pressud®pends on reference pressure trereference

pressure dependshaleflection. Therefore, thediaphragm would not take the position it is
supposed to takeas the reference pressurearies with deflection. It was found very
interesting to develop the insight into the phenomenon and have quantification of the extent

of the underlined effect.

In the present work, the optical pressusensors having MEMS design habeen
investigated. The fabrication involves anodic bondihglass and structured silicon wafers.
An analytical model is developed and a charstie equatiom is derived forfinding the

deflection of diaphragmin a sealed microcavity ensor. It emergegshat there is a



phenomenon of fAsuppression of spamideeffet t he
is more for low range pressure sensors such as thaarthat for high range sensor such as
10 bar. Further analysis focussed on a 1 bé&absolute)pressure sensor which is very useful

in various vacuum systems in measuring the rough vactlibensuppression is stronger for
sealed cavitie®f small lengthssuch as up to 3@m. Theachievablespanin sealed cavity
systemdepends nonlinearly on the cavity length design pararmétesensarThe achievable
span is very sensitive to cavity length value in the regime of small cavity lergibs.
achievable spars alsodependent on the pressure of the trapped gglsehthe pressure of

the trapped gas, more is the suppression of spah smaller span is achieve@he
temperature effects due to the gas alone are studied based on the derivetkrdiara
equation It is found that the large cavity lengths give more controlled characteristics of the

sensor and have various other advantages.

Numerical modelling and finite element based analgsgcarried out using fluigtructure
interaction to slve this coupledphysics problem. The results of the FEanalysismatch
closely withthe results otthe analytical model.Thus the analytical model gets validated

through the Fbasedanalysis.

When the sensors are fabricated in bascllifferent cavities are likely to have different
residual pressurdhe achievablespanis dependent on the pressure of the trapyeed Itis

seen that the larger cavigngths are beneficial as thoseuld bring all the batch fabricated
sensors at partdowever, by optical design small cavity length FaPerot sensors are
prefered. In order to accommodate these two contradictory requirements, inclusion of a
Abuf f er c asted.tTlyisocavitysvousd lneyopugleéo the main EabryPeor) cavity

and would provide extra volume to circumvent the problem of suppression of $pan.

buffer cavity is designed to provide same overall volume to the device as would have been



there for buffefless large cavity of desired cavity lengknite element analysis carried

out to validate the efficacy of the buffer cavity.

Pressure sensors of 1 bar range having different cavity lengths have been designed and
fabricated. The sensors have been packaged in prototype test packaging and tested for
pressure respons&he FabryPerot £P) cavity lengthis noted with applied pressure and
diaphragm deflectioms found. Further, e pressure of the trapped gas in various serisors
estimated from the experimentaftyund deflectiorcharacteristicsThe experimentally found
trapped gagressurs along wth the actual cavity lengths aused to fit analytical model to

experimental datal he suppression of span is estimated for sensors of various cavity lengths

In a batch of fabricated sensor 2.0 mm thick glaasused. Itwas found very difficult to

acquire optical signal from the sensor, as the sigraalweak, the devices had bow and stray
reflections wee stronger. A techniques develogd to obtain thelesired interferometric
signal by deplt ®y inmudpticél finar gifleestechniqguenables noncontact
measuremendf cavity length of theinterferometeiin the fabricated device. Th#eveloped

techniqueis used to characterize the dewqmstfabricationfor fabricateddepths of front

(FP) cawty. Further, the metire interferometeris scanned i n Anoandont act
deflection shape ofnisotropicsquare silicon diaphragns measured The techniqueis

validated by fitting the deflection shape function from literature on experimental data.

At the end, theconclusions of the research work are given fandre scope of research is

mentioned.
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Chapter 1
INTRODUCTION

1.1.Relevance and Motivation

The field of sensors is very extensive encompassing variety of sensoredsuringrzarious
parameters such as pressure, temperature, level, flow, speed, rpm, load, displacement,
position, strain, magnetic field, current, pH and so[bR2]. There can be more than one
technique or principle of measurement of a parameter of inteFest. example, a
displacement can be measured in a honcontact manner using capacitive, inductive or optical
principles. In optical, there are multiple techniqueshsag laser triangulation, tirred-flight,

total reflected power and confocal which is wavelength selective. Similarly, pressure which is
a very important parameter in industry and biomedical, can be measured in several possible
ways. The pressure is indotey measured by converting it to strain or displacement. Thus the
pressure can be measured by strain gauges, piezoresistors, piezoelectric crystal (through
strain) or by capacitance, inductance, interference and other optical principles (through

displacenent)[1,3].

In nutshell, thereare varietieof parameters for which sensors are required and variety of
technologies are there on which the sensors are based. Every technology has some advantage
over other. Also, sensor based on one technology may radtl&® cover the entire range of

the parameter and may nwt suitable in certain environments. That is why there are sensors
based on different technologies to suit different requirements of cost, size, working

environment etc.



With the advents inthefe | d of A mi c r @Vic EleceonvechanicaliEystesns)
based sensors and actuators are entering the market[4Jladdese systems, as the name
implies, are very tiny which can be integrated to some larger systems in very effective
manner. MEMS ntro-pump actuators arasedin inkjet printers.Other very successful
MEMS sensors are the inertial and pressure sensors. The inertial sensors are found in
accelerometers, mobile phones and digital cameras. MEMS pressure sensors are commonly
based on capitive or piezoresistive principles. The MEMS pressure sensors are also used as
SMD (Surface Mount Devicesjomponent on electronjorinted circuit board (PCB). An
extension of the MEMS is MOEM&Micro Opto Electro Mechanical Systemshere the

optical parts are also there in the MEMS. Example dDEMS are DMD (digital micre

mirror device) which is a chip used in modern picture projectors. MOEMS based optical

switches are used in high speed optical communication net\hs

The information technology is the backbone of pretkeve T he WAfi beroptic co
has evolved tremendously in last three decades with high speed networks, links and
components such as low loss optical fibers, laser diodes, modulators and detéwiogh

this progress was fuelled by the demands of communication networks, great amount of
interest was seen in Afiberoptic sensingo. i
light were small size, light weight, inherent immunity of light frefectromagnetic or radio
frequency interference (EMI/RFI). One tech
gyroo for defence navigation applications.
strain sensors have gained attentionStructural Health Monitoring(SHM) applications of

large civil structures such as bridges, damns, pipelines, fencing etc. Other fiberoptic sensors

have been explored widely for biomedical, oil & gas, energy and other sectors.



A FabryPerot Interferometer (FPI) is tggpe interferometer in optics which has very high
wavelength (or frequency) selectivity. It typically has two plane, parallel-feifigctivity
partial mirrors, wherein light undergoes multiple reflecsiam the cavity between the two
mirrors and acts asan optical resonator. Thevavelengthstransmitted through the
interferometemre a function of the cavity length (gap between the mirrors) and the refractive

index of cavity media. The FRfe used in spectral analysis of materials and as laser cavities.

As the fusion of technologies continued and evolvethiature pressure sensdrave been
developed on the tip of optical fiber using MEMS fabrication technigbeshsensorsare

also referred to as optical or optically interrogated MEMS presseinsors or fiber FPI
pressure sensors. The low reflectivity mirrors are common in these sensors unlike classical
interferometer, yet they have been referred
These sensors have been made for differenspresanges such as absolute, low, medium or

high; and demonstrated for various applications such as biomedical, IC engine and turbine

research, oil & gas weditc

Fiberoptic Sensors

Field of
Research

Fabry-Perot Sensors
L~
MEMS Sensors

Pressure Sensors

Fig. 1.1 The field of research



Different designs, materials (polymer, silicon, glass, sapphire, metal etc.) and fabrication
techniques (moulding, lithography, chemical etching, focussed ion beam and laser beam
based fusion or joining etc.) are used. The present research is focussed on opti&l ME
pressure sensors working on the principle of FP interferometer, as shown highlighigd in

1.1.

1.1.1.Motivation of research

The Optical MEMS Pressurersor s wi th bonded gl ass wafer
is understood when the latter is performed under ambient pressure, the sealed cavity has
trapped gases with st&imospheric pressures. The sealed cavity pressure in effect becomes

t he Or eressureefor the @essure sensor. Reference pressure must remain constant in
all operating conditions of the pressure sensor. In literature, the researchers have considered
only the temperature effeat$ the gadrom the objective of active temperaturergmensation

of the pressure sensdfiowever the effect of changing reference pressure arising from the
movement of diaphragm in sealed microcavity senandsitseffect onsensor performance

have notbeen studid.

As depicted inFig. 1.2, the sensor can be treated as a system with applied pressure as input
and the measured deflection (of diaphragm) at any given applied pressutpts In case

of sealed cavity sensors of small cavity lengths, such as FPI based sensors, the deflection of
diaphragm may change the cavity volume considerably. The change of cavity volume would
accordingly change the cavity pressureh us ma kri enfge rtehnec e66 pr essur e
on the deflection Thus, it is found interesting to derive the closed loop solution for
diaphragm deflection and the equilibrium position that the diaphragm would take. The
guantification of the effect of trapped gas on sem$@mracteristics (offset, span, linearity)

was largely unattended in the literature.



fn (cavity volume,
temperature)

fn (net pressure, elastic
parameter)

(Output)

Fig. 1.2 Interd ependency of various parameterin a sealed microcavity pressure sensor

Therefore, tis effect should banalysed with respect to design parameters of sensor such as
FP cavity lengthsensitivity of diaphragnmand pressure of the trapped ghs the present

work this effect has been investigated theoretically and experimentally.

1.2.Objectives

The objectives oftte present researgork are enumerated below:

1) Design of the silicon diaphragm and sensoiOtdrbar andd-10 bar pressure ranges

2) Development of Analytical model (a closed loop solution) for deflection of diaphragm
while the cavity pressure changes isgense to diaphragm movement

3) Derivation of deflection characteristics (comprising span and offset of sdrmor)
the developed analytical model for various cavity length values

4) Study of offset and span of diaphragm with cavity length as design parameter



5) The temperatureffect of trapped gasn offset and span

6) Study of suppression of span at various trapped gas pressures

7) Finite Element Study d-1 bar sensors of different cavity lengths

8) FE analysis to validate the efficacy of proposedB u f f e r to cirawnventy 6
suppression of span

9) Fabrication, packaging and testing of sensors of different FP cavity leagths
validation of the results of analytical and numerical models

10) Development of anoncontact measurement and characterization technique for

sensos with thick glass

1.3.Organisation of the Chapters

In Chapter 1, relevance and motivations are reported with objectives of present research
work. The objectives of the research have been listed encompassing the design, analysis,

buffer cavity, fabricationpackaging, testing and a characterization technique.

Chapter 2 givesgeneralbackground knowledge of the field of researtthas been tried to

be comprehensive and lucid enough so that the reader zeroes down very conveniently to the
problem statement of research. The brief is given about the pressures sensors and various
popular technologies. Thereafter, the optical pressamsors including the fiberoptic
versions have been introduced. The working principle of present design of sensor is given

followed bya comprehensivigterature survey. The gap area is identified and highlighted.

Chapter 3 describes aanalytical model of the pressure sensor where a closed loop solution

has been derived for the deflection of diaphragm, when the reference pressure is not constant

6



but responsive to deflection itselA characteristic equation is obtained on which various

interpretatonsarb ased. A phenomenon of Asuppression

Chapter 4 describes aumerical model andfinite element based analysis of the pressure
sensors of various cavity lengths. The phenomenon underlined in the previous chapter is also

validated bythe numerical model.

Chapter 5 briefly explains the fabrication oOMEMS basedoptical pressure sensora.
technique s developedo overcome the problem of capturing the weak optical sifyoal

thick glass deviceby using an angteut multimodefiber a probe. This techniqus used to
characterize the cavitenghs in various fabricated sensor. The technique is conveniently
used for characterization of deflection shape of square silicon diaplardjvalidated using

shape function from literature

Chapter 6 describeghe experimental worfor functional testing of the pressure sensuord

validation of the results of thenalyticalmodel.

Chapter 7 introduces the idea of a buffer cavity to provide extra volume to the main cavity
and circumvent the uafourable aspects arising from the small length cavitiesd@bkign of

the size of buffer cavity is carried out. Finite element simulations are also carried out to
validate the efficacy of the buffer cavity in eliminating the adverse effects of trapped ga

sensors of small FP cavity lengths.

Chapter 8 gives conclusinson the work carried out under the scope of present research.
Also, the future directions are suggested for investigation of some of the aspects from present

research.






Chapter 2

LITERATURE SURVEY

2.1.Introduction

This chapter starts with a brief introduction of pressure sensors based on various
technologies. A relatively new genre of sensors based on fiberoptics and optical principles is
then introduced mentioning their advantages over conventional technolodesf Aection

is dedicated to the working principle of a Falbrgrot Interferometer (FPI). This is among the

most prominent principles on which fiberoptic pressure sensors are developed and researched
worldwide. Thereafter, a brief overview is givenonomaj] 6éopt i c al demodul a
with a simple schematic of the FPI sensor. The sensor design is directly related to the selected
method of demodulation. Various implementations of fiber FPI pressure sensors have been
studied in detail. Itis found that ertain phenomenon which may lead to a compromised
designwereoverlooked. The gap area has been highlighted and scope of the research work is

formulated.

2.2.Pressure Sensors

The pressure is defined as force per unit area. A pressure sensor is one of st

sensors in scientific, industrial and other applications. Intdalay applications, pressure
sensors are found in tyre inflators, blood pressure monitor, water pipelines, industrial gas
cylinders (oxygen, nitrogen, argon etc.), air compressoejipatic and hydraulic machines,
vacuum systems etc. The pressure sensors are also used in flow rate measurement (in AC

ducts, gas or liquid pipelines) and level liquid sensing. Miniature pressure sensors fabricated



using MEMS technologies are deployedvarious advance systems (intraocular pressure

sensing, bed inflator, automobiles etc.) are often unnoticeable to the user.

2.2.1.Types of pressure measurements

The pressure measurement is of three kind gauge, absolute and diff@a®istalwn irFig.

2.1.[6]

TYPES OF PRESSURE MEASUREME

I I
GAUGE ABSOLUTE DIFFERENTIAL
True Gauge
Sealed

Fig. 2.1 Types of pressure measuremerib]

Gauge pressure is measured relative to at mos

has great relevance for the systems which are normally exposed to atmosphere. The

measurement of tyre gssure, blood pressure and liquid levels are common examples.

However, the atmospheric pressure is not constant. It varies with temperature, altitude, and
from placetopl ace on the |l and. A Otrue gaugeod sen:
pressurgeach the reference side of the pressure sensing element for accurate measurements.
The true gauge type measurement might be necessary for moderate pressure ranges (e.g. 10
bar or lesser) depending upon the accuracy demanded. However, in certain working
environments, such as those with slurry, mud, dust or water jet, it is not favourable to provide

a vent (access) to the sensing element (e.g. diaphragm) because any possible ingress may mar

the functionality of the sensor. Therefore, some sensors haveenssfeavity sealed under

10



atmospheric pressure to circumvent the abovementioned issues. Such ruggedness is achieved
at the cost of accuracy. The inaccuracy of measurement is same as difference of atmospheric

pressures at the place of measurement and plasensor calibration (not necessarily the

place of fabrication). The sealed gauge pressure sensors are acceptable where the pressure

range is high or geographical change of place or altitude is not there.

The absolute pressure is measured with respecvamuum. The absolute pressure
measurement is required for knowing the true (absolute) value of any pressure, and achieved
by disallowing the atmospheric pressure in to the sensor. The absolute pressure measurement
has significance for vacuum systems, fas at subatmospheric pressure as well as for

guantification of atmospheric pressure itself.

Low (rough) vacuum (1 mbar to iGmbar) can be measured with gauges employing
mechanical sensing elements. These pressure sensors have an evacuated refegyeioce ca
absolute measurement and the output is independent of the type of gas. For higher vacuum,
Pirani (thermal conductivity), Penning (cold cathode ionization) and hot cathode ionization

gauges are used.

Differenti al pressurfd erenctké mebsseremeémwio @f
the differential is a small value compared to two pressures. The individual pressure values are
independent and can be below, above or at par to atm. pressure. In fact, the gauge pressure is
also a differential pssure wherein one of the pressures is atm. pressure. Similarly, an
absolute pressure is a differential pressure where reference pressure is high vacuum. The
differential pressure measurement is generally used for indirect measurement of flow
velocity. In Fig. 2.2 [6], implementation of absolute, true gauge and differential

measurements in diaphragm based pressure saassiiswn In Fig. 2.2 (a), the reference

11



side of the diaphragm is vacuum, hence this is an absolute type pressurelsdfigof.2

(b), the reference side of the diaphragm is open to atmosphere; therefore such a sensor
measures the applied pressure with respect to the actual or true pressure present at the place
of measuement. Inpart Fig. 2.2 (c)the difference ofany two pressures is measuréeg

deflection of diaphragm.

Applied pressure Applied pressure Applied pressure 1
Diaphragm l Pressure
ii ; l ;i I I Port v I
Vacuum in the sealed cavity Atmospherlc pressure Applied pressure 2
a) Absolute type b) True Gauge type c) Differential type

Fig. 2.2 Configurations for diaphragm based absolute, true gauge and differential pressure sens¢d

2.2.2.Pressure sensor technologies

The effect of pressure can be seen in the form of deformation, deflection or movement of a

fl exi ble mechanical el ement . Such a mechani
el ement 6 for pr ess ur esing &bmsnts are diaphragms, lpouréosa s ur e
tubes, capsules and bellows. It is worth mentioning, that any deflection of sensing element
also accompanies strain in the element. Therefore, physical movement or strain in the sensing

el ement can bapplriecdhteprdéds swr ee.heThe O6effectod

with a suitable transduction mechanism to give useful output (Fig72.3)

12



Transduction
Mechanism

Physical
Movement

Sensing

Pressure
Element

Fig. 2.3 Basic building blocks of a pressure sensqr]

Thephysical movement can be read in contact (such as connected dial indicator or an LVDT)

or noncontact fashions (such as capacitive or optical). The pressure can also be related to the
developed strain in the sensing element. This forms the basis of traosdodhe pressure

sensors using strain gauges of various types. The sensing elements can be designed as per

pressure range and the desired movement or strain.

There are numerous transduction principles such as pure mechanical, electromechanical
(straingauge, piezoesistive, capacitance, inductance, variable reluctance, piezoelectric etc.)
and optemechanical Fig. 2.4) [7-8]. However, for technologét reasons a few transduction

principles have larger prominence than all others.

TRANSDUCTION MECHANISMS FOR
PRESSURE SENSORS

MECHANICAL ELECTROMECHANICAL OPTICAL

For Physical Movement

1) Capacitance . .
Optical Diaphragm Gauges

i i 2) Reluctance .
To Dial Indicator ) 1) Intensity modulated
3) Inductance
i 2) FP Interferometer type
For Strain

) 3) FBG strain gauge
1) Metal Strain Gauges

2) Silicon piezoresistors

Fig. 2.4 Important transduction principles for pressure sensor[7-8]

MEMS is a cutting edge technology through which many gypemicrosystems including

sensors and actuatasefabricated. An overview of MEMS pressure sensors can be found in

13



the books by Beeby8] and Alvi [9]. Topical review of MEMS piezoresistive pressur
sensors is given by Shwetha Jl&hd Kumar L1]. A Critical review of MEMS capacitive
pressure sensors is given by Kirankuma®] [and Eswaran 13]. The piezoelectric and

piezoresistive pressure sensois @escribed in book by Wilson [[L4

2.3.Optical Pressure Sensors

The optical sensors are based on changmgttribute of light by the measuraftls]. The

light is an electromagnetic wave; hence it has associated amplitude (intensity), wavelength
(frequency), phase, polarization and linear propagation property. Arhesg, tintensity and
phase are the most explored attributes for pressure sensing purpose. All interferometric
sensors are based on change of plhasaterference is a phase dependent phenonijében

16].

2.3.1.Intensity modulated optical pressure sensors

The opical pressure sensors can be based on numerous concepts and designs. The most
straight forward designs are based of connecting a measurafthrige the intensityof

light. These sensors use simple low cost optoelectronic components (LED, photodiode) and
therefore ardess expensivén comparison of more sophisticated sensors based on phase or
polarization (which require one or more of stabilized laser, tuneable laser, special fibers,

polarisers, rotatorspectrometers e)d.15-16].
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Applied pressure

Diaphragm / \ Vane
s % // ™
\> A

LED hll PD1

PD2

1\ J
Sensor /
Electronics

Fig. 2.5 Schematic of a optical pressure sensor with on gauge LED light source and photo diodgds/-18]

Schematic of a simple optoechanical diaphragm based pressure gauge is shdwg. 5

[17-18]. A vane connected to diaphragm blocks the light and moves in response to applied
pressure. The amount of light received at measuring diode is related to the pdsitien o
vane and hence to the pressure. Only small deflections of diaphragm such as up to 0.5 mm
are sufficient to cover full operational range. There is a reference photo diode fone#tio
measurement of optical power and compensation of temperatiite @f source and
detectors both) as well as aging of LED. These optical pressure transducers do not require
much maintenance. They have excellent stability and are designed foduatgn
measurements. They are available with ranges from 5 psig,00®@sig (35 kPa to 413

MPa) and with 0.1% full scale accuracy.

2.3.1.1Fiberoptic versions of intensity modulated pressure sensors
In some opticapressure sensors, light is carried to and from the sensor head by optical fibers;
hence such sensors are alsdecHiberoptic pressure sensorsAnother simple configuration

based on O0intensiFig.28150f | i ght i s shown in
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Optical Fibers Diaphragm
Input Light —» bwi ‘_/
Output Light <— L IR
N

Mirror

Fig. 2.6 An intensity based fiberoptic pressure sensdil5]

There are two fibers one input fiber carrying light from a light source and other collection
fiber taking light to a photodiode. As the electronics is away from the sensor head or
transducer, such sensors can withstahekctromagnetic /RF interference and higher
temperatures The amount of light collected by latter is dependent on the position of
reflecting diaphragm, which in turn depends on the applied pressure. Deflections of several
tens to hundreds of microns are suitable for this type of transduétimference collection

fiber can enhance the performance of sensor against factors such as aging of light source and
losses over fibers and connectors. Such sensors can also be madibersiptic bundles of

suitable configuration such as concentriqyd@m or hemispherical. The receiving bundle is

generally bifurcated in two parts, one for signal and other for reference.

Other intensity modulated pressure sensors are basadiono-bending of optical fibers
[15]. A part of multimode fiber is sandwiched sawtooth or similar kind of structure

causing micrebending over the pressed lengils shown irdrig. 2.7 .
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Fig. 2.7 A setup for providing microbending to a multimode optical fiber [15]

The micrebending results in leakage of light from the sides of an optical fiber. The loss of
light increases with applied pressure, and this forms another basis of pressure sensing based
on light intensity. A reference fiber is generally used which issnbjected to the micro
bending. It helps in ratinetric measurement of signal and reference to eliminate common

mode variability such as light source aging and bending losses.

2.3.2.Phase modulated fiberoptic sensors

The phase modulated optical sensorska®ed on principle dhterference; hence they are

very sensitive to the measuraaadeven a very small change is detectable. There are various
types of interferometers in the field of optics such as Michelson, Fizeau, Tw@neam,
MachZehnder, Sagnamd FabryPerot interferometerlp-21]. These classicabulk-optics

based interferometers have little different physical implementations from one another, and

hence suited for different kinds of applications.

| FBEROPTIC NTERFEROMETERS

Fig. 2.8 Major types of fiberoptics interferometers used in phase modulated optical fiber sensof22-24]
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Many of these classical interferometers have begremented using fiberoptics[16, 22-
24). Applications of FibetOptic interferometry technology isensor fields, is given ir24).
Popular fiberoptic interferometers are givenFig. 2.8 and their schematics are givenHig.

2.9.

In the fiberoptic interferometergused fiber splitter (coupler) is useasstead of cubic (or
plate based) beam splittérhe cleaved ends of optical fiber act as reference mirror in FP and
Michelson interferometers$n the fiberoptic interferometerss dhe light is guided in optical
fibers, extra mirrors for bendingr changingthe direction of beam are not required. Thus
fiberoptics based interferometers dight weight, portable, compact, robust and less
expensive Therefore, fiberoptic interferometers are more apt choice for sensing application

as compared to their bulk optics counterparts.
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a) FabryPerot Interferometg=P1) made on fiber end and detection systern

Diaphragm

FP Cavity

b) Fiberoptc MachZehndemterferomete{MZI)

External Perturbation

Scattering
fiber end

Sensor head

Coupler1 [ pmeasurement arm | Coupler 2 -

Reference arm

c) Fiberoptic Sagnamterferometer

Coupler 1

d) Fiberoptic Michelsornterferometer

Reference arm

3 dB coupler

Sensing arm

Transducer

Fiber loop

Mirror
surfaces

Fig. 2.9 Popular fiberoptic versions of the interferometerg[15-16, 22-24]
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The FP interferometer [20-21] has two partial reflectors (or mirrors) parallel to each other.

The <cl assical FPl's use very hi gh multiebbamect i vi
interferenced and high finesse of interfeeaptw@et er .
sensors, lowinesse interferometers are also widely accepted. A cleaved end of an optical
fiber itself can act a partial mirror due to Fresnel reflection from the-glassterface. The

surface can be coated with thin films or metallic lageenhance the reflectivity and control

the properties of the interferometer.

A simple schematic of a FO FPI pressure sensor is giveigiR.9 (a). The first reflection of

light takes place at the cleaved end of the optical fiber. The second reflection is at the
diaphragm surfaceThe gap bet ween theFPrtwei myr@emgt has
application of pressure, the diaphragm deflects and chahgesavity length and thus the
6optical path difference (OPD)®& in the int
demodulated) sing one of several techniquese¢tior2.5). The OPD can bealibrated

against the known applied pressure. The FP interferometers fabricated partially or fully
outside on the optical fiber end are called Externdbxdrinsic FPI (EFPI) sensor. Such a

pressure sensor care lpackaged in the form of sensor probe with pressure port for
connection.Chronology of FabrPerot interferometer based fibgptic sensors and their

applications, is given by Islaet al.[25] in 2016.

The fiberopticMach-Zehnder Interferometer (MZI) uses a first fiberoptic splitter (coupler)

to split the light power in two part§ig. 29b).One par t refpreresarmdntoet o c al
fiber which is &ielded from exposure to measurand (or perturbation). Other part goes in
Gensingarmmd (or measurement arm) optical fiber.
to the external strain or temperature, its optical path length (OPL) is changed accordingly.

This creates an optical path difference (OPD) between the two arms. A second fiber optic
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couplercombinesthe two light beams in the output fiber. The change in measurand changes
of output optical power in sinusoidal fashion. The two arms are coated tocerdnahreduce

the individual sensitivity towards measurand, and enhance the differential sensitivity. This
interferometer is more suitable for strain measurement such as intrusion detection, but can
also be designed to sense presstineough proper sensinglement Simultaneous
measurement of refractive index and temperature using a-Kkuhder interferometes

presented by Tao Jiao [2& 2019.

The fiberopticSagnac interferometer (Fig. 2.9 c) uses a loop of optical fiber with light
propagating in both, clockwise as well as ambickwise directionsThe rotation gives a
phase difference between two components. This interferomvatevery successfully used in
fiberoptic gyros for navigation control of aircrafts. This gyro has the advantage of no
mechanical moving part (hence no wear or hysteresis), light weight, compact and high
sensitivity R7]. Overview of principle and applicans of Sagnac fiber interferometer is

given by Brian Culshaw B. Its application in temperature measurement is given9h [2

A classicalMichelson Interferometer (MI) has one moving (sensing) reflector (mirror) and

one reference reflector. The fibet@ version of the interferometer can be implemented with
cleaved fiber ends of splitter acting as two refleci®iig. 2.9 d). The transducer can be
designed to convert the measurand such as pressure into strainsentieg arm using
suitabl e design of S e twe-heany inteférenaee na s avil h e g
interferometers (excluding high Finesse FPI which essentially has high reflectivity mirrors).

They are used in acoustiodj3and ultrasonic sensin@]] amongothers.
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2.4.Theory of Fabry-Perot Interferometer

The theory of FP interferometer is given in detail with derivetim bool by Born and Wolf

[20] and Ghatak and Thyagarajan [2A classical FP interferometer consists of two plane

partial mirrors of very high reflectivity arranged parallel to each otheredtin gap, as

shown in the figure drawrk{g. 2.10)

FABRY-PEROT INTERFEROMETER

&«
Incident light
Reflected
light Reflected

components

Mirrors

N

m—

Multiple
reflections

~._

Reflective
coatings

Transmitted
components

Fig. 2.10 A Fabry-Perot Interferometer (FPI) [20-21]

Transmitted
light

The light beam incident on the first mirror undergoes a reflection there and remaining part

enters the FP cavity. Then the remaining part of the light beam undergoes reflection and

transmission at the second mirror. The second transmission component aanudsthe

cavity, but the second reflected component undergoes multiple reflections between the two

mirrors. On each reflection from the mirrors of FP cavity, there is some component of light

that leaks (transmitted) out of the cavity. The amplitude oheauccessive reflected and

transmitted beam reduces after each incidence. Also there is some phase retardation while the
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beam travels between the two mirroffws, at both the side of FP cavity, there is a set of

beams with relative change in amplitude & f r e q u mterfergo tthat yifiel d r e s
intensity. The detailed derivation of expression tbe reflected and transmitted power from

FPI can be found ithe book by Ghatak anthyagarajan31]. The reflected and transmitted

optical intensities (pwer) are complementary to each other for any wavelength.

The reflectivity'Y.,g of an FPIlis given by following equation

5w 2
) . Vs Eq. 2-1
a4 = q

Wher e @t hies oc ®éflecavily Findss®® fiof t h@ OFPBE &a&ahe (ophase ¢

phase retardation)nderwent by the light in completing one close loop in the FP cavity, as

given below
_ iy
B =| .y Eq. 2-1
Zm
#= Eq. 2-2
i q
Wh e r'Yed 4G ssurfade eeflefitivityd o f e a cohh  ioawity Bngtho, (6t hat i's

bet ween the tado i mefractiveeindey o fa nme doi um i6n iFsPIt. heTl

fwavelengto of | i ght .
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Thefinesseof FPI increases rapidlffor any wavelengthwhenthe reflectivity of mirrords

high, as plotted irFig. 2.11 using Eq. 22. In the figure, the normalized reflectivity is plotted

on x-axis. It basically signifies the selectivity of the FPI for a wavelengtigh finesse FPI

are used to separate very close spectral lines (example sodium lamp), as tuneable filter and in

laser cavities.

The phaseetardation(] ) is dependent on both, the length ¢f FP cavity as well as the
wavelength () under consideratio(Eq. 2-3). Typical overall reflectivity characteristig of

FPlas a devicareplottedin Fig. 2.12 using Eq.21. The reflectivityof FPI is a function of
phaseretardation which in turn is a function of optical path lerggtd wavelengthThe phase
canbe changdby changingcavity length or the wavelengtbf operation The phase change

of light is presented in terms of angle. Therefore, the reflection characteristics are periodic
with change of phase. The shapeadfectivity curve of the FPI is dependent on the finesse of
the interferometerAs the finesse of the FPI increases, the top becomes flatter and the notches

become sharper in the reflection characteristics.
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Fig. 2.12 The reflection characteristics of a FabryPerot Interferometer

The reflection and transmission characteristics are complementary to each other, assuming
that there is no absorption (or other losses) of light in thi@ycaln the transmission, there

would be sharp peaks for high finesse FPI, which are used as wavelength filter.
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Fig. 2.13 Plotted reflectivity of FPI with wavelength

25



The reflection characteristics of an FPI are shawith wavelengthin Fig. 2.13 for two FP
cavity lengths with finesse value 0.5 (both mirrors with 10% reflectivity). The small cavity
length gives lesser number of frirgén a given wavelength window and vigersa. The
periodicity decreases with increasing wavelength. low finesse FPI, the reflection curves
are near sinusoidalAs the finesse increases, more number of beams participate in the

interference and resuhl imore skewed characteristics.

It is clear fromFig. 2.12 that the output of an FPI varies with the plfaseof light which in

turn depends on the cavity length and refractive index between the two mirrors and the
wavelength of light used. Therefore, if a measurand is connected to an FPI in such a way that
its variation varies either the cavity length or the refractive index (RI) or both in a defined

manner, then it would form a basis of sensing the measurand.

The fiberoptic FPI pressure sensors are generally designed in such a way that pressure
changes the cavity length through deflection of a diaphragm in a hollow cBigty2(9 a).
However, for temperature sensor, a solid @bteavity is used. The RI and the cavity length

both vary with temperature.

2.4.1.FPI based fiberoptic pressure sensors

A review of fiberoptic sensors is given by Kers&y][ High performance fiberoptic sensing
is described by Kirkendall33]. Various fiber-optic pressure sensors for biomedical and
biomechanical applications is given by Roriz Paud].[ The technological advances and
industrial stateof-the-art of fiberoptc sensors is given by Tucker [33Vild et al. [36] have
given overview and stedof-the art of various optical fiber sensors including fiber
interferometerdor detection of dynamic strain and acoustic waviée literaturediscloses

variousfiberoptic sensors for different scientific and engineering applications.
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Fabry-Perot Interferometer (FPI) based fiberoptic sensors are the most popular phase
modulated (interference based) pressure sensors. Very small deflections of diaphragm can be
measured with high accuracy. A reviewfdferoptic extrinsic FPI sensors is given by Rao

[37] ard that offiberoptic Fabry-Perot interferometer basedpressure sensorss given by

Yu [38]. The full scale deflections of diaphragms are generally within several micrometres
only. One of the physical implementation is shownFig. 2.14. There is a reference
reflective surface (such as end face of fiber) and a reflecting diaphragm. They are spaced at
very small cavity gaps from a fraction of micrometre to several tens of micrometres, based on
the pressure range and optical demodulation method. The two reflected beams interfere and
demodulated by an optoelectronic analyser at the distal end of fiber. These sensors have

advantage of small size and high sensitivity among others.

~ ?/ ‘ Pressure

4

T Diaphragm
Optical fiber Light Reflections  Fabry-Perot cavity

Fig. 2.14 A Fabry-Perot pressure sensor made on optical fiber en@8]

2.5.Demodulation methods and dsign of FP sensors

The pressure sensor design relates the pressure range to the measurable deflection (or strain)
range. The presire range is governed by the application for which the sensor is to be
developed. The measurable deflection is governed by the underlying technology or method of
detection. Therefor e, the diaphragm as a sel

pressure to a full scale deflection.
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More sensitive detection technigusuch as interferometry requivery small deflection.

Accordingdy, the lateral dimensions of the diaphragm can also be reduced while keeping

other parameters (thickness, maximustress) same. This opens the avenues for

miniaturization of sensors.

The FPI

based interferometers can

be

idemodu

of demodulatiorare classified and represented-ig. 2.15. These methods or techniques can

be broadly divided in two categories: a) Laser based demodulation and b) Low Coherence (or

White Light) based demodulati¢88].

The laser based demodulation systdrage lesser complexity of hardwaiiéhe detection is

basedon the measureme of optical power througtphotodetector(s). The resolution of

movement is governed by the detector noise as well as the stability of laser in terms of power

output and wavelength.

DEMODULATION METHODS OF FPI SENSORS
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Fig. 2.15 Various popular demodulation techniques for FPI based sensof88-52]
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The maximum movement of diaphragm is limited to within a quarter wavelength, else there
would be phase ambiguity in detection. For example, if a 1550 nm laser is used for the
sensing, e diaphragm movement should be less than 387 nm (less thamp.As the
measurements are based on power, random losses by fiber bending or connector also affect
the measurement accuradynWanget al. B9] have implemented a new technique named
SCIIB to overcome the losses on the optical path and drift of power of light sSQCU&

(Self Calibrated Interferometry Intensity Basedes a broadband light souaredthe part of
thebroadband signal from tH&P| sensor is channelled through a narrowband filtee. OPD

in FPI sensor is so designed that the narrowband signal gives interfékentaserand
broadband does not. The ratio of first (narrow) to second compensates for any losses of
optical power wer the optical circuitHowever, this technique has similar limitation of
movement of diaphragnas in other laser based systdihe absolute cavity lengttannotbe

measured.

The low coherence (or white light) based demodulation techniques use a bbdigba
source such as a LED (light emitting diode), ASE (amplified spontaneous emission), SLED

(supefrluminescent LED), THL (tungsten halogen lamp) or tuneable laser.

These Low Coherence Interferometry (LCI) also known as White Light Interferometry) (WLI
based techniques are at large immune to variations (losses) in optical power levels. They do
not suffer from phase ambiguity in detection, therefore, allow for larger moveafent
diaphragmcompared to those by laseR®ao and Jackson [B@ave given a amprehensive

insight intofibre optic lowcoherence interferometry. The LCI or WLI technique was widely
preferred and implementda) various researchers in demodigatof FPI based ensors of
different design$41-43]. As given inFig. 2.15, crosscorrelator and channelled spectrum are

two popular types of LCI or WLI.
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2.5.1.Cross-correlator based demodulation

A crosscorrelator uses a seabmnterferometer for the demodulation (finding OPD) of the
sensing interferometer. The second interferometer gives high optical output when its OPD
matches exactly with that of sensing interferometerConventionally, the second
interferometed s p at is valied withtmlechanical sweeft involves time of scan and

mechanicalvear, thusarenotamenable for field instrumentation.

The static correlatordo not need mechanical tuning to match the OPD with the sensing
interferometer. A popular and simplecrosscorrelator is based on a Fizeau wedge
interferometer as demonstrated Bglleville and Duplain 44] for WLI based fiberoptic

strain sensorsThe Fizeau wedge essentially has a gradually varying OPD (due to air wedge
between two glass plateshhe ircoming light is expanded to fall over the length of the
Fizeau interferometer. The cresgrrelation pattern is captured usi@CD linear array
detector.The pattern moves on the CCD when the OPD in sensing interferometer changes.
The demodulator is simplstatic and fast. However, the maximum change of GRinited

to under 1Qum, which is yet good for many sensor desighsecent (2019) paper by Zilong
describes the optimization of the wedge to select a single cavity length signal from the

compound gjnal 45].

A recent(2019) papeby Ke Cherreports a evensimplea correlator where just a small piece
of glass wafer is used along with CCD array dete¢dfl]. There areother types of
correlatorsalsowhich use fiberoptic versions of interferometersother advance techniques

for detection of OPD of sensing interferomd#f].
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2.5.2.The Channelled spectrum technique

This technique is based on analysis of modulation in spectral domain. Monochromators,
tuneable or sweeping lasers or linear array basedrepeeters are used. The spectrometer is
most common for its fast electronic scan and read tirhe. spectrometer is used in two

ways

2.5.2.1Fringe tracking

A peak or valley is tracked witchange of OPD in sensing interferomefé8-49]. The
method allows for simple algorithm for detection, as the measurand is directly related to the
position of peak or valley on a linear array detector. The sensor design is considered
accordingly. The FPI sensor should have sheapleys, thus high Firsese and highly
reflective coatings are desired. Also, ttavity lengths should be smalto give a large FSR

(Free Spectral Range) in the signal which means that the valleys will have large gap in

wavelength domain. Thisill increase the movement of diajglgm of sensor

2.5.2.2Absolute cavity length

More than one value of peaks or valleys of the spectral signal can be used to calculated the
cavity length in FP sensor. This technique allows for very large movement of diaphragm as it
can measure wide range advity lengths.Shrinkhla Ghildiyalet al. [50] and Rathocet al.

[51] used diffraction grating andinear CCD based optical spectrometer for FPI

measuremeniMa Cheng $2] analysed the spectrum flmw finesse EFPI.

The sensor design parametersuch as cavity length, range of deflection, reflectivity of
mirrors, natural frequency of diaphragm, multiplexing of sensors; alllgpendent on the

demodulation methodselected.
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2.6.EFPI sensor materials, fabrication techimguesand applications

The EFPI iberoptic pressure sensors have various physical designs and materials such as
silica [53-56], sapphire[57-58], polymer [59-63], metal [50, 64-66], composite §7] and
silicon [68-69]. These materials are suited for different applications; such as polymer for low

cost biomedical, sapphire for very high temperature and reactive environment etc.

Various micro-fabrication technique are usedor making FPI sensorsThese ardusion
splicing [54], joining by CQ laser [@, 70], femtosecond laser machinifigl], UV molding
[72], Focussed lon Beam (FIB)f§] and Diamond Turn Machining6, 74. There are
varieties of applications such as biomedical, acoustics, ultrasonic, partial disdhmgige,

temperature applicatian the sensing of pressure, strain, temperature etc.

In the present work the focus is on MEMS based designs of pfBsure sensors as

discussed in the next section.

2.7.MEMS based EFPI pressure sensors

The MEMS stands fokicro Electro Mechanical SystemBhe technology is also referred to

as theMicrosystems Technologg some parts of the worldMEMS, as the name indicates

are basically the sensors & actuators with size of functional elements in the range of sub
millimeter to a few millimeters. MEMS technology generally harnesses the electrical,
mechanical and crystallographic properties of silicon. Functional elements like diaphragms,
cantilevers, beams and proof mass etc. can be fabricated by (Bulk and Surface)
Micromachning techniques developed for silicod-5]. The electronics can also be
fabricated on the same chip. MEMS sensamsvery high accuracy, small size and light
weight andfind applications in the fields of space, communications, defense, automobiles,

biomedical and many others. The popular commercial available MEMS are pressure sensors
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(capacitive or piezoresistive), accelerometer, mpumps, optical communication switches
etc. In the field of optical pressure sensors, the micro fabrication techndiegre®een used
and demonstrated in the literat#-77]. Such sensors have been referred to as optically

interrogated or optical MEMS pressure sen§o8$. Some relevant examples are given here.

Abeysingheet al. [78] describesptically interrogated MEMS pressure sensofabricated
directly on an optical fiber. The fabrication includes photolithographic patterning, wet
etching of a cavity on glass ferrule, aadodic bonding of a silicon diaphragm. This
employed both 200 and 400 paiemmetermultimode optical fibers. The sensor showed a
linear response oveli 80 psi static pressure. This sensor is expected to find application in

situations where small size is advantageous and where dense arrays may bEigs2fLé)

Anodically /E

bonded silicon

RN

Optical fiber

Fig. 2.16 Configuration of afiber optically interrogated MEMS pressure sensor78]

The Fig. 2.16 shows the usual configuration, which consists of a glass plate with a shallow
cylindrical cavity etched into one surface with the cavity covered by a thin silicon diaphragm
that has been anodic bonded to the patterned glass wafére seconatonfiguration the

cavity is formed on the end of the optical fiber and a silicon diaphragm is bonded by anodic
bonding. The linear pressure range here is approximately 5.44 Atmosphere. This was
beginning of such sensors thus the issuesililent r apped Gasavinhageal ed

not been given any consideration.
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Xiaodong Wanget al [79] described a very sensitive acoustic sensor for partial discharge.
This sensor is meant to work in oil media with some static pressure. The side hole drilled in
the glass substrate mseant for providing the same static pressure at the reference side of the
diaphragm alsoT'he centre hole is 4um deep and the main cavity36 um deep.There is

no entrapped gas as the cavity is open. Also, the deflection is limited to 4. RBgu&1 17).

Silicon
membrane

Glass
substrate

Optical fiber in
a ferrule

Fig. 2.17 Pressure sensor based on MEMS technology9]

Ni xiao-qi et al [80] demonstrated a pressure sensor based on FPlI and MEMS technology.
Light is coupled intothe sensor through a fibdbual-wavelength demodulation method is
used to analyzthe reflectedbptical signals and compensate #reors. Experimentalesults

for pressuremeasurements ranging from 0 8 MPa (30 bar) demonstrate reasonable

linearity and sensitivityKig. 2.18).
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Fig. 2.18 Optical MEMS Pressure Sensoi80]

In this Anodic Bonding is used to bond silicon to glass. However, nas mentionedif the

same is performed under vacuum or atmosphere. It seems to have been performed under
atmosphere. Theavity length is 4.1 um only and full scale deflection is yet smaller, a mere
0.38 um over 30 bar pressure. Though titaped gas is there the effect of it would be

ignorable, sat wasnotrepored in this work.

Jinde Yinet al [81-82] have fabricatedMEMS -based fiberoptic pressure sensowwith

anodic bonding The vacuumsealed microcavityith a thin silicon diaphragm is used as
sensing element and its deformation characteristics determine the pressure measurement
performance. Consideringsidual gasinside FabryPerot cavityand the termal properties

of material, they havestablished enathematical modelf o r s temperaturéresponse

based ondeal gas equationand elastic theory. Temperature experiment of this sensor was
carried out under vacuum. This work prowsde guiddine for temperature compensation

process for achieving higirecision pressure measuremdfg(2.19).
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Fig. 219 MEMS based FP pressure sensdB81-82]

The residual pressure of about 250 to 400 mbar indicates that the anodic bonding is done
under ambient pressure. This paper is majorly concerned about the temperature response of
t he EFPI sensor . The cavity |l ength is 27.3
Temperature range is 230 K to 370 K and pressure range is 0 to 2 bar (absolute). The
deflection range simulated is only 0.8 um whereas experimentally verified onéyif.68

pum. Here, he maximum deflection (0.8 um) is about 2.9 % of the cavity length (27.3 um).
However, in this paper a) deflections are too small compared to cavity length b)
characteristic equation is not derived c) Span and offset are not considerewith

pressure range and cavity length as design parameters

2.8.Summary of literature survey

The fiberoptic sensors offer special advantages such as immunity to EMI/RFI, miniature size,
light weight, high temperature capacity and intrinsically safe. Thexssgoss can be the only
choice for doing measements in high voltage, hostitr RF environments. A sensor of
range 1 bar absolute is very useful for measuring rough vacuum in systenfSheulital
Vapour Deposition@VD), sputtering, ion implantation-lgeam welding and other vacuum

systems.
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The pressure sensors based on the principle of a {Pavoy interferometer (FPI) are being
very widely pursued by researchers in the domain of fiberoptic sensors. These sensors are
fabricated using MEMS technologiesdaappropriaty named as optical MEMS pressure

SEensors or so.

It is seen that many implementations of these sensors used some kind of bonding to create the
FPI cavity. There would be some amount of residual air or gas left in the cavity after the
sealingprocess. The adverse effect of this has been explored by the researchers from the
perspective of its temperature effects. However, an effect that was ignored is related to the
change of cavity pressure by movement of the diaphragm itself in the seatedcanrty

sensors. It is found interesting as well as worthy to investigate and understand the behaviour
of pressure sensor having trapped gas in sealed cavity. The same is the subject matter of this

research work.

2.9.Gap areas

Sensors fabricated usirggicon & allied technologies are widely known as MEMS sensors.
Also, fiberoptic pressure sensors based on principle of Hadrgt Interferometer (FPI) are
known in literature. These have been realized in various forms and for different applications
as dscussed earlier in this chapter. FPI sensors those based on MEMS technology are also

referred to as Optical MEMS Pressure Senpbrs79-80].

In literature, wherever Anodic Bonding is applied for fabricabbrsuch sensorst is done
either umdeen¥iviaonme nre sefisors for the vest Esulesgmm same
is done under atmospheric pressure, when the pressure range is high and the diaphragm
deflections are small compared to cavity length. It is intuitive that any resultant gas captured

in the sealed cavity (when the same is done under atmospheric pressure)svitheegiside
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deflection of the diaphragm of pressure sensor. The gas will also respond to temperature.
Thus the referencpressure itself is not constafthis will affect the offset, span, linearity
and temperature behaviour of the pressure sefi$w. ollowing gap areas have been

identified in literature.

1) The deflection range of pressure sensing diaphragm is underutilized for compactness
of the sensors. This leads to more sophisticated and costly detection systems [78, 80].

2) The sensor designs leaditay low cost, compact and field deployable systems have
not been fully explored

3) Multiplexing of EFPI pressure sensors is not much explored

4) The EFPI pressure sensors based on metallic construction have not been explored
widely

5) Combination of different typesof fiberoptic interferometers for simultaneous
measurement of pressure and temperature have not been explored

6) Other principles of temperature measurements such as black body radiation, spectral
absorption or standard electrical sensors wherever possaixenot been explored for
combining with FP pressure sensors

7) Any other effect of trapped gas, different than that arising from change of
temperature, is not considered in the literature

8) The deflectiordependent reference pressa® well as deflection ofigphragm in
such case anmeot modeled

99 The analysis of sensorés performance with

10) The FEanalysis of pressure sensor comprignagped gass lacking

11) Technique for noitontact measurement and characterization otycéangth in the

FabryPerot sensor is not found
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2.10.Scope ofthe researchwork

The deflection of diaphragm depends on reference pressghich) depends on cavity volume
and thatdepends on deflection itself. Thus,dstfoundinteresting toderive the close loop

solution for deflection of the diaphragm given the cyclic nature of dependency.

Further, the extent and severity of effects of trapped gas on sensor characteristics (viz. offset,
span, linearity, and temperature effects) were largely unattended, Abw these effects
depend ordifferent design parameters such as FP cavity lempg#ssure of the trapped gas

and the deflectiosensitivity of diaphragmare not knownWhile the 1 bar absolute pressure
sensor is very useful for vacuum systems, the bHD sensor is useful in process
instrumentation[83-85]. Two ranges have been chosen to see the extent of effect of the
trapped gas on pressure sensors having diaphragms of different rigidities. A difference of an
order of magnitude is deemed approprifme comprehensive study. Thuke following is

the scope of research in the present work.

1) Design of the silicon diaphragm based sen@drar and-10 bar pressure ranges)

2) Modelling of closed loop solution for deflection of diaphragfrsealed cavitgensor

3) Modelling of deflection daracteristics (comprising span aoifiset) with cavity length
as design parameter

4) Study of tle temperature effects of the trapped gas on sensor characteristitse and
effect of cavity size

5) Numerical modellingf thesealedcavity pressursensor

6) Fabrication testingandexperimental validation
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Chapter 3

ANALYTICAL MODELLING OF SEALED MICROCAVITY

FABRY -PEROT PRESSURE SENSORS

3.1.Introduction

The residual gas in the sealed cavity has largely been neglected in previously published
literature. In this chapter, the effect of varying reference cavity pressure on the sensor
characteristics has been investigated and modelled. The developed maoatelinsited to

anodic bonding only and can be used for senfstmscated usingny other sealing method.
Sensors of two pressure ranges nan@ely) bar and-1 bar(absolute)have been designed.

They are referred to as 10 bar sensor and 1 bar sensortiredpetor brevity in further
discussions.In the following sections design of the sensors, derivation of governing
equations, deflection characteristics including offset and span of sensor are presented. It is

followed by discussions and conclusion.

3.2.Desgn of EFPI pressure sensofor analysis

For the present analysifhggMEMS basedlesign of thegpressure sensasshown inFig. 3.1

is consideed The desired deflection of diaphragm has beents®itd5 um in order to have
moderate change in the FP cavity length. This large deflection can easily be handled with
WLI basedoptical interrogation method. As a rule of thumb for linear mechanical behaviour

of square diaphragm, the full scale deflection should be less than 25% of the thickness of
diaphragm $6]. For 1 bar pressure sensor, the diaphragm thickness of around 18) pm
chosen so that the full scale deflection is less than 12% of the thickness. This requires square

diaphragm to have side length of about 8 mm. Thicker and larger diaphragms with same
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deflection could have been designed as well, thus producing sensbifereint lateral sizes

but same cavity length. However, these sensors would perform in the same manner due to
same volumetric changes on application of external pressure. Sehddfsrent FP cavity
lengths such as 7, 15, 30, 60, 100 um and more Ibese investigatedis the design of the
sensor is based on MEMS, the followinggjor fabrication stepsare involved.The front

cavity, which defines the length of FadPgrot Interferometer (FPI), is created by anisotropic

wet etchingafter photolithographh The silicon wafer comprising front cavity is joined to
suitable glass wafer by anodic bonding prod83$. The backside cavity, which determines

the thickness of the diaphragm, is formed after the bonding using reactive ion eidteng.

FPI gets formed between the inner surfaces of glass wafer and the diapbmagm The

optical fiberis connected on thglasssurface

Applied Pressure

R

Square Diaphragm

Silicon Wafer (100)

A Anodic Bonding Interface
of Silicon-Glass
b Pyrex Glass Wafer
Fabry-Perot Cavity

Light guided in the (Front Cavity)
fiber

Reflecting surfaces of
Fabry-Perot Interferometer

Optical Fiber as in and
out path for light

Fig. 3.1 FPI basedpressure sensowith MEMS construction

3.3. Analysis of the sealed micro cavity pressure sensor

The deflection of diaphragm is shown in the schematic of pressure seigs@&2). As there
is finite pressure of trapped gas in the sealed cavity, the deflection is inward (positive) when
the applied pressui@;) exceeds the pressure of trapped @as The deflectin is outward

(negative) when the applied pressure is less than the pressure of trappEdegpiessure
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and volume of the cavity change in response to the applied pre$tereavity pressure
increases with increasing applied pressure and increasiragdnseflection of diaphragm;

and viceversa.

Outward (negative) deflection Inward (positive) deflection

Pc>Pa Pc< Pa

Fig. 3.2 Negative and positive deflections of diaphragm

The defl ect i odeflection) when éotlo the pfessuréslare edba. 3.3).

Therefore, irrespective of pressure ramfehe sensqrthe zero deflectiomccurs when the

applied pressure is same as pressure in the cavity. The pr@gyuaad wlume (¢ in this

case are referred t(@ asd 66 inmit t{uk dekpéctvalw i &« me pr e

Pa=Pc

Pc =Pco, Vc=Vo

Fig. 3.3 The null-deflection condition of diaphragm

The analysis is carried out to understand the effect of trapped air on span and offset of the
pressure sensofhe assumptions in this analysis are ligbetbw. A closed loop solution is
derived for diaphragm deflection as a function of applied pressursensor parameters. In

the following subsections, estimation of residual pressure, deflection shape of diaphragm,

volume change and derivation of sensor characteristics are presented.
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3.3.1.Assumptions in the analysis
Following assumptions have been includedhe derivation of the model for deflection of

diaphragm in the sealed cavity sensor.

a) The aspect ratio (edge length /thickness) ofdiaphragmss appropriate to classify it

asfithin plates with small deflection® [88]

b) The deflection of diaphragm is a small fraction of its thickness; therefore the

deflection is entirely due to theending based ontheory of plates.§8-90]

c) As the deflection is entirely due to bending and there is no stretching of the
diaphragm, the defétion will be linear with applied net (or differential) pressure

[86].

d) The deflection sensitivityB) of diaphragm isconstant as the deflection is in the

linear regime. The same is validated through FE analysis in Cha@#&192].

e) The dimensionless shpe function derived by La Court al. [89] is applicable
irrespective of dimensions of diaphragm. The same is validated through FE analysis
for the size of diaphragm considered in the thesis and over the entire range of

deflection.

f) The anodic bonding iscarried out under atmospheric pressure. No gaseous
components are significantly consumed or released in the process of anodic bonding

[93-94].

g) The pressure of the trapped gas after anodic bonding can be determieddobas
simple formula 93].
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h) As the pressure of the trapped gas is-ambospheric(not high pressurepnd
temperature of normal operation of sensor is not(loggative), theideal gas lawis

applicabé [95-96]

3.3.2.Pressure inside the caity sealed usinganodic bonding process
The residial cavity pressure after bonding under atnhesje pressure is given by E¢l3as

following [93]

b= e Gl el map)-Gr /) Eq. 31

Where Oy, O » G, @ Y Yeroerq denote pressure inside the sealed cavity, ambient
(atmospheric) pressure, initial (ueflection) cavity volume, cavity volume in general, cavity

air temperature and bonding temperature respectively. For theoretical study of sensor
behaviour, it is assumed that molecules are not significantly consumed or released due to
chemical reactions during anodic bonding. At atmospheric pressure and temperature of
1013.25 mbar and 300 K respectively and the bonding temperature of 750 K{F€)4the
residual pressure in the cavity will be 405.3 m@3dre céculations are shown in Appendix

A.l. Similar pressures can be expected in the sealed cavities of the sensors.

3.3.3.Deflection and the shape function of square anisotropic silicon diaphragm

The standard deflection formula for an eddgmped isotropic square diaphragm is discussed
in Appendix A.2 and compared with derived expression of this sediieftection shape
functions for square diaphragm of Capacitive Micromachined Ultrasonic Transdis
(CMUT) are derived byRahmanet al [88] and La Couret al [89. Rahmanet al. have
considered isotropic polysilicon square diaphragm. On the other hand,eCalrhave
derived deflection shape function for a square diaphragm of single crystal silicon in (100)

plane with edges aligned to <100> directions. The same analysis has been utilized for
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calculation of the diaphragm deflection, its shape and subsequently, thes aghacavity
volume. The values of effective stiffnesg™ and constanfq jointly govern maximum
deflectionv of the diaphragm. Another constanwhich depends only of governsthe
shape function of diaphragm.The maximum deflection(0y) occurs at the centre of
diaphragm. The same for a square shaiegle crystal silicon diaphragm of edigagth0, is

given byEQ.3-2[89]

- ( + @) gy !
R - g))'”'(/ ) I+ Eq. 3-2

The simplification steps of above equation are given in Appendix A.3. The values of constant
Q = 1.41 and'Q, = 6,7°2"¢/ 12 (anisotropic kexural rigidity are also taken from the same
reference §9]. The maximum deflection is given i&Rq.33 after adjusting for units of

pressureé in MPa and deflectiorny o , edgelength 0 and thicknes¥Jin micrometers;

= . =& (D Eq.3-3

Further, Galerkin method is utilized to reach to following shape fundtmp34) where
0 @O is the deflection at positiond, & measured from centre of the diaphragm taken as

origin;

iR L 1

+ 07

=
|

Eq. 34

The normalized deflection shape of anisotropic square silicon diaphragm is drawn using the

above equation and shownkhig. 3.4. in 3D and 2D
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Normalized deflection of Normalized distance from centre of diphragm along the edge

Anisotropic Square Diaphragm of Silicon

=1l -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Normalized deflection of diaphragm
o
n

09 1 - .
Le—— = 0.9 \ /

= —— Side of square '

Side of square diaphragm 2 1

diaphragm

Fig. 3.4 Deflection shapefor a single crystal siliconsquare diaphragm in (100) plane

3.3.4.Volume change by the deflected diaphragm

Thevolume change of the cavity due to deflected diaphragm can be calculated as

= oo L Al ML Eq.3-5

As the deflection shape remains same, the change in volume will be proportional to
deflection0 ( of the diaphragm. Substituting E84 in Eg. 3-5, the latter takes the following

form,

SJ/-"- == = =e Eqg. 3-5

Here onwardsw will be used in place of), to denote the deflection at cemtof the

diaphragm. From Eq.-8 and Eq.3-6, the constand@ais

+

==L * A4 - pd Eq. 3-6

where(?? is the area of square diaphragm ansignifies the average normalized deflection
over it. With 1 = 0.24587the average normalized deflectior 0.304426 as per EqQ. 37;

and the cavity volumey, after diaphragm deflection is
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TE= T =0 T . d e Eq. 3-7

The constant = 0.304426 has been derived from thkeory of normalized deflection of
dimensionlesg(size independentanisotropic silicon diaphragm (La Coet al). In the
reference, the model is validated for diaphragm of sizer65« 65um and thickness 2.37

pum. It is assumethat the model will also be applicable to the size of diaphragm (8 mm x 8

mm x 0.13 mm) considered in this thesis.

3.3.5.Deflection of the diaphragm in sealed micro cavity pressure sensor

Deflection of a diaphragm is a function of differential of applied and reference pressures. The
reference pressure is function of cavity volume which in turn is a function of deflection. Due
to this cyclic depenehcy, the relationship between the deflection and applied pressure of a
sealed micro cavity pressure sensor will not be straight forward as depicted By2Eq.
Following are the three governing equations which should be solved to yield relationship

defledion with applied pressure in this case.

o=k (F [k Eq.3-8
+= I (e Eq. 39
L= ll (o) Eq. 3-10

where & 0,0;,6, Yare the diaphragm deflection, applied pressure, cavity (reference)
pressure, cavity volume and temperature respectivighe functions'@1 @2 and

"®@3  denote suitable funicins defining the relationship.

The deflectionw equals todeflection sensitivityd timesthe net applied pressure as per the

following equation,
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o= |.(F IR Eq.3-11

ltisalsoassumed hat t he diaphragmés defl ection char
net acting pressure. It is ensured by restricting the deflection well within @5%e
diaphragm thicknes$8§]. FromEq3-3, t h e $amliseartdeflaction regiodepends

on the edge length and thickness of the diaphragm as

= . £ ED Eq.3-12

The temperature dependence of the sensitivity is ignored for simplicity over the temperature
range of interest for this analysiBressurey, of the gas trapped in sealed cavity is inversely
proportional to the cavity volumey, and proportional taemperaturéY as per Eq. 4. In

concise form,

b= palf e Eq. 3-13

Whereo for anodic bonding carried out under atmospheric pressure conditions is

= Hex o Eq. 3-14
S g T FT N

Where 6%is another constant whose value depends on the cavity sealing pfoctss

g from Eq. 37 into Eq.3-14 definingl;, and then puttingg into Eq.3-12 defining cgives

J
o= |.(} ﬁ) Eq. 3-15

The steps of solving the EqI® are given in Appendix A.4.; which givdsflectionas:

® = TI'__+ M 'lT__ M’ + ”__F” Eq. 3-16
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This is thecharacteristic equation for deflection of diaphragm of a sealed cavity pressure
sensor. The terr@0"Y0adn Eq. 317 is due to gas entrapment in the sealed cavity and it is
responsible for noaero offset, its temperature dependence, nonlinearity and reduced full
scale dettction. Had this term been zero (that is, the reference cavity has no entrapped gas
and is under vacuum), the equation would have reduced to simplestEQqt3al8) where
deflection is directly proportional to the applied pressure, offset is zero, sphdh @&d no

temperature effects (ignoring that 0r) on offset and span are there.

o= ||} Eq. 3-17

3.3.6.0ffset and span of the pressure sensor

In terms of deflection, offset of the pressure sensor is the deflection (atetfiee of
diaphragm) wherapplied pressure is zero. the charactestic Eq.317, whenthe applied
pressure valugs put as zerovalue of 0 is put fromEq. 3-15 and factor of 2 is put in

numerator and denominator of second term in the root gigroffset iggiven as

r L +L . |t Eq. 3-18

In case there is vacuum in the cavity, tftset (and its temperature dependence) reduces to

zero. For large cavity volumes, E3419 can be expanded as

| A, =lA =[

T T T

+ 888 .. Eq. 3-19

For very lage cavity volunes, the offset is given by E:23 and it is no more dependent on

cavity volume.
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e = | A Eq. 3-20

Span‘Yis the full scale deflection of the diaphragm. It is the distance between two positions
of the centre of diaphragm for full scalé4) and zero applied pressures. For vacuum at
reference (sealed cavitg)de, the span is given by Eg23, with no depndence of span on

cavity volume.

ﬂ = || |H1| Eq.3-21

These sensor characteristics namely offset and span are studied with cavity length as a design

parameter.

3.4.Deflection characteristics of 1(ar sensor

It is understood that generally the pressure of the trapped gas in the sealed cavity is 1
atmosphere or below depending on the method of sealing. In the present study, a pressure
value of 405.3 mbar has been worked out and used for analysis béhaviour of pressure
sensor. It is intuitive to select one more pressure range (in addition to 1bar) that is at least 10
times higher than the pressure of the trapped gas to see the effect of latter. Therefore, a 10 bar
pressure sensor has been cozr@d in the present section tdevelop complete

understanding.

The lateral size and the full scale deflection of both the sensors are chosen to be the same.
The diaphragm has size of 8 mm x 8 mm. The full scale deflection value of abpuot 5
targetedfrom the perspective of optical demodulation. Only the diaphragm thickness is
changed to obtain the desired deflection value. Therefore, for the 10 bar sensor, a thickness
value 280.08um would yield a deflection of 15.6@m. The same full scale defleatids

achieved in 1 bar sensor by having a thickness value gih3@ hus the 10 bar diaphragm is
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more stiff than the 1 bar diaphragm. The design parameters of the sensor are (afele in
3.1 (Refer Appendix A.5 for calculations).

Table 3.1 Parametersfor a 10 bar pressure sensor with 8 mm x 8 mm x 0.28 mm square diaphragm

Parameter | Physical Significance Value Remarks
Average normalized deflection Gives volume change when
A (um?) . g' 19483x 10° | multiplied by deflectioras per
times diaphragm area
Eq.37
B (um/MPa) | Deflection sensitivity 15.634 15.63 um deflection for 10 bar
C' (MPa/K) Parameter deﬁnmg theavity 1351x 10° 405.3 mbar pressure at 300 K
pressure at given temperature temperaturas per Eq.d5

A programis madebased on developed model (EgL3) in spreadsheet to see the effects of

various design parameters on the sensor characteristics.

3.4.1.Analysis of 10 bar sensor with cavity length parameter

The cavity length is directly related to cavity volume. For any given deflection of the
diaphragm, a larger cavity would see lesser relative change of volume compared to what is
seen by a smaller cayit. Hence, the Areference pressureo
by different extents for cavities of different lengths. It is intuitive that the smaller cavities will
suffer larger change in reference pressure. Also, in order to reach the sarmigodefidue,

the smaller cavity needs higher amount of externally applied pressure.

Minimum cavity length: At full scale applied pressure, the diaphragm has maximum inward
deflection. As the value of initial (null deflection) cavity length is taken smate gap
between diaphragm and the bottom of the gagiécreasesHg. 3.5). The minimum cavity
length is the value of cavity length at which theptligagm just touches the bottom of the

cavity. In other words, the cavifyst collapses. The minimum cavity length is dependent on
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the deflection sensitivity of diaphragm and on the pressure of the trapped gas. The method of
finding the minimum cavity lerth for is given for 1 bar and 10 bar pressure sensors in

Appendix AB.

Pa = Pmax

Pc < Pa

|

\ Collapsed
cavity

Fig. 3.5 Criterion of minimum allowed cavity length

It emerges from the analysigven in Appendix A6 that the minimum cavity length fdhe

full range operatiof a 10 bar sensor is around 14#&. If the cavity length is kept lesser

than this value, the cavity will collapse at under the 10 bar pressure or lesser. It is so, because
the reference pressure is quite low compared to the full scale pressure and would not be able

to resist thecollapseof thecavity.

The 10,00Qum cavity length is taken as the upper extreme value. This much deep cavity may
not be feasible for the design showrfig. 3.1 due tothicknesdimitation of commonly used
silicon wafer. Nevertheless, such a study would cover full spectrum of the design and give

complete insight into the problem.
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The deflection characteristics have been plottefign3.6 for the two extreme cavity lengths

to see the effect of trapped gas. It is seen that both the characteristics are linear and very close
to each other. However, the one for B cavity length has slightly lesser slope and hence
smaller span (numerical values). It is because of the increasing reference pressure in response
to increasing applied pressure. The span is getting slightly suppressed for the 10 bar sensor of

small cavitylength (numerical values).

16 10 bar sensor at two extreme cavity lengths at 300

a 14 temperature
3 12
s
g 10
i
g 8
©
S 6
c .
% 4 15 micron
@ 10000 micron
T 2
o

0

20 2 4 6 8 10
Applied pressure (bar)

Fig. 3.6 Deflection characteristics of 10 bar sensor at 300 K for two extreme cavity lengths

The span reduces because the cavity pressure increases with inward deflesiiphrafym.

The pressure increase is small compared to the applied (high) pressure. Therefore, the
increased pressure is not able to offgreaer resistance towards inward movement of
diaphragm with increasing applied pressure. Hence, the span is not much reduced for high
pressure sensaven with smallest allowed cavity length For large cavity lengths, the

pressure increase would imsignificant hence full span can be achieved.

The offset of the sensor is defined as the deflection value at zero mbar absolute applied

pressure. It can be seenkhiy. 3.6 that the deflection at zero applied pressure is small and
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negative (numerical values). It means that the trapped gas pushes the diaphragm outside by

some amount till the point where all the forces are balanced.

The pressure present in the refere cavity would not be able to push the stiffer diaphragm
significantly. Therefore, the offset would be smaller for stiffer diaphragm (of higher range

pressure Sensors).

3.4.2. Temperature effects of the gas for 10 bar sensor

There are various ways through whithe temperature affects the behaviour of a pressure
sensor. The sensor is analysed for limited range of temperature, frotta777°C (300 K

to 350 K). The change of Young Modulus and the cavity volume are insignificant for this
much change of tempdtaie (umericalvalues). Only the increase of gas pressure with
increasing temperature would be significant. Here, residual stresses and packaging stress
have not been considered to see the effect of the trapped gas alone. The developed analytical
model anl corresponding characteristic equation includes a temperature term. The equation

has been used to derive the characteristics at two temperatures.

In principle, the increase of temperature would tend to increase the cavity pressure, which
would tend tgpush the diaphragm outward and reduce the inward deflection. The offset shall
increase and the span shall reduce. The characteristics at two temperatures ane Blgpwn

3.7 for 10 bar sensor of 1pm cavity length. The lower characteristic belongs to higher
temperature value. The two characteristics are almost overlapping. Thus it is concluded that
thereis not any significant effeaf change of tempature of the gas on a 10 bar pressure

sensor for small cavity length.
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16 10 bar sensor of 15 micron cavity length
14 at two temperatures
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Applied pressure (bar)

Fig. 3.7 Deflection characteristics of 10 bar sesor of 15 micron cavity lengthat different temperatures

When the cavity size is largthere is larger volume of gas trapped inside. Any increase of
temperature would tend to increase the pressure proportionately if the volume is not allowed
to change. However, in the present enclosed cavity, there is a flexible diaphragm. Hence,
there wouldof course be a pressure increase, but not proportional to the increase of
temperature, as the increase of volume is also there. The diaphragm would have to sweep
more volume in larger cavity to reach its final equilibrium position. It is because theeelat
change of volume matters. In order to have a quantitative estimation of the temperature
effects in larger cavities, characteristics are generated for a 10 bar senge®0gfirhOcavity

length, as shown iRig. 3.8.
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16 10 bar sensor of 10000 micron cavity length
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Fig. 3.8 Deflection characteristics of 10 bar sensor of TWO micron cavity length at different temperatures

It is seen that here also there not any significant shift in the characteristic when the

temperature of the gas is changed.

3.4.3.Conclusion on 10 bar sensor

It is seen in the analysis that the sensor characteristics are not significantly dependent on the
cavity length parameter for this sem. Also, the change of gas temperature by 50 K did not
affect the characteristic significantly for both small and large cavities. It is because the
pressure range is almost 20 times higher than the pressure of the trapped gas. A high pressure
sensor acaalingly needs a high stiffness diaphragm, when the full scale deflection is same.
The cavity pressure cannot move the diaphragm much and hence the cavity size and change

of gas temperature dondédt matter much.

The effect of trapped gas would be even mosegmficant for yet higher pressure ranges
such as 20 bar, 50 bar, 100 bar and so on. Conversely, the gas effects are believed to be
considerable high as one goes for design of lower pressure range sensors. A 1 atmosphere or

1 bar pressure sensor is vegjevant in various vacuum and gas flow applications. It is apt to
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analyse this sensor for the expected adverse effects of the trapped gas. In the next section

(3.5 a detailed analysis of a 1 bar sensor is presented.

3.5. Deflection characteristics of 1 bar sensor

Various design parameters are givefable3.2 for a 1 bar sensor. The designed diaphragm
deflects by 15.64 um under 1 bar pressure. The pressure of trapped gas in the sealed cavity is
taken to be 405.3 mbar as per calculations presented in S8c3i@ The front cavity in

silicon is considered trapezoidal and the effect of cavity length (essentially volume) is studied

in this subsection.

Table 3.2 Parametersfor 1 bar pressure sensor with 8 mm x 8 mm x 0.13 mm square diaphragm

Parameter | Physical Significance Value Remarks
Average normalized deflection Gives volume change when
A (um?) . 96 194.83 x 10 | multiplied bydeflection as per
times diaphragm area
Eq.37
B (um/MPa) | Deflection sensitivity 156.34 15.634 um deflection for 1 bar
C' (MPa/K) Parameter deﬁnmg the cavity 1351 x 10 405.3 mbar pressure at 300 K
pressure at given temperature temperature as per Eglb

The deflection characteristics (diaphragm deflection versus applied pressure) are plotted in
Fig. 3.9 for a 1 bar pressure sensor for various cavity lengtich as 7, 15, 100 and 10,000

pm. The characteristics are plotted for different cavity lengths as it is more comprehensible
parameter compared to cavity volume. The front cavity is considered trapezoidal and the
diaphragm dimensions are taken to be 8 mn8 mm for fixed deflection sensitivity,

independent of cavity length. However, during sensor fabrication, a fixed size window of 8
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mm x 8 mm is formed by photolithography process. The resultant scaling of deflection

sensitivity of diaphragm is duly consiged in analysis of results.

. Deflection characteristics of 1 bar sensor at 300 K temperature fc
\E% 12 - various intial cavity lengths
E
g 10 Rz2=1 Rz2=1
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Fig. 3.9 Deflection characteristics at various cavity lengths of a 1 bar pressure sensor

As per the calculations, 7 um is almost the minimum possible cavity length foollapse
condition of the cavity for this sensor (specifiedliable 3.2 by trapped gas pressui&yand
deflection sensitivityd of the diaphragm). The 10,000 um cavity length may not be as such
practically possible, yet it is included to have complete understanding of the phenomenon. In
Fig. 3.9, it is seen that the slope of the characteristics (and hence span of the sdmngbly is
sensitive to cavity length parameter at small cavity lengths. For small cavity letigths,
characteristics are slightly nonlinear with applied pressure and the slope of a curve reduces
with increasing pressure, which may not be so evidetign3.9. The Rsquare value of
linear fit is given for all the curves. It is seen that thesRuare value for um cavity is
0.9987 which is very close to 1, but slight nonlinearity is there. As Wigydangth is taken
higher, the linearity is gets improved. ThesGuare value of linear fit for 5m cavity length

is 0.9999, thus it can be stated that the sensor characteristic is linsabecause the
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compression of trapped gas is more for sroallities giving increased resistance on inward
deflection and hence reducspan. Theapparent deflection sensitivity of the pressure sensor

is thus smaller than the deflection sensitivity of diaphragm. The dependence becomes weaker
and the final charactstic is approached as the cavity length increases. The offset and span
both increase in magnitude with cavity length. $amhy, based on characteristiqqB-17,
effects of i ndi vidual parameters can be st
different pressures of the trapped gas. The suppression of span would be stronger for higher

pressures.

3.5.1.0ffset of 1 bar pressure sensor

In Fig. 3.10, offset isplotted with respect to cavity length as design paramétes.cavity

length is plotted in logarithmic scale (of base 10) to cover wider raiigemagnitude of the

offset ircreases with cavity length E:1® and the curve saturaeo a final value giveby
Eq.321 Sensors with large cavity lengths experience lesser volumetric change and lesser
drop in caity pressure in response to aoutward deflection of diaphragnihus, he
pressure of the trapped gas on the diaphraghigher and the diaphragm tento stop at a
position where the outward deflection (the offset) and total change of cavity volume is

higher.

3.5.2.Span of the 1 bar pressure sensor

In Fig. 3.11, Span of a 1 bar sensor is plotted with cavity length as design paraifteter.
cavity length is plotted in logarithmic scale to cover witsige. Thespan is considerably
lesser than the desigalue for small cavity length3.he suppressed versiohdesign span is
referred t o aatappamidd places Bdr enalscpvéiesothe cavity pressure
changes by larger amount with same movement of diaphragm, than in larger casities.

inward deflection increases, there is further risereference pressure (more so in small
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cavities), and hence span is suppressed. For very large cavities, the inward deflection reduces
the cavity volume by a very small fraction and the increase in cavity pressure is very small

and full designated spanastained.

Offset of 1 bar pressure senso
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Fig. 3.10 Offset of a 1 bar pressure sensawith cavity length parameter
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Fig. 3.11 Dependency ofpan on cavity length for 1 bar sensor

The span valueof more than the cavity length is possible, as a part of the deflection is
outward of the cavityFig. 3.2). In theFig. 3.11, for example, the achievaldpans ar&é2 um
and 13um, respectively atavity lengths of um and 1Qum. In the present casé&if. 3.11),

the span is unsuppressed at cavity lengths greater than &O0tha span is lesser for cavity
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length values less thdr®00 ym. The graph has been marked with two zones, one at the right

of cavity length vale 1000 im (indicated with red vertical line), where there is full span and
suppression is almost nil. The second zone is at the left of the cavity lengtioaugem,

where the span is lesser than the designed value. This zoreisk ed as &ézone of
span.

Following are the salient observations from the analysis and the derived characteristics for 1
bar sensor:

a) For verysmall cavity lengths, the span is lesdae to increase in reference side (cavity)
pressure caudgeby gas compression. The suppression of span will be much stronger for
sensors having higher trapped gas pressure and/or higher deflection sensitivity of the

diaphragm.

b) The span and offset curves plotted against the cavity length have rapid chatiges in
regime of smaller cavity lengths and saturate to a final value in the regime of large cavity
lengths. It is basically the cavity volume which is important, not necessarily the cavity length.

With large cavity volumes the sensors characteristics beowmne controllable.

c) This analysis is also helpful for estimation of minimum permissible cavity length (based on
criteria of no collapse of the cavity or the optical measurability) for given deflection

sensitivity and trapped gas pressure of the sensor.

3.5.3.Comparison of 1 bar and 10 bar sensoref samefull scale deflection, trapped gas

pressure and lateral size

The two sensors by design have saateral size an€ull scaledeflection of diaphragms. The
diaphragms are designed to deflect 151638 for net applied pressures of 1 bar and 10 bar

respectively. This is achieved by changing the thickness of diaphraigmtal (at null
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deflection) cavity pressurdue to trapped gas also considered same to compare two
sensors. The only difference is that 1 Bensor is 10 times stiffer than the 1 bar sensor to

map the pressure range to sameduoéledeflection. It is to be seen if these two sensors have

same offset and span values

Comparision of offsets

1 bar offset

Offset (um)

10 bar offset

1 10 100 1000 10000
Cavity length am) (log scale)

Fig. 3.12 Dependency of offset on cavity length for 1 bar and 10 bar pressure sensors

The two sensors behave differently. The offset is the deflection when external applied
pressure is zero (<< 1 mbar). The offsets for two sensors are plogd 8112. The cavity
length is in logarithmic scale onakxis to cover wider range of values. The offset value will
be smaller for 10 bar sensor because the trapped dasowbe able to push the diaphragm
outside as much as for a 1 bar sensor. Also, as perH.tBe offset value will be high for a
sensor of higher sensitivityd]. Therefore, the offset value is larger for a 1 bar pressure
sensor. The offset of 10 baensor is almost independent of the cavity length, because the
factor 6 0&is 10 times smaller. Wereas, the offset is dependent on the cavity length, and

becomes independent of it only for large values of the cavity length, such as1200
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Fig. 3.13 Dependency of span on cavity length for 1 bar and 10 bar pressure sensors

The spans for two sensors are plotte#io 3.13. The cavity length is in logarithmic scale on
x-axis to cover wider range of values. If the spans of two sensors are comparednat 15
cavity lengths, it is larger (15.36m, 98.3 % of designalue 15.63um) for a 10 bar sensor.

The span is smaller (13.78n, 88% of design value 15.48n) for the 1 bar sensor of 16n

cavity length. This means the spans apf®b cavity length are suppressed by 0.7% and 12%
respectively for 10 bar and 1 bar seissd he span is almost independent of cavity length for

10 bar sensor, whereas it is dependent on cavity length for 1 bar sensor. For very large cavity

lengths, the 1 bar sensor attained the design span value.

3.6.Sensor behaviour at various pressures of trgped gas

The analysis of sensor characteristics has been carried out for one example pressure (405.3
mbar) which is supposed to appear from anodic bonding in ideal situations. However, the
large deviations in the pressure of ttrtapped gas cannot be ruledit Moreover, the

developed characteristic equation will also be applicable for the seosoded by other
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methods Therefore, it is necessary to extend the interpretation of other gas pressures as well

and compare them.

The designed full scale deflemt (span) of 1 bar pressure sensor is 15u®3 However, due

to the presence of gas in sealed microcavity of the pressure sensor, the full scale deflection is
not achieved. The span undergoes some suppression and the achieved span is lesser than the
designed value. The suppression is higher when the cavity is smaller and the gas pressure is
higher. To study the dependence of suppression on trapped gas pregs®irepan
normalized with the desigspan (15.631m) areplottedin Fig. 3.14, with cavity lengthfor 1

bar pressure sensat different trapped gas pressur@fie xaxis shows the cavity length of

the sensoin logarithmic sale

Normalized span achievable with various pressures of trapped ¢
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Fig. 3.14 Normalized span for 1 bar sensor at various trapped gasressures

In case of a vacuum sealed cavity where the gas pressure is 0 mbar (or a negligibly small

value compared to 1 bar), therenig suppression at all. The full span is always achievable
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irrespective of the cavity length. The topmost ploFig. 3.14 represents the case of vacuum

cavity.

The minimum allowed cavity | ength can be de
diaphragm of the cavity base. An additional criterion to this for an optical MEMS pressure
sensor can be based on minimum eddel path length in the interferometer governed by the

optical demodulation method. The sensor shall be designed and fabricated to keep this much
minimum cavity length. In the following description only the mechanical constraint of

minimum cavity length igonsidered.

Here it should be noted that the minimum allowed cavity length for vacuum cavity is slightly

more than the full scale deflection value. All the deflections are inward the cavity.

The minimum allowed cavity length is dependent of the gasymesBor higher trapped gas
pressure, the diaphragm is already pushed out more, so movement range of diaphragm is
more towards negative side than positive side (The positive side is inward the cavity from the
null deflection position of diaphragm). Theredp shorter cavity lengths are possible when

the trapped gas pressure is higher.

The minimum cavity lengths possible at 200, 400, 600 and 1000 mbar pressures are 12, 7, 3
and 2um respectively. The characteristics have larger deviation with decreasgig t#n

the cavity. The suppression of span is more than 50% for sensqumofcavity length and

1000 mbar pressure of the trapped gas. The characteristics approach their common
asymptotic value with increasing cavity length. Tierence betweethe claracteristics
reduces rapidly with increasing cavity length. For example, giri6avity length, the spread

is about 19 % whereas at 10t cavity length, that is about 4%. Further the spread reduces
relatively at slower rate. At 200 and 50t cavity lengths, the spread is respectivalyout
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2% and 1% onlyWith 1568 em ful |l scal0@ dmftacitti pof amgt 2
the two is 78 %. Therefore, it can be concluded that deflections of less&Bamf designed
cavity length can be treated amall deflection and would not change the performance of the

sensor significantly

It is therefore beneficial to have a large cavity (or equivalent volume) to get better control on
the characteristics of fabricated sensors. However, there is not much gain in going for much

large cavity such as more than 508 of length.

3.6.1.Nonlinearity in the characteristics

When the applied pressure on the sensor is increased, the diaphragm moves inward, the
trapped gas is squeezed more and the cavity pressure increases. The cavity pressure is
essentially the reference pressure of the pressure sensally ltthe reference shall remain

firm within a value for acceptable performance of the sensor. However, for a sensor with
small cavity the pressure would increase considgratth the inward movement of
diaphragm. The diaphragm would experience increasesistance for further inward
movement . I n effect, the dbdapparentd s-ensiti
fluidic system would decrease continuously with the inward movement. To observe the
extent of nonlinearity, the developed analytiocaddel is used and deflection characteristics

are plotted.

3.6.2.Summary on gas pressure dependency of sensor

This study gives a guideline on the minimum possible cavity length depending on the
pressure of the trapped gas (or the method of sealing the cdtvalgo suggests that there

can be considerable variation in the achieved spans in a batch of fabricated sensors for small

cavity lengths. It is because of high sensitivity of span on the pressure as well length of the
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cavity in the regime of small cavitgngths. As larger cavity lengths are taken, the variation
in the span gets momedue@d. Thus larger cavity lengths are beneficial in controlling the

characteristics of the sensors in more deterministic way.

3.7.Temperature effects of the gas for 1 bar sesor

The characteristic equation for deflection of the diaphragm in sealed microcavity pressure
sensor has been derived in sect®.5 The equationlao comprises of a temperature term.
In this section, the effects of temperature have been studied on the behaviour of a 1 bar

pressure sensor. The temperature range is chosen from 300 K to 350Kt¢277°C).

8.0

Deflection characteristics of 1 bar sensor of  g2_pg9g _F

6.0 cavity length 7 micron at 300 and 350K //(/
4.0
/% 0.998

2.0 //
0.0

// —T=300K
-2.0
-4.0 /
-6.0

-8.0

Deflection of the diaphragm at centre (um)

0 200 200 600 800 1000
Applied Pressure (mbar)

Fig. 3.15deflection characteristics of a 1 bar sensor of minimum cavity length at two temperatures

The residual pressure is large enough to affect the characteristics of 1 bar sensor significantly.
The offset is large hence minimum pibés cavity length is7 um even though the full scale
deflection is larger than the cavity length. Bpan gets reduced to 11.8ih (75.9%) due to
resistance from the trapped g&sg( 3.13, Fig. 3.14). At higher temperature, pressure of the

trapped gas increases, hence gives larger offset and furtheedesip@n. The temperature
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effects manifested as drift in characteristics are significant for 1 bar sensor, which is

investigated further in this section.

3.7.1. Temperature dependence of spaand offset

As the temperature increase, the pressure of the traggsedends to increase pushing the
diaphragm outward and latter experiences increased resistance for inward deflection. Thus
the span (or full scale deflection) is | ess
spand due t o irenThe deperdente of span pretengperaiure is shokig.in

3.16 for various cavity lengths (7, 15, 100,0D@ um). The span reduces considerably with
increasing temperature for small cavity lengths (7, 15 um). Conversely, the span is not
affected by change of temperature of the gas for large cavity lengths. The plots for 100 and

10000 um cavity lengths are almost horizontal. Therefore, large cavityssioeneficial.

Span with temperature for 1 bar sensors of different cavity lengtt
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]

15 -
14 -
IS
2
c 13 -
@©
Q.
N

12

11 7 micron 15 micron

100 micron 10000 micron
10
300 310 320 330 340 350
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Fig. 3.16 Change of span with temperaturefor 1 bar sensos of different cavity lengths

The 6% change of span (with respect to curr e

to 350 K, isplotted against cavity length Fig. 3.17. The current span (full scale deflection,
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though reduced) i s signif i caninytdmperatnreefied w p o
(span or of fset) i's seen with respect to t
observed inFig. 3.17 that change of sm (due to change of temperature) reduces fast with

increasing cavity length. Theayx i s val ue becomes O6null 6 (zer
(>1000 pm). It means thattiiet e mper at ur e dependence of spani¢

lengths.

Change in Span (as % of Span at 300K at that cavity leng
over 300 to 350 K for 1 bar sensor
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Fig. 3.17 Change in spandue to temperature change€as % of current span) for 1 bar sensor

The offset for 1 bar sensors of different cavity lengths is plotted against temperdtige in

3.18 The magnitude of offset is larger for larger cavities and it increases with gas
temperature. The offset vs. temperature characteristic are very sensitive to cavity length as a
design parameter in the regime of small cavity lengths. Notice the reducing gap between the
characteristics in increasing order of cavity lengths. The plots shift by large amouaxis y

from 7 to 100 um values of cavity length; whereas the shift is catipaly very less from

100 to 1000 pm value of cavity length.
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Fig. 3.18 Offset with temperature for 1 bar pressure sensa@ of different cavity lengths
In Fig. 3.19, change in offset (as % of current spa

plotted with respect to the cavity length as design parameter. The quantum of change is quite
sensitive to cavityength in the regime of small cavity length values. At large cavity lengths,
such as 1000 um, theakis reaches saturation value. It means the temperature coefficient of
offset is more deterministic. Therefore, at large cavity lengths, the offset tedifes larger,

the temperature coefficient is marginally increased, but more deterministic. It will bring

sensors of a batch at par performance wise, given that the cavity volume is large enough.

3.7.2.Summary of temperature effects

For small cavity lengthshe span and offset both are small in magnitude. The span reduces
while offset increases with increasing temperature. Temperature sensitivity of span rolls
down rapidly with cavity length and finally becomes null. Temperature sensitivity of offset
increasesvith cavity length and attains a final value which is marginally higher than that for

smallest possible cavity. The large cavity volume is beneficial towards controlling the spread
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of sensor characteristics as far as above effects are concerned. Thefeca@uese other
factors too such as residual stresses of bonding, packaging stress, etc. which affect the

response of pressure sensors, but they are kept out of scope of the present analysis.

Change in Offset ( as % of Span at 300 K at that cavity length)
over 300 to 350 K for 1 bar sensor

-6.8

6.6 /'
8 -6.5
& /
2 6.4 /
[&]
@ 6.3
£ /
O -6.2 /

-6.1 /

-6.0 <

-5.9

1 10 100 1000 10000
Cavity length (um)

Fig. 3.19 Change in offset(% of spar) due to temperature change at variouscavity lengths

3.8.Summary

A closed loop solution is derived for deflection of a diaphragm in pressure sensor having
trapped gas in sealed micro cavity. The variability of reference pressihe Gealed cavity)

is taken into account. The effect of trapped gas is studied on span and offset of such sensors
with cavity length as a design parameter. The phenomenon of suppression of span is
presented. It is also brought out that sensor span &set &f very sensitive to cavity length

for short caity lengths. This may result inonsiderable spread in spand offset of the
fabricatedsensorsit is further established that the sensor behaviour becomes more controlled
and predictable for larger cavity lengthisis shown that adverse effects of the trapped gas

can be subdued by going for larger caviti€se developed theory is applicable dealed

micro cavity capacitive MEMS pressure sensors also.
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Chapter 4

NUMERICAL MODELLING OF SEALED MICROCAVITY

FABRY -PEROT PRESSURE SENSORS

4.1.Introduction

In the previous chapter, an analytical model for sealed microcavity HPavog pressure
sensor was developeda a phenomenon named Asuppression
suppression of span was also studied with respect to the cavity length as a design parameter.

It was concluded that the large size cavities are beneficial to eliminate the adverse effects of

the trapped gas on the sensor performance.

Further, i n order to validate the analysis ¢
of the sensor is developed in this chapter. The sensors of different cavity lengths are modelled

and the effect of &pped gas on the span (full scale deflection) of sensors is studied. In the
sensor model, there is deflection of diaphragm as well as change of volume and pressure of

the trapped gas. Therefore, the model involves coupling of two physics; structural as wel

fluid dynamics. Therefore, COMSOL 4.3a; a mylhiysics based software package is used

for the analysis. In the following sections FE modelling, simulation, results and discussions

are presented.

4.2.Finite Element Model and Analysis

In the present studya square shaped anisotropic silicon diaphragm is modelled for the
required deflection under the applied pressure. The silicon structure comprising the

diaphragm is considered bonded to another rigid structure (glass wafer) so that there is a
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sealed microavity in between. The cavity is supposed to hold some residual air with sub
atmospheric pressure, as a result of anodic bonding under ambient pressure. The residual

pressure in the sealed cavity after anodic bonding is given by-E{3}

b= o G/l mep)-Gr /) Eq. 41

Where O, Oce -G, 60" Yezgerorepresent residual pressure in sealed cavity, atmospheric
pressure during bonding, initial cavity volume ttvaut diaphragm deflection), cavity volume

in general, device temperature in general and temperature during anodic bonding
respectively. It is assumed that gas molecules are not significantly consumed or released in
the bonding process. At atmospheric ptes and temperature of 1013.25 mbar and 300 K
respectively and the bonding temperature of 750 K (i.e. 477°C), the residual pressure in the

cavity is calculated to be 405.3 mbar.

The study is aimed at finding how the air trapped in the sealed cavitysatiecdeflection of
diaphragm in such a composite structure. The following subsections present details of FE
model such agoverning equations, boundary conditions, initial conditions, FEA parameters,

behavioural characteristiesmd their interpretation.

4.2.1.FE analysis of diaphragm deflection

The model geometry consists of a silicon substrate with a flexible diaphragm of parent
material as shown ifig. 4.1(a, b). The diaphragm is supposed to be realized through wet
etchant based bulk micromachining technique of silicon substrd@ie TBe diaphragm is
made in (100) crystallographic plane of dengrystal silicon, with edges aligned to <110>
directions. The edge length of the square silicon diaphragm is taken as Bharsilicon

structure acts as a bulk material except the flexible diaphragm at centre. To find the
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diaphragm deflection (cavity hget sealed) using finite element method, silicon substrate is

meshed as shown Kig. 4.2 (a, b).

Applied
pressure

<110>

Fig. 4.1 Model of silicon substrate after chemical etching a) Quarter part and b) Full

Applied
pressure

Fig. 4.2 Meshed dlicon structure a) Cavity side and b) Top side

Criteria for mesh selectionA series of FE simulations are carried out with different mesh
sizes. It is found that the smaller size mesh results in higher accuracy and lesser convergence
error of simulation results. However, at the same time, smaller mesh increases the
computation #orts and requires prolonged computation time. Hence, mesh size is optimized
for convergence accuracy more than 98% and the computation time of less than an hour;
which are acceptable for the present simulation work. The optimized mesh parameters are
given at serial numbers 183 of Table4.1. The desired full scale deflection is 15.68 at

the centre of diaphragm for 1 bar net applied pressure. This deflection value is same as that
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used in analytical model described in the previous chapter. The suitable thickness of the

diaphragm is found to be3®2 um forthe desired full scale defleoh.

-10

-12

-14

pum

v -15.634

2D section

Distance from centre (mm)
-8 -6 -4 -2 0 2 4 6 8

Delection (um)
&

Fig. 4.3 Deflection of square shaped single crystal silicon diaphragm; a) 3D and b) 2D plots

The 3D profile and 2D section of deflection are shown Fig. 4.3 (a, b) for net applied
pressure of 1 bar. The 2D section of deflected diaphragm is taken parallel to the edge and

crossing from the centre of dialgm. The maximum deflection is 15.63 um at the centre of
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diaphragm.The deflection shape of the diaphragm is important as it governs the change in

volume of the cavity.

4.2.2.FE analysis of diaphragm in sealed structure
The silicon wafer is bonded to a bulkrEey glass wafer as shown kig. 4.4. There is some
amount of air trapped in the cavity after sealing process takes place as also indiEaged in

4.4 (a).

a)

Silicon structure

Trapped air

Cavity

Glass substrate

Fig. 4.4 Silicon chip bonded with glass a) Quarter part and b) Full model

During pressure testinghe test fluid applies pressure from the top surface of the silicon chip.

As the applied pressure increases, the diaphragm moves inward in the cavity and compresses
the trapped air which results in an increase of the cavity pressure. The increased cavity
pressure puts greater resistance against any further inward deflection of diaphragm. Here, the
cavity pressure is the oOreferenced pressure
be stable with environmental or operating conditions. Howeveheiiptesent case reference
pressure can change with applied pressure and diaphragm deflection. Therefore, the
deflection behaviour of diaphragm shall be analyzed by coupling a) fluid dynamics of trapped

air and b) structural mechanics of diaphragi®].[!avier-Stokes equations are used for the
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fluid dynamics of trapped air. To couple the physics of fluid dynamics and structural
movement, moving mesh based on ALE techniq@®1f®@] is used in COMSOL. Details of
simulation such as governing equations, boundamditions, initial conditions etc. are
described in following subsections. The mesh type, mesh size, number of elements and nodes

etc. and other relevant parameters are listdabie4.1

4.2.2.1Governing Equations
The governing equations for the fluid dynamics are based on Naiikes relations as per

EqQ. (42 to 43). Governing equation for diaphragm deformation and deflection is given in

Eq. 44.
Flayig
M + M lauig - sy
H fluid fluid
o o - T 2 o o Eq4_2
=N p.g+ { Viggg + Vg §I Mg €
—+n. Mly,;gq =0 -
H fluid Eq. 4-3
Hlsoig
M5 nA=¢gv Eq. 4-4

Where,aaas the mass density of air which is analytically correlated based on ideal gas law.

Theusug andusgigar e t he spati al vel ocity o&anad ro Oand
are the spatial pressure and th& dynamift ma:!
TheFv i s the volume force in struc,dNpstressinwhi ch

the structure with is expressed in Eep.4

A=J1ENET; €= €+ NVlgyq ;J=deté ;0 1 = A(R Ry Rpel)
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1.
And R= S [ Vsoiig

Where J=determinant of deformation gradient (or Volume rafis) Deformation gradient,

S= Second Piola Kirchhoff stress matri® = Initial value of the Second Piola Kirchhoff

stress, a =
strain vector due
t he

T 12 12 T 12
+ Vlgoig + Vlsolia " solid ]

t o t h g¢=pcestrhinvectomassoomted wott

S t fe thermalrsteajn which is zero in present simulation.

Table 4.1 FEA parameters used to simulate diaphragm deflection

Sr. | FEA parameters
No.

Value

1 Solverconfiguration

Coupling of structural mechanics, lamirn
flow, and ALE based moving mesh

2 Simulation type model

Time dependent

3 Solver type

Backwards differentiation formula (BDF
method

4 Maximum BDF order 2
5 Fraction of initial step fol1l
Backward Hiler
6 Relative tolerance 0.001
7 Nortlinear method Constant (Newton)
8 Geometry type 3-dimenion
9 Coarse Solver MUMS

10 | Shape function for laminar floy
(pressure and velocity)

Lagrange (Linear) with spatial shape fram

11 | Shape function for  soli({ Lagrange (Quadratic) with material sha
mechanics (displacement in ¢ frame
directions)

12 | Shape function of deformab| Lagrange (Linear)
mesh

13 | Geometric shape order Quadratic

14 | Mesh smoothing type Winslow

15 | Type of mesh Tetrahedral

16 | Minimum and maximum elemer
size on Sistructure

0.15 mm and 1.20 mm respectively, w
growth rate of 1.45

17 | Minimum and maximum elemer

size on fluid

0.05 mm and 0.24 mm respectively, w

growth rate of 1.25

Eq. 45
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4.2.2.2Boundary Conditions
The side walls and bottom $ace of silicon structure are set to be fixed as per the-Bq. 4
“Isotig = O

solid Eq. 4-6
Base of the trapped air is also set as a fixed wall (Egbkcause there is a glass boundary in
the structure,
“lia = O

fluid Eq. 47
At the interface of air and the diaphragm, a criterion of common velocity and pressure is set
as expressed inEg-8fandEq. 9. The di spl acements ar€ repre
shows the stress transfer from the air usorgd equilibrium at the interface between them.

“lsolid = “uid 3 Poolid = Phuid 3 dsoid = g Eq. 48

s - 2

Yoo oNT L N o o o T o ©
Al = @t ; O=[ pe+ [ Vg + lguig L lfuig €] Eq. 4-9
where,n = the unit vector normal to the surface of silicon structure.

4.2.2 3Initial Conditions

The initial pressure is the pressure when the silicon wafer (with front casitypnded to

glass wafer and theiis no diaphragm in existence (The diaphragm is formed after bonding,

by etching of the backside cavity on silicon wafer). Therefore, the initial pressure
corresponds to Oinitial v 0 | mandefiecticn fod nulk he ¢ o |
deflection) of he diaphragm. During normal operation of the sensor, thedetl#ction is

achieved when the applied pressure is exactly equal to the initial cavity présgudesy.
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Pa=Pc

Pc=Pco, Vc=Vo

Fig. 4.5 Null-deflection condition of diaphragm

Initial values of displacement and velocity are set as zero on structure. In case of the trapped
air, initial velocity is set to zero and gssure is set to 405.3 mbar (40530 Pa) which is
computed from the theory of anodic bonding carried out under atmospheric pressure. The

same pressure is set on structure to start with no deflection condition of diaphragm.

4.2.2.4Application of external pressure

The external pressure is applied on the diaphragm from the top side. The pressure range to be
covered is from 0 mbar (abs.) to 1000 mbar (abs.), whereas the pressure inside the cavity is
405.3 mbar (abs.) as per the initial condition. Therefore, the peessapplied in two parts

as a time based ramp function.

Applied pressure High

1000 -
3
o i
£ 900
[¢)]
2 800 -
[}
(%)
@ 700 -
o
ke]
2 600 -
Q.
o
< 500 -

400

0 0.5 1 15 2
Time (sec)

Fig. 4.6 Applied pressure as increasing ramp function

81



One is increasing ramp from 405.3 mbar to 1000 mbar over 1 second of time and then 1
second ofdwell time Fig. 4.6). Similarly, second part of pressure is applied as decreasing
ramp from 405.3 mbar to O mbar over 1 second of time and then 1 sefatdll time Fig.

4.7). The time resolution for applied pressure is 1 ms, hence the applied pressure is applied

in 1000 steps for both the ramp fuocis.

450 1 Applied pressure low

400 -
350 -
300 -
250 -
200 -
150 -
100 -
50 -

0 : :
50 0 0.5 1 1.5 2
Time (sec)

Applied pressure (mbar)

Fig. 4.7 Applied pressure as decreasing ramp function

4.2.2.5Moving Mesh

Trapped air and diaphragm are set as deformable mesh or freely moving mesh whose
movements are governed by the solution of finitem@nt analysis. The Navi&tokes
equations are solved on a freely moving deformed mesh of the trapped air. The deformation
of this mesh relative to the initial shape of the domain is computed using Winslow
smoothing. Arbitrary LagrangiaBulerian (ALE) méhod is used to combine the fluid flow
using Eulerian formulation and the solid mechanics using Lagrangian formulation in a spatial
frame with respect to the reference frame. To solve the present problem using FEA based

simulation, a list of parameterspsesented idable4.1 for the same.
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4.2.2.6Materials Properties
A) Silicon
In the present case mowoystalline silicon is used whose mechanical properties are listed in

Eq.4-10 [91].
AHIMHOT HioTHITHT (p =1 - ' ' "GPa; Eq.4-4

Mass density = 2330 kgfnplane and normal of the top surface: (0 0 1) and [0 O 1].

B) Air

Dynamic viscosity =1.825x10° Pas; density = 1.204 kg/fat NTP

4.3.Results from FE analysis of sealed microcavity pressure sensor

The FE simulationsre carried out for sensors of various cavity lengths such as 7, 15, 30, 60,
100, 200 and 500 um. The initial pressure insigedavity under nutleflection condition of
diaphragm is taken as 405.3 mbar. The defledii@md trapped gas pressukgwere noted

against the applied pressufg The results are presented in next subsections.

4.3.1.Cavity pressure [fiwith applied pressure ||

The volume of the sealed cavity changes in response to applied pressure through the
deflection of diaphragm. Hence, the cavity pressure (the trapped gas pressure); which is here
the oO6referenced pressure for thesurpisplateadur e s
against the applied pressureFig. 4.8 from the results of finite element simulations carried

out for sensors of different cavity lengthThe results of 100 and 200 pum cavity are not

included in this figure for sake of clarity of presentation.
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Fig. 4.8 Pressure of the trapped gas versus externally applied pressure

For all the sensors irrespective of cavity length, when the applied pressuaiei€) is 405.3
mbar, the cavity pressure-(alue) is also 405.3 mbar. ThereforeFig. 4.8, all the curves

have common point of intersection 06Q06.

When the applied pressure is less than the cavity pressure, the deflection is negative (outward
of the cavity). In such case, the cavity volume increases and cavity pressursatecféa
same I s shown towar ds tFig.4.8. Simifarty, ween thepresstire t h e
is more than the initial cavity pressure, the dgiftan is positive (inward of the cavity), the

cavity volume decreases and cavity pressure increases, as shown at the right side of the point

6 Q OFigi 418.

The curve for sensor of 7 um cavity length is very stdap. @.8). The change in cavity
(reference) pressure is from 329.4 mbar to 584.7 mbar Wieemapplied pressure changes

from minimum to maximum. The total change of cavity pressure is 255.3 mbar which is quite
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significant fraction (63%) of the original value of cavity pressure (405.3 mbar). The curve is

nonlinear with a quadratic fit and-&juae value of 0.999.

For the sensor with 15 pum cavity length, the cavity pressure varies from 361.5 mbar to 490.1
mbar Fig. 4.8). The total change of cavity pressure is 128.6 mbar which is also considerable
fraction (31.7%) of the original value of cavity pressure (405.3 mbar). However the change is

almost half compared to that in sensor of 7 um cavity length.

As the sensors oafger cavity lengths are considered, the change in cavity pressure becomes
less steep with the applied pressufey(4.8). The cavity pressure becomes asnlinearly
dependent on the applied pressure. The change in cavity pressure is 9.9 mbar (2.4 %) and 3.7

mbar (0.9%) respectively for sensors of 200 um and 500 pm cavity lengths.

700 - Change in cavity pressure for different senso
.éi 600 1 Intial pressure of
& 500 -
E
> 400 o pemmseeee s -
=
3 300 \ P a= 0 mbar Maximum cavity pressure
- i
o Minimum cavity pressure
? 200 - o
g —a— Change in cavity pressurt
“ 100 -
0 T ‘*7 T T N \
0 100 200 300 400 500 600
Cavity length $m)

Fig. 4.9 Change in cavitypressure with cavity length for 1 bar sensor

The maximum and minimum values of cavity pressure along with total change of cavity

pressure are plotted iRig. 4.9 as a function of the cavity length of sensor. The cavity
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pressure is maximum when the applied pressure is 1000 mbar (abs.). It is minimum when the
applied pressure is 0 mbar (abs.). The difference between the maximum pressure and
minimum pressuref the cavity gives the total change of cavity pressure in the pressure range

(0-1 bar) of operation of the pressure sensor.

It can be seen iRkig. 4.9 that the change in cavity pressure is dependent on the cavity length
of the sensor. The change in cavity pressure is highly sensitive to the cavity length as a design
parameter for the sensor. For large values of cavity lengths such as > 200 um, ée curv
becomes almost flat. From the view point of sensor performance, variable reference pressure
is not favourable. Hence, larger cavities (cavity lengths not less than 200 pm) shall be
preferred. A 500 um length cavity shall be a good choice as changesssiqgaes < 1% for

this value. Nevertheless, the final decision of cavity length value is governed by the desired

specifications of the sensor.

4.3.2.Diaphragm deflection e with applied pressure |1

Deflection at the centre of square diaphragm is considered in the design of the pressure
sensor. The position of null deflection of diaphragm is taken as reference for calculation of
deflection. Diaphragm positions inward the cavity are denoted with y®sign and outward

with negative sign.

The FE simulations are carried out for sensors of cavity lengths 7 um, 15 pm, 30 um, 60 pm,
100 um, 200 um and 500 um. Deflection characteristics of diaphragm with applied pressure
(absolute) for sensors of diffettecavity lengths (7 pum, 15 pm, 30 pm, 60 um and 100 pm)
are shown irFig. 4.10. The characteristics for cavity lengths 100 um and 200 um have not

been intuded in this figure for sake of clarity of presentation.

86



12

10 -

Deflection vs. applied pressure for sensor of different
cavity lengths

Approching idean
characteristics

|

Intersection
point 'M'

Suppressed

versions

deflection of diaphragm 'x'¥m)

600 800 1000

Applied pressure 'Pa’ (mbar, abs

e [ M === 15 UM 30 um 60 UM =500 um

1200

Fig. 4.10 Deflection behaviour of diaphragm in pressure sensors of different cavity lengths

The slope of characteristics increases with increasangy length. The characteristics for 7

pm, 15 pm, 30 um and 60 pum cavity lengths are distinct; however, the rate of slope increase

reduces with increasing cavity length. The characteristics for 60 um and 500 pm cavity

length sensors are very closely nig. The characteristic for 500 um cavity length is

almost the ideal (unsuppressed) characteristic. This indicates that for small cavity length

sensors

the achievable span 1is

a

Asuppresse

The span is 11.59 um for sensdropum cavity length, which is about 74% of the design

span 15.63 pum. It is due to the significant change of cavity pressure taking place in response

to movement of diaphragm for small cavity length sensors. For sensor wainl&avity

length, the span is3162 >m which is about 87% of the design span. For sensor o200

cavity length, the span is 15.5& which is more than 99% of the design span.
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Al | the curves are inter &g 4.10iThigpoir torresporeds ¢ 0 mmc
to the null deflection condition of diaphragm, where the applied pressure is same as the

pressure of trapped gas and the deflection of the diaphragm is zero.

Further,as the pressure is applied, the deflection values are different for different cavity
length sensors. The characteristics are very sensitive to cavity length parameter in the regime
of small cavity lengths. A small change of initial cavity length of semsay shift the
deflection behaviour considerably. Therefore, large cavity lengths are recommended to obtain

more deterministic characteristics of the sensors.

4.3.3.Span-|| of the pressure sensor with cavity lengtim

It is shown that the span of a pressseasor with sealed microcavity depends on the length

of the cavity. For small cavity lengths, the achievable span is smaller than the designed span.
In Fig. 4.11, the numerically simulated span value is plotted against the cavity length as a
design parameter. In the figure, the cavity lengths up to>280 | NB  (+axi$,t6 goon2 y E

in to the portion of interest where phenomenon of suppression is sighifican

The dependence of achievable span on cavity length is nonlinear. In the regime of small
cavity lengths, the span value is very much sensitive to the cavity length parameter. The
dependence becomes weaker when the cavity length is sufficiently lafy@asd0Qum or

more. The span reaches very close to the design value for sensors with large cavity lengths
such as more than 1Q0n. The achievable span is about 98.5 % at 1®Ccavity lengthand

99.3 % at 200 pneavity length This means there is veryamginal gain in further increasing

thecavity length
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Span dependence on cavity length by FE simulati
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Fig. 4.11 Dependence of span on cavity length

4.4.Comparison of Analytical and Numerical Models

An analytical model is developed as presented in the previous chapter. In this chapter, the
numerical model based on finite element analysis is presented. Both the models have shown
similar behaviour. The phenomenon of suppression of span is exhibitadr®rical model

also. The achievable span is a suppressed version of designed span for small cavity lengths.
As larger cavity lengths are chosen in design, the achievable span approaches the design

value.

The normalized spans predicted by both the modsle Iheen plotted together king. 4.12,

for comparison. The-axis is cavity length in logarithmic scale. The FE simulations show
close agreementvith the results of analytical model. The models match closely for larger
cavity lengths such as more than @®. However, at small cavity lengths such as those
below 30um; there is slight deviation between the two models. The maximum disagreement

between the maals is2.1 % at the smallest cavity length value ofih. The FE analysis
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suggests little higher suppression of span (the lower curve). As the difference between the

two models is very small, the analytical model ge#didated by the results of FE

simulatons.
105 Comparison of Analtical model with FE simulatio
1.00 -
0.95 -
[ Maximum value]
0.90 -
E o085 A
; 0.80 - A FE simulation
0.75 - N — Analytical model
0.70 -
0.65 -
0.60
5 50 500
Cavity length ¥m)

Fig. 4.12 Comparison of results of analytical and numerical models

It is found from FE simulations that there is a difference in the valfi®d 6 (t he aver a
normalized deflection) between thetwoo d e | s . The 3 = 0.3044 was
model , whereas in the simulations the cal cul
This increases the total change of volumd-t analysis, which results in slightly higher

cavity pressure antthus little higher suppression of span. The small difference in the volume
attributing to higher value afis not significant for large cavities, and hence both the models

show good agreement for large cavity lengths. Furthéiign4.13, the analytical model is

plotted with results of FE simulations; after taking higher valua wbm simulations. The

analytical model with higér 4 fits better on FE results, at small as well as at large cavity

lengths. The maximum disagreement between the two modelk4s which is acceptable. .
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Analtical model f = 0.32 with FE simulation
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Fig. 4.13 Analytical model (with A= 0.32) on FE Bnulation data
4.5.Summary

The effect of trapped gas on span of a sealed microcavity pressure sensor is studied using
finite element analysis. The simulation studies clearly bring out the underlined phenomenon

of O6suppression of s psaunme Snsora Itis evadntethht theispamod c a v i
diaphragm is affected more severely in sensors with smaller cavity lengths due to larger

change of reference pressure in the sealed cavity.

The developed numerical model is compared withatiaytical modelThe two models are
comparable to each other with maximum error of 2.1%.. Hence, the develnphtical

model gets validatedoy the FE based simulations. The design parameters of both the models
are kept at par. The difference between the achievableapamall cavity lengths can be
attributed to various parameters of FE simulation. It is found from FE simulations that the
average normalized deflection is little higher (0.32 £ 0.001 vs. 0.3044) than what was

calculated and used in developed analyticaiehoThe value taken in the analytical model
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was based on the theory of dimensionless deflection shape function, which was in fact
validated for small size of diaphragm in the referred literature. When the higher valige of

taken the error reduces.

In the extrinsic FabrPerot pressure sensors, the cavity lengths are on smaller side, such as
from about one micron to few tens of microns. The smaller cavity lengths are preferred for
higher fringe contrast. Therefore, the studies carried out in previalswnent chapters
become more significant; as they highlight the mechanical design and performance issues

associated with small cavity length sensors.

The phenomenon studied is valid regardless of the lateral size of the diaphragm. The study is
relevantfor capacitive MEMS pressure sensors as well and for vadamded low pressure

sensors which may have trapped gas froragaissing in long run.
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Chapter 5

SENSOR FABRICATION AND DEVELOPMENT OF
TECHNIQUE FOR NONCONTACT MEASUREMENT OF

CAVITY LENGTH

5.1.Introduction

An analytical and a numerical model have been developed in previous chapters to understand
the behaviour of sealed microcavity pressure sensors. An underlying phenomenon of
suppression of span has been identified and modelled. Sensor degitaisricated as per

the design discussed earlier towards experimental study. In this chapter fabrication of the
devices is explained briefly. Devicase fabricated with 0.5 mm as well as 2 mm thick glass
wafers bonded to silicon wafer. It is found diffit to obtain any optical signal from devices

with 2 mm thick glass due to higher glass thickness. The associated problem is identified and
circumvented through a novel technique developed for measurement and testing of the
devices. The developed techrggs used to make the devices functional without any physical
alterations such as reducing the glass thickness by grinding or chemical etching. This
technique is also used for noncontact measurement and characterization of etched depth of
the front cavityand deflection shape of the square silicon diaphragm. In the following

sections, more details have been presented.

5.2.Fabrication of sensors

The sensors have been made usingWdBechnology. The fabricatiors carried out as per

the design in Microelectronidab of IIT Delhi. The flow chart comprising major steps of
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fabrication is shown irfrig. 5.1. The pictorial representation of fabrication steps is given i

Fig. 5.2. Glasses of two different thicknesdesse beemused. The devices with 0.5 mm thick

glassare found very easy for acquiring optical signaliewer, the deviceare very fragile.

Therefore, a batch of sensorssafabricated using 2.0 mm thick glass as well.

1) First Photolithography for front
(FP) cavity

v

2) Etching of front cavity (till desired
cavity length )

v

3) Polishing of the bottom surface of
front cavity to reclaim the surface
finish

Vv

4) Anodic bonding of structured
silicon wafer and glass wafer

vV

5) Second lithography to define the
back side cavity

v

6) Etching of the backside cavity and
realizing the diaphragm

Fig. 5.1 Major steps of fabrication of the devices

The specifications of silicon wafer used are given in Appendix A.7. The front side avity

created using photolithography and KOH based wet etching of singltal silicon [97. The

etch rates about 0.4 pm/min with 40% KOH solution at 65°C tempematlihe depth of the

etched cavitys measured on a commercial white light interferometer (Veeco NT9100). For

example, the depthare found to be 14.22 pnmFig. 5.3) and 59.64 um, respectively for

targeted values of 15 pm (sensor PS10) and 60 um (sensor PS12). The bottom surface of the

front cavity becomespoor in surface finish due to chemical etchid®@¥102. Hence, the

surfaceis polished with diamond pte to improve optical quality. Thereafter, the silicon

waferis bonded

anodic bonding process.

to a borosilicate

gl ass

waf er
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The schematic and sap of anodic bonding are shown in Appendix A.8. In anothehbaf

sensors, the thickness of bonded glass is 2 mm.

.-

Silicon wafer, (100) plane,
2 diameter, single side
polished, primary cut in

<110> direction

-.

1) First Lithography to
define front (the Fabry-
Perot) cavity of 8 mm x 8
mm size

%

.
%
.
.\
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=
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R
R

]
%
%‘J

Vo
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2) Front cavity after KOH
based bulk

micromachining and
formed front cavity

3) Cavity bottom after
polishing with diamond
pastes to restore the optical
surface finish

4) After anodic bonding of
structured silicon wafer with
Pyrex glass

z

3

6) Formation of back
cavity to realize the
diaphragm by thinning the
material

5) Second lithography to
define back side cavity of
size 10 mm x 10 mm

The fabricated device to
be used as Fabry-Perot
interferometer based
pressure sensor

Fig. 5.2 Pictorial representation of fabrication steps of device




The bondings performed at 450 °C temperature and 1200 V DC voltage. The atmospheric
pressuravas 1000 + 8 mbar; therefore, cavity pressure is expected in the rangd @ bbar

(as per the Eg-2 and Appendix A.2), which is close to assumed value of 405.3 mbar. The
bonding processakesa b out 40 mi n dotback d@ignmentoksecond lithemplty
window with first windowis carried out[103]. After wafer bondng, etching of the back
cavity was carried out on silicon using reactive ion etching (RIE) techrito4 to achieve
desired diaphragm thickness. The depth of back cavity is measuredtydirsgpased surface
profil ometer ( KLA Thedineepsoalsmeaslrdmandstoefrpnd #ack3 ) .

cavities of the devicesre carried out in an optical mhme vision system (Rapil.

pm

6.6
5.0
4.0
- 3.0
2.0
1.0

0.0
--1.0
-2.0
--3.0
-4.0
-5.0
-6.0

-7.6

Fig. 5.3 Results of depth measurement of front cavity in silicon wafer for sensor PS10

The list of various fabricated sensors of pressure rard#& (absolute) along with their
design parameters is given Tiable 5.1. Photograph of a fabricated device is showikion

5.4. More photographs are given in Appendix A.9.
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Table 5.1 Summary of the fabricated sensors of @ bar pressure range

Sensor ID  Designed Cavity Measured

Sr. No.

PS8
PS9
PS10
PS4
PS12
P1
P5
P3
P13

© 00 N o o0 B~ W N P

Glass bonded 2”
silicon wafer

|

Square shaped diaphragm
8mm x 8mm

length (um)

10
15
15
30
60
10
15
30
55

Bonded glass

thickness of thickness hm)

diaphragm (1m)

130+ 5
132+ 5
138+ 5
140+ 5
138+ 5
134+ 5
135+ 5
132+ 5
138+ 5

0.5
0.5
0.5
0.5
0.5
2.0
2.0
2.0
2.0

‘Back side etched

- square shaped cavity

Fig. 5.4 Photograph of a fabricated device a) front b) back side

5.3.Requirement of noncontact measurement

Thereare two batches of devices fabricated one with 0.5 mm bonded glass and another with

2.0 mm glass. It is found very difficult to acquire any optical signal with the devices with 2

mm glass. In order to overcontad problem a noncontact technique is developed that allows

for extremely easy way of sensor interrogation, characterization and measurement of
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deflection shape of square silicon diaphragm. The developed technique is described in detail

in the following ctions.

5.3.1.The DeviceUnder-Test

In the present work, a silicon diaphragm of size 8 mm x 8 mm square is realized after anodic
bonding with Pyrex borosilicate glas&ig. 5.5) for realising optical MEMS pressure
transducer. The front cavity is first made with wet etching of silicon and the bottom surface is
polished with diamond paste for improving the optical dquaif the diaphragm surface. The
silicon wafer with front cavity is then bonded to glass. This forms a low finesse-Pabuy
interferometer (FPI) between glass and silicon. The silicon wafer is then etched from the
other side to create cavity. As the @ed (backside) cavity is machined, the thickness of
wafer reduced there and flexible diaphragm came into existence. The deflection sensitivity of

this diaphragm is abod pm/bar.

Anodic

bonding
surface

Air wedge I
Diaphragm interferometer Backside
(Front cavity) cavity

Fig. 5.5 Silicon diaphragm structure bonded to glass wafer in optical MEMS pressure transducer

The anodic bonding process is carried out at high temperature °@5@nd under
atmospheric pressure. The process results in partial vacuum in the sealed cavity. Therefore,
the diaphragms already in deflected position due to exposure to atmospheric pressure under
normal conditions. The fringe contours of this air wedge interferometer could be observed

with naked eyes. An example is given for device P3(80cavity length) inFig. 5.6. The
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contours show the deflection of diaphragm inside the sealed cavity under atmospheric

pressure.

Fig. 5.6 White light fringe pattern visible on a device and captured by a CCD camera.

5.3.2.Challenges in the characterization

It is required to measure the cavity length at the centre of diaphragm as per the normal
configuration of pressure sensor. Additionally, ialso desired to measure the cavity length

at various points over the area of the interferometer and experimentally validate the
deflection shape of the square anisotropic silicon diaphragm. However, there were few

challenges in the measurement as destiabow.

5.3.2.1Fiber alignment for thicker glass

Typically, a multimode fiber (MMF) of core diameter 62.5 um or 100 pm is joined
perpendicular to the glass, over the centre of diaphragm, to complete the optical pressure
sensor. The multimode fibers (MMF) havarder core area than single mode fibers have
(diameter less than 10 um). Therefore, MMF can collect sufficient light from such a
transducer where the interferometer is situated away from the fiber end (by the thickness of

bonded glass). However, the MMFshkarge numerical aperture (and cone angle of light);
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hence the exiting light diverges very fast, as showRign5.7. The spot size increases and

powerdensity decreases with increasing distance.

Ferrule Divergent light
cone
Spot size on
plane
Optical fiber
Plane 1 Plane 2
Distance (d)

from fiber end

Fig. 5.7 Diverging light beam from an optical fiber

In the present work, a standard multimode optical fiber (core diameter 62.5 um, NA 0.275,
half cone angle I with FC/PC type ceramic ferrule is first used to interrogate the optical
signal from the aiwvedge interferometer. This FC/PC ferrule has end face cut and polished

perpendicular to the fiber axis. The O6PCH

In order to be able to receive the optical interferometric signal from the transducer, a) optical
fiber must be normal to the glass surface at the location of interest and b) the end face of
ferrule must sit flush with the glass surface. If the fiber is nathagrthe reflected signal is
difficult to capture due to finite thickness of the glass wafer. A small cylindrical sleeve is

made to hold 2.5 mm diameter FC/PC ceramic ferrule perpendicular on the glass wafer.

In case of the sensors made with 0.5 mm tigielss, the optical signals could be obtained
effortlessly with 62.5 um PC terminated fiber in a simple flange based package. However, it
is found very difficult to obtain signals from a device with 2.0 mm thick glass using the PC
ferrule terminated opticdlber. In theFig. 5.8, it a multimode optical fiber is shown which

emits light in the form of a cone. The light is reflected from a plane refleciifacs.
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Fig. 5.8 Optical power collected in an optical fiber after reflection

It is shown that rays at larger angle are not collected back into the core of optical fiber after
reflection. It is important to know that the light only from an area equal to the core can be
collected back. As the distance of the reflecting surface filoeneind of optical fiber
increases, only the rays closer to the zero angle (with respect to fiber axis) will be collected
back. Therefore, theollected power decreases very fagh increasing distanc&he drop in
collected power follows the inversguae-law of distance for equally illuminated spot of
light [105-106. In the present case, the spot of light has maximum intensity at centre that
reduces radially outward. The spot is made with large number of modes. The modes are
identified by their angle fopropagation in the fiber core with respect to fiber axis. As the
distance from the reflecting surface (or target) increases, the more and moreohighner
modes escape collection back into the fiber core and hence the intensity of lighEitalls (

5.8).

The light undergoes some reflection at the interface of media, such asiglassirglass.

This is called Fresnel reflection [21] as showirig. 5.9.
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Refractive Refractive
index ‘n1’ index ‘n2’

— ——
transmission

reflection

Interface of media

Fig. 5.9 Reflection of light at the interface of two media

The reflection coefficientY) depends on the refractive index of the two media, as per-Eq. 5
1, where 6nl1l6é and 6n26 are the refractive i
of light is considered normal to the interface. The reflection arises due to mismatch of

refractive indices of the two media.
nl n2 2

Y= Eq. 51

Both, the glass based optical fiber and the bonded borosilicate glass, have closely matching
refractive index(é 1.5). When the fiber end is in full contact with the glass surface, the
Fresnelreflection is negligible Fig. 5.10). Therefore, in this design of pressure sensor, a
complete physical contact between the glass fiber and the gléssisvaecessary to ensure
negligibly small reflection from the interface. In order to ensure physical contact, the flat
polished fiber probenust be preloadedwith some force and that can be detrimental to the
delicate device. If the physical contact i®diched, two extra partial reflectors (at fiaar

and airglass interfaces) appear, increasing the background optical power. Considering the
refractive indices of air as 1 and glass as 1.5, both the interfaces give stray reflections of

about4% of optichpower, as per Eq. 8.

In addition, anunintentional or stray interferometer is formed between two reflecting

interfaces (the fiber end and the glass surfdeig) .10).
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To simplify the discussions, this interferometem che approximated to a twmeam

interferometer of same beam intensities (optical po(V@¥ @= "Q. The resultant intensity

No reflection

from interface
AN

\
\

N\

Glass

Two reflections
at interfaces

Air gap /
interferometer

Glass

Fig. 5.10 Stray reflections due to breach of contact between the fiber end and glass

3Ts given by Eq.B [20-21], where" is the phase between the two interfering beams.

E=L+ LE+

The

measur ement

£ ECRm

S

based on

whit e

Eq. 52

l i ght

nt e

greater than half wavelength) between fiber and glass, there are wavelengths for which the

interference is fully constructive. For thoses" = 1 from EQ.5.2, the resultant intensity is

E =

The reflected power is about times the power of individual reflecting beams at the
wavelengths of constructive interference. The power is minimum (near zero) at the

wavelengths of desictive interference. The contrast of interference (also called fringe

E

Eq. 53

visibility) is given by Eq. 54, wheré@and'@are the intensities of interfering lights.

L+ L

Eq. 54
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The visibility value is from 0 (no visibily) to 1 (full visibility) or G-100 % in percentage.
Here for the stray interferometer, the participating beams have almost same intensity; hence
the contrast of interference is high (close to 1.0). This means the resultant intensity varies

from zero to4"Qwhile the average intensity 280

High power
density near
fiber‘fend

Low power
density and
weak

Prd
o 7 components
5‘
==
1

A Y

~
~

Interferometer
to be measured

|
|
|
Unwanted FP

interferometer

Fig. 5.11 Weaker signal due to higher thickness of bonded glass

This (unintentional) interferometer is much stronger than the one to be measured as far as
reflected optical power is concerned because of kigly power density near the fiber end

The signal is much weaker for a thick glass sensor as the power dexityds very low

after the large distance from the fiber end. Moreover, in the sensor interferometer, the
reflectivity of silicon (30%) and glass (4%) are different, hence the peak intensity relative to
average power of interference is not as high as ia oéstray interferometer. The relative
strength of the optical powers of stray and desired interferometers can be evaluatéigj from
5.12, which showsscreen shot of offline signals captured at suitable integration (exposure)
time of CCD detector. The-axis is wavelength (66800 nm) and the-gxis is the 1lébit

ADC counts (856,000) proportional to the optical power.
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Fig. 5.12 Comparison of power levels of stray and desired optical signals

It can be seen that the power and contrast of the signal (or depibdofation) is very high

for stray interferometer compared to the desired interferometer. Here, the two signals are at
different integration (exposure) times; 10 ms for stray interferometer and 150 ms for sensor
interferometer. The ratio of integration &% is 15 is considered to estimate the relative
power of the two interferometers. The stray interferometer gives about 20 times stronger
signal if the average powers (24000 counts vs. 18000 counts) of the two signals are
compared. The stray interferometgves abouBO0 times strongersignal if the peak powers

(47000 counts vs. 24000 counts) of the two signals are compared.

The optical detector (CCD linear array here) in the optical spectrometer gets saturated by the
peak power in the interference (modetdit signal. Therefore, the desired signal cannot be
acquired in the presence of the stray interferometer. The cavity length in sensor

interferometer cannot be measured, if there is a gap between the fiber end face and glass. The
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signals are achieved witlaif difficulty only after pushing the guided ferrule on to the glass

wafer.

5.3.2.2Scanning over the device area

In order to measure thdeflection shapeof in noncontact manner, the entire area of
diaphragm needs to be scanned with the measuring optical fiber. The fabricated devices may
have bow of ugo 50 um Therefore, after the device is mounted ofY Xinear stages, it is
difficult to bring the fiber(ferrule) axis exactly normal on the glass surface at all the points
over the diaphragm area. Therefore, tharest be some nofcontact scanningon the glass

surface over the entire area of diaphragm.

5.4.Novel technique for noncontact measurement

It is explined that the difficulty in measurement of the desired signal is arising from 1) weak
signal from the desired interferometer, 2) unwanted reflections and 3) interferometric effect

of unwanted reflections.

The unwanted reflections can be eliminated withraeftective coating on the surfaces. The
desired signal can be strengthened by collimating the light using a microlens after the fiber.
However, these techniques are expensive as well as assembly efforts are required with
microlens. Therefore, after undé&nding the root of the problem, the novel technique is

evolved.

The fl at polished end of PC ferrule acts as
is understood if this back reflection could be eliminated then the problem would get solved
The reflection from upper surface of glass just adds to background level in the absence of

first reflection (from fiber end) and interferometer effect is not created. The power density on
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the upper glass surface will reduce with increasing distanceeofilter. The developed

technique is based on following logic:

The Angle Polished Connector (APC) [2009] ferrules are used for termination of single
mode fibers to circumvent the problem of back reflection found with PC ferrules. The Fresnel
reflectionarises from a sudden change of medium in the path of light such as glass to air or
vicever sa. I f the interface is wel/| defined
component is directional. The back reflection is harmful to lasers inptiigabcircuits. The

APC ferrule is cut and polished &t @ngle with respect to the normal to fiber axis.

Cladding
optal - S
Fiber

Cladding

. Angle cut fiber
Optical =~ gend face
Fiber
Reflected light

Not guided back in fiber

Fig. 5.13 Plane cut and angle cut ends of optical fiber

Therefore, the beam is back reflected atéathe angle (19. The light at this much angle
cannot be contained and guided by a single mode fiber (with numerical aperture, NA = 0.11)
and eventually leaks out from the fiber after a short distance of propagation. This is how the
back reflection doesot reach the optoelectronic parts of the system. The emerging light from

the APC end gets a tilt of less than GAich is negligible, compared to the cone angle.

The APC ferrules are common with standard communication grade single mode fibers (SMF,
9 um core) used in combination with lasers. The APCs are not common with standard
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multimode fibers (MMF), as they are deployed in conjunction with Light Emitting Diodes

(LED), which are not susceptible to back reflections.

Custom made MMF cables are developed with APC ferrule. As the 62.5 um MMF has higher
numerical aperture (0.275) than 50 um MMF (0.22). The half cone angle of the acceptance

cone is given in EQ-5 and the values are givenTable5.2

P="l1 (3 Eq.55

Table 5.2 Acceptance cone angle of standard communication grade multimode optical fibers

Sr. Type of fiber Core / Cladding Numerical  Acceptance cone
No. diameter um) aperture angle €)

1 Multi mode fiber (MMF) 50/125 0.22 +12.7

2 Multi mode fiber (MMF) 62.5/125 0.275 +16

The direction of the reflected component is at, tberefore, the back reflection is better
suppressed in the 50 um APC terminated MMF than 62.5 um APC terminated MMF, as latter
has larger acceptance cone angle. The 50 um MMF had better overall performance with
higher contrast fringes and low backgrourkhe fieldof-view of the fiber would be

approximately equal to the core size of the fiber.

MMF with APC termination is used for the measurement of cavity lengths (CL) in thick glass
sensors Kig. 5.14) for pressure sensing. The developed technique is also used fer post
fabrication characterization for etched depth of front cavity (by measuring near the edge).
The technique is also used for scanning oher éntire area of diaphragm to measure the

deflection shape of latter.
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Fig. 5.14 Angle cut fiber to capture the interferometric signal

Signalsare captured by the APC based fiber probe very easily. Witleasang gap of APC
probe from the glass surface, only the level of signal power chang no noticeable
changes in the position of fringes. Thus, the use of angle cut fiber elsthat need of
intimate contact of fiber with the device. The APC fiber pradnescan over the entire device

area in very simplified manner without any need of adjusting the Z value of the probe.

5.4.1.Packaging for thick glass devices for testing

In view of thedifficulties faced in acquiring an optical signal from the sensor with thick (2
mm) glass, it emerges that the devices should be packaged using an APC terminated
multimode fiber for functional testing and use. The details of prototype test packaging design

are presented in Chapter 6.

5.5.Procedure of measurement of deflection shape

The device is cleaned and mounted ofY Xranslation cum rotation stageiSiq. 5.15). The
device is made to rest on three points. The sample is aligned withYhdir&ctions with the
help of rotation stage. The-X stage is driven manually using micro meter heads. The probe
is mounted vertically above the sample.
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Interferometer
(Glass-diaphragm)

Device

Fig. 5.15 Device mounted on the stage with APC fiber probe

5.5.1.The measurement setip

The measurement is based on White Light Interferometry (WLI). In WLI there is no phase
ambiguity and it gives the interferometric 0
can be implemented in several fashions as described betRao[40]. Here, a broadband

light source, the tungstdmlogen lamp and optical spectrometer have been used to

implement WLI based measuremehig( 5.16).

Fig. 5.16 Experimental setup for the characterization of device
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The spectrometer is based on diffraction grating and linear CCD array detector. The
spectrometer used has 60000 nm wavelength range and less than 0.2 nm of wavelength
resolution. It gives the spectral content of the signal to be analyzed in digitizeal fon a

PC. The signal can be analyzed online by user developed software or offline. Signal
corresponding to two values of the cavity length is givefign5.17. X-axis is wavelength in

nanometres (66800 nm) and Yaxis is optical power in 1Bit digital counts.

0o aved p=0 daflecricn shaps of prooni.rch: 1ZoE07Taul- -=.0
00 av=3 §=0 d4flaonicn ENaps of pI000E.roh: 1ICVOTOVI- -1.0

Fig. 5.17 Screen shot of saved signals corresponding to two different locations on the diapgra

5.5.2.0nline centring and scanning

The signalsre first examined by moving the probe to different locations over the diaphragm.
The increasing cavity length moves the fringes online in software towards right (larger
wavelength) and decreasing cavity lengtbward left. It is because the maxima (peaks)
wavelengthy - in the interferometric signal are proportional to the cavity lemgth per Eq.

5-6, where is the order of interference fringe.
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o= WO Eq.5-6

At the centre, deflection e maximum and cavity length is the minimum. Therefore, the
cavity length decreases and accordingly the signal moves towards left side when the centre of
the diaphragm is approached and weesa. When the sample is scanned i Mirections

to locate tle centre, the continuous video framaes monitored. The centiis located with

accuracy of £ 50 pum.

The sample is then scanned in a grid of 17 x 17 points with pitch of 0.5 mm over 8 mm x 8
mm diaphragm. The scheme of scanning of diaphragm over the entire area is dgign in
5.18The signalsare captured for all these points. Each signal is a spectral frame of 3648
pi xel s, ewmloedigipzedkirelb Bits. Ingach signal, only a portion of the spectrum
is selected for further calculations dfet FP cavity length. As the data is huge, alternate

signalsare analyzed first to find the deflection shape of the diaphragm.

Y -axis
X= 4 -3-2-10 12 3 4

Y=4 mm
Y=3mm
Y=2 mm
Y=1mm
X-axis Y=0mm
Y=-1mm
Y=-2 mm
Y=-3mm
Y=-4 mm

Fig. 5.18 Scheme for mapping the area of diaphragm
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5.5.3.Cavity length calculation from signal

The modulation in the signaFig. 5.17) arises from interference. The peaks and valleys are
uniquely positioned for a given optical path lengththe cavity. The larger length has closer
fringes and lesser optical power. Ideally any two peaks or valleys are sufficient to calculate
the cavity length, in a very clean deep modulated signal. However, there are various
electronic and optical noisesgsent in the signalF{g. 5.17). The signalsare filtered to

remove noiseKig. 5.19) using a moving average low pass filter.

Multiple peaks and valleyare used to calculate the cavity length from each frame of spectral
signal as per the procedure described in 8ual.[64]. Sample calculations are presented in
section 6.4.2 of next chapter. In this method, the peaks (or valleys) are taken from the
modulated spectrum. The inverse of those values are taken which will follow a linear trend.

Half of the inverse of slope givéise cavity length.

16000

Flitered Signal

12000

8000

Intensity (a.u.)

4000 -

600 ' 800 ' ’ 1000’
Wavelength (nm)

Fig. 5.19 Filtered spectral signal for calculation of cavity length value
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5.5.4.Characterization of devices with the technique
The devicesre checked with the APC based fiber probe to capheesignals near the edge
as well as near the centre. The indicative values of measured cavity lengths are Gal#a in

5.3 for characterized 2.0 gladgvices.

Table 5.3 Characterization results of the devices with 2 mm thick bonded glass

Sr. No. SensorID Designed Cavity Bonded glass Measured cavity  Measured cavity
length um) thickness hm) length um) near  length um) near
edge orcorner center
1 P1 10 2.0 9.8 34
2 P5 15 2.0 13.5 12.3
3 P3 30 2.0 30.5 19.9
4 P13 55 2.0 50.9 46.1

It is found that the cavity depth is not uniform when the measureraentsken near the
corners and near the edgesa cavity at different places. This may be because of non
uniform etching of the cavity. However, the developed method has been demonstrated for the

characterization of the devices pdebrication.

5.5.5.Measurement of deflection shape

The diaphragm is in dlected position inward to the cavity under the normal ambient
pressure Kig. 5.5). The deflected diaphragm has a convex shape towards the glass side.
Therefore, the cavity length of the interferometer (formed between the glass and deflected
silicon diaphragm) is minimum at the centre and increases towards the edges of the
diaphragm. The Interferometric spectral signals at various points on the interferareete

captured using the novel probe. The cavity lengths at those points are calculated from the
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spectral signals. The experimentally found cavity lengths defining the shape of deflected

diaphragm are plotted #fig. 5.21in 3D format.

3D plot of measured cavity length:

m 2530
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Fig. 5.20 3D plot of the measured cavity lengths over deflected diaphragm

In cavity length is higher at the periphery of diaphragm and decreases towards the centre. The
plot looks little distorted. It is because the scale -@ix®% is 3 orders smaller than the scale of

X and Y axes. The diaphragm area is 8p@0 x 8000um, wheras the deflection up to 12

pum. Nevertheless, existing undulations in the measured shape can be attributed to non

uniform etching of the front cavity.

Further, the measured cavity lengths along few lines of scan are giveg.if.21. The
deflection is maximum for the section taken through centre of diaphragm parallel to the edge
(indicate by Y= 0 mm). The cavity length varies from aboupu#8to 19um, indicating a
deflection of 9um at the centre. As the parallel sections are taken away from the centre of
diaphragm the maximum deflection reduces accordingly. For a section taken at Y= 2.5 mm

away from the centre, the maximum deflection for this seei@bout 7.3im.
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Fig. 5.21 Measured cavity lengths at various crossections of the diaphragm along the edge

For a section taken very close to edge of diaphragm, at3y5=mm distance from the centre
of diaphragm, the cavity length is almost constant with total variation ofuthl This
indicates that the developed technique is effective in measuring the cavity length correctly in

noncontact manner.

5.5.6.Analysis of deflection shape of square silicon diaphrany

The deflection of diaphragm at various points is calculated from the values of measured
cavity lengths by subtracting from the depth of the cavity near the edge. The deflection values
at various crossections of diaphragrare calculated. A DSF describég La Cour 89| for
anisotropic silicon square diaphragm in (100) plane with edges aligned to <110> directions is
given in Eq.5.7 and fitted to experinmé&ntal
ishalffsi de | ength of xbheayddi adjpbr smgmsuilMade HBr om

diaphragm as origin. The fitted curves on two sections are showg.i5.22.
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Fig. 5.22 Curve fitting of deflection shape function for section of diaphragm
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5.5.7.Results and discussions

The deflection is maximum at the center (0,0) of diaphragm at Y=0 section)&laxig. The
maximum deflection at any section is found decreasing with increasing Y distance from the
center. The deflection decreases along any section from the value at the center of that section.
The obtained data points are distributed away from thieateurve which may be because

of flaws in the fabrication process such as -naiform etching, local variations in etch
depths, pits and crater on diaphragm, scratches on glass, distortion of the device etc. Some
significantly off points from a continws trend may be eliminated and can be attributed to
measurement errors. The signal of such points shall also be revisited closely to see for any
anomaly as far as signal processing, setting of filters and right identification of peaks and
valleys is concered. The fitted curved(g. 5.22) have shown RBquare value of O®and
0.82respectively for sections at 0 mm and 1 mm. The model fits satisfactorily for the section
taken through the center (Y= 0 mm), however, for the Y= 1 mm section the model is not
fitting well in the present study. It needs further investigation to confienviidity of the

deflection model in the present design space.

5.6. Summary

A novel technique of noncontact measurement and characterization of optical MEMS is
proposed and demonstrated successfully. The technique is robust in probe alignment, positing
over the sample and scanning. The technique is thus easy to implement. All the devices
which were difficult to get the signal with PC ferrule could be measured with this technique.
An APC terminated fiber can also be used in the assembly of optical pressmefeethick

glass sensors and optionally for thin glass sensors.

Nonetheless, the methodology of scanning, device alignment and quality of fabrication can be

improved to use the technique more effectively to establish the deflection shape in different
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design space of diaphragm. Additionally, more number of trials on different devices shall be

taken in future for extended study.

As further future scope, detailed analysis of gap of the APC probe from device and its
optimization can be studied. An applion software can be developed to yield compiled
results in comprehensive graphical and tabular formats. The scanning can be automated and
controlled through the software. The systems can be made more sophisticated, accurate and

user friendly.
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Chapter 6

EXPERIMENTAL VALIDATION

6.1.Introduction

After the fabrication of devices, it is required to test them for basic functionality. The field of
MEMS packaging involves several industrial standards and practices to produce robust and
cost competitive sensors or actuators. In the present case, denacanterest, it is deemed
acceptable to go for a prototype packaging to serve the purpose of basic functionality test.
Also, in the present case the device is not diced, rather a full wafer is dedicated to one device
each for experimental study. Initial a very simple test packaging is developed for first
batch of sensors. The initial testing of sensors is carried out using developed software based
on wavelet and Hilbert transforms. However, later it is preferred to save the spectral signal
and do theanalysis offline. Later some minor modificatioare introduced in packaging and
sensorsre tested. In this chapter, the packaging, testing, signal processing and results have

been explained and discussed.

6.2. Prototype test packagingl

The fabricated devickas the shape of a disk. The pressure is to be applied from the silicon
side of the disk and the optical interrogation is to be done from the glass side. A schematic of
the prototype test packaging of tygeis shown inFig. 6.1. The design is based on a &b
vacuum flange. The blind flange made of stainless steel (SS316) is taken and a hole is drilled
at the centre. A multimode fiber (62.6n core diareter) terminated with 2.5 mm diameter

ceramic ferrule is used for optical read out.
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Pressure

D

Diaphragm

Epoxy bonding
Holding Flange / Bonded device \ Fiber ferrule
Fig. 6.1 Schematic of prototype test packaging of typd

6.2.1.Assembly procedure for packagingl

The fiber ferrule is inserted in the centre hole and the end face is levelled to base surface
using a plane surface. The device is placed with glass side down. The optical measurement
system is started to monitor the FP cavity length in real time. Theéeirgece spectral signal

is very easily obtained from the devices of first batch due to thin glass (0.5 mm) used in
fabrication. The flange cavity and the device had some play in diameter. The two wafers in
the device were slightly offentre in some casemd edges were somewhat chipped off.

Thus, it is difficult to make the device concentric with the flange and fiber ferrule.

The diaphragm of the sensor is already in deflected position under the normal atmospheric
pressure in the ambience. The cavitygéh would be minimum at the centre of diaphragm
and would increase at away from the centre lateral direction. Therefore, the optical readout
system is used to do the alignment of the fiber with the sensor diaphragm. The device is
moved in lateral directio slightly while reading the cavity length of the interferometer online
in the developed software. After the minimum of the measured lengths is achieved, the quick
settling adhesive is dropped at the periphery to lock the position. Thereafter full pergpher

sealed and the fiber ferrule is secured with the flange using adhesive.
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Anot her KF flange is fabricated with 106 NPT
Fig. 6.2. More photographs of packaged devices are given in Appendix A.9. The two flanges

are tightened with standard-fing and clamp for pressure testing of the device. A device
packaged for testing in the tydepackaging is shown iRig. 6.2. The device has 0.5 mm

thick bonded glass. A FC/PC terminated multimode optical fiber of core diametepr®2.5

has been used. The fiber end facelieen kept in contact with glass surface.

Packaging flange

Square shaped
diaphragm in silicon

Silicon wafer

Fig. 6.2 Device packaged in test packaging of typé

6.3. Prototype test packaging2

The optical signal from a device of thin (0.5 mm) glass could be obtained easilysihidea

MMF with flat (PC) ferrule termination. However, it is found very difficult to obtain signals

from thick (2.0 mm) glass devices. It is so due to two reasons. First reason is thgh#he si

from the device is very w&adue to the divergence of lighoming out of the fiber and large
thickness of glass. Second is the overwhelming of the desired signal due to extraneous
reflections. The extraneous reflections arise from the glassterface (at fiber end) and air

glass interface (on the glass sadp These are Fresnel reflections due to abrupt change of
media in the path of light propagation. In order to suppress these reflections, the fiber end
face should sit flush on the glass surface. In case, there is a gap between fiber end and glass
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and boh are parallel locally, then an unsought interferometer comes in existence, as shown in

Fig. 6.3. This overwhelms the signal of intended interferometer.

Silicon Wafer (100)

1— Backside Cavity

Square Diaphragm

Anodic Bonding Interface
— of Silicon-Glass

15t Fabry-Perot Cavity

2™ Fabry-Perot Cavity

)

Glass Wafer
+—— Ferruled Optical Fiber

Fig. 6.3 A second interferometer may get formed in case of gap

Devices with thicker glass are likely to have greater distortions after the thermal bonding
process of silicon and glass wafers. The device would not sit flush on the surface of flange of
the package. The fiber and device are supposed to take relativengierpar alignment
through the flange. Though the fiber would be perpendicular to flange surface, the local area
of the device could not be perpendicular to the fiber as showigir6.4. The distortion is

exaggerated for visualization.

<+«——— Bowed device

////////////// ////////////// Flange

<4——— Fiber ferrule

Fig. 6.4 Fiber end not in full contact with the glass surface of device
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In order to overcome the problems due to distarttbe packaging is improved as shown in

Fig. 6.5 and described hereunder.

Pressure

D

FP Cavity Diaphragm

Alignment spacer
Holding Flange . .
BondEd de‘"ce F|ber ferrule Epoxy bonding

Fig. 6.5 Schematic of prototype test packaging of type2 for thick glass sensor

This packaging has a flange to secure the device. There is a spacer ring used in this
packaging. The spacer ring serves two purposes, a) providing alignment of fiber to diaphragm
centre in lateral (horizoat) direction and b) keeping the fiber perpendicular to glass surface
locally. The alignment spacer ring has a cavity in it which serves two purposes, a) the epoxy
does not smear on the central optical part of the device and b) the air pocket ensties that

fiber ferrule gets entry into the ring till the glass without any back pressure.

6.4. Testing of the sensors

The test setip for pressure testing of sensors and signal processing to calculate the FP cavity

length are described in following subsections.
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6.4.1.Test set up

The sensor is a pressure sensor based on optical principle. The basic test set up requires a
pressure application module and the optoelectronic detection (or demodulation) system. The
schematic of the test up used in this work is giveRign 6.6. The photograph of an actual

setup is shown irFig. 6.7.

Broadband Light
Source

Applied
pressure
or vacuum

Linear CCD Optical 2 x 1 Fiberoptic Splitter
Spectrometer

Fabry-Perot
Interferometer (FPI)
Pressure Sensor in
Test packaging

USB cable
Computer for acquiring digitized
spectrum from the spectrometer

Fig. 6.6 Schematic of optical detection setip for pressure testing of the sensors

The pressure range of the sensor is 1 bar (absolute). The sensor remains loaded with
atmospheric pressure mormal conditions. Therefore, negative pressure shall be applied to
test the sensor. A vacuum calibration hand pump (make: Beamex, model: PGV, range: O to

1T0.95 bar (g)) is used for this purpose.

The FabryPerot interferometer of the sensor is interrogaia the principle of white light
interferometry (WLI). The WLI has advantage of absolute measurement of the cavity length

and allows for larger deflection of diaphragm (explained in Chapter 2 Literature Survey).
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Software

Optical spectrometer

sensor

_ Packaged pressure

light source
4
1 x2 fiberoptic splitter
Fig. 6.7 The optical test setup for FP sensors
A tungstemhal ogen | amp ( THL) is a o6broadbanddé |

spectrum from 400 nm wavelength to more than 2000 nm. In this work, a subset of this range
(60071 900 nm) has been used. The light is launched from a THL light source (model
Avantes HAL) into a multimode optical fiber based circuit through a fiberoptic power splitter

(al so called coupler). 't is a fiberoptic cc
interferometer setips. The broadband light reaches the FPitgaof the sensor. On

interaction with FP cavity, different wavelength components undergo different phase
retardation over the same physical length of cavity. Thus the light gets modulated in spectral
domain. The peaks and valleys in the modulated spectrara unique signature of the cavity

length of the measured interferometer.

The reflected spectral signal propagates back from the same optical fiber that carries the light
to the FP cavity. This fiber is connected to a 1 x 2 optical power splittesilitst the signal
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power over the 2 fiber channels. As the first channel is connected to the light source, the

other channel is used for detection of the signal.

An optical spectrometer 1is used to I mpl emen
interferometry for signal detection. This is a high speed optical spectrometer based on
diffraction grating and linear array photodetector. In the spectrometer,dbmiimg light is

dispersed into different wavelength components by diffraction grating. The spectrum is
captured by calibrated CCD linear array photodetector. This type of spectrometer has the
advantage of high speed because the spectrum is being readnetaly with any
mechanical scanning. It is unlike typical monochromators which have mechanically tuneable
optical filters or a rotating grating to scan and read the spectrum. A spectrometer based on
silicon detector is chosen over an Indium Gallium Aide (InGaAs) based detector, as the

former had larger number of pixels in the array. Accordingly, the wavelength range of

operation is kept under 1100 nm window in which silicon based detector is responsive.

The optical spectrometer used in this wakrom Avantes BV (model: AvaSpec ULS3648).

It has a detector array of 3648 pixels of 8 um width and 200 um height. The diffraction
grating is 600 lines/mm. The calibration wavelength range of spectrometer is abdiit0&00

nm and resolution is less thar20 nm with 10 um aperture. The digitized spectrum is sent by

the spectrometer to the PC for further analysis. Screenshots of a stored spectral signals are
shown inFig. 6.8 and Fig. 6.9 respectively for two devices PS12 (design CL 60 um) and
PS10 (design CL 15 um) under atmospheric pressure. TarisXis waelength (606000

nm) and Yaxis is optical power in digital counts-{®,000). The visibility or contrast of
fringes in signal indicates the quality of interference. Calculations of visibility value of sensor

signal are given in Appendix A.10.
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Fig. 6.9 Screenshot of spectral signal from device PS10

The sensor is already under atmospheric pressure. Theretbe cavity lengths

corresponding td-ig. 6.8 and Fig. 6.9 would be smaller than the nominal CL values of the
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sensors. Negative (vacuunmepsuresre applied on sensors and the speateacaptured for
each pressure value. In some cases, whep®sasible, positive pressuresalso applied for

elaborate testing.
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Fig. 6.10 Signals from devie PS10 (15um) at two pressures

In Fig. 6.10, signals of a device PS10 (design CL 15 um) are plotted. A clear fringe pattern
emerged at200 mbar vacuumrpssure. On the other side of test pressure range, 90Q@o

mbar vacuum could be achieved with the hand pump used. Both the patterns are shown in
Fig. 6.10. As the vacuum is increased, the cavity length also increased in response. The larger
cavity gives more number of fringes in the same wavelength window; hence, the p&Cfor

mbar pressureds more fringes than that fe#00 mbar pressure. The fringe density on other
pressures betwee200 to-900 mbar would be in between these two plots and not plotted

here for clarity.

Similarly, signals from device PS12 (design CL 60 um) are plotteBign 6.11 at two
pressures, 0 mbar arfl00 mbar. At-900 mbar, the cavity length is larger, hence so is the
fringe density in the given wavelength window.
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Fig. 6.11 Signals from device PS12 (6Qm) at two pressures

The digitized modulated spectrum acquired is analysed on &hleCabsolute value of cavity
length is found for each applied pressure using mulppkks or valleys of the spectrum as

described next.

6.4.2.Signal processing for calculation of cavity length

The spectrare used for calculation of FP cavity lengths at different pressures. Ideally, two
wavelength values of peaks or valleys in the spectrunsw#feient to calculate FP cavity
length. However, this method is very much prone to errors unless extremely sharp peaks or
valleys are formed in the signal. As per the physics of interference, all peaks and valleys are
bound by a rule as explained funthdé is therefore preferred to use multiple peaks and/or
valleys for higher accuracy [64] of measured cavity lengths. The phase change (retardation)

n undergone by light of wavelengthover path lengt2ais given by

n= Zuy Eq. 6-1
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The peaks in the interference signal correspond to constructive interference, where the phase

changel(4 ) is an integrald ) multiple of2“ (Eq.12). Thex is the order of fringe.

N"g= ZWfy = 0O2Z Eq. 6-2

However, the absolute value of fringe order is not necessarily required for further
calculations. The wavelength valuesj(corresponding to peaks (or valleys) are noted with
index ("Qwith increasing wavelength. The inverse of wavelengtlis ) is plotted against

index "“Qwhich shall ideally follow a straight line.

The slopg("Yof this line is-(1/ 20 as per Eq. 8. The cavity length is calculated from the

slope value using E6-4.

(1f)= (1 wi=Ai Eq. 6-3

m= (/) Eq. 6-4

6.4.2.1Sample calculations

As an example, data for sensor PS12 at is presentethbaOand-900 mbar applied gauge
pressures. For this large cavity length (> 50 um), there are large number of peaks in the
signal. Therefore, a middle portion of the signal in the wavelength window of7600nm

has been selected for analysis. This windmmnprised of 1214 peaks for 0 te900 mbar
pressure. The smaller cavity length would have lesser number of peaks. For positive
pressure, the number of peaks is about 9 at +500 mbar pressure. The peaks have been picked
directly in the Avantes Avasoft dofare using the cursor with sutanometre resolutior(g.

6.12). The X-axis is wavelength (69865 nm) and Yaxis is optical power in digital counts

(27,000 -42,000).
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Fig. 6.12 Picking of peaks in the signal for PS12

In other cases, where the peaks are somewhat noisy, a moving average filter is used to
remove the noise and find the peaks. The peaks are egcordinits of nanometres (nm) and

the inverse is calculated in micrométépm™), so that the cavity length comespim. The
achievable resolution of cavity length or deflection is better than 10 nm by this technique.
(For total deflection valuefol5.6 >m, this would give a sensor resolution of better than

1:1500 or 0.67 mbar)
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Table 6.1 Experimental data of sensor PS12 for cavity length calculations at two pressures

pressure 0 mbar (-900 mbar)
Index (i) peaks inverse peaks inverse
(nm) (um™) (nm) (um™)
1 702.3 1.423892923 702.4 1.42369
2 707.3 1.41382723 706.3 1.41583
3 712.1 1.404297149 710.2 1.40805
4 717.3 1.394116827 714.2 1.40017
5 722.2 1.384657989 718.2 1.39237
6 727.3 1.374948439 722.2 1.38466
7 732.5 1.365187713 726.3 1.37684
8 737.6 1.355748373 730.5 1.36893
9 743.1 1.345713901 734.7 1.36110
10 748.4 1.336183859 738.9 1.35336
11 753.9 1.326435867 743.2 1.34553
12 759.3 1.317002502 747.5 1.33779
5 J N U 751.8 1.33014
7NN U 756.3 1.32223
Slope Offset Slope Offset
-0.0097119 1.43330 -0.007800 1.43140
CL(um) 51.483 CL(um) 64.106

Slope of the best fit line is calculated in MS Excel spread sheet using Linest () function

(Table6.1). The data is also plotted for graphical representatiingir6.13.
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Fig. 6.13 Using multiple peaks from a spectral signal for finding the cavity length

The two lines have different slopes. The slope values of the trend line are same as those
calculated in the table above. The smaller cavity length could have larger slope that is steeper
line. The linear trend line fits very well on experimental data Ritbquare value 1, which

certifies the appropriateness of data and physics behind the calculations.

6.5.Results and discussions

6.5.1.Cavity length vs. the applied gauge pressure

After having calculated the cavity length values at various pressures, the depenfdence o
cavity length on applied pressure is plotted for the sensors of nominal cavity lengths of 10,
15, 30 and 6(um. The applied pressure is negative pressure with respect to the atmospheric
pressure. In th&ig. 6.14 to Fig. 6.18, the pressure igcreasing from left to right on the x
axis.More negative prEsure increases the cavity length and-wieesa. The cavity length is
lesser when pressure is higher on the diaphragm. This is why the slope of the plots is

negative.
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Fig. 6.14 Cavity length of sensor PS8 (1Qm) with applied pressure

The FP cavity of device PS8 (30m) is collapsed under atmospheric pressure (0 mbar,

gauge). The fringes formed as negative pressure is applied and the FP cavity length increase

to around 2um. Thee x per i ment al ly found 6 ap pmbaag 6

indicated by the slope of the best fit lineFig. 6.14. It is named apparesensitivity because

it is likely to be a suppressed version of original sensitivity of diaphragm.

Similarly, the experimentally found pressure responses of various devices are gikign in

6.15to Fig. 6.18. It is found that different device have different pressure sensitivities, ranging

from 11.6 to 18l um. The experimental results are summarized in Thble 6.2. This

variation of sensitivity is primarily due to variations of diaphragm thickneseasdevice to

pr e

device. Secondly, there is some scaling of sensitivity due to the trapezoidal shape of the

etched cavities in silicon. The deeper cavities have slightly smaller edge length of the

diaphragm. The scaling corrections are considered duringgfittf the analytical model on

experimental data later in the chapter.
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Fig. 6.15 Cavity length of sensor PS9 (1H5m) with applied pressure
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Fig. 6.16 Cavity length of sensor PS10 (1pm) with applied pressure
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Fig. 6.17 Cavity length of sensor PS12 (6QAm) with applied pressure

6.5.1.1Devices in packaging?
A thick glass device P3 (designed CL @, measured 3B um) is packaged in package

type-2 as shown iffrig. 6.5. The test results of device are plottedrig. 6.18.
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Fig. 6.18 Cavity length of thick glass sensor P3 (3@m) with applied pressure
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6.5.2.Deflection with applied pressure

The applied pressure in the experiment is in terms of gauge pressure, which is measured with
respect to the atmospheric pressure. The atmospheric pressure is noted down during the
experiment. When atmospheric pressure is added to the gauge pressues, th@iabsolute

pressure value as per E6

=itv 0 gV ng= | 0] =tV bt T4 g g VO Ny E0.65

The initial cavity lengths (that is the front cavidgpth without any deflection of diaphragm)

were known from the characterizations carried out before anodic bonding of the wafers.
Some of the devices (other than those already packaged) were also characterized for initial
cavity length (CL) using the measument technique developed in this work. The deflection

of diaphragm is calculated by following relation (E§)6

e« o

M r b«

i =

J Juon .66

The deflection characteristics of sensors PS1Qufhpand PS12 (6Qim) are shown irFig.

6.19 and Fig. 6.20 for illustration. The pressure is presented in terms of absolute value,
increasing from left to right on the-axis. However, on Jaxis instead of cavity length,
deflection is plotted. As theawity length decreases when the deflection increases, the

deflection vs. pressure characteristics have positive slope.

A part of the deflectioimas negative sign which means that the diaphragm is deflected out of
the cavity. The negative deflections aneedio the presence of trapped gas in the sealed
cavity. When the external pressure is less than the cavity pressure, the deflection is negative.
When the external pressure is more than the cavity pressure, the deflection is inside the

cavity. The deflectio is zero, when the external pressure is exactly equal to the cavity
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pressure. This situation corresponds to initial conditions and the pressure in the cavity is the
initial pressure of the trapped gas after the anodic bonding. Thus, from the following
chaacteristics, the trapped gas pressure (initial cavity pressure) is the pressure at which the

characteristic cuts theaxis.
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Fig. 6.19 Deflection characteristics of sensor PS10 (4&m)
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Fig. 6.20 Deflection characteristic of sensor PS12 (60m) with applied pressure
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6.5.3.Estimation of initial cavity pressure

The tested sensors showgative (outward) deflection of the diaphragm when the applied
pressure is below cemavalue. This indicates the presence of trapped gas in the sealed
cavities. The pressure of the trapped gas can be estimated from the applied pressure that gives
null-deflection of the diaphragm. As there are only discrete values of pressures apptigd duri

the experiments, best fit line is used to estimate the applied pressure that would have given
null-deflection and same equals to the trapped gas pressure. The estimated pressure values for
various sensors have been listedTeble 6.2 and plotted inFig. 6.21Table 6.2 Estimated

cavity pressures for various

Table 6.2 Estimated cavity pressures for various sensors

Sens Designec Cavity Experimental Estimated R-square Estimated Suppression

Sr. orID Cavity length Slope cavity value of  sensitivity = ratio
No length  value (um/bar) pressure model fit of
(um) used (mbar) with diaphragm
(um) CL£0.5um Bum/bar)
PS8 10 9.85 15.40 264+ 32 0.999447 18.25 0.84
PS9 15 1494 18.14 212+ 28 0.999917 20.30 0.89
PS10 15 1422 11.49 348+ 49 0.999765 12.54 0.92
P3 30 30.5 16.58 336+ 30 0.999988 17.70 0.94
PS12 60 59.64 14.13 425+ 35 0.999477 14.61 0.97

The average estimated pressures of the trapped gas after anodic bonding fall in the range of
200 to 425 mbarThe trapped gas pressure estimated by the sensor characteristics show
considerable variation, indicating that the anodic bonding process performed is not
deterministic with respect to cavity pressure. Schematic of an anodic bonding setup and
photograph othe lab instrument used in this work are shown in AppeAdéfor further

explanation.

141



Estimated cavity pressure
500
T
400 L
= T T
3 I i
E 300 ;
(<)
5 1 T
g 200 "
o Cavity pressure
100
0 T T T 1
1 2 3 4 5
Device No.

Fig. 6.21 Estimated cavity pressures after anodic bonding

The probable reasons for different pressures in the seagg are as following:

a)

b)

The temperature control on the instrument is not precise. The temperature may vary
by + 50 °C. Therefore, as per Eqg-13 the trapped gas pressure may vary from 390
mbar to 450 mbar, if actual average bonding temperature is coegsifftem 400 to

500 °C.

The electrode (cathode) contacts at the centre on the glass wafer. In general, the
anodic bonding starts from the centre and expands outward. However, in the present
case, there is cavity at the centre in the silicon wafer, sbahding will start from

some other point where the two wafers have intimate contact; and then the bonding
expand to other areas. In few cases, extra pockets of trapped air can be noticed
between the flat wafers (Appendix A.9). This may be due to resitheasqL10 and

bow in the silicon and glass wafers. The dynamics of bonding may sweep some
amount of air in the cavity, thus increasing the cavity pressure. However, in the

present testing any increase of pressure is not noticed.
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c) The temperature variations over the area of wafers may cause some gas escape out of
the cavity resulting in lower pressures than expected.

d) The cavity pressures have been calculated from the characterization values of the
front cavity. However, due to prable noruniform etching of the front cavity, they
could be small variation in the cavity length. Therefore, a probable band of values of
cavity pressure is also calculated giving allowance 65 pum over the known or
characterized CL value. The tolerania the estimated cavity pressure is in the range

of + 28 mbar to + 49 mbar for different devices listed able6.2.

6.5.4.Fitting of analytical model on data

The cavity length ) and trapped gas pressuré.d are known respectively from
characterization and experiments. These two inputs are used in the developed analytical
model. The model is fitted to the experimentally found deflection characteridtieach
sensor. The Bquare value is calculated indicating the goodness of fit to the experimental
data. The value of unsuppressed sensitiA&y i€ adjusted to achieve the highest value of R
square. The ratio of experimental (apparent) deflectiontsatysto unsuppressed sensitivity

is calculated to calculate thdab@&uppressi on

The estimated unsuppressegfléction sensitivities #) of diaphragms in different sensors

are found widely different than the designed value. The designed value isib/68r,
whereas the estimated values are ranging from 12n&4ar to 20.30um/bar. The upper
value is about 3@ more than the targeted value and the lower value is about 20% less. The

reasons of such a variance are as following:
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a) The major reason is variation in thickness of the diaphragms. As the deflection is
inversely proportional to the cube of the thickness. EL3), a 10% higher thickness
will reduce the sensitivity by 25%. Similarly, a 10% lesser thickness will enhance the
sensitivity by 37%.

b) The other i mportant r eas o a bondedhsilidoglasst he fr
pair [11%112]. It is known thatthe after anodic bonding, the bonded pair gets some
bowing and residual stress. Referencg, [BL3 gives typical indicative values of the
residual strain of 100 micro strains. Therefore, using the young modulus value for
silicon, residual stress of abolif MPaor more are possible in silicon in the bonded
pair. In the present design, the stress in the diaphragm would be 75 MPa for deflection
of 10 um (Appendix A.11). However, it needs detailed study to model and
characterize residual stress in the diaghms of present design made with the present
parameters of anodic bonding. The bondi
electrode type etc. shall be optimized for better control of residual stre$4eklfl.

c) The third reason of scaling of the sensiyi is the trapezoidal shape of the etched
front cavity in single crystal silicon wafer. The geometry of the trapezoid is well

defined as the same is governed by the crystallographic structure and planes in the

single crystal silicon. The diaphragm sisdésser by12¢, than the size of the square
window. For a 6Qum deep etched cavity, the size will reduce byu®s. For other
smaller cavity depths, this value will be smaller. The diaphragm side length will
reduce from 800@Qum to 7915um. As the deflection proportional to power 4 of the
side length, deflection will reduce to 95.8%. The reduction is about 4.2 % {fom60
cavity, 2.1 % for 30um cavity and even lesser for smaller cavities. As a
compensatory measure, the size of lithograplypdow could be increased

accordingly (such as 85 over 80Qf) to end up with the diaphragm of same sizes;
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however,the same is not feasible for practical reasons. As this is a systemic kind of
error, the same is taken care while fitting developed analymodel on the

experimental data.

As the sensitivities of different sensors are considerably different, it is appropriate to compare
the experimental data after normalizing the curves with respect to unsuppressed sensitivity of
diaphragms. IrFig. 6.22, the normalized spans have been plotted for two extreme values of
the estimated sensitivities, J#n/bar and 20um/bar, to cover the entire range afsted
devices. Moreover, it is experimentally found that the pressuresdfdpped gas is ranging

from 212mbar to 425 mbar. Therefore, the two curves have been plotted at an average value
of the gas pressure (320 mbar). In the fitted analytical moded, ltas been taken to modify

the volume of the cavity for the trapezoidal shape made with lithography window of 8 mm x
8 mm size. The analytical model is plotted with average normalized defleg}ioal(e of

0.3044, as takeariginally.
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Fig. 6.22 Model fitting on experimental data
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The experimental points fall fairly in the range covered by two sensitivity values. Thus, it is

stated that the developexhalytical model is fitting to the experimental data within the

uncertainty band resulting from the

Babri

Cca

value of 0.32 does not change the curve considerably, as the cavity lengths here are

somewhat abege (9um onwards) the minimum possible |§vh). Therefore, the models at two

val usd afr ed al most o vRgreRaAs the difigrenaest twe Valoes of
®6 is not significant, the value 0.30414
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Fig. 6.23 Analytical model at two values of normalized average deflection
6.6. Summary

n

Devices of various adty lengths have been fabricated using anodic bonding process between

S

silicon and glass wafers. The devices of two batches had 0.5 mm and 2.0 mm thick glasses.

The first batch of devices is tested for functionality as pressure sensor using a simple test

packaging (typ€l). The packaging is improved to obtain optical signals from devices made

with thick glass. A spacer ring is introduced in thedified packaging (typ€). The spacer
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lifts the device and Mes achieving higher orthogongliof device surfag at centre with

respect to fiber axis. The thick glass deviaestested using APC ferruled fibers for ease.

The experimental setp for functional testing of these optical MEMS pressure sensors is
described, followed by signal processing of spectracalwulate the CL at any applied
pressure. The cavity length versus applied pressure characteristics for 5 sensors of various
front cavity dept hs IS presented. Thereaft
characteristicare found using the value dnown or measured front cavity depth. From

these characteristics, pressure of trapped gas in the cavity sealed through anodic bonding
process is estimated. This pressure corresponds tdefidction of diaphragm. Considerable

variation is found in the nessure of trapped gas from device to device. This means the
bonding procedure is not very deterministic in terms of the repeatability of the trapped gas

pressure.

The developed analytical model is fitted to experimental data while taking the varidtions o
trapped gas pressure and sensitivity of different tested sensors into account. The variations of
the trapped gas pressure from device to device would affect the final deflection
characteristics in a batch of sensors. The characteristics can be madgetearenistic by

going for larger volume of the cavity either directly or through a connected buffer cavity as

explained in the next chapter.

The unsuppressed sensitivity of diaphragms is estimated from the knowledge of cavity
pressure, cavity length aride apparent (experimental) sensitivity. The devaresfound to

have considerable variation in the pressure sensitivity primarily owing to the fabrication
tolerances in achieving the desired thickness of diaphragm and secondly due to residual

stressesfter bonding.
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Chapter 7

SENSORS WITH BUFFER CAVITY

7.1.Introduction

In the previous chapters it has been shown that large cavity lengths are beneficial for better
performance of the sealed microcavity pressure sensors. It is already seen from the sensor
characteristics that many parameters viz. span, offset and their temperature dependence are
quite sensitive to the cavity length in the regime of smaller cavity lengths. Also, the pressure

of trapped gas is likely to have variations from device to deVicerefore, a batch of sensors
fabricated with small cavity lengths is | iKke¢e
However, when the cavity lengths are on larger side, all these parameters attain their

respective design values, thus minimizany spread in sensor characteristics.

It is established through the present study that large cavity lengths are advantageous in terms
of full and temperaturendependent span and convergence of all other performance
parameters to respective certain valugse similar goals could have been achieved if the
pressure of the trapped gas would have been extremely low as compared to the pressure range
of the sensor. However, the cavity pressure is not amenable for the chosen technology (such
as anodic bonding ued atmospheric pressure). Thus the other way left is to optimize the
sensor characteristics through cavity length. In literature, the fiberoptic acoustic sensors have
been provided with vent to atmosphere71119] or long cavity [R0-121] for improving the

frequency response of the diaphragm or cantilever.

Large cavity lengths such as 20t or more (or equivalent volume) are desirable from the

perspective of achieving designed deflection characteristics. However, large cavity lengths
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for FPI sensors mawot be desirable or possible by optical design and/or the fabrication
process. For example, as observed in the wide literature on FPI pressure sensors, generally
the FP cavity lengths are as low as submicron to as high as few tens of microns. The cavity
lengths are much below 1@@n. The cavity lengths are generally short to have high contrast
fringes in the interferometric signal. Sometimes the large cavity lengths may not be possible
by the fabrication technol ogy. is &aumd 2&pma mpl e,
thick, so it is not possible to fabricate a sensor withjg®dength of cavity in that case. It is

only possible if custom made silicon wafers with desired thickness are obtained. However,

then the anodic bonding becomes difficult dugigher thickness of the silicon wafer.

Thus the short cavities are desired from tptical design and large cavity lengths are

desired from themechanical design,as explained. To overcome theontradictory
requirement, the coupledd b u f f e r is pra@pesedtSych a buffer volume cavity is
supposed to connect to the Fabgrot cavity through micro hannel s and provi

volume to it Fig. 7.1).

Diaphragm

Small FP cavity with

large equivalent volume
Large FP

cavity

Buffer volume cavity Micro channel

Fig. 7.1 Concept of buffer volume cavity to provide extra volume

In the Fig. 7.1, a large FP cavity sensor along with a short FP cavity sensor of equivalent
volume is shown. In principle, the buffer cavity can be made in silicon or glass or as a
combination of both dependj on the fabrication technology and preferences. In the present
design, the buffer cavity is made in silicon.
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7.1.1.Methodology of calculations

The desired cavity length can be decided based on the sensor characteristic described so far
and then the equivalemblume needed can be calculated. The volume of the coupled cavity
can be chosen such that the total volumapproximately same as the desired equivalent
volume. The approximate volume is acceptable because the span, offset and temperature
coefficients lecome insensitive to the cavity length (or volume) once the latter is on larger

side. The flow chart for design calculations of buffer cavity is givéfign7.2.

1) Decide desired length of large FP
cavity

2) Calculate the volume of large FP
cavity (V1)

3) Decide the length of small FP
cavity

4) Calculate total volume of small
FP cavity, microchannels and buffer
cavity (V2)

5) Adjust the width and depth of
buffer cavity to make V1= V2

Fig. 7.2 Flowchart for designing the buffer cavity

7.2.Form and design of the buffer cavity

One simple implementation of the buffer cavity is showFig 7.3. In this design, the main
cavity (FP cavity) is connected to the buffer volume through micro channels. The view is
shown from the bonded glass side. The buffer cavity shall be able to bringrtter@ance of
small cavity FP pressure sensors (such-db7m) at par with large cavity FP sensor, as far

as suppression of span and other effects related to trapped gas are concerned.
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The buffer volume
cavity

Area of silicon
bonded to glass

The Fabry-Perot
cavity

Microchannels

Fig. 7.3 Form and design of FP pressure sensor with buffer volume cavity

In the present design the following values of parameters givéahle7.1are set and shown

in Fig. 7.4.
Table 7.1 Design parameters for the buffer cavity
Sr.No. | Parameter Value Remark
1 Diaphragm side lengthL() 8 mm Fixed
2 FP cavity depth &) 15pum Example for study
3 Width of first bonded after FI 4 mm Chosen
cavity = length of micrg
channels
4 Width of microchannel 1mm For fast flow of gas
5 Depth of microchannel Depth of FP| For ease of fabricatior
cavity common etching
6 Total number of microchannels 8 For symmetry and fag
flow of gas
7 Width of buffer cavity 4 mm Fixed for the design
8 Depthof buffer cavity ) To be calculated To  get  equivalen
volume
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4 mm

4 mm

8 mm

Fig. 7.4 Design parameters of sensor with buffer cavity

7.3.Volume calculations

The volumes of large FP cavity as well as that of small Firycalong with total buffer
volume are calculated.

7.3.1.Volume of large FP cavity

The cavity made in silicon using anisotropic bulk micromachining has a trapezoidal shape

with fixed angle of 54.7of taper wall (due to crystallographic planes) as shovign?7.5.

Diaphragm side
=7

Fig. 7.5 Trapezoidal etched cavity in silicon wafer
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The volumew can be calculated from diaphragm side lergtnd cavity lengthg as per
Eq. #1. Here crosssection area at half the height of the trapezoidal cavity is taken and

multiplied by cavity length.

w= 0+0707¢ 2.& Eq. 7-1

The calculatedrolume of large cavity of length 5Qfm and diaphragm side length of 8 mm

is given in Eq.72.

63 = 34.89 mmi= 34.89ul (micro litre) Eq. 7-2

7.3.2.Volume of small FP cavity with buffer

For the small depths of FP cavity and microchannels, the effecanfedl walls can be
neglected. The volume of FP cavity and channels can be found by multiplication of area and
depth. The volume of buffer cavity is found by subtracting the volumes of two trapezoids.
The simplified expression for the total volundgis gven by Eq 73, where the lengths

(depths) are in millimetres.

Gy=96&+ 320 40M2.0y .0k Eq. 7-3

The volumesy for a 15um deep FP cavity and 1Q0n deep buffer cavity is 32.87 minThe

depth of the buffer cavity can be adjusted to have volofmdesired large cavity. It is
important to note that the volume can be matched approximately, because both the volumes
are high, and at large volume (equivalent large cavity length sensors) the span characteristics

become insensitive to small differenmievolume (Refer section 3.5.2).
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7.4.Numerical simulation and validation of concept

In order to validate the concept of buffer cavity and to check the efficacy of the inclusion of
buffer cavity, a numerical model is developed and finite element analysissbaschrried
out. The parameters of the FE simulations are same as given in Table 4.1. Three models are

made with description as givenTiable7.2.

Table 7.2 Numerical models to study the effect of buffer cavity

Model | Length of | Buffer Depth of the Remark
No. FP cavity | included buffer cavity
(>m)
Model 1 15um No Nil Small FP cavity

Small FP cavity with
Model 2 | 15um Yes 90.5 buffer, Total volume

same as Model 3

Model 3 | 500,m No Nil Large FP cavity

The quarter models of the deviceeaused to minimize the computation efforts. The quarter

model of single cavity and buffer cavity sensors are showgirv.6 andFig. 7.7.

Fig. 7.6 Quarter model of silicon FP cavity without buffer cavity (model 1 and 3)
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Buffer cavity ~T

channels

Back cavity

Fig. 7.7 Quarter model of silicon FP cavity with buffer cavity (model 2)

The pressure range to be covered is from 0 mbar (absQ0® rhbar (abs.), whereas the
pressure inside the cavity is 405 mbar (abs.) as per the initial condition. Therefore, the
pressure is applied in two parts as a time based ramp function as given in Chapter 4. One is
increasing ramp from 405 mbar to 1000 mbeaer 1 second of time and then 1 second of
dwell time. Similarly, second part of pressure is applied as decreasing ramp from 405 mbar to
0 mbar over 1 second of time and then 1 second of dwell time. The time resolution for
applied pressure is 1 ms, hertloe applied pressure is applied in 1000 steps for both the ramp

functions.

In case of Model 2 (1am FP cavity with buffer) and Model 3 (5Q6n long FP cavity), the
volume of cavity is high compared to Model 1; hence the change in the cavity pressure is
very small. The applied pressure as well as cavity pressure for buffer cavity sensor (BCS) is
plotted inFig. 7.8. In the Model 2, the static pressurdlie FP cavity and in the buffer cavity

buffer cavity will be same.
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Fig. 7.8 Cavity pressure change with time in response to increasing applied pressure (model 2)

When the applied pressure changes from 4050@0 mbar, the diaphragm deflects inward

the cavity and cavity pressure increase from 405 mbar to 407.2 mbar. The change in cavity

pressure i0.5 % only,

hence t he 6referencebod

(t he

cavi

compared to that in small cavity length sensors (Refer section 4.3.1) after inclusion of buffer

cavity. The change in volume of the buffer cavity sensor (BCS) is givieig.ifd.9.
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Total volume ¢l)

35.70 -

35.65

Volume of buffer cavity sensor with
applied (positive) pressure

0.5 1 15 2 2.5
Time (sec)

Fig. 7.9 Volume of buffer cavity sensor with pressure
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The volume decreases when increasing ramp pressapplied. The volume changes from
35.88 to 35.68 mm(>l). The change of volume is 0.2 mMmvhich is small compared to the

total volume of the cavity comprising the buffer. The change of volume is-0rA¢ %, on
changing the applied pressure from 405 mtwarl000 mbar. On application of negative
pressure (ramp from 405 to O mbar), the volume will increase by even lesser amount as the

pressure change is lesser.

Similarly, for negative ramp applied pressure, the diaphragm moves outward the cavity and
the cavity pressure decreasdsd. 7.10). The cavity pressure reduces from 405 to 403.5

mbar, which is0.37 % change.

Applied and cavity pressures with time
450 ~
400 -
350 -
300 -
250 -

— Applied pressure (negative

200 - —— Cavity pressure (Model 2
150 -
100 -
50 -
0 . . . . . . .
50 0 0.2 0.4 0.6 0.8 1 1.2 14

paressure (mbar)

Time (sec.)

Fig. 7.10 Cavity pressure change with time in response to decreasing applied pressure (model 2)

The maximum deflection is about 9.8 at 1 bar applied pressure for modeFy(7.11).
The deflection ig 6.638 at 0 mbar applied pressure. The total deflection (span) is 15.733.

The span is unsuppressed and the performance is at par with a large size cavity.
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Fig. 7.11 Deflection characteristics of buffer cavity sensor (model 2)

7.4.1.Results and discussions of numerical simulation
It is found that the model 1 (small FP cavity) has lesser deflection at full pressure than that in
model2 (with buffer) and model 3 (large FP cavity). The deflections and cavity pressures of

model 2 and model 3 have emerged same. The summary is givebl@y.3.

Table 7.3 Results of FE simulations of models with and without buffer cavity

Model | Length | Buffer | Cavity Deflection | Deflection | Achievable
No. of FP pressure| (um)at0 | (um)atl | span am)
cavity increase | bar bar over range
(mbar) | applied applied 0-1 bar

at 1 bar | presure | pressure

Pa
Model | 15um | No 490.1 -5.645 7.975 13.62
1
Model | 15um | Yes 407.3 -6.368 9.365 15.73
2
Model | 500pum | No 407.3 -6.330 9.310 15.64
3
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The model 1 without buffer has a suppressed value of span. Also, the cavity pressure has

changes from 405 to 490.1 mbar after on full positive pressure, 1 bar. The model 2 and 3

have large volume, so change in pressure is only 2.3 mbar over 405 mbigpriegsare. The

span is almost full with buffer cavity.

The important points about the buffer cavity are:

A small area sensor would need small area of buffer cavity; therefore, the buffer cavity
can be implemented without increasing the device size. foner¢he buffer cavities can

be implemented without sacrificing much area of the silicon wafer

The main cavity with longer length would need smaller buffer cavity. It is applicable for
FP cavities of medium lengths such as @B0FP cavity.

One design obuffer cavity will be applicable for all small FP cavity sensors. A buffer
cavity giving a volume matching to a big cavity will relieve a>@ or a 20>m FP

cavity almost similarly. It is because the span is sensitive at small cavity lengths, but
insensiive at large cavity lengths. Once a largolume buffer is includedll the small

FP cavity sensors will get relieved to similar extent.

Following approaches can be considered to implement buffer cavity in alternative ways:

a) The diaphragm can be bossewde (planar projection at center), so that the desired FP

cavity length and higher cavity volume can be achieved without additional coupled

cavity

b) The additional cavity can be made on the glass in the main cavity around the leaving the

optically function area with similar advantage as above and without affecting the

mechanical behavior of diaphragm
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7.5.Suggested fabrication method foibuffer cavity devices

The fabrication of this device can be completed with 3 masks, as mentioned below:

1)Mask lisusedtdef i ne aperture for &ébuffer areab.
for RIE of the buffer cavity. The area of Or
aluminium layer during etching of buffer cavity. The etching is not done to the finatdles

depth of the buffer, because in the next step of wet etching buffer is also etched along with

the main cavity and microchannels.

2) Mask 2 is used to define aperture for 0mz
is removed from this area. &lwet etching is carried out to complete the micromachining of

the front side of the device.

3) Mask 3 is used to define back cavity and pattern aluminium for Reactive lon Etching (RIE)

to form the back side cavity and realize the diaphragm.

7.6.Summary

The oncept of buffer cavity has a solid theoretical foundation established through analytical
as well as numerical modelling of the sealed cavity pressure sensors in the present work. The
effectiveness of the buffer cavity is validated by developed numerigdelnmof the buffer

cavity sensor. The sensors with buffer cavity will have deterministic characteristics across the
sensors in presence of fabrication tolerances of etch depths of the cavities as well as

tolerances of residual pressure after anodic bonding
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Chapter 8

CONCLUSIONS AND FUTURE SCOPE

Conclusions

In this research work, fiberoptic pressure sensors working on the principle of aHeabty
interferometer with MEMS based design have been investigated. Important conclusions of

the presentesearch work are summarized below:

1) An analytical modeli s devel oped for dAdeflectionod o
applied pressure and other design parameters in a sealed microcavity pressure sensor.

2) Deflection characteristicare studied based on déwged analytical model for
pressure sensors of rangd ®ar and €L0 bar, for trapped gas pressure of 405 mbar
and designed span of 15.568.

3) The study indicates that the span gets reduced to a lower value than the designed span.
For example, the spantdeved for a 1 bar pressure sensor ofn? cavity length is
11.87pm while the designed span valige15.63um. The phenomenon is named as
Asuppression of spano.

4) The suppression of span is there when the trapped gas pressure changes in response to
movenent of diaphragm.

5) The achievable span for 10 bar sensor is 1586(at cavity length 15m, trapped
gas pressure 405 mbar). The achievable span is very close (98.25 %) to the designed

span value 15.68m. The suppression of span is 1.75 % at the masiis case.
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6) It is found from analytical model that a 1 bar pressure sensor is affected more than a
10 bar sensor, because the diaphragm is more sensitive for 1 bar sensor. Therefore, 1
bar sensors have been studied in greater detail.

7) The suppression apan is more for smaller cavity lengths when all other parameters
are fixed. For example, achievable spans for a 1 bar sensor at 405 mbar trapped gas
pressure are 76 %, 90.9 % and 93.86 % for cavity lengths of 7, 20 amrth 30
respectively.

8) The minimum possible cavity length is found from the developed analytical model.
The minimum possible cavity length is aboutm and 15>m respectively for 1 bar
and 10 bar sensors, at trapped gas pressure of 405 mbar.

9) The minimum possible cavity length smaller for higher pressures of trapped gas.

For example, for 600 mbar pressure of trapped gas, minimum possible cavity length is
2>m.

10) The suppression of span is more for sensors having higher trapped gas pressure. For
example, for 1 bar sensor o cavity length and 600 mbar pressure of the trapped
gas, the achievable span is 1138. It is 72.48 % to the designed span value 15.63
>m. The suppression of span is 27.52 %.

11) The span, offset, and temperature coefficients of those are very sensitive to cavity
length of the sensor in the regime of small values.

12) At large cavity lengths such as > 26@n; the span and offset becomes almost
independent of cavity length. Hencerda cavity lengths are beneficial for achieving
more deterministic characteristics in a batch of sensors.

13) The temperature dependence of span vanishes at large cavity lengths, whereas that of
offset becomes constant. Hence, large cavity lengths are diahefith respect to

temperature behaviour of the gas.
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14) Numerical model of sealed cavity pressure sensors of 1 bar range is developed. The
values of trapped gas pressure (405.3 mbar) and designed span>thp.&% taken
same as those in analytical madEinite element analysis is carried out to find
deflection characteristics of sensors of different cavity lengths. It is found that the
achievable span is smaller for smaller cavity length. The span is 2th56r sensor
of 7 >m cavity length. The spars i74.13 % of designed span, which is in good
agreement with the results of analytical model.

15) The pressure in the cavity is also studied with respect to applied pressure for sensors
of different cavity lengths. For sensor of>m cavity length, the cavitypressure
changes from 329.4 mbar to 584.7 mbar over the applied pressure range of O to 1 bar.
The change in cavity pressure is large for small cavity length sensors. For example,
the total change of cavity pressure is 255.3 mbar and 9.8 mbar respdotiwgagsors
of cavity length 7>m and 200> Y @

16) The analytical and numerical models ammpared in Section 4.80th the models
are in close agreement, thus the developed analytical modelligated by FE
simulations.

17) The sensorare designed and théabricatedat IIT Delhi.

18) The sensors are packaged and tested for pressure response. The pressure of trapped
gas is estimated experimentally for all the sensors. The estimated pressures are in the
range of 212- 424 mbay against the ideal pressure of 40thar estimated by the
theory.

19) The analytical model is fitted on the experimental data using measured cavity length
and estimated pressure of trapped gas. The deflection sensitivity of diaphragms of

fabricated sensors is estimated. The suppressionisatialculated. It is found that
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suppressionis lesser for sensors of larger cavity. Thus the analytical model is
validated by experiments.

20) It is found that the peak value of signal from a thick (2 mm) glass devateost30
times weakerthan thesignal of stray interferometer. The fringe modulation of the
stray interferometers quite high (84%) than that of sensing interferometer (17%).
Therefore, its difficult to capture the signal.

21) A noveltechniqueis developed to measure the cavity lngf thick glass sensors
by using an angleut multimode optical fiber. The technique is used for sensor
characterization as well as foloncontact measurementof entire area of glass
silicon interferometer. The eflection shape of square silicon diaphmagis
characterized from the results of rRoontact scanning. The techniquevadidated by
fitting the theoretical model to experimental data.

22) Co n c e phufferacdvitydd i s i ntroduced to provide ex
sensor characteristics for sers of small cavity lengths. The conceptvaidated

with FE based simulations.

Future scope

In any research work, there is always some scope for further and deeper explorations. From
the present work, following are the areas which shall be explofetlire.

1) The sensors with buffer cavity should be fabricated and validated experimentally. The
physical form of buffer cavity (in silicon or glass or any other) shall be decided to suit
feasibility or ease of fabrication.

2) The sensor should be fabricatedhwibhin (0.5 mm or lesser) glass for higher signal
to-noise.In order to have high optical quality reflective surface of silicon diaphragm
as well as better control on depth of FP cavity, SiHoarinsulator (Sol) wafers can

be used.
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3) In case of thick (2.0nm) glass, a collimating lens (such as graded index lens) should
be used to acquire the optical signal without any effect of glass thickness on signal
power.

4) The bonding related bending of silicgtass pair and residual stresses in the
diaphragm shouldébinvestigated.

5) The sensor shall be diced and packaged using advance MEMS packaging techniques
Snubber can be included for safety of silicon diaphragm from pressure simgés
could be a mode of failur®il filled media isolated packaging can be usemginst
reactive fluidsThe optical surfaces should be duly ingress protected.

6) The temperature effects of the gas albage beenanalyzed theoretically. However,
there are multiple ways through which temperature may affect the pressure
measurement. These include temperature dependence of packaging stress, residual
stress in bonded device, linear thermal expansion, change of iinpteparties etc.

These effects can be studied or compensated directly.

7) For thin glass sensors, the stray interferometer can be used to advantage. In the
packaging, the second interferometer can be formed deliberately which will respond
to temperature oyl The composite signal of two interferometers can be demodulated
and temperature compensation can be implemented. This may require enhancing the
reflectivity of the pressure sensing interferometer

8) Alternatively, the bonded glass can be optimized for ase temperature sensing
FabryPerot etalon and designing the temperature compensated pressure sensor.

9) The effect of gap of APC based fiberoptic probe (over the sample) on-ggnal
background ratio shall be studied.

10) The elimination of back reflectofrom multimode fiber of different NA values can
be studied and the fibers can be terminated at greater cut angle to completely

eliminate the back reflection
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APPENDIX

A.1 Calculation of pressure value after anodic bonding

The residual cavity pressure after bonding under atmospheric pressure is given by Eq.A.1 as

following

1= o Gl Al mep)-(r 712 Eq. Al

Where |4, . 67,74 -m:p denote pressure inside the sealed cavity, ambient
(atmospheric) pressure, initial @(ueflection) cavity volume, cavity volume in general, cavity

air temperature and bonding temperature respectively.

fio = 1013256 a3, 4= 3000,  {y.mp = 7500

To estimate the initial cavity pressure after sealing, initial cavity volume (when diaphragm is

not deflected) volume is considered, herge= 1 . Using the above values and equation,

U= (1013.25 & X ) (3000/7500).(6y/ Gy) = 405.3 & X

A.2 Calculations of deflection of square diaphragm

The deflection of an edgdamped square diaphragm at the centre is given by
. g
w= 0.01384 oG Eq. A2

WhereP, L, Fand hare applied pressure, edge (side) length, Young modulus and thickness of

diaphragm. The widely excepted value of young modulus for (100) single crystal silicon is
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169 GPa. This is the effective value ath# material is isotropic. After putting the value of
Young modulus, the deflection formula is simplified to

g 00

w= 8.189 x 10 3

Eq. A3

However, in the presentask, the coefficient i8.386 x 1, which is very close to the value

in the above equation. The diaphragm thickness for Tar6deflection is 12%m.
&= 8386 x 10 82 Eq. A4

The value is arrived at bgolving the anisotropic formulation for silicon diaphragm as
explained below. The effective elastic coefficient valye=<C194.25 GPa has been used. The
diaphragm thickness for 15.68n deflection is 130>m. However, in the present work,
deflection sensiity value is considered in modelling and the exact thickness of diaphragm

is not directly related.

A.3 Deflection model of anisotropic silicon diaphragm

The values are calculated stepstep as per the reference La Cetiral. and presented in
Table A.1. The description is given in the first column and formula and calculated values are

shown in further columns.
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Table A. 1 Derivation of deflection formula

Silicon stiffness constants Ci1 Ci2 Caa
(Gpa)
t 300K i tal
at STUR In crystal co 165.6 63.9 79.5
ordinate system
Effective stiffness
Cll ClZ CGG

constants (GPa) in the
coordinate system of

= (Crat Crot+ 2Cu9)/2 = (Ci1+ Cr2- 2Ca4)/2 = (C11- C10)/2

diaphragm in (100) plane,
edges aligned to <110>
directions

194.25 35.25 50.85

Constantk;)

k2= 2 (Cj_z + 2C66) /C]_]_: 1.41003861

Constant ) defines the
shape

b (%82 + 143;) /(1432 + 91k;) = 0.245871

Anisotropic flexural

rigidity (Qy)

Q= "3C/12

Maximum deflection\{)
at centre of diaphragm

o 77(1432 + 91°Q)
V0= 356(16220 + 11°Q (329 + 13 Q)

0(0/2)41Q

= (0.021720172)(0/ 2)*/'Qy
= (0.021720172) (0*/ 16) ( 12/ "ACyy)

= 8.386x 10° |4 / | (Ci1= 194250 MPa)

A.4 Steps of simplification of equation Eq. 3.6

The equation Eq.

= IlL.Ob 7L

(r =e

Multiplying by denominato(r

o(r == (K

Eq. A5

.e) ;

Fa ) Eq. A6
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Opening first bracket;

o(t =90=|HKr =9 |[Ad) Eq. A7

Opening second bracket and multiplication-by

re =e=lk =lke IA Eq. A2
ret=e= lhr+=lke+ A £q. A9

Adjusting in the form of a quadratic equation;

—e re=lbe Tl d = £ A10

Finding the roots quadratic equation;

o= W_=+|_|F s L 1 +@ Eq. A1l

The quadratic equation has two roots (that is two solutiong)fdks the quantity under the

squarer oot i s al ways positive here, the roots

The validity of equation should be first checked when there is no entrgppday putting the

term @ = 0. The equation in that case should reduce to the one for normal pressure sensor.
o= Ly Ik o = I Eq. A12

When the root with positive sign is taken, the pressure dependent term cancels out, and it
suggests that the deflection is not a function of applied pressure. Therefore, that solution does

not have any physical significance. When the solution with negsitireis considered, the
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equation reduces to following form, which suggests that the deflection is the product of

applied pressure and the sensitivity of diaphragm; and the same has a physical significance.

o= ||} Eq. A.13

Therefore, the solution with negative sign is appropriate and used in the analytical modelling.

The derived characteristic equation is as following;

o= T_=+|_|F L Ik +@ Eq. A4

A.5 Calculations of constants for analytical model

As per Eq.37, forf = 0.24587

, _ 64(147+421) _
= ——o — = 030442626 Eq. A.15

For diaphragm of edge length of 8 mm (8Q00),
0 = .0% = 0.30442626 x 8000 x 8000 = 19483281 Eq. A.16

For atmospheric pressurhm = 1013.25 mbar (0.101325 MPa) and bonding temperature

|4 -mip = 750K, the constanb®is

ge= _Sam  _ 101325/750 = 0.0001351 NPa/K Eq. A17

Yizaeo

A.6 Minimum cavity length

There is a designed full scale deflection (span) of diaphragm in a pressure sensor. The present

sensor is based on the principle of a Fabeyot (FP) interferometer. The deflectioh
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diaphragm is measured by measuring the cavity length between the centre of diaphragm and a

fixed reference surfac&ig. A. 1).

Applied pressure (Pa)

Diaphragm \I,\l,\l,
Measured /L Fixed reference
FP cavity surface (bottom
length (1) of the cavity)

Fig. A. 1 Initial and measured cavity lengths in the FP pressure sensor

In the present case, the reference surface is the surface of a glass wafer whizchhs als
bottom of the cavity. The bottom of the cavity must not physically stop the diaphragm in its

normal operation (though, the same may be useful for over range protection of diaphragm).

Pa = Pmax

Pc < Pa

|

\ Collapsed cavity

Fig. A. 2 Collapse condition of the FPcavity under full applied pressure
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If the (initial) cavity length is more than the design span value, the movement of diaphragm
will not be hindered in normal operation. However, when the cavity length is smaller than the

span, the cavity will collapsender full applied pressur&ig. A. 2).

Outward (negative) deflection Inward (positive) deflection

Pc>Pa Pc < Pa

Fig. A. 3 Outward and inward deflections in an absolute pressure sensor

However, n case of absolute pressure sensors having residual pressure in sealed cavity, part

of the deflection is outward of the cavity and remaining is inwarg. (A. 3). As the inward

deflection is lesser than the span, the minimum possible cavity length (focollapse
condition) is also | esser. Further, i f there
as inward (positive) part of it, get small@herefore, the minimum cavity length candwen

smaller

In order to find the minimum cavity length, a value of cavity length just above the designed
span is taken to start with. For example, in the present case, the designed span value is 15.63
pum, hence cavity length of 1gm is taken. Then, the full inward (positive) deflection of the
diaphragm is found using the developed characteristic equation. If it is found that there is
certain gap still there between the diaphragm and the bottom of the, @alotyer value of

the cavity length is taken. In a few iterations, the approximate value of minimum cavity
length for the given sensor parameters can be found. A plot for 1 bar pressure sensor with

trapped gas pressure of 405 mbar is showrignA. 4 for illustration.
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e 18 - Minimum cavity length : 1 bar senso
) . 16 -
.g E H H H U}l
X3 14 Point of intersection 'P
= S 12
25 difference
g9 10
c =
23 7
T 6 -
- G
22 4
> E . . .
8 = 2 L Max. inward deflection Cavity length
0 T T T 1
18 14 10 6 2
Cavity length (um)

Fig. A. 4 Minimum cavity length for 1 bar pressure sensor

In Fig. A. 4, the xaxis is cavity length in decreasing order. On thaxig, the same cavity

length as well as the positive (inward) part of deflection is plotted. Atmi&avity length,

the paitive deflection is about 8 Am. The difference between the two quantities is evident
fromtheyaxi s val ues. This means that t he diaph
bottom of the cavity and there is scope to further reduce the cavity length. Waed in
deflection also reduces with decreasing cavity length, but at slower rate. At certain cavity
length, the diaphragm just touches the bottom of cavity. This is the minimum cavity length is
based on the criterion of romllapse. The cavity gets collapsed increasing the pressure
beyond the full scal e. This condition corre
given inFig. A. 4. Thus the mimum cavity length for 1 bar pressure sensor with trapped gas
pressure is aroundpn. There is no physical significance of the part of the curve on right of

the point OPO. Similar graph is showm for
designed spn and 405 mbar pressure of the trapped g&3ginA. 5. The minimum cavity

length is approximately 14.745n.
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18

c Minimum cavity length : 10 bar senso
>
—~~ 16 -
E=z
83 ., |
= c
- 0
cC = L
S @ 12 Point of intersection 'P'
L &=
- q_) |
g).c 10
L7
2% 87
g S 5 —o—Max. inward deflection ~ —m— Cavity length
8 |
4 T T T 1
17 16 15 14 13

Cavity length (um)

Fig. A. 5 Minimum cavity length for 10 bar pressure sensor

A.7 Silicon wafer specifications

The specifications of the silicon wafer used in the fabrication of devices are giVahlaA.

2.
Table A. 2 Specifications of silicon wafer
Sr Specification Value
1 Make Siltronix
2 Type n-type, (100)
3 Diameter 20
4 Thickness ¥m) 275
5 Single side polished (SSP) or double side Single side polished
polished(DSP) (SSP)
6 Thickness tolerance >m) 15
7 Total thickness variation (TTV) standareht) <10
8 TTV minimum on SSPXm) 5
9 Bow (>m) <30
10 Flatness on polished surfacen() <1
11 Roughness on polished surface (nm) <1nm
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A.8 The anodic bonding seup and process

Cathode (-)

——  HighDC
—  Voltage

source
Base plate +

IS avoce s

Fig. A. 6 Schematic of anodic bonding setup

The schematic and photograph of the anodic bondingseatre given irFig. A. 6. In the

anodic bonding of silicon and glass, the latter should have alkali ions. The pair is first heated
at high temperature (such as 48D) to enhance the mobility of ions and electronse Th
silicon is connected to positive terminal (anode) of high voltage DC power supply and glass
to negative terminal (cathode). When the high voltage (e.g. 1200 VDC) is applied, the two
wafers are pulled by each other and come in intimate contact. Thetctengs flowing and

fusion at the surface takes place. In general, the bonding starts from the interface location
below contact point of cathode; and spreads radially outward. In the present case, there is a
cavity in silicon below the cathode, so the Bimg starts from some other point. The bonding

time depends on the parameters of bonding and on the specification of the two wafers.

Photograph of the bonding sgp used in the lab is given iig. A. 7.
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Fig. A. 7 Photograph of anodic bonding seup used

The subatmospheric pressure is captured in the sealed cavity as the density of the gas
reduces after heating at high temperature and the molecules escape from the cavity before the

voltage is actually applied and the sealing takes place.

A.9 Fabricated devices and packaging

Some of the fabricated devices are showhigh A. 8. The upper side is glass. fig. A.9, a
device is shown with extra pocket of air after anodic bonding. This may be due to bow and
flatness issues in the silicon and glass wafartheFig. A. 10, dimensional measurements of

a device are showrn Fig. A. 11, a device packagin modified KF50 vacuum flange is
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shown. An Gring and another flange comprising pressure port caps the device for functional

testing.

Some devices made after
anodic bonding

Top view: glass surface

Fig. A. 8 Photograph of a batch of devices

Pockets of trapped air

Fig. A. 9 Photograph showing extra air pockets in device
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Fig. A. 10 The dimensions of the sensor window a) front and b) back

4——— Device ID

Square shape

KF50 Vacuu <+ diaphragm

flange

Packaged pressursens

Fig. A. 11 A packaged device
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A.10 Visibility of interference signal

The quality of interference signal is assessed based on the visibility or contrast of the fringes.
It is basically the amplitude of fringe modulation over the average power. The vigibdég

be calculated by following formula for a given signal.

= Hib The Eq. A.18
Gt Wy e

Where, & ¢, anddy ¢ are the maximum and minimum intensitydyis value) in a fringe.

Visibility for two sensors is calculated here for example.

Y maxmaximum

Y min MiNiMum

Fig. A. 12 Signal from device PS10 (15m)

Using the maximum and minimum values 5400 and 4000, as indicated by horizontal lines in
theFig. A. 12, thevisibility is 14.9 % for sensor PS10 of design cavity length>16 (13>m

for this signal). Similarly, irFig. A. 13, the maximum and minimum values for a fringe are
58,000 and 52,000, thus the visibility is about 5.5 %. The power level of first signal is low

even at high integration time, because the signal is acquired with an APC based probe.
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