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Abstract

Magnetic sensors are widely used in nearly all engineering and industrial sectors, including high
density nagnetic recording, navigation, target detection,-#m#ft systems, nedestructive testing,
magnetic labeling, space research, andniégnetic measurements in the human body. Miniature
magnetic sensors with high sensitivity are particularly advantagaeobi@medical and specialized
industrial applications.

Amongst the various extant magnetic sensors, MitextroMechanical System (MEMS) and Giant
Magneto impedance (GMI) sensors have the ability to sense low levels of magnetic field in the order
of 10millitesla as well as the space to be further miniaturized. In this thesis, MEMS and GMI sensors
are studied in detail both theoretically and experimentally. Multiphysics analyses have been
developed to provide a path to further investigate these two typesnsors for various sensor
configurations. Several prototype units are successfully developed, fabricated and tested to verify the
validity of these models.

MEMS reed sensors consist offayer beams of Au/Ni/Au. The actuation of these sensonitisted

by the magnetic force to maintain the continuity of magnetic field streamlines. The Ni layer is
deployed as the main magnetic core, and the gold layers are used to enhance the contact quality of the
switches. In this work, a unique fabricatiogess is developed that significantly reduces the number

of masking and lithography steps. As well, a detailed finite element method is presented to study the
behavior of these sensors and to optimize the device performance. The FEM study considisrs vario
magnetic environments, providing a performance map for the sensors. Having a performance map is
essenti al for a systembébs operation and for trac
the effects of various device formations and packafimghese types of sensors. The generated
magnetic force is observed to be much higher than the required mechanical force for device actuation.
The GMI sensors exhibit many advantages over their conventional counterparts. In particular, thermal
stability and high sensitivity make GMI sensors attractive candidates for a wide range of applications.
The GMI sensors are based on concepts different from those for conventional giant magneto
resistance (GMR) sensors. GMI sensors have been under active resianchtioe past decade. In

this thesis, thin film multilayer GMI sensors are realized using microfabrication technology. The
fabricated sensors are-taiyers of CesSi;oBis /Au./ Co.3Sii:Bis The thin film GMI sensors are
studied in detail using FEM simuian, and several sensors are developed, fabricated and tested to

work in the millitesla range. A pastrocessing step is proposed to optimize the performance of GMI



sensors and to enhance their magnetic sensitiibe postprocessing characterizatiohavs that
annealing the devices with a specific annealing cycle has the optimal effect of enhancing the magnetic
characteristics of CoSiB. The sensors are treated with thisppmstssing recipe, demonstrating a
considerable increase in their magneto idgree (M) ratio. The research has made a contribution to
establishing the engineering foundation toward the development afdstminiature GMI magnetic
sensors for low field intensity applications.
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Chapter 1

l ntroducti on

For decades, agnetic sensors havelpedhumars analyz and control thousands of applications.
Computers haveearly unlimited memory through the use of magnetic sensors in magnetic storage
disks and tape drives. Airplanes experieeobanced levels cfafety because of the reliability of
noncontact switching employing magnetic sensing. Factoriesilmorevedproductiuty because of
the precise stability and low cost of magnetic sensors. There are many ways to sense magnetic fields,
most ofwhich arebased on the intimate connection between magnetic and electric phenomena. A
common priority of magnetic sensors in alpipations is that magnetic sensors provide a segpng
morereliable, andnoremaintenancdree technology compared to other sensor technoldtyiék

A magnetic sensor is a system or device that can measure the magnitude of a magnetic field or each
of its vector components. Magnetic sensors can be classified into scalar magnetometers and vector
magnetometers according to whether they measure the magnitude or the vector components of the

magnetic fieldThe techniqueasuallyencompass many aspects ofgibs and electronics.

Magnetic sensing techniques exploit a broad range of ideas and phenomena from the fields of
physics and material science. The common technologies used for magnetic field sensing include
induction coil sensors, fluxgate, optically pped nuclear precession, superconducting quantum
interference device (SQUID), Halliffect, giant magnetoresistancmagnetic tunnel junctions, giant
magnetoimpedance, magnetodiodad magnetotransistor, fiber optiand magneteoptic, and
microelectromechacal systems (MEMShased magnetic sensofslist of the nost commonly used
magnetic sensor technologiés givenin Fig. 1.1, in which the sensitivities of these sensors are
indicated [1]
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Figure 1-1 Comparison between magnetic sensors working randé].

As can be seen, agnetic sensors have a broad range of applications (Table 1.Epfldxample,
ultra-sensitive magnetic sensors are able to detect tiny magnetic fields produced outside the brain by
neuronal curreniswhich can be used for diagnostic applicasiorligh reliability noncontact
switching with magnetic sensors leadstdancedsafety standards in aircratind nagnetic sensors
are also used in automobiles to detect positions in the engine crank shaft and wheel braking
Computers have nearly unlimited memory through the application of magnetic sensors in magnetic

storage hal drives and tape drives.




Table 1-1 Category of Magnetic SensorApplications [1]

1E9T 1E4T
Category 1 Category 2 Category 3
High Sensitivity Medium Sensitivity Low Sensitivity
Definition: Definition: Definition:

Measuringfield gradients
or differences due to
induced (in Earth's field)
or permanent dipole
moments

Measuring perturbations in the magnitudes and/or directiq
of Earth's field due to induced or permanent dipoles

Measuring fields
stronger than Earth's
magnetic field

Major Applications:

Brain function mapping
magnetic anomaly
detection

Major Applications:
Magnetic compass

Munitions fusing

Mineral prospecting

Major Applications:
Noncontact switching
Current
measurement
Magnetic memory
readout

Most Common Sensor:
SQUID
Optically pumped

Most Common Sensor:
Coil magnetometer
Fluxgate

Magnetoresistive

Most Common Sensor:
Coil magnetometer
HallEffect Sensor
Magnetoresistive

1.1 Motivation

I'n 1ight

of magnetic sensorsd near|l

y Iimitless

in millitesla would be in high demand. This magnetic field range has applications in various

industries, such as biomedical devices, communication systenus,automobile and airplane

industries [1], [21], [27]. Indeed, the high demand for this range has been the driving motivation for

this thesis, the intent of which is to generate new magnetic sensors and applications in the millitesla

range. As shown inigure k1 and discussed in Chapter 2, MEMS technology magnetic sensors and

GMI (giantmagneto impedance) magnetic sensors are able to perform well and accurately in this

range.

MEMS technology magnetic sensors normalige a mechanical moveable part tosge the

magnetic field, while th&MI type show a change in their impedance based on their materials and are
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fabricated using thin film technology. In this study, both MEMS and GMI sensors are designed,

fabricated and tested.

1.2 Objectives

The major objetives of this Ph.D. thesis work are:

1 The development of miniature MEMS reed magnetic sensors.

There is a limited number of publications about MEMS reed magnetic sensing. Moreover, those
MEMS reed magnetic sensors have a minimum length of 1000 micronsheindb¢ams have a
relatively large width of hundreds of micronBased on the simulation results generated, their
sensitivity can increase .Hences theasizg of thg devidee wab e a ms 6
reduced by an order of 5 to 10, and the devigere fabricated as small as 20 to 80 um in width and
100 to 400 um in length. This reduction in size will ultimately help us offer an array of magnetic
sensors with the same area as conventional magnetic sélifsoffite element (FE) simulations for
this study are conducted in COMSOL Multiphysics. The simulations are done in 2D and 3D, and take
into consideration the packaging effects.

1 The developmentof thin film GMI magneic sensors using CoSiB/Au/Cdsi GMI
multilayer. Proposing a new method of matjmimg the ferromagnetic layer.

Very few publications have, to date, reported on GMI magnetic sensors. The reported GMI
magnetic sensors have been fabricated using a costly sputtering system, which prepares a high
magnetic field around the sample during tfabrication process. Preparing this magnetic field is
essential in order to direct (orientation and magnetization) the GMI. However, because of the physics
inherent in sputtering devices and their architecture, only a few research groups have abeess to t
equipment. Based on our preliminary research, we determined that the fabrication of ferromagnetic
material can be done ia normal conventional sputtering system. A new {pogtessing step is
proposed in which the sample needs to be annealed in awiibethe presence of a magnetic field.
During this annealing step, the magnetic domains of ferromagnetic material should lose their
magnetic walls and become oriented in the same direction as the exerted magnetic field. Applying
this process will reducéé cost and workload of the fabrication process.

1 The study of the thermal and magn#termal treatment on CoSiB and metallic glass GMI

materials.



In this study, various mechanical and material characterization tests are used to understand the
effects ofthermal and magnethermal treatment on GMI materials. These tests are followed by

detailed magnetic characterization tests, which offer us conclusions on optimal treatment.

1.3Thesis Outline

In the secondchapter of thighesis popular sensor technologiare described in detail. I€hapter
3, work on magnetic MEMS reed sensors is explaiffdat theoryof these sensolis reviewed and
verified using finite element multiphysi€€OMSOL simulations.Two different types of 2D and 3D
simulations with and withat the packaging effects are studied, and a sensor performance map is
generated. "rious types of devices are designaud afabrication procesis developed for themAs
well, devicesarefabricated and a test setupvdtoped At the end of the chaptethe test results are
discussed and compared to simulations.

Chapter4 demonstratesome recentvork on GMI magnetic sensors the first section, theheory
of GMI sensors is reviewed arlde design of our sensors is discussedeneral 3D simulation is
presented for these sensors. Throughout the rest of the chapistpmmade test setup is designed
andthe experimental results of the fabricated sensors are reviewed.

Chapters focuseson the material characterization and study of the effects of #deand magneto
thermal treatments on CoSiB and metallic glass GMI materials. In the chapter, various GMI samples
are prepared and undergo annealing with different situations. A comparison and study of the results of
both material and magnetic test showhav to optimize the pogirocessing treatment to reach
optimal performance of GMI sensors.

At the end of thighesis, Gapter6 s ummari zes the results and di

Finally, future work and future challenges are presented

S |



2 ChapfTeo

Literature Survey

2.1Conventional Magnetic Sensors

2.1.1 Induction Sensors

The princiopal of induction sensors is Faradayobs
coiled core changes, a voltage proportional (emf) to the rate of changb&f f | ux (0) i s ge
between its leads:

Q% QO0Gt 000 (1.1)

QaQ =y Q0

where N is the turns of the caoil, A is the core cresstion area, H is the magnetic field in the sensor
core, and O s the sensor core relative permeabilttyeicore may be ferromagnetic or air).

Thus, we can write the general equation for induction seas{i}.
0 t Q00 0@t Qdo 0f 0Q o 1.2)

Qa0 Q0 Q0 Q0

Basic induction coils arbased on the first term of Eq. 1.2. The middle term describes rotating coil
sensors, where A(t) is the effective area in the plane perpendicular to the measured field. The last
term is the basic fluxgate equation (fluxgate sensors are covered in next)secti
To improve the sensitivity, a rod of a ferromagnetic material with a high magnetic permeability is
typically inserted inside the coil to gather the surrounding magnetic field and increase the flux density
B (0 = BA). The s e n meabilitywfithe gorednatprial nthee sireacohthe tcdil,éhe p e r
number of turns, and the rate of change of the magnetic flux through the coil.
In geophysics, thesetypefs ensor s serve to measure micropul sati
(1 mHz1 Hz frequecy range); in audio frequency applications, they are also used in magnetic
recording techniques. Howeveémitations in sensitivity and size prevethem frombeing used in

applications that require high resolution and small volume.



2.1.2 Fluxgate Sensors

Thelast term of Eq. 1.2 is the basis for fluxgate sensors. Fluxgate sensors measure the magnitude
and direction of théC or low-frequencyAC magnetic field in the range of approximately-94®o
10-4 T. The frequency response of the sensor is limited by the excitation field and the response time

of the ferromagnetic material. The basic sensor principle is illustrated iB-Ei@].

—(0— y

| i ind

lGXG(t)

- - 3
\D \ A\ u(t) B(t) -~

Figure 2-1 The basic fluxgate principle. The ferromagnetic core is excited by the ac current lexc of

frequency f into the excitation winding. The ~core
frequency. If the measure dc field BO is present, the associated cotexf q (t) is also changing with 2f,

and voltage Vind is induced in the pickup (measuring) coil having N turns.

The soft magnetic material of the sensor core is periodically saturated in both polaritiesAy the
excitation field, which is produced by thec@ation current lexc through the excitation cdihus,the
core permeability changes, and B€ flux associated with the measurB€ magnetic field BO is
modulatedThe fgatingo of the f1l| ux t hvasthe decice iissnam when t
Figure 2-2 shows simplified corresponding waveforms.[Bhe device output is usually the voltage
VI induced into the sensing (pickup) coil at the secamrdeyenhigher) harmonic of the excitation

frequency. This voltage is proportional to the meastietdl
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Figure 2-2 Simplified fluxgate waveforms (a) in the zero field and (b) with measured field HO.

8



2.1.3 Magnetoresistors

Magnetoresistvanagnet omet er s use a change in resistanc

field H. A giant magnetoresistive (GMR) could be achieved by using al&yer structure that
consists of two thin ferromagnets separated by a conducto2(Bjg1].

zero external H field external H field
AF
AF

<4+— pinned ferro

o free ferro
substrate

<4— pinned ferro

4— _ free ferro
substrate

thin conductor thin conductor

a b
external H field strong external H field
—> —
AF AF
<— pinned ferro — pinned ferro
—» free ferro —»p»  free ferro
substrate substrate
thin conductor thin conductor
c d

Figure 2-3 Orientation of the magnetization of the ferromagnetic layers in a GMR spin valve
for different external fields H. (a) H = 0, the magnetization of the free ferromagnetic layer is
perpendicular to the magetization of pinned ferromagnet, R = R(0). (b) Low resistant state, H
parallel to the magnetization of the pinned ferromagnet, R < R(0). (c) High resistant state, H
directed opposite to the magnetization of the pinned ferromagnet, R > R(0). (d) H large @mgh

to unpin the pinned ferromagnet, R < R(0).

Magnetoresistive magnetometers are very attractive foictmst/ applications. So faGMR sensors

can detectfrom ¥8 T at 1 Hzto as large as 0.1 T.



2.1.4 Hall Effect Sensors

As shown in Fig.2-4, Hall Effect sesors are widely-used, lowcost sensor [1]in theHall Effed,
a voltage difference appears across a thin rectangle of conductor placed in an external magnetic field
perpendicular to the plane of the rectangle when an electric current is sent almmgtits The

principal of Hall Effect is the Lorentz force, which is proportional to the velocity of the particles,
0 610 (1.3)

An electric field produced by the accumulated charges is built to balance the Lorentz force,
"0 0N (1.4)

If the velocity of the moving charges and the built electric field are known, the magnetic field can
be obtained.

The Hall Effect igguite small in metallic conductors bsignificantlylarge in semiconductorsThis
discrepancy in sizing arises fratme densityof carriersbeingmuch lower in semiconductors and the
velocity of carriersbeingmuch faster in semiconductoirs obtairing the same current. The silicon
devices have a sensitivity range of30d to 0.1 T and thesensitivity ofindium antimonide sensar
can reach as low as-10T.

10
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Figure 2-4 (a) Schematic of HallEffect sensors and (b) examples of Hall Effect products.
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2.1.5 SQUID Sensors
Superconducting quantum interference desi¢8QUIDs) arelte mostsensitive of all instruments

for measuring a magnetic field at low frequencies (<1 lAn) example ol SQUID is illustrated in

Fig. 2-5 [1]. The principe is based on the remarkable interaction®ldervedelectric currents and
magnetic fields when cerita materials are cooled below a superconducting critical temperature.
Below this critical temperaturéhe materials become superconductors and lose all resistance to the
flow of electricity. The critical current of the SQUID is related to the externahstagfield (Fig.2-

5).
Superconducting ring
Readout with point contact  Superconducting
junction pick-up coil
I' .I‘.'II I 5
saup  / / !
/ ]
=3¢ ¥
a .
| readout OC Tunneling ©C B

Figure 2-5 Schematic of SQUID sensor
The typical sensitivity of SQUIDs is in the order of 10 fT. Howebath the maintaining fee and

the instrument are very expensive, which preg thé@ popular application. Figur@-6 showsa

SQUID setup.

12



— COMMERCIAL
<+ MECHANICAL

COOLER
COUNTERFLOW __,, [IAYTTH
HEAT EXCHANGER
/—> BN\ - 77K
THERMAL LINKS J M 15K
- : a“
- - JT IMPEDANCE
85 300 15 =
P 4K STAGE
COMPRESSORS sauip 4 > I THERMAL LINK

DETECTIONCOIL —* ﬂ VACUUM SPACE ]

Figure 2-6 Schematic of a SQUID magnetometer

2.1.6 Magnetodiode and Mangetotransistor Sensors

A magnetodiode is essentially a semiconductor diodpn junction.In a magnetodiode, however,
the p region is separated from the n region by an area of undiiped. The device is fabricated by
depositing silicon and then silicon dioxide on a sapphire substrate. If a metal contact -atopiesl p
region is given a positive potential and a metal contact on -th@ped region is given a negative
potential, holesn the pdoped material and electrons in thdaped material will be injected into the
undoped silicon [1,3]. The current is the sum of the hole current and the electron current. Some of the
carriers, particularly those near the interface between tisersiand the silicon dioxide or near the
interface between the silicon and the sapphire, will recombine. The loss of charge carriers increases
the resistance of the material. In the absence of a field, recombination at both interfaces contributes to
the resistance.

Perpendicular to the direction of travel of the charge carriermagnetic fieldleflects them either
up ordown, depending on the direction of the field. Both holes and electrons are deflected in the
same direction because they are travelingpposite directions. Charge carriers near the interface
between the silicon and the sapphire have a greater tendency to recombine than those near the
interface between the silicon and the silicon dioxide. Thus, if the magnetic field deflects the charge
cariers down, the resistance of the material is increased; if it deflects them up, the resistance is

decreased. The response of a magnetodiode to a magnetic field is about ten times larger than the
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response of a silicon HalEffect device [1-3]. Devices inthis method are normally used as
magnetically actuated (amplified) diodes rather than sefiHors

A magnetic field sensor was introduced at 1983 having a lateral bipolar magnetotransistor with a
single emitter region and whose base region is incorpoadea well in the surface of a silicon
substrate of the reverse material conduction type [58]. A magnetotransistor is an ordinary bipolar
transistor so optimally designed that its electrical output characteristics, e.g. its collector curent Ic
its curent amplification factor, are highly sensitive to the strength and orientation of a magnetic
field.[58] Known magnetotransistors have a voltage sensitivity ranging from 10 Volts/Tesla to 500
Volts/Tesla or a relativeurrent sensitivity ranging from 20%/3la to 30%/Tesla and preferably
employ lateral bipolar transistors.[58]

2.1.7 MEMS-Based Magnetic Sensors

Many of the earliest designs of magnetic sensors utilized simple magnetic attraction to ferrous
objects. The resulting motion was then measured to recateltect metal objects. A structure similar
to a compass needle was the first magnetic-figdgered fise for mines. With the development of
micro-electromechanical systems (MEMS), the idea of using movement to sense magnetic fields is
being reexaminedout fabricating these devicés challenging[44-52]. This is especially true if the
fabrication process requirése use ofdifferent technologies that are not naturally comnipati For
example, the use of HF that ddten required to perform the releastep needed to fabricate the
MEMS structure can damage other parts of the sensor. Most of these sensors use the Lorentz force.
An example othis is a magnetometer based on detecting the motion of a miniature bar magnet [12].
The hard magnetic material useas deposited by electdeposition. The choice of materials for the
hard magnet was limited by the need to use HF in the releasastithe bar magnetic respoedito
the field without drawing any power. Fields as small as 200 nT have been detdictaitiop

A similar approach was employed by DilLella et al. [A8ho also usé the rotation of a MEMS
structure containing a permanent magnet. In this case, thewfsddetermined by measuring the
feedback required to maintain a constant tunneling curiiérey achieved a resolution of 0.3 nT
(Gt 1 Hz buttheaccuracy of the sensafas limited by air pressure fluctuations.

An alternative approach uses a xylophone resonatoy \M#rean AC current whose frequency is
adjusted to be equal to resonant frequeittyf a MEMS beam is sent through the length of the

beam. A DC fieldapplied perpendicular to the axis of the beam will eneriigenotion of the beam
14



atafrequencyof "Q Theamplitude of the motion that can be detected optically is proportional to the
field.

MEMS technology can improve magnetic sensors by minimizing the effect of 1/f noise. The
concept for a device that can accomplish {this MEMS flux concentrator [15b]s shown in Fig. 27.
In this device, the flux concentrators composed of soft magnetic material are placed on MEMS flaps.
The flux concentrators enhance the figdhiddecreasing the separation between the flaps increases
the enhancement. The two MEMS flap® dorced to oscillate by applying an AC voltage to the
electrostatic comb drives. By tuning the frequency, the normal mode in which the distance between
the flaps oscillatesan be excitedThe resonant frequency for the MEMS structure is designed to be
about 10 kHz. The oscillation of the MEMS flaps modulates the field at the position of the sensor and
thus shifts the operating frequency of the sensor above the frequency where 1/f noise dominates.
Depending on the type of magnetic sensor used, thisishifierating frequency should increase the

sensitivity of magnetometers by one to three orders of magnitude.

Flux Concentrator

Comb Drive

Si Springs

Figure 2-7 Picture showing the concept of the MEMS flux concentrator. Note thathere is a

spacebetween the substrate and the flux concentrators on the MEMS flag45].

Tang and his colleagues-{2], who are among only a few researchers studyiagnetic micro
reed switches/sensorave proposedisng nickelbasel MEMS beams to fabricate magnetc
MEMS sensor/switch. In their recent worthey attemptedto employ both magnetic torque and
magnetic inertia to keep magnetic flux lines conne¢i€d12]. Their switches are a new sensing
elementin themillitesla range. One of the drawbacks ofthesearchs the size other devicesall

of whichare intheorder of millimeters [912]. Figure 28 illustratesa sample of their devices.
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Figure 2-8 (a) SEM microphotograph of a magnetic switch, (b) zomedin view of the contact
part [10].

In 2013, Hui and colleagud40] developed a MEMS magnetic sensor using a MEMS multilayer
resonator. The multilayer plates were a combination of a magestictive material and a piezo
electric material. The sensocould achieve a performance frequency of 200 MHz and were designed
to sense magnetic field of 0 to 150 Oe.

In recent years, some groups have started to refabricate the previously reported MEMS
magnetometers employing CME@3EMS technology [4142], whichallows them to integrate an-on
chip actuation magnetic coil to the devices. Moreo@NOS-MEMS sensors have the advantage of
using an existing foundry service, electrical routing compatibidtyd monolithic integration of
MEMS structures and sensingaiits. This enables them to achieve the same sensors with a better

quality of fabrication.
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Figure 2-9 CMOS-MEMS magnetometer systems with integrated magnetic cqi1]

2.1.8 Giant Magneto-Impedance Sensors

When a soft ferromagnetic conductor is subjectemigmall alternating current (AC), a large change
in the ACcomplex impedance of the conductor can th@iredwhena magnetic fields applied This
is known as the giant magnetopedance (GMI) effect []. The GMI effect was first observed in
1994 by Panina in her Ph.D. work [25], [34]. This was followed by experiments performed by other
researchers, during which GMI was employed in wires and single thin filr3g8243]. Figure 210
shows an example dhese sensors [43]. As we can see from the picture, the bulky nature of these
sensors makes them unfavorable for miniature applications. Although some researchers did attempt to
make multilayer GMI devices as well [33], [37], [38], the basic thrust ofak effect is to change

17



the impedance under the magnetic field. It ocenestly inthe millitesla range ofhe magnetic field
andin frequendesof tens of MHz [30]. Since GMI changes as a functiothefexternalDC magnetic

field or appliedDC/AC current, it is possible to design GMilased sensors that can measure either
magnetic fields oDC/AC currents. GMI is also sensitive to applied stress, and this provides a new
opportunity for developing stress sensors. These sensors will be briefly describedadumated
below [21]

Figure 2-10 A Co-wire GMI sensor reported in [43)]

A magnetic sensor based on the GMI effect (or theaded GMI sensor) was designed and
produced by Mohret al. [34]. Continuous efforts have been devoted to improving the sensitivity of
the sensor by optimizing the processing parameters and/or the design of the electrical ci8jit [30
Detailed investigatiosiof how the processing parameters can be obbatt, as well as the influences
of these parameters on the performance of a designed GMI sensor, can be fouhdnd [29]. In
these sensors, the sensing elements can be amorphous wi28sg28 3335], thin films [37-38], or
ribbons[21]. They canbe used for measuring or tracking the presence of both homogeneous and
inhomogeneous magnetic fieldd/hile GMI sensors provideumerousadvantages (e.g., low power
consumption, small dimension) over conventional magnétieir high sensitivity is the most
importantadvantagelndeed, he resolution is even higher than that obtained from the flux gate (FG)
sensor. In addition, the GMI sensor has better thermal stability compared to conventional sensors [27
35]. A general shematic of GMI sensors is shownRigure 211.
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In addition to GMI sensors designers, some researchers started to investigate applications of these
sensors in real life. In 2014, B(] offered a study of surface acoustic wave (SAW) GMI sensors.
Using theSAW element, they achieved a wireless GMI sensor.

Although there are many publications on GMI sensors, this field currently suffers from a lack of
material characterization af€EM simulationsof this phenomenon. A few publication&7f49] on
simulationare attempting to solve GMelated equations numerically for a GMI single ribbon. GMI

related equations and analytical models are discussed in detail in Chapter 4.
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Figure 2-11 Schematic view of GMI elenent (a) top view (b) cross sectional view [38].
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3 Chapter Three
Mul tilayer MEMS Reed Sensors

3.1Introduction

For portable electronics with battery operation, a passive switch is more favorable compared to
active switch. The conventional reed switch is pidgl passive switch, which includes a glass
packagecontainingtwo metal reeds. The metal reeds can be actuated to make a contact using an
external magnetic field. When the external magnetic field is removed, a spring restores the reed to its
original podtion. This approaclis ideal for applications where conserving battery power is critisal
the devicadoes not consume power in the off s{&4.0].

For portable electronics applicatiossich ascellular phones, hearing aids and laptops, further
miniaturization, higher shock resistance, &mdterintegration of switches am@esirable The micre
electromechanical (MEMS) magnetic switch can meet these requirements. It mimics the operations of
the reed switch, but is fabricated using microfabrication technology. Therefore, it can drastically
reduce thesize of thedevia, lower the fabrication cosand improve shock resistani@3].

In this chapter,a preliminary design for aiokel-basel magneticreed switch is introduced’he
design idfabricated in several dimensions and shapagging in lengttirom 100 to 500 micronand
in width from 20 to 80 microns.

Unfortunately, the fabricated micro switches with nickel beams failed during testing dfeetwo
main reasons for this failure. First, as nickel is sensitive to EKC solution, it was not possible to wet
release the nickel structures. All the attempts to wet release it failed, as the nickel was etched away
before the sacrificial layer (polyad®). Second, the dry release of the nickel beams was adversely
affected by the residual polyamide under the beams, which prevented switch electrical contact. Even
the mechanically actuated switches failed to show contact resistance.

In order to overcomenhese issues, we suggested and designed a new fabrication process consisting
of a trilayer of AuNi-Au beams. The new beams allowed us to wet release the structure and achieve
successful MEMS switches. Using Elecless plating (ELP) for both nickel andld layers resulted
in only 4 masks for this-layer MEMS structure. The low number of masking and lithography steps
effectively improves the microfabrication quality.

A review of governing equation in magnetostatic MEM8r& conductedafter which the required
FEM equations argresented andgolved using thefinite element software, COMSOL 4.By

utilizing COMSOLS built-in modules for magnetostatic physijthe nickel switch is fully simulated
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and the resulting magnetic force is determined fameroussystem configurationsiNext, mask
designing stepsre reportedand a quick review of fabrication process is dprecluding brief
descriptions of each step of tfabrication.Then, the challenges of these switch/sensors are discussed
and the trlayer MEMS Reed sensors are introduced in the same order as the preceding. Finally, an
experimental setup for measurement is preseradmhg with the results and conclusiofAny
perceivederrors and problems are listbdre, as along witfurther improvemets and suggestion®
overcome thehallenges

3.1.1 Theory

A physicatlevel analysis of magnetostatic MEMS requires aceffsistent solution of the coupled
mechanical and magnetic equations.. The basic reed switch consists of two ferromagnetimnickel
beams encapsulated in glass. The two reeds act as magnetic flux conductors when exposed to an
external magnetic field from either a permanent magnet or an electromagnetic coil. Poles of opposite
polarity are created at the contact gajth the contacts clisg when the magnetic force exceeds the
spring force of the reeds. The contacts open when the external magnetic field is reduced so that the
magnetic attractive force between the reeds is less than the restoring spring force of the reeds.

The basic reed switch is a Single Pole Single Thievmally Open(SPSFNO) switch By
includingan additional nonmagnetic contact that is electrically closed with no magnetic field present,
a Single Pole Double Thro8PDT)switch (also known as a changeer switch)can be made. This

is a breakbeforemake switchin that the closed contact opens before the open contact closes.

Generally in MEMS magnetic reed switches, the goaioisnake contacbetween the beams by the
force generated tmaintainmagnéic flux continuity. The magnetic flux is confined to the permanent
magnet and switch beams dwgheir high magnetic permeabilitAs the magnetic flux and magnetic
field requirecontinuity,a force will be generated to lower the gap between the twoseadenable

contact

The magnetic field gives rise to a magnetostatic body force which deforms the cantilever beam from
its initial position. When the beam deforms, the magnetic field charged the resultant
magnetostatic force arltbamdefamations ado changeFigure3-1(b) shows the deformation of the

cantilever at any givepoint intime and the forces acting on it. The magnetostatic force causes the
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beans to deform toa state where they are balanced by internal stiffregsthat time the inertial

forcesareinstananeougseeFigure 3-1(b)).

Inertial and stiffness force
Magnetic cantilever beam

l . N Y
I Magnetic field—» L 717 7—F"7“”%*"* B ;s =3,

/|

e

\ Substrate

|
|
Y
|
|

——— Magnetostatic force

Magnetic core 8
. ) ——>> Fluidic force
Current carrying coils/conductors

Figure 3-1 Schematic view of undeformed magnetic switch and deformed one[8].

The mechanical restoring force arises due to the stiffness of the straonirdepends on the
displacement of the beam/structure at thatant intime, whereashe inertial force depends @@am
acceleration The governing equations for each of the energy domains and their Lagrangian

formulations are discussed beldwor detais on the theory deployed in this thesis, please refer to [8]

and Appendix A.
Based on this approach, magnetostatic governing
Equations 1 and 2 show the derived magnetostatic equations.
1 16 16 1 45 @)
¢ y Te Pia e To
6 1 18 1o To 16
Pe 76 1o 1O
B ‘el Yg iy (2)
whereA i s the magnetic fieldds potenti al vector, F

magnetization vector. Equation 2 represents the magnetostatic bodgdtingeon the microstructure

in the deformed configuration
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In a mechanical resorting forcene cancalculatethe spring constant of the beams based on
mechanical strength equations and beam dimensionee a@he differenequations fodifferentkinds

of beamsFor instancefor a simple cantilever bearthe spring onstant is:
o 2° (3)
0]
where E isthe Youn g6 s mthehedmunsateralf L is beam lengiind | isthe moment of
inertia ofthe corresponding beanA cantilever beansan be calculated by IR
o 88 @
pC
wherew is beam width and t is beam thickness. After calculatiegpring constant of the beathge
mechanical restoring force can be calculated using Hooks law

& EU (5)

Oncethe magnetic body forcé,g is sufficiently high to overcomehe & valuein the y=gap
the switch will be actuatedt shouldbe noted that more complicated beam models can be employed
to calculaé mechanical forcesut responseerrors are negligible between various modelsis also
important to note thathe spring constant equation will change grying thebeam and support
shapesThe abovementioned equations are governing equationsrimgneticreedswitcheséensors
which will be solved byinite eement software. We have employed COMSOL multiphysicsotee

these equations and simulate the desigpeseresultsarediscussed ithe nextsections

3.2Nickel-based Magnetic MEMS Reed Sensors

A magnetic MEMS reed switch/sensor is designed and fabricated on silicon. The reeds are
multilayer nickel beams witldimensions of 300*60 micronSseveral types of switches with different
configurations have been designed and successfully fabricatdddFEM COMSOL 4.2 simulation
is implemented to simulate the switch/sensor. Basdti@simulation resultsa magnetidody force
of 3.75pN is achieved & 10 mT magnetic field. This force exceeds what is requitedctuate the

switch.The switches have been tested in the lab under a constant magnetic field.

3.2.1 Modeling and FEM Simulation

In order to conduct a simulatiori the magneticreed switchesénsorsCOMSOL Multiphysics 4.2a

is employed. Using COMS@L built-in physics (AC/DC module and structural mechaniafl)of
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the above equations v&been solvedAs well, a beneficiahew featureof the AC/DC module is

magretostatic force calculatigmvhich makes simulation more straightforward for our case study.

As mentioned irthe Introduction, we choseickel asourbeam mat er i al . Ni ckel 6s
400, meaning itis a good ferromagnetic materidilat isless proe to oxidization thamron. Alsq

nickel is conductiveso the beam itself can ma&kectrical contact.

Becausahe MEMS switchesirefabricatedon wafers, thebottom electrodés fixed to the substrate
(first-level layer) and cannot have any movement displacement. Therefore, the only moving part
in our design is the upper beam. Using the simulation resuittbased on fabrication restrictigns
thebottom electrod¢hicknesds chosen to be 3 microng§he resulintthickness otheupper beanis
then investigated for 3 microns and 1 micron. Based on the resuftepnl, the micron thickness
beam has more magnetic body force and also has less mechanical restoring forteithgetihanner
The gap in our design is assumed to be 1 micron, but lgagsrhave alsbeenstudied.

The eam lengtkin the simulationportion of our workareassumed to be 100 microngith a 50-
micron overlapping length betweémetwo beams. The gap is assuntedel micron. A permanent
magnet withdifferent magnetization vectors has bgalacedin various positions and distancegh
respect tahe switch. Finally the magnetic body force calculatediivw AC/DC moduleis couplal to

astructural mechanic modylastheload and movement of the be&invedigated.

A brief review of simulation stepsalong with theresults of each steis discussed and shown
below:
A) Choosing the physics

As our frst step,a 2D analysis systemvaschosa in COMSOL, after whicha model navigator
window, the AC/DC module was selected. Inthe AC/DC module we usedmagnetostatic fieldsvith
no current. Later anwe will add Plane strain analysis froanstructural mechanics module. By
selecting stationary analysis as our solving methvea proceedto the design prtion in a GUI

window.
B) Drawing system in GUI

The second step is drawing the model in the model builder wizard. Objects of the system are

sketched as follosr
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A largesquare of 2*2 mm is sketched and its boundary restricted to be magnetically insulated. This
large squarés assumed to be our working environment with the whole system within it. The material
of this object is defined to be air. From henceforth in this report, we will refer to it as the

6environmentO.

A 20*25 pm rectangle is drawn aa permanent magnet withithe environmentwith a corner
(130pm, 50pm) in a Cartesian plane. Froithis point onwardwe will refer to it asa 6 grmanent
magnef

The pper beam is sketched wighl-micron thicknessa 100-micron length anda corne of (0,0).
Thebottom electrodés then sketched wita 3-micron thickness100 micronlength anda corne of
(-4pm, 48pm).

The gap in our design is assumed to be 1 micron, but larger gaps have been also studiéd.2Figure
shows the modeled structure in GUI.

13 g s
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Figure 3-2 Modeled magnetic MEMS switch in COMSOL 4.2 GUI

C) Subdomain settings
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In our subdomain settirgg the material properties of each objectvdndoeen defined and their
properties regarding magnetic calculatayeclarified as follows

T Environment is defined as air, with  p.

1 A permanent magnet is assumed to be magnetized iront witht 11 11 fThe
magnetization vector oA magnet is assumeid be (20000,0) A/m. Other directi@nand
values of magnetizatidmavealso been stued.

1 Two beams are defined aikkel with t T .iTheYoung 6 s muctellib us of
definedas180 GPa.

In theenvironment and two beamthemagnetic fields calculatedas” t t (. Inthepermanent

magneithe magnetizedrectoris defined by’ t - (.

D) Boundary settings

All boundaries are assumed to have magnetic continuity eforegrivironment boundariegvhich
are defind as magnetically insulated.

For mechanical boundariesbottom electrodand permanent magnet are fixadlaceto preclude
any movement fothese two objects. The upper beam is fixtdne sideas x=0, and the other
boundaries are defineg@s beingfree to move. The body force generatedthg magnetic flux is
assumed to apply thetip of theupper beam

E) Mesh settings

As we do nothave any preferred shape of meshiwg, chose thdree triangle meshing method.
However, dudo thesmall gap and small feature size of beawith respect tdherest ofthe objects
the meshing is refined for these arédsus,we haveanincreasechumber of elements in critical parts

to obtainmore accurate answsfirom our simulation
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Figure 3-3 Meshing of modeled magnetic MEMS switch
A) Magnetic force calculation

A recently added feature to COMSOL 4.2atli® magnetostatic force calculation option. This
feature will solvethe mentioned equations ithe theory sectionfor the system and calculate the
magnetic body force for each of the desired objects. In our easepper beam is selected to
ascertainthe magnetic body force on it. Note that this body force is a vestoits sign and
componentsvill determindts direction.

In our simulationwe achievemagnetic forces as high é3UN at 10mT magnetic field betep the
two. In our casgeusing the given dimensions of the upper beam, we need about 0.3 uN of magnetic
force to overcome the mechanical restoring force. Thus, the generated body $oftieiently farto
actuate the system.

Case study a)

M= (0, 20000)

Permanent magnet corner= (130, 50) microns

The simulated plot is shown below. Here we cantlseenagnetic flux density anthe contour plot

of themagnetic flux inFigures3-5 and3-6, respectively
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Surface: Magnetic flux density norm (T)
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Figure 3-4 Shows the magnetic flux density in Tesla for case a

As is clearin Figure3-6, the maximum flux in between and around the magnetic switch is 0,012 T
which is the actuation needed field with this configuratdareover, he achieved force here-3.2
MN, which far exceeds the requiriice forswitchactuation. The shape of magnetic flux contours

are shownn Figure 3-5.
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Contour: Magnetic flux density norm (T)
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Figure 3-5 Shows magnetic flux density contourgor magnetic switches

As can be seen in the above figure, the magnetic field lines are trying to connect to each other and
maintaincontinuity. This isthe reasoffior theforce generatiorwhich will make the flux continuity
easier Figure 3-6 shows thanagnetic flux streamline between two beambetter clarify this

phenomenon.
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Streamline: Magnetic flux density (Spatial)
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Figure 3-6 Magnetic flux density streamlines between the beams for casg a

Figure3-7 shows the position of the system in tleavironment.

Surface: Magnetic flux density norm (T)
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Figure 3-7 Whole magnetic model of the switches in the environment
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Case study b)
M=(20000,0)
Permanent magnet corner=(100,50) microns
In caseb), a simulation hasagainbeen doneThe maximum force was3.75uN at 10mT. The

resutantplots are shown ifigures3-8 to 3-10.

Surface: Magnetic flux density norm (T)
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Figure 3-8 Shows the magnetic flux density in Tesla for case)b

As is clearin Figure3-8, the maximum flux in beteen and around the magnetic switch is 0.008 T
which is the actuationequiredfor this configuration Furthermore, e achieved force here 48.75
MN, which is significantlymore thans needed foswitch actuation. The shape othe magnetic flux

contaurs are showm Figure 3-9.
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Contour: Magnetic flux density norm (T)
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Figure 3-9 Magnetic flux density contours for case b).

Streamline: Magnetic flux density (Spatial)
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Figure 3-10 Magnetic flux density streamlines between the beams faase ).
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In the future research should focum investigatingthe working positions of the permant magnet
around the switches in order to ascerthmgraph of actuation position for the switches.
Assumingthat we havehis body force as the load the structural mechanic modulee can see

the actuation of the switchs below.
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Figure 3-11 Actuation of switch at 10 mT.

As can be seein thef i g uagend, she displacement is expected to be mughehithana 1-
micron gap The upper beam will make contact with the lower one and will not go any furbece,

the plot has been rescdl® show a correct answer.

3.2.2 Design and Mask-Making

The thickness dthe beamss determinedaccording to simulatiomesults A minimum lengthof 100
pm has beershownto work well within thedesignatectonditions. Increasinthe length will reduce
the spring constantmaking actuation of the devices easier. tle design step, several types of
switches/sensors have Inegeseloped each with three different lengti®00, 400 and 3QQum and
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three different widthg40, 60 and 80 um. Excluding the size differencethe designs can be
categorized into five types:

1 Switches with simple cantilever beam and simple fixed supype 1)

1 Switches with minder hinge cantilevers; the support has a minder shape with two
connection width of 15 micronseach Using minder shape supports greatly redudhe
spring constant of the beamhich makes actuation easier and less fotcehuslowering the
magnetic field (type 2)

1 Switches with simple cantilever beam and simple fixed suppwitis a 20-micron
width butawider tip of 60 microns (type 3)

| Two-way arrays of switchewith widths of 60 micronsdesigned in all three lengths.
Two arrays are perpendicular to each otmed are oequal length. This design will help
sensing the direction of the magnetic fiélgbe 4)

1 Fourway arrays of switchesThis is a multdoutput switch with 4 outputsf variouslengths

It can be used to actuate systehes requiredifferent amourd of sensitivity to magnetic fiekl
(type 5)

Each layerof the fourlayer masks describedbelow.
A Layer 1 is a light field mastfor patterring the bottom electrode andconductive pads
for thetest. This layer will be masked with positive photoresist.
A Layer 2 is a light field mask for patterning the anchor. It will be patterned with
negative photoresist.
A Layer 3 is a dark field mask for dimples. It is patterned wiikitive photoresist.
A Layer 4 is also dark field, but it is for patterning upper beams using negative

photoresist.
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Table 3-1 Lithography mask layers

Mask levels Field Tvpe Comments Photoresist
Mask #1 Light patterning Au Positive
Mask #2 Light patterning PI negative
Mask #3 Dark patterning PI Positive
Mask #4 Dark patterning Au negative
Table 3-2 Layer Names, Thicknesses,and Mask L evels
Thickness
Material (um) Mask level Laver description Comments
Oxide 05]- passivation insulating layer
Ni 3 1 | lowerbeam 200nm Cr/Au and 3 microns Ni
Polyamide 2 | 2and3 sacrificial layer 2pum Anchor and 1pm Dimple Openings
Ni 1 4 | upperbeam 150nm Au and 1 micron Ni

Figure3-12 showsthefinal 4-layer mask in @ingleview (note:small features may not be visible).

The design rules, which include all the physical limitations and fabrication process limitations that

have been considered in the mask design process, are discussed in detail in Appendix B.
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Figure 3-12 Final mask printed on glass.

3.2.3 Fabrication Process

The fabricationis carried outon four 4inch silicon wafersFollowing the RCA cleaning of the
wafer, a 0.5 micron of PECVD silicon oxide is depositedtireeof the wafers, and 0.5-micron of

PECVD silican nitrideis depositean the last one. This dielectric deposition has been domesiare
thatthe substrate is fully insulated.
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18! Dielectric

Substrate

Figure 3-13 The passivation dielectric layer above silicon substrate

Next, an evaporated 400A chromium /100nm gold bilayer is deposited as a seed layer for electroless
plating of Ni. A positive PR(AZ3330) is spinoated on top of this layeandthe first mask layer is
patterned on it. The patterned seed lagaghenetched using gold and Cr etchants. After 50 sec of
gold etchant and 30 sec of Cr etchain¢ gold seed layer is fully patterned. The chromium is applied

as an adhesion layer for the gold.

15 Au
N \ /

Substrate

Figure 3-14 Cr/Gold seed layer after patterning

In the next stepane |l ectrol ess solution of Ni ( & Bheel |
wafers arghen placednto the solution fomine minutes. The rate of deposition was previously tested
and verified to b®.33um/min. Noteghat thewafersare firstput into oxygen plasma foaboutl min
beforebeing putinto the EL solution The reasorfor doing this isto createsome free electrons

orderto initiate the electroless platingtherwise theplating will not be initiated.

i 1% Ni

Substrate

Figure 3-15Bottom electrodefabricated on top of the substrate.

Spincoated Polyimide is used as the sacrificial layer for this process.iritigly coated to a
t hi c k ne s,suredifi anbverhandrithen subjected bnm of Au sputtering. Nexthe Au is
patterned by Mask3 (anchor mask) in order to make a hard mattlefer etch. After that, patterned
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goldis usal asa maskfor PI, andthe anchoris etched usinghe EKC wet @ch of Pl to fully clear the

anchor holes

Anchor

Substrate

Figure 3-16 Patterned anchor (the gold layer on top of Pl is not shown tprevent

misunderstanding).

Following the patterningprocedure AZ330 is again used to ptern the anchor dimple mask by
removingthe gold layer inthe gad etchant The wafersare then placeih RIE to remove dimples
with 1-micron thickness. After patterning dimples on theti covering gold layer is removed using

a gold etchant. The resalitstate is shown ifigure 3-17.

Dimple

Substrate

Figure 3-17 Wafer after patterning anchor and dimples on PI

Afterward, the wafers are sputtergd50 nm of gold and thdinal layeris patterned on the gold
using NLOF2550. Tén thesame proceshat was done for thiérst EL plating isrepeatedn orderto

createuppernickel beams. The final structynerior toreleaseis shown inFigure 3-18.
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Substrate

Figure 3-18 Final structure before release.

The wafers are diced into individual dies to do the release. In order to rideal®ices afirst
attempt wasnadeusing EKC wet releasélthough he speed ofhewet releasevasgood and it hd
less residual stress than the other meth&#sC attacls EL nickel, and almostall of the Ni was
etched by the release time.dar next attemptwe usedRIE dry releaseThis method work well, but
it is very time-consuming and takedays forRIE releasewhich makes it unsuitable for our purpases

The final suggested way was usiagoven and anneialg the devicesat 450CC in the air.lt was
hoped thaby increasing the temperatuiel would chemically react with oxyen in the air anthus
be removed from the substrafithe devices were successfully releabgdapplying this method, but

thehigh temperature releated toresidual stressvhich caused sonmeeamdeformatiors.

The qotical images of fabricated magnetic switches are showigirres 3-19to 3-24.

Figure 3-19 Optical image of switch type 1i simple cantilever.

39



Figure 3-20 Optical image of switch type 2" minder hinge switches

360000000000

Figure 3-22 Optical image of switch type 4i two-array switches
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Figure 3-23 Optical image of switch type4 i four-arrays switches

Figure 3-24 Optical image of tip of one cantilevershowing theposition of the upper beam with
respect tothe lower one dimples and release holes are shown here
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Figures 3-25 to 3-29 illustrate some SEM image of fabricated devicesThe quality of the

fabrication isclearin these figues.

24-Nov-11 CIRFE WD18.9mm 10.0kV x60 500um

Figure 3-25Magnetic Reed SW a) minder shape support SW width 60um and length 380 um
b)SW i width 80um and length 400 um
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24-Nov-11

Figure 3-26 An Array of 2 Magnetic Reed SWi width 60um and length 370 um
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24-Nov-11 CIRFE WD27.9mm 10.0kV¥ x200 200um

Figure 3-27 An Array of 2 Magnetic Reed SWi width 60um and length 370 um (side view)

Figure 3-28 Magnetic Reed SW type 2 width 60um and length270 um.
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24-Nov-11 CIRFE WD34.9mm 10.0kV x200 200um

Figure 3-29 Magnetic Reed SW with wide tip type 3 width (wl1: 20um, w2:60um) and length
500um

3.2.4 Experimental Setup and Measurements
In order to ddhe measurementan experimental set up is preparetiich consiss of:
1 Helmholtz coll
1 Custommade stage
91 DC Probes
1 Microscope

1 Permanent magnets various field strength

A custombuilt stage, fabricated inthe machine shoptakesthe measurements. Thege stanslat the
middle height othe coil, andits opening can be controlled in order to accept various dies of devices.
The entirestage isnade ofaluminum, which will not affectthe magnetic field in our measurements.

A photo of thefabrication setufis shown inFigure 3-30.
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Figure 3-30 Photo of measurement setup and stage

As shown abovea high magnification microscope is employed in this setup. The microscope has
small lens so it can beplaceddirectly above the sampleThe pictureis shown in the monitor
connectedo themicroscope In this study, measurements are done simply to test if the switches are
actuated or not. In order to test this, a multimeter is used to measure the contacteesidtamline.

In an unactuated switch, the resistance should be infinite and the multimeter should not show us
anything. However, as soon as the switch is actuated and contact occurs, the multimeter should show
some resistance, which is related to thetact resistance of the switch.

In the first set of fabricated switches, no resuttccurredusing this method. Even the upper beam
was actuated mechanically by a micropran@lno contact resistance was observed. The problem is
caused byhe imperfect réease of the device. Most likely, some photoresist remains underneath the
upper beam, which will isolate the upper beam from the lower one. In order to solve this problem, a

new fabrication process attemptedasdiscussedection 3.3

3.3Tri-layer Magnetic MEMS Reed Sensors

In order to overcome the fabrication problems ofbidsed MEMS sensors, we usdridayer of
Au/Ni/Au magnetic MEMS reed switch/senspdesigned and fabricated on silicon. The reeds are
multilayer nickel beamscovered with goldwith dimensions of 300*60 micronsSeveral types of
switches with different configuratiorese designed and successfully fabricated2B and 3DFEM
COMSOL 4.2 simulation is implemented to simulate the switch/sensor. Based on simulationaesults

magneic body fore of 5uN is achievedn a 10 mT magnetic field. This force isnore thanis
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requiredto actuate the switcfi.he switches are tested in the lab under a constant magnetic field, and

the test results discussed at the end of this section.

3.3.1 Modeling and FEM Simulation
COMSOL Multiphysics 4.2 is employed to simulate thdayier MEMS sensorsUsing COMSOL

built-in physics (AC/DC module and structural mechanit® magnetic physics is coupled to te

mechanical force and displacement.

As in the previous sectiothe MEMS switchesre fabricatedon wafers The bottom electrodés
fixed to the substrate (firdevel layer) and cannot have any movement and displacement. Therefore,
the only moving part in our design is the upper beam. Usdiagsimulation resultsand based on
fabrication restrictionswe chosethe bottom electrodethickness to bed microns The resulant
thickness othe upper beanis investigated for 3 microns and2Imicron. Based on the resultsstep
1, the micron thikness beanshowsmore magnetic body force and has less mechanical restoring
force due tdeing thinner The gap in our design is assumed to be 1 micron, but larger gaps have also
beenstudied.In order to maximize the actuation force and also reduce fket eff gold on the
mechanical performance of switches, the gold thickness was chosen to be 100 nm in thickness.

The eam lengtkin the simulationportion of our workareassumed to be 100 microngith a 50-
micron overlapping length betweémetwo beans. The gap is assuméal bel micron. A permanent
magnet withdifferent magnetization vectors has beglacedin various positions and distanoegh
respect tahe switch. Finally the magnetic body force calculatediivwe AC/DC moduleis couplal to
astructural mechanic modyla n d t h doadvaadanovemerreinvestigated.

3311 2D FEM simulation

A brief review of simulation stepsalong with theresults of each steis discussed and shown

below:
A) Choosing the physics

As our first step, we chosa 2D analysis system in COMSQknd then selectaie AC/DC module

asa model navigator window. lthe AC/DC module we usedmagnetostatic fieldsvith no current
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but later on addd Plane strain analysis fromstructural mechanics modulBy selecting staticary

analysis as our solving methatle canproceedo thedesign rtionin a GUI window.

B) Drawing system in GUI

The second step is drawing the model in the model builder wizard. Objects of the system are

sketched as follos

A largesquare of 2*2 mm isketched and its boundary restricted to be magnetically insulated. This
large square is assumed to be our working environment with the whole system within it. The material

of this object is defined as air. From this point onward, we will refertoitasth@ vi r on ment 6.

A 20*25 um rectangle is drawn as a permanent magnet within the environment, with a corner of
(130um, 50um) ina Cartesian plane. Fromhis point onwardwe will refer to it asthe 6 grmanent
magned

The yper beam is sketched wighl-micron thicknessa 100-micron length anda corne of (0,0).
The bottom electrodés then sketched with 3-micron thicknessa 100 micronlength anda corne
of (-4pum, 48pum).

The gap in our design is assumed to be 1 micron, but larger gaps have betudaso Figures-
31 ac shows the modeled structure in GUI for the case of without packaging, with glass packaging,

and gold beams with nickel tips with packaging

48



a)

k)

c)

Figure 3-31- The COMSOL geometry 2Dsketch of MEMS read switches, for a a)trlayer

without packaging, b) tri-layer with glass mckaging and c) nickel tip gold beams with the

packaging

By implementing the simulations in these conditions, we see that glass packaging and gold cover do
not havemuch of an effect on device performance. The reason for this is that the H field passes
through all normagnetic material and does not see them in the way. Hence, they cannot have any

effect on the H field interaction with a magnetic material.
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Surface: Y displacement in Reed Switch at xpi=0 mm (um)
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Surface: Y displacement in Reed Switch at xpi=0 mm (um) -
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Figure 3-32 the 2D COMSOL simulation for a tri-layer MEMS without packaging, this
graph illustrates the vertical displacement of sensors beams in actuated condition (10
magnetic field). As shown above, the uppebeam is experiencing a 4 um downwar

displacement which is 4 times greater than our 1 um designed gap.
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As shown in Figure -85, the trilayer MEMS sensor shows promising behavior in the desired
magnetic field. Thgpackaged sensors are discussed in greater oretadler to fully study the case in

a real environment. In the study, the actuator permanent magnet is swept in the X, Y and Z directions.
The performance map of the device is concluded and sketched usimgsthits of this step. The
schematic geometry of the full model sensor with packaging is shown in Fi@4dré 3Figures 36

to 3-37 show the coupled simulation of the full model sensors.

Surface Plot Of Magnetic Field (mT)

18

16

14

12

10

¥ 3.5518x10™
Figure 3-33 Surface plot of magnetic field on Trilayer MEMS Reed switch with packaging, as
shown above, the sensing magnetic field for the actuation is19d mT.

As shown in Figure-36 the sensing magnetic field for the sensor actuation is around 10 mT. The
surfaceplot of upper beam displacement and magnified projected out of place displacement of both

beams are illustrated in Figure83 and 328, respectively.
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Surface: Y displacement in Reed Switch when permanent magnet is at xpi=0 um (um)

A 43369

V¥ -0.7437

Figure 3-34the surface plot of upper beam verticatisplacement.

The valuesin Figure 337 show the absolute displacementtisregardingthe movement direction.
Figure 338 shows a full displacement model with displacement direction. In Fig8g: the blue
displacement corresponds to the upper beamttamded one corresponds to thettom electrode

Under real experimental conditions, thettom electrodés fixed to the substrate and the upper beam

is the only moving element in the sensor/switch. It should be noted that in all of the simulations, the

glass packaging and beam supports are considered as fixed constraints.
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A 3.2034

V¥ -4.3369

Figure 3-35magnified projected out of pkace displacement of both beamdhe blue color is
corresponded to upper beam with the downward movement whereas the red on is corresponded
to the upward movement of thebottom electrode

3.3.1.2 3D simulation of the MEMS Sensors

To finalize the full model simulation a 3D simulation is impleneginbn the same sensor with the

same dimensions and materials. The results are shown below.
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Figure 3-36 Simulation setup and 3D geometric design of MEMS read sensors.

In the simulation, thenagnetostatic physic from AC/DC module is coupled to mechanical body force
calculations. Thus, the total generated force on the upper beam can be tracked while the permanent
magnet is sweeping in different direction. To get a 2D surface plot of the sonslaslicers are

added in a pogtrocessing module. The general solution of the simulation is presented in FRjure 3
Figure 338 shows the generated force on the upper beam when moving the permanent magnet in the
X direction.
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Figure 3-37 Magnetic field distribution over sensor in an actuation step.
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The Z Direction Force on Upper Beam:
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Figure 3-38 Generated force eon the upper beam. In the positions withegative value the

actuation will happen.In this figure x axis represents x direction and the unit is micro meter.

3.3.1.3 Performance Map of Sensors

The working map of the sensors is achieved by moving the permanent magnet in X, Y, and Z
directions. The generd forces are tracked in different positions and the one conducting to an
actuation is picked. A summary of these results is presented in Figize Nbote that this figure
illustrates the general trend, and that the values will change based on the enfigidetof the
permanent magnet and the size of the sensor beams. In Fgfrdt# state in which the generated
magnetic force is higher (with consideration of a safety factor) than the required mechanical force to
actuate the switch is the CLOSED pimsit This region will always demonstrate the actuated
sensor/switch condition. In the same figure, OPEN is the unactuated state of the switch, which
contains regions with small generated magnetic force that cannot actuate the switch. Finally, HOLD
is the dstance range in which the generated magnetic force is in the same order as the required
mechanical forceThe sensor/switch in this region maintains the state of its previous region.

Therefore, when sweeping from a CLOSED state to this region, the ssvisdr/will maintain the
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CLOSED condition, whereas it will maintain an OPEN condition in the opposite moving direction.
The size of these regions will change according to sensor dimensions and external magnet intensity,

but the performance trend will remahe same.

Y(mm]) ¥(mm)
a) b)

o AN e

c)
X(mm)
CLOSED HOLD OPEN
-Z(mm) Z (mm)
=1
- = gy==1

Figure 3-39 Working map of the MEMS Reed sensors, a) when the poles of permanent magnet
are in line with longitude direction of the sensor and its moving in that direction, b) when the
pole of permanent magnet are perpendicular to the longitude direction of sensoraéc) when

the permanent magnet is in |ine with the sensor

3.3.2 Design Rules and Fabrication Process
The same design rules as section 3.2.2 are applied here to design the samples. In order to reduce the

fabricagion complexity and increase the quality of the lithography and masking, &yaaide
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Electroless plating (ELP) of gold is employed here. The ELP layer forms over the top of the copper
and nickel. As the base layer here is nickel, ELP gold was succeasfedl to cover the nickel
layers. Using ELP reduces the masking and lithography steps. Hence, Haytee imicrofabrication
of this work, only 4 masks are used, as reported in section 3.2.2.

The fabricationis carried ouonthree4-inch silicon wafersAfter the RCA cleaning of the wafea
0.5 micron of PECVD silicon oxide is deposited thmee of the wafers (step ajhis dielectric
deposition has been donedosure thathe substrate is fully insulateds the fabrication steps are
similar to sectin 3.2.3, all steps are summarized in Figud33and the extra steps are discussed.

Dielectric
[——————*
Substrate
a)
252 Ay laver

Cr (Seed laver) followed by 1% Aulaver S f

— R

Substrate
b) Substrate 8

1*'ELP Ni layer followed by 13 ELP Au layer

278 ELP Nilaver
| Substrate
€)

Sacrificial layer deposition and patteming Substrate a)
Anchor
X
I ETP Aulayer
Substrate d) =N
Dimple - - 1* Substrate

‘ Substrate

Figure 3-40 Fabrication steps of trilayer MEMS Reed switches

As shown in Figure -33, following Step A, a seed layef Gr (50 nm)/Au (100nm) is deposited on

the substrate. The Cr layer serves as an adhesive between the gold and the oxide (step b). In Step B,

the first masks are patterned on the substrate using positive photoresist, after which the extra Cr/Au is

wet-etched. Next, in Step C, 3 micro meters of nickel are electroless plated on top of the gold. Similar

to section 3.2.3, the gold layers had to be agitated with oxygen plasma RIE before plating. The
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substrate is then dipped into a gold ELP solution to form 180 ro f gold on top of
Af terwards, pcool aytiendi daes itshespsiancr i fi ci al |l ayer an:i
hours. After curing the polyamide, mask 2 (anchors) is patterned, followed by dry etching of the PI
layer in RIE. Similarly mask 3 (dimples) is dry etched in RIE. Finally, the upper beam is fabricated

on top using the same steps aslibtom electrodeThe only difference is that, after deposition of the

gold seed layer, the final mask (mask 4) is patterned on it. Detalbeiddtion steps with parameters

are reported in Appendix The wafers are diced into individual diedosure theireleaseEKC wet

release is used to release the devices. As the nickel layers are covered by gold so they will not be
damaged by EKC. Afe 15 mi nutes of release in EKC at 60
times in IPA, each time for 15 minutes. At the end of third IPA dipping the dice are moved to the Co2
critical dryer to prevent stiction. Figures4d to 346 show the optical microspic images of various

devices made in this stage.
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Figure 3-41 Optical microscopic image of trilayer MEMS Reed sensors a)
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Figure 3-42 Optical microscopic image of trilayer MEMS Reed sensorb)
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Figure 3-43 Optical microscopic image of trilayer MEMS Reed sensors ¢)

3.3.3 Test and Experiment

In order to do the measuremergr experimental set up is preparedich consiss of:

)l
)l

Helmholtz coil
Custommade stage
DC Probes
Microscope

Permanent magnets various field strength

A custombuilt stage, fabricated inthe machine shopwill do the measurements. The stage will

stand at the middle height tfe coil, andits opening can be controlled in order to accept various dies

of devices.The entirestage ismade ofaluminum, which will not affectthe magnetic field in our

measurements. Ashownin Figure 333, a high magnification microscope is employed in this setup.
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The microscope hassmall lens so it can beplaceddirectly above the sampl&he picture will be

shown in the monitor connectéd the microscope In this study, measuremts are done simply to

test if the switches are actuated or not. In order to test this, a multimeter is used to measure the
contact resistance of the line. In an unactuated switch, the resistance should be infinite and the
multimeter should not show us yhing. However, as soon as the switch is actuated and contact
occurs, the multimeter will show some resistance, which is related to the contact resistance of the
switch. The multimeter shows an open ciricui't
field, a contact resistance of 20 ohm is measured. FigdikilBustrates a schematic summary of this
measurement.

|: Open ]

Figure 3-44 Summary of MEMS reed sensor actuation test
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4 ChapFeur
Gi aMagneltnrppedance Thin film Magneti c

4. 1Introduction

Magnetic sensors play an essential role in modern technology. They are widely nsed\irall
engineering and industrial sectors, such as-msity magnetic recording, navigationilitary and
security, target detection and tracking, antitheft systems, nondestrtegiigy, magnetic marking
and labelling, geomagnetic measurements, spEgaarch, measurements of magnetic fields onboard
spacecraft and biomagnetic measuremeriise human bodj16i 20].

A magnetic sensadlirectly converts the magnetieid into a voltage or resistance with, at most, a
dc current supply, and the field sensitividya magnetic sensor plays a key role in determining its
operating regime angotential applicatiog. For instance, SQUID gradiometers with a high sensitivity
of 10'% 10* Oe have been used for measuring field gradients or differences due to perdipolent
magnets in major applications of brain function mapping and magratinaly detection. Inducin,
fluxgate and GMR sensors with a medium sensitioityl0% 10° Oe have been used for measuring
perturbations in the magnitudes anddor r ect i on of Earthoés field due to
in major application®f magnetic compasses, munitidiaging and mineral prospecting. Haffect
sensorswith a low sensitivity of 110° Oe have been used for applications of-nontact switching,
magnetic memory readout and current measurements. In addition to the sensdivitgment, other
factors afécting the practical uses of magnetic sensors inclpd®essing cost and power
consumption. When comparing the processingscastl power consumption of existing magnetic
sensors, the GMR sensor shows the lowest aast power consumption. However, theldi
sensitivity of the GMR sensor is rather |¢wl%/Oe).

Recently, the development of higlerformance magnetic sensors has benefited fhendiscovery
of a new magnetic phenomenbrihe giant magnetoimpedance (GMI) (i.e.laage change in the ac
impedance of a magnetic conductor with an ac current when subjéctad applied dc magnetic
field), in metatbased amorphous alloy&1],[22]. It has beerdemonstrated that magnetic sensors
based upon the giant magnetoimpedance (GMI) effffetr several advdaages over conventional
magnetic sensors. The decisive factor isuhie-high sensitivity of GMI sensors. When compared
with a GMR sensor that has a sensitivify~1%/Oe, the field sensitivity of a typical GMI sensor can
reach a value as highs 500%/0¢17],[20]. Though the development of GMI sensors is still at an
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early stage, it isikely that their low prices and high flexibility will warrant wigdanging application
in the near future.

Historically, GMI has attracted particular interest in the dfiercommunityonly since Panina and
Mohri for the first time announced their discovery of tbecalled GMI effect in Cebased
amorphous wires in 19945%],[19. In actual ferromagnetimaterials, the maximum value thie GMI
effect experimentally obtagd to date is muckmaller than the theoretically predicted valdé&][
Consequently, research in thisld has focused mainly on special thermal treatments and/or on the
developmentof new materials for properties improvemend5];[24-34]. In order to dsign and
produce novel GMI sensors, a thorough understanding of the GMI phenometiee gardperties of
GMI materials with an emphasis on how a magnetic sengddising the GMI effect can be best
designed for technological applicationis indispensable.The next section aims to provide a
comprehensive analysis dme theory, design and fabrication of GMI Thin film magnetic sensor and
its potential applications

4.2Theory

Based on the frequency (f) of the driving ac, the giant magnetoimpedance can gemerally
classified into the following frequency regimes:

()Low-f requency regime (up to a few kHz)endsaseher e t
mainly dueto the secalled magnetoinductive effec®]]. The skin effect is veryeak in this case.
Thechange in the impedance of the sample upon application epgied field (Hdc) results mainly
from the contribution of inductance (L), whichpsoportional to the circumferential permeability (I/)
for a cylindrical magnetic conduct@ire., a magnetiovire) or the transverse permeability (IT) for a
planar magnetifilm (i.e., a magnetic ribbon@fL],[30].

(i) Intermediate frequency regime (between 100 kHz and a few MHZz), whereoBgithates
mainly from the variation of the skin depth due to strofgnges ofthe effective magnetic
permeability caused by the applied dc magnetic field. hoted here thatdepending on sample
geometry, the GMI profile careach its pealn the intermediate frequency range (e.g., 100 kHz to 10
MHz), as a consequencé the contribution of the permeability from both domain wall motion and
magnetizatiomotation to GMI. Reduction in GMI at higher frequencies is related tdah®ain walls
becoming strongly damped by eddy currents and mialgnetizatiomotationcontributes to GMI.

(iif) High-frequency regime (several MHz up to GHz), where the origin of GNbkelgeved to be

related to the gyromagnetic effect and ferromagnetic relaxationmehxéma in GMI profiles are
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shifted towards higher fields, where the steaparealready saturated magneticall®1],[29],[34.
Strong changes in skin depth are causetheysame mechanism as in the ferromagnetic resonance.

There aretheoreticalvariousmodels of GMI representing each of the abowentioned frequency
rangesin this research, we employed and modified one famous and one generic model.

The advantageous features of the Ml effect in a multilayer film can be illustrated by consildering
simplified threelayer structure shown in Fig-1. A film of a width b (yaxs) and a length | (axis)
is composed of an inner conductive lead @f)a thickness @ and two outer ferromagnetic layers
(F) of a thickness dAn AC current) ) A @ BB O, flowing in the length direction mainly along
the conductive lead if its condiirty (A ), is much larger than the conductivity of the ferromagnetic
layers £ ). The Flayers are assumed to have a transverggaime magnetic anisotropy. A DC
magnetic fieldO is applied parallel with the current. F& smaller than the arasropy fieldO , a
transverse stripexists as thanain structureas shown in Fig4-1b. Magnetic anisotropy ishe
dependence of the magnetic properties on the direction of the applied field with respect to the crystal
lattice. It turns out that depeind on the orientation of the field with respect to the crystal lattice one
would need a lower or higher magnetic field to reach the saturation magnetiztoetfect of this

anisotropy field is studied further in chapter 5.

b
d2 F(O2, W) |
2d, M (o, u=1) 2d
d, F(O,, Uy) l
AN A
X z (I, Hex)
" (a)
0
y
Hex 1
_— _—
Yag M ; P/.
b i ?
%iz w17
/

Figure 4-1 Schematic drawing of multilayer Ml element, a) cross sectional view b)top view TR

First, we consider a case whehe film width, b, is sufficiently large and the edge effect can be

neglected [14], which is valid ikl ¢ A A At Rt is the transverse permeability. Within this
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approximation, allof the variables depend on the thickness in the film (x) only. The permeability
tensort, averaged over domainsas a quasiiagonal form with i . Maxwel |l 6s equ

can be satisfied by considering the electric fiefd),(and the magnetic fieldE(FE ) with the

condition for the magnetic inductioA 1, and the boundary conditidh A — A

A A . The impedance can be written in a general analytical form as:

2B W O h

D Al OBT GE v o E pAﬁ @ E pAﬁ (33)
ATGERTOE 2 —a —
At . A A .
¢ M cnk CABt

Here, R is the DC resistance and will be defined by (34) t t A [31]
I (34)

2 CAAA AR

C is the velocity of light (Gaussian units are used). A low freque@i§( L p) expansion of

Equation(33) together with the conditioh A | A A vyields a simple form for the impedance:

) A A . ) | . (35)

In this approximation, the contribution of the magnetic layers to the sandwich impedance is
described by the external inductance with respect to the inner layer. For the sandwich of a submicron
thickness, this is a reasonable approach for frequencies up to spgabarizes. It may be compared

with Ml in a single magnetic layer in which a large magnetic response of Z is possible only in the
case of a strong skin effe@ (I p), when: © P g 8 5¢ .
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On the other hand, the MI effect in a sandwich film can be very lavga at relatively low
frequencies when the skin effect is not essential, having a linear depend¢nce on

According to rotational magnetization model [32] will define as:

TA L e
e ——— OE
U P AT ( o0& S 36)
A (_ﬁ (
Oml  (
ph ( (

At moderate frequencies (5 r( hr is the gyromagnetic constant), the field dependence
of{ has a maximum dt (

For a frequency of 10 MHz, taking A m@®ti andA ¢ p m O (conductivity of
copper), the parameter — T&r1.U

A typical low frequency change in (having a rotational mechanism) under applicatiorf of e
( p 1t As fromp O b 1 Thus,according tdEquation (35), the impedance varies over 400%.

The MI characteristics are founih Equation (33), where the trasverse permeability is
considered to be due to the magnetization rotation only, assuming that the wall motion is already

strongly damped. The tensor of the rotational permeability is obtained from the linearizediLandau

Lifshitz equation [20]. Figre 4-2 shows the MI ratio fof (  defined as— 5$—$§as a

function of reduced frequen€y J y ) — —— , for various values of the
structure parameteA TA in (a) and the conductivity ratid A in (b) (calculations forA
™t gl ,andmtyi ;A ™A pnk

-EA ¢ml A —).

Figure 42a is related to CoSiB/Cu/CoSiB sputtered films. In the case of two identical magnetic
layers & ), a large Ml is seen at frequencies of a strong skin effecp (about 60MHz for d =

1 em.) with the m®«d(gmkottheware total thicknessl, Lulization of a

Cu-layer considerablyimproves the MI performance: the impedance changes of more than 50% are
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seen for frequencies of an order of magnitude englle 1@ , and the maximum o+ is several

times larger. Fo- T@AT @ 1& Ythe impedance change reaches a maximum of 470%.

0.3 = L d=1pum
400 o,/0,=50 d,/d=0.5
R
2 )
) S 200}
© 200 s
=
0 \d,/d= 0 0 c,/o, =1
0.01 01 1 0 001 o1 10
Reduced frequency, v Reduced frequency, v
Figure 4-2 Plots of the MI ratio vs. reduced frequency'l for a number of parameters
"HYH in (a) and e in (b).Typical parameters used for calculation
are: 'E+ EFE ¢ "E"H 8 " . To avoid the divergence of- at
B EgHT "H , a small anisotropy devation in 5° from y-axis is introduced, the spin

relaxation constant is taken to be 0.2. These magnetic parameters are used for @fl the

calculations[32].

The plots of~ for various conductivity ratigshown inFigure4-2a demonstrate that the maximum

value of- increases considerably even forjust several times higher than, but a giant Ml effect

occurring at low frequencigd 1 requiresk A p It

If the film thickness is further decreased 1@ ¢ 0), the Ml rato considerably drops to about-15
20%, since the MI effect even for a sandwich structure shifts to higher frequencies where the
sensitivity to the field of the rotational permeability decreasesir€ify3 shows the theoretical field

dependencies G for d=0.1um, with a reduced frequency as a parameter. They exhibit a maximum

for ( of the order of , reflecting the field behavior of the transverse permeability. For a

frequency v=0.16 (about 300 MHz), the largest for this case, MI ratio of 14.3%ameb at
( P&
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Figure 4-3 The Ml ratio as a function of € -sfor two frequencies v=0.04 and v=0.16, d=0.1um,

8 I and— (related to NiFe/Cu/NiFe)[32].

4211 Dependency to width of the strip (b)
Figure 4-4 shows the plots of the MI ratio vs. frequency with the film width as a pargmdtibe its
thickness is fixed at d=0.5 um ard T@®. The calculation corresposdo CoFeSiBCWCoFeSiB

films[32]. For a sandwich 100um wéd the result is very close to that obtained fribra exact

solution Equation (33) for an infinite film. With decreasing b, the MI ratio drops and its maximum

shifts to higher frequencies. At frequency v=1 (around 250I\/Ilz|-z)3f a 100umwide film has a

maximum of 360% whereas a 10uswide film shows only 75%. For these dimensions and
frequentes and( e ( , the characteristic paramederee, o i s

b=10um is comparable to 2&. I n geneyerasttuctures he AC
essentially reduces the Ml ratio if the film widiht does not satisfy the condition Al ¢ 1[32]
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Figure 4-4 Plots of the Ml ratio vs. frequency with the film width as a parameter: d=0.5 m
and d_1=d_2. The calculation is related to CoFeSiB/Cu/CoFeSiB filni37].

Based on the theoretical model, a simulation has been done to design samples with pick impedance

change at 10 Gausses. According to the simulation, two types of samples weredjesidallows:
1 Meander type structures
1 mm x 0.5 mm dimensions
Met al trace width: 10, 20, 50, and 100 &em
CoSi B overlap over the metal trace: 10, 20, and
9 Straight wire test structures
10 mm length
Met al trace width: 10, 20, 50, 100, and 200 &m
CoSiBoverl ap over the met al trace: 10, 20, 50, 100C
Simulation results for 1 mm x 0.5 mm resistors:
0.6 um Ag thickness, 200 um line pitch, R = 0.1 ohm, delta(Z) = 90% f = 10MHz.
60 nm Ag thickness, 40 um line pitch, R = 200 ohm, deJta(Z% at f = 10MHz.

It should be notethatchanging Ag to Au will have the same results and will even improve the M

ratio.
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4. 3COMSOL FEM Simulation

In 2002 Dong W6] presentedan analytical model for the permeability change in Giant magneto
impedance mellic glass materials over a frequency and external magnetic field. This analytical
model is derived from the Laundaftshitz equation. In order to set up the COMSOL simulation, we
used the permeability equations to calculate the real and imaginary péitynéactors. The results

are shown in Figure-8 and Figure 4.
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Figure 4-5- The calculated dependence of Hthe real part of effective permeability, on applied
external magnetostatic field Hy
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Figure 4-6 The calculated dependence af othe imaginary part of effective permeability, on
Hext

After calculating these two variables in MATLAB, the data of these two graphs was fed to COMSOL
to solve theGMI equations. In the COMSOL simulation, an AC/DC module is employed with the
magnetic and electrical field activated. In order to make it easier for simulation, the metzaoied
devices were assumed to be linear and their total length projected ieaa tmltilayer GMI
structure. A frequency range of 200 kHz to 40 MHz is simulated in this work. In the simulation setup,
the AC current is passing the conductive layer (Au) from the upper and lower planes, while the other
boundaries are set to insulatidrhe simulation results are illustrated in the following figures. Figure
4-7 shows the circumferential magnetic flux of the sensor at 1 MHz. This magnetic flux is a result of
the current density inside the device.
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Hex(6)=1000 Streamline: Magnetic Flux Density on DUT at 12 Oe external field

A 3.0079x10°
x108
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i 2.5
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y\L'x

¥ 1.0603x10*

Figure 4-7 Circumferential magnetic flux of the sensorat 1 MHz

In order to see the current density inside the device and study its distribution, the current density on a
cross session area is plotted in Figur@. & he figure reveals the skaffect in this structure. It is

obvious that the current tends to pass through the edges of the cross section area. Another interesting
point in this graph is the leakage of the current from the conductive material to the magnetic one. This
leakage and acenulation of portion of the current on the edges of the magnetic layer causes the
increase in the impedance in higher magnetic fields and frequencies. This leakage is the cause of Ml

phenomena in multilayer structures.
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Figure 4-8 Current density distribution along the cross section under the external field of400
A/m

Figures 49 to 414 show the calculated impedance for different frequencies.
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Figure 4-9 Simulation results for impedance of the GMI sensor at 200 kHz

76

55

60




26

25.5

25

24,5

24

23.5

23

22,5

22

Z (ohm)

21.5

21

20.5

20

19.5

19

18,5

18

17.5

Figure 4-10 Simulation results for impedance of the GMI sensor at 500 kHz
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Point Graph: Z (ohm)
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Figure 4-11 Simulation results for impedance of the GMI sensor at 1 MHz
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Figure 4-12 The impedance of sample for different ac frequencies under various external

magnetic fields.
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4.3.1 Study the effect of thickness

Point Graph: Z (ohm] Point Graph: Z (ohm)
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Figure 4-13 Left) impedance of R50-30 GMI sensor with 2 um thickness at 1 MHz, Righ
impedance of R50-30 GMI sensor with 1 um thickness at 1 MHz,

Z (ohm)

5 10 15 20 25 30 35 40 45 50 55 60

Hex (0) 0 5 10 15 20 25 30 35 40 45 50 S5 50

Figure 4-14 Left) impedance of GMI sensor with 2 um thickness a500kHz, Right) impedance of GMI sensor with 1 um thickness &00kHz,

Increasing the length has a significant effeotincreasingthe Ml ratio. However,increasing or

decreasinghewidth does nt have any effecas long as the overlapmainsconstant.
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4 4Fabrication Process

44.1.1 Material Research

The GMI layer used in this research is CoSiRd the deposition of this material was done using a
sputtering processAs fabrication of this material isiew to CIRFE and UWATERLOQ a
characterization procesgasdone to develophe fabrication processThe daracterization process is

reported below

Deposition rate determined for 2 recipes
o DC Sputtering Recipe #1: 1.67 A/s

0 Pressure = 1.5 mTorr (15 SCCM Aow)

o Power=300W

o DC Sputtering Recipe #2: 3.1 A/s
0 Pressure = 1.5 mTorr (15 SCCM Ar flow)
o Power=600W

Adhesion properties

o No adhesion layer is required

0 The samples survivetie adhesive tape test on both glass and Si wafers

Etching process developed

0 Lessthan 1 um undercut
o0 Features as small as 10 um can be fabricated

o Etchant: Ni Etchant Type | Transene + BHF dip

Etchant selectivity is very poor

o Etchrate in gold etchant: > 12 nm/s

o Etchrate in Cr (CR14) etchant: > 12 nm/s
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Electrical resistivitydete r mi ned: 18. 7 OY. m
4.4.1.2 Fabrication Process
The fabrication sequenc®illustrated inFigure 4-15:
CoSiB
: . SiOx / SiNx
CoSiB
. A TilA/Ti
— —
I L |
CoSiB
CoSiB
f — ) TilAu/Ti
] —
L T [ —
CoSiB

Figure 4-15 Fabrication process sequence of GMI samples

GMI thin film magnetic sensors were fabricated oinéh glass wafers. At the outset of the
fabrication process, the wafers were placed for RCA cleaning, after which the deposition of CoSiB
using the intelvac deposition system was done. The depositiaerfrmped as a DC sputtering in
1.5mTorr (15 SCCM Ar flow) pressure and with 600W of power. The measured deposition rate was
3.1 A/s In the next step, the deposited CoSiB layer was patterned using positive photoresist;
unwanted parts were etched away usinlyi etchant. The accuracy of the patterning step yielded a
10-um feature size. Following the characterization of the wafers in this step, 2um of undercut was

observed, as shown in Figurel@.
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A thin film adhesive layelike Ti needs to be depositamh top of the wafers. This layer is also

Figure 4-16 Undercut of CoSiB sample.

needed to save the CoSiB layer from etchingufu etchantotherwise, he wetetching of the layer
will be unsuccessfillas he CoSiB layer is attackdmy Au etchang atrates faster than Au. A thicker
Ti barrier/stiction layer is required that will undermine the potential performance of the device.
Therefore, in this step, Ai/Au/Ti metal layer is deposited and patterned. Aift@rds, Gold
resistivity, measurecby the Van der Pauw method and with a sheet resistance equal t¥.92 m
Ti/Au/Ti, is patterned, using the lififf process. It should be noted that the kwik strip solution mildly
but negligibly attacked the CoSiB layer.
Optical images of fabricate@MI samplesare shown irFigures 4-17 and4-18. In Figure 417, the
two different types of samples are illustrated. These devices have the following design rules:
0 Meander type structures
A 1 mm x 0.5 mm dimensions
A Metaltracewid h: 10, 20, 50, and 100 &m
A CoSiB overlap over the metal trace:
0 Straight wire test structures
A 10 mm lenght
A Metal trace width: 10, 20, 50, 100,

82

10,

and



A CoSi B overlap over the metal

Figure 4-17 A view of one batch of fabricated sensord'wo caegories of devices are showmi

this figure.

Figure 4-18 Various types of minder shape GMI sensots
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4.4.2 Test Setup and Measurement

The devices are tested using a custoade experimental setup. An external magnetic field is
exerted, employing a Helmholtz coil. The custorade setup is fabricated with aluminum which,
because it is not a magnetic materialll wot affect the magnetic flux streams of coil. The other
instruments employed as setup components are 4 DC probes withpmsitioners and an optical

microscope. Figurd-19 shows the setup components.

\

Figure 4-19 DC probes and measuring the variation of impedance under magnetic field in GMI
samples

The impedance is measured with two different methods and systems and the results are compared at
the end. The first method is a 4 point probe measurensémg oscilloscope and second one is using

an advance precision impedance analyzer from Agilent.
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4.4.2.1 Impedance measurement with Oscilloscope

The impedance measurement setup includes a function generator, an oscilloscope, and one known
resistor in the orderfoDUTs (device under test) resistance. Figure®d4and 421 illustrate a
schematic of the measurement setup and a picture of the measurement setup, respectively.

Oscilloscope

Channel 2 Channel 1 o
'y I 3

\
AV

Known Resistor

Function
Generator a8,

Il L

Figure 4-20 Schematic of measurement setup

puT

Figure 4-21 The measurement setup
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Impedance (chm)

To measure the impedance of the syst&known resistor is connectetseries with the DUTand
the voltage drop over the sample and the resistor is meagilete. that he DUT and resistor
currents can be calculated from the voltage drop over the resitoe. DUT impedance is
subsequentlyalculated from thael e v i wla@esand currentJsing this setupwy  andw are
capturedand thenprocessedn MATLAB to calculate the impedance and phase of the sidia
impedance of DUT is calculated using Equation (37):

w (37)

) Y———
0w W

4.4.2.1.1 Experimental results

Some of the samples were tested under the magnetic field and Vagigusncies. The results are

shown in Figures-42 to 414.
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Figure 4-22 Impedance magnitude and phase of Device R4D-1.
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Figure 4-23 Impedance magnitudeof Device R1640-1 atl and 10 MHz.
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Figure 4-24 Impedance magnitude of Devic®0-30 atl and 10 MHz.
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4.4.2.1.2 Discussion and Conclusion

o The measured impedance and phase of the devices irevatsaignal frequency
due to enhanced inductance of the line.

o Atf =1 kHz, the impedance of the devices does not increase with applied magnetic
field.

o0 When the impedance and phase are calibrated (using short and open measyrements)
the same trend is obsed in impedance magnitude but not in the phase.

0 The measured / calibrated impedance of the device at 10MHz is ngtagatdifter the
calibration, negative impedance is achieved for the phase. This is thegptrasitic
inductors of the measurementgethavng higher impedances values compared to
the device.

Slight increase of thenpedance magnitude is observethats-10 G external magnetic field

0 The impedance change is less than 1% for-&%0 design at 1 MHz

0 The impedance change is less than 5% for R5030 design at 1 MHz

0 The impedance measurement may not be valid at 10 MHz due to measurement setup
parasitics.

To find an alternative way to magnetize GMI material, we started some preliminary tests. Our
preliminay test with ferromagnetic materials showed that we can make them like a
permanent magnet by annealing them under magnetic field. Thus, we studied the effect of
thermal and magento thermal treatment on our fabricated samples, the results of which are
repoted in Chapter 5. As a result of the characterization study, we ended up performing a
magnetethermal treatment on our samples. The treatment parameters time, temperature and
magnetic field all have a corresponding effect on the device performance. Dgimg
temperature annealing, the magnetic domains in ferromagnetic material were expected to lose
their walls and fall in line with the external exerted magnetic field. A schematic of the
magnetization the occurred in the annealing step is shown in-E @ne of the main
challenges here would be protecting the thin films from becoming oxidized in the hot
temperatures. This challenge has been overcome by performing the annealing in nitrogen
ambient. An Energylispersive Xray spectroscopy (EDX) confirmsemmegligible oxidation

after the process. Applying this process will reduce the cost and workload of the fabrication
process.
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GMI Material
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Figure 4-25 Schematic of magnetization process in magnetbermal annealing ste

The fabricated set of sensors was first annealed in a nitrogen environment furnace atf@00 °C
three hours, with two 108G high temperature permanent magnets located under the samples. By
performing the same measurement in these samples, asmpbaed in Figures-24 and 426, there is
a marked improvement in the change of impedance. The preliminary measured results after annealing
are illustrated in Figure-26. Here, it can be seen tliae GMI R50-30 samplsat 200 kHz and 500
KHz measurement frequencies exhibit increased impedance magnitdid86% and 45%,
respectively; in contrast,-R0-10 shows increases of only 17% and 21% at these frequencies. These

data show promising improvements from the measuredisdbre the pogirocessing step
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Figure 4-26 M easured impedance of two different GMI devices with different dimensions. As

expected, the sensor demonstrates a substantial increase in impedance at higheitation

frequencies.

We propose developing the annealing process and optimizing its parameters for GMI magnetic

sensors. The detailed study on this optimization and characterization can be found in the next chapter.

The intended function of these serssis to enable or disable a logic circuit.

The fabricated device will be mounted on a Wheatstone bridge. Exposure to a magnetic field of 10
G will cause the sensor impedance to change and the Wheatstonetbradgpeime annbalanced
position. As a restibf this instability, an On/Off circuit will be activated. The Wheatstone bridge and

the DUT in its system are shown in Fig:27. To achieve better sensimgcuracythe circuit can be
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designed as unstable by defadlhus, by insertinga magnetic fieldwhen the sensor is sensing the
desired amount of field, its impedance will increase tiredbridge will achieve astable condition,
which will cause the current G to become zero. The reported results askatisfying range of

impedance change forthe Wheat one bri dgeb6s proper performance.

External Magnetic
Tl

Figure 4-27 Wheatstone bridge and DUT in final sensor.

The integration will help create a 0/1 digital sensor for a narrow band of the magnetic field. The result
will yield two types of sensors: one with high sensitivity, and one with low sensitivity. In a high
sensitivity sensor, the bridge is normally unstadnhd the circuit is off; when the GMI sample reaches
the desired impedance (which is a function of the magnetic field), the bridge will go to stable mode
and the circuit will be on. When the device is turned on, a logic circuit will run and let us kabw th
our exact desired field is sensed. In low sensitivity mode, the bridge will be normally stable and
therefore the circuit normally on. After sensing a known amount of magnetic field and above, the
impedance will change and break the stable mode. Apthi, the circuit will go off and we will be
notified of the existence of a measurable range of magnetic field around the sensor.

In order to ensure the quality of the measurement in this section, an Agilent precision impedance
analyzer E4990A is emplogle A detailed study of measurements using this device is reported in the

next section.
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4.4.2.2 Impedance Measurement Using Agilent Precision Impedance Analyzer
E4990A
Agilent E4990A is a precision impedance analyzer with the ability to do measurements in a sweep
frequency range of 20Hz to 120 MHz. This dvempowered us to do the measurements in different
frequencies and compare the results with the old measurements. Below, a summary of measurement

results is presented.

old R-50 30 LCR meter measurement

Impedance (ohm)

L
i

Magnetic Field (G)

Figure 4-28 Impedance of GMI sample, R50-30, measured in different magnetic fields in a frequency sweep o

150 Hz to 10 MHz

In order to see the effect of frequency at a constant magnetic field, one eathslgraph at the
desired magnetic field. To see the impedance changes at a constant frequency, the same slicing can be
done on a 3D graph at the desired frequency. Figi#@ ghows the changes in impedance at a
constant magnetic field. As shown in thgufre, frequency increases result in impedance increases. It
is also notable that the frequency effect on impedance has almost the same trend for different
magnetic fields. From this graph, if we cross a vertical line at 500 kHz, the data from Tlabka 4

be captured.
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Figure 4-29 Measured impedance for R50-30 (this is the same sample as previous section) at

constant external magnetic fields over a frequency sweep

Table 4-1 ImpedanceValues for GMI R-50-30 at 500 kHzM easured with Agilent Impedance

Analyzer
Frequency | 0G 5G 8G 10G 15G 20G
5.00E+05 16.95 17.76 22.46 27.07 24.91 19.30
ohm ohm ohm ohm ohm ohm

It should be noted that in ordey compare the measured value with the previously measured data

from the other method, the same sample is tested here. Fabdhaws the measured value of this

sample with Oscilloscope measurement. Using the data in these two tables, FQuitestrates the

impedance graph of this sample measured in each method.
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Table 4-2Measured Values for GMI R-50-30 in OscilloscopeM easurement ofl mpedance

R50-30 500khz

B R(ohm)| VLV) V2V) V1-V2V) Rshott (ohm} Z(ohm)

20 3.6 1.98 1.62 7.75 16.69444
5 20 3.6 2.02 1.58 6.36 19.20962
10 20 3.32 2.06 1.26 6.36 26.33841
15 20 3.32 1.98 1.34 6.5 23.05224
20 20 3.6 1.98 1.62 6.44 18.00444
short condition: 2.32 0.56 1.76 6.363636

R-50-30 GMI sensor measured with
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Figure 4-30 The measured impedance for GMI R50-30 which suing both measurement methods.

along with simulation data for the same sample in the same frequency. As shown in the figure, the

simulation results are in a good agreement with the meagahaes of the two methods.
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Comparison of various measurements and 3D
simulations
27.00 /0-\
25.00
23.00 \ ——LCR Meter
21.00 = Oscilloscope
19.00 COMSOL Simulatior
17.00 -—/_»ﬁ
15.00 r r T T . .
0G 5G 8G 10G 15G 20G

Figure 4-31 A comparison of 3D simulation for GMI R-50-30 and the measured impedances
captured with Impedance analyzer (Blue) and Oscilloscope (Red)

After characterizingthe popr ocessing (the details of wh-i ch ar e
580 was processed in the opti mal treat ment cor
t her mal treat ment of sampl e at 55 6hightemBerafuer 3 ho

permanent magnets with magnetic field of 1000 G were place under the die of skigphes 4-26
and 432 show the new measured values for the impedance of this sample.
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Figure 4-32 Measuredimpedance for R50-30 (this sample is post process at the optimal

processing condition) at constant external magnetic fields over a frequency sweep
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Figure 4-33 Impedance of R50-30 sample annealed in optimized condition
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Figure 433 shows an Ml ratio of 141%. This is a tremendous improvement in impedance value of the
sample with respect to the unprocessed sample and the previously processed Baurdet34
shows a comparison of measured impedance and Ml ratio-&¥3 in respect to simulations

results for higher frequencies.

Comparison of Experimental Measurementand Simulation
results for frequncy range of 1 MHz to 10 MHz

200.00 1000

800

180.00 / \

160.00 / /—\ \\ 800 =] WHz - Measurement
. 700 =4#=1 MHz Simulation
\\ 3 MHz Measurement

600

£ 3
g8 8

H / / \\ =z 3 MHz Simulation

0 -

g ] -

E 100.00 | s00 : 5 MHz Measurement

) = =85 MHz Simulation

£ 5

£ 8000 / / //- 400 =10 MHz Measurement
60.00 N : 300 === 10 MHz Simulation

200

5

8

|
+

ra
Q
3

4

100

o
=]

Magnetic Field (G)

Figure 4-34 Comparison of experimental measurement and simulation results for figuency
range of 1 MHz to 10 MHz.

Figure 435 shows the dependency of Ml ratio and impedance to frequencies in higher frequencies.
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5 ChapfFevwe

Characteri zati on-CofSi BMI mat er

In this chapter,CoSiB alloy is developed to enhance the performance of multilayer thin film GMI
sensors. The materiad investigatedfor several differentpostprocessing thermal and magneto
thermal treatmentavhich arecategorized to study the effect of temperature, time tla@dxistence

of an external magnetic field. The prepared samplestested with various magnetics and material
characterization tools in order abtaina detailed understanding of the prss@and its effects. The
postprocessing shows significantimpact onthe magnetic properties of the material. The causes of
this impact are studied in detail. It is shown that CoSiB with enriched magnetic properties has some
nanoclusters of cobalt in itsamorphous matrix structure. The ppsbcess technique can be
employed to facilitate asteffective fabrication of GMI structures in conventional midedbrication

facilities.

5.1Introduction

Sensor technology is one of the most attractive topics to stetatilay, both in academia anid
the industry [1]. Magnetic sensors are widely employedvamious technologcal fields such as
geology, aeronautics, maritime navigatiamdthe automobileand medicalsectorsg[1-6]. The keen
interest indevelopingreliable, accurate, and miniature sensors makes giant magpetance (GMI)
sensorsn idealsolution. A giant magnetonpedance phenomenon is the chaimggnpedance of a
high-permeability material with a DC magnetic fielthis occurs due tthe skin effect and skin depth

changsin different frequencies [&0].

The GMI effect has been extensively studied in ferromagnetic wires and ribbons because of the
main applications of sensing-f. Recently, some multilayer GMI sensdlet take advatage of
thin film technology were introduced [3;13]. Because of the dimensions of the thin films, the recent
multilayered sensors haemhancedensitivity tothe skin effect and could show better results even at

lower frequencies [42].
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In a multilaye GMI structure, a conductive layer is sandwiched with layers of GMI matanihl
will exhibit changes in the impedance upon sensing an external magnetic field. The GMI material in
these structures is magnetized toward the easy axis of the device. Ttetitabprocess of the layers
and devices is a uniqaadhighly expensive process that prevehis useof normal microfabrication

machines [5, 6, and 8This makes them unattractive from an industry perspective.

On the other handheyondthe study of gint magnetaesistive sensors from a materials point of view

[14, 15],many studies have been carried outlmncharacteristics of GMI materjalith theendgoal

of discovering an alternatei . e . , | ess 0§ e x odffactive) fabdcatdn nethod ®r mor e c o
these structures. In our previous wodd [and 4% we fabricated and reported on a multilayer GMI

sensor with conventional microfabricati@nd did a posprocess procedure on devices to expose the

GMI phenomenon. In this study, an extensivetpoocessing study has been implemented on the

GMI material CoSiB, and the characterization results are reported and discussed.

5.2Fabrication and Post-Processing

In this studya CoSiB amorphous metallic alliyy deposited anéhvestigated The alloy employed
in this study is Co73S12B15, buk later findthat the same behavior is expected for the same family
of material. The alloy has been sputtered in a DC magnetron sputtering system. Sputtering was
performed in Ar plasma at a pressureldd mTorr and 600 W of DC powet arate of 3.1 As.
Threehundrednm of material was deposited on a glass wadéier whichthe wafer was diced to 1

by 1 cm dies.

In order to perform a meaningful study on ppsicessing effects, we examined the effeat
thermal treatment versus those of magtibesmal treatmentWe also studied the effects of

annealing dwell time and temperature on the structure: Theppmstssing wasarried outin two
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main categories: a) thermal treatmeanhd b) magnetthermal treatment. In each categorthe
samplesare processeaver two different dwell times3 and 4 h. Furthermore, in each categdting
thermal treatments include annealed samples in 300 to 7p@itic 100 °C increments. The
annealing process was done irlaan room using a higtemperature oven with nitrogen ambient.

The detailed processetsthe samples are as follows:

a) thermal treatment:

In the thermal treatmentthe samplesare annealed in the oven with nitrogen ambient in dwell
temperatures of 300, 400, 500, 600, and 700 °C. The rise time of all annealings was 1 h, and the dwell

times were 3 and 4 h. The samples wethen cooled to room temperature

b) magnetethermal treatment:

In the magnetethermal treatment two 1000 G higlmperature permanent magnets were placed
under the dice ofhe samples in the oven provided with the external DC magnetic field during the
annealing process. With this DC magnetic field, the same thermeégs as discussed in a) was

implemented on a batch of samples.

5.3Magnetic Characterizations
After the postprocessing, all the samples were characterized to identify their magnetic properties.
Permeability and AC susceptibility ¢phase component X' (m#R was measured with a model
KLY -2 Kappabridge, and hysteresis loops were measured with a Princeton Measurements model

3900 MicroMag vibrating sample magnetometer (VSM) using a maximum field of 1 T.
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5.3.1 Permeability Measurement
The relative permeability waseasured for both categories of samples, and the results are illustrated

in Figures 51 and 52.

Relative Permeability for Thermaly treated Samples for 3 hours Relative Permeability for Thermaly treated Samples for 4
4000 hours
3500 3500
3 5000 5 3000
% 2500 %‘2500
g 2000 g 2000
o 1500 =+=3 HoursThermal g 1500 =#=4 Hours Thermal
£ 1000 % oo
2 4 a 4
500 500
] o
AF 100 200 300 400 500 500 700 AF 100 200 300 400 500 600 700
a) Annealing Temperature(C} b) Annealing Temperature(C}
Figure 5-1 The relative permeability of samples thermally treated for 3 h; (b) the same for
samples annealed for 4 h.
Relative Permeability for Magneto-Thermaly treated Samples Relative Permeability for Magneto-Thermaly treated Samples
for 3 hours for4 hours
2000 3000
=y 3500 T 2500
= 3000 =
= E
F 2500 35 2000
E 2000 £ 1500
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E 1000 = 4
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AF 100 200 300 400 500 60O 700 AF 100 200 300 400 500 600 700
a) Annealing Temperature [C) ] Annealing Tempersture [C)

Figure 5-2 (a) The relative permeability of samples treated magnetthermally for 3 h; (b) the samefor

samples annealed for 4 h.
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Figures5-1 and5-2 confirm enhancement of the relative permeability under the thermal treatment.
Based on the measurements, the existence of an exteagaktic field does not have a significant
effect on the permeability improvement of the alloy. It is worth noting that except for the high peaks,
the measured points for the magnttermal samples have a higher general average of relative

permeability than the thermal ones.

Moreover, the resulalso show a high peak of relative permeability forming around 600 °C. The high

peaks of permeability for all four conditions are reported in Table 1:

Table 5-1 High Peaks of The Relative Permeability for Different PostProcessingConditions

Peak of
Dwell Relative

Type of Post Dwell Time Temperature Permeability
process (h) (°C) (er)
Thermal 3 600 3615.56
Thermal 4 500 2868.37
Magnetothermal 3 600 3551.82
Magnetothermal 4 600 2446.96

Based on the achieved resultse can sedhat samples could reach a higher permeability of
approximately 3500 er in 3 h dhermal precessem&Vathinkf or b
the local minimum captured in the relative permeability grapt lofof magnetahermal processing

could be an error. Ithe local minimum in Figur&-2 is assumetb be a measurement error, it can be
concluded thathe longer annealing dwell timef 4 h leads to a broader relative permeability peak,

which allows the userto achievehigher permeability in lower annealing temperatures. As shown in

Figure 1, for samples treatedfoh3 t he recorded permeability of thi
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AcC, whereas it was 2425 ¢r f oling. Sintilaly, Bigure aldoe mper at
shows 1876 er for samples treated for 3 h at 300
for the same temperature but 4 h of treatment. Thisptawe beneficial for devices with high

temperature limitations in thestructures.

The reason for permeability enhancement in the alloy is the formation othaters of Co within
the entire amorphous metal structure. These nahusters, whichare discussed latein this work

have the main impact on permeability changgout changing the morphology of the whole alloy.

5.3.2 Hysteresis Loop and Magnetization
Samplesare measured for magnetic hysteresis lpapdthe results show mass normalized values.

The samplesregiven a nominal mass of 1 g and a nominal volume of 1 cm3 in order to ease the
calculations. Hysteresis is present in ferromagnetic materials and materials with magnetization ability.
As soon as a magnetic field is applied, the material besaragnetic atil all the Weiss domains of

the material have the same orientation and directions. This state is the maximum magnetization of
material. When the external magnetic field is removed, some materials retain a considerable amount
of magnetization and remainagnetic. This is the main feature in forming a hysteresis shapand]

thusa larger loop area represents better magnetization. The hysteresis loop and magnetization curve

of the studiedostprocessed CoSiB are presented below:

104



Hysteresis loop for thermally treated samples for 3 Hours
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:

b)

Hysteresis loop for thermally treated samples for 4 Hours
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Figure 5-3 (a) The hysteresis loop of samples thermally treated for 3 h; (b) the same samples

annealed for 4 h. The square marker shows the loop for the process with the highest

permeability, and the triangle marker is for the after fabrication (AF) sample.
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Figure 5-4 (a) The hysteresis loop of samples magnetbermally treated for 3 h; b) the same
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annealed for 4 h. The square marker shows the loop for the process with the highest

permeability, and the triangle marker is for the after fabrication (AF) sample.
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Based on Figures- 3 and5-4, the posprocessing improvethe magnetizability othe GMI material.
The higher magnetizability leads to better magnetization of the GMI layarmultilayer sensor,

which is done by a magnetbermal process

5.3.3 Magnetization of CoSiB Layer in a layered structure

After the magnetic properties of the GMI material are improttesl materiashould be magnetized
in order to showthe GMI phenomenon and be employed in a multilayer GMI structure. As
demonstrated in sectionltl, the material has a high potential of magnetization in some known post
processes conditions. A magnéb@rmal treatment in specified temperature and time edult in
breakingthe Wei ss domai nsdé wall s. Upon |l osing the
material will align in the direction of the exerted magnetic field. This process lagihsesneed for a
special and expensive sputtering system for GMlenmtfabrication Figure5-5 shows a schematic

of this process
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Figure 5-5 Schematic of annealing magnetization under a magnethermal post-process. It is
shown how the Weiss walls are breaking up ancetting the domains be aligned to the external
field.

5.4Material Characterizations

For material characterization, the mateitatested using Raman spectroscopyra)X diffraction,
and energy dispersive-y spectroscopy. In the following sections, measuresiienteach tesare
illustrated.

5.4.1 Raman Spectroscopy

A Raman test is done on the CoSiB before and after the annealing ste@ whether or not the

crystallization of material changes duringsthtep.The rarrowing and increasing in the intensity of
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the Raman band, as well the shifting in the bands to higher wamemberscan be attributetb an
increase in particle sizend improved crystallinity. The Raman test is implemented using Raman
spectroscopy and a microscopy machine, Bruker Senterra Confocal Microscope (with 532 and 785
nm lasers). The result of Raman spectroscopy supports the preliminary expectations for higher

crystallinity after the treatment. It also shows higlality smalisized crystals of Co in the spectrum.

Figures5-6 and5-7 give the Raman spectroscopy results for thermal and matipegioal samples.

3 Hours Thermal Tr 1t RAMAN Sp

4 Hours Thermal Treatment RAMAN Spectroscopy
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450 500
100 20w
3500 3500
3000 3000
Z
2 ——AF 3 —AF
£ 2500 § 2500
E —a0c = —a00C
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Figure 5-6 Raman spectroscopy for thermal posprocessed samples.
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Figure 5-7 Raman spectroscopy for magnetéhermal post-processed samples.

108



In Figuress-6 and5-7, the condition which had the highest permeability is &did the graphs. It
is interesting tanotethat the condition corresponding to the highest permeability has higher intensity
and better gquality peaks in the Raman spectroscopy results as well,cohfainsthe formation of
nanaocrystals in theentire metallic glass structure of CoSiB. Another interesting fact in the Raman
test is that the treatment of samples at higher temperatures makes a better qualitycofstaltioes
until the highest perméidity point, after which the crystals lose their quality and vanish. This is due
to the probable formation of equilibrium phases of material at temperatures higher than 650 °C.
Among those phases, it is probable that boride phases such as Co3B and ICo@Bowned. Boride
phases normally decrease the relative permeability of materials [4, 16]. Fagluiaasd5-2 verify the
assumption of boride formation in temperatures above 650 °C, as they ctmdigecreasing of

permeability at this temperature.

5.4.2 X-Ray Diffraction

X-ray diffraction (XRD) is done on samples using a bruker d8 advarBayXdiffractometer
system withthe capability of testing thin filmsThe XRD parameters for the experiment are reported

in Table 52.

Table 5-2 X-Ray Diffractometer Parameters

Parameter Value
Current intensity of Xray tube 40 mA
Voltage of Xray tube 40 kV
Beam wavelength 0.154 nm
Time of counting in one measurement poir 5s
Step between measurement points 0.05 79
Range of scan 2080 ¢
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Figures5-8 and5-9 illustrate the XRD measurement for thermally treated and matjmetmally

treated samples, respectively.
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Figure 5-8 XRD graphs of samples thermally treatedor 3 and 4 h.
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Figure 5-9 XRD graph of samples magnetahermally treated for 3 and 4 h.
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In Figures 58 and 59, some peaks can be detected in specified angles. Checking these peaks with

X'Pert Highscore Plus softwafprovided with the XRD diffractometerand comparing the peaks

with those found in other research repoegealsthat they are all showinga-Co crysalline. The fact

that only Co crystalline is detected in XRD supports the idehedbrmation of Co naneclusters in

the matrix ofanamorphous metallic alloy. Normally in an XRD grajgthigher intensity of baseline

is related ta higher quality of amphous structure. As is shown in Figlr8 and5-9, the baselines

of captured streams have high intensity vgleeen the stream witthe crystalline shows a general
amorphous structure. For the above datad using the Scherrer method [17] in the saftw the
crystallite size of the Co narwdustersis calculatedat around 2.5 nm. In this method, the sige
calculated using the Scherrer equation, which rethtesize of a crystallite to the beam wavelength,

peak angle, and full width at half maxim{fFWHM) of the peak [17].

5.4.3 Energy Dispersive X-Ray Spectroscopy

In order to determine the elemental composition of specimensresutle thathe samples have the
same alloy ratio as the sputtering target, energy dispersiag Xpectroscopy (EDX}¥ performed on
samples. The measuremeist done using a TEAM EDS analysis system for SEM. EDX
measurements for all of the samples are the same, and the samearextdfstured. The results
indicate that annealing does not change the alloy structurethatino external chemical reaction
occurs in the main material. FiguselO shows the EDX of a sample thermally treated for 3 h at 600

°C.
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Figure 5-10 EDX graph of a sample magnetaghermally treated for 3 h at 600 °C. It should be

noted the same graph is captured for all other samples.

Table 53 shows the quantitative measured values for this experiment.

Table 5-3 EDX Captured Quantitative Results. TheMain Elements areHighlighted

Element Weight% Atomic%
B K 11.31 20.99
CK 1.69 2.01
OK 2.44 3.14
ColL 72.85 57.52
SiK 10.28 12.98
Al K 0.6 0.72
CaKkK 0.83 2.64

As can be observed from Table35the main captured elements are Co, Si andith almost the

same weight distribution in the alloy as the source of the sputtering. Some other elements with
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