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Abstract

Non-invasive imaging of brain activity is particularly increasing in importance for the detec-
tion of potential pathological activities; e.g., epilepsy. State-of-the-art devices make use of
powerful superconducting quantum interference devices (SQUID), which can measure the
magnetic fields induced by neural activity; i.e., electric currents. However, the necessity
of operating these devices at near absolute-zero temperature (T = 4 K) and in magnetically
shielded rooms increase operational costs and nonconformity for continuous patient monitor-

ing. Such limitations necessitate the development of alternative magnetic detection devices.

As of late, magnetoelectric composite sensors are becoming potential candidates for the
measurement of low magnetic signals. These sensors constitute of thin film layers sputtered
on top of each other and exploit the product property of their constituent materials. Based on
the strain transfer between piezoelectric and magnetostrictive layers, magnetoelectric sensors
are able to output a polarization in response to an applied external magnetic field. Their
sensitivity to magnetic fields in the pT-range, at room temperature and without the need of
cooling, represents several advantages including lower running costs, smaller device size and

easier applicability.

Aforementioned properties encouraged a wide range of investigations in the last decade,
and various sensors with different materials and geometries were investigated. Among
these, several sensors of aluminum nitride (AIN) and Fe-based metallic glass alloys; e.g.,
(FeggCo10)78S112B 19 (FeCoSiB), exhibit remarkable results. Sensors performing in the L-T
(longitudinal magnetization, transverse polarization) composite mode reportedly reached
magnetic detection limits as low as of lpT/Hzl/ 2. Recently, a limit of detection (LOD)

as low as 500fT/ Hz'/2 is achieved by connecting two PZT/FeCoSiB composite sensors in a

vii



"tuning fork" structure. Other investigations revealed that the deposition of the magnetostric-
tive layer on a smooth surface improved the /g coefficient of the magnetoelectric sensors
by 30% and the appropriate adjustment of the electrode size enhanced the signal-to-noise
ratio (SNR) by 100%. However, neither of these improvements could be implemented to the
conventional process flow of AIN/FeCoSiB unimorph sensors, where the high temperature
constituent (AIN) had to be deposited as the first layer in order to preserve the soft magnetic

properties of the consequent FeCoSiB.

The current work solves these challenges and aims at the fabrication, optimization and char-
acterization of low temperature AIN thin films as well as the development of thin film mag-
netoelectric sensors based on AIN/FeCoSiB in order to detect < 1pT AC magnetic fields.
The temperature drawback, which originates mainly from the need of preserving the amor-
phous structure and the soft-magnetic properties of FeCoSiB, is solved by adopting a new
process flow. Following initial research with DC and RF power sources, low temperature
AIN fabrication is achieved by establishing a pulsed DC sputtering process, which is after-
wards implemented into the production flow of the magnetoelectric sensors. Removal of
the temperature limitations allows the realization of new sensor designs where the stack or-
der can be altered in order to maximize the sensor properties. According to this process
flow, FeCoSiB can now be deposited as the first layer and AIN, including its seed layer, can
be deposited on top of FeCoSiB without any substrate heating. This, in return, improves
the piezomagnetic coefficient and conserves the soft-magnetic properties of FeCoSiB. As
a result, macroscopic magnetoelectric sensors with an inversed deposition sequence can be
produced. Furthermore, optimization of the top electrode dimensions in order to confine the
charge collecting area is realized. The most sensitive sensors produce giant magnetoelectric
coefficients as high as 7.5kV/(cm- Oe) at the mechanical resonance frequency of the sen-
sors. Detection of magnetic fields as low as 400fT and a LOD in the range of 1pT/ Hz'/2 are
achieved when operating at the mechanical resonance of the cantilever sensor and at room

temperature.
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Kurzfassung

Die nicht-invasive Bildgebung von Gehirnaktivitdten gewinnt zunehmend an Bedeutung fiir
den Nachweis moglicher pathologischer Aktivititen, wie z.B. Epilepsie. Hochmoderne Geri-
te nutzen leistungsstarke supraleitende Quanteninterferenzgerite (SQUID), welche die durch
neuronale Aktivitdt bzw. elektrische Strome induzierten Magnetfelder messen konnen. Die
Notwendigkeit, diese Gerite nahe dem absoluten Nullpunkt (T = 4 K) und in magnetisch
abgeschirmten Raumen zu betreiben, erhoht jedoch die Betriebskosten und die Unangemes-
senheit fiir eine kontinuierliche Patienteniiberwachung. Solche Einschrinkungen erfordern

die Entwicklung alternativer Magnetfeldsensoren.

Seit Kurzem bieten magnetoelektrische Kompositsensoren eine potentielle Alternative zur
Messung niedriger magnetischer Signale. Diese Sensoren bestehen aus mehrlagigen Diinn-
filmschichten, die tibereinander abgeschieden werden und die Produkteigenschaft ihrer Be-
standteile ausnutzen. Basierend auf der Dehnungsiibertragung zwischen piezoelektrischen
und magnetostriktiven Schichten, generieren magnetoelektrische Sensoren in Reaktion auf
ein angelegtes externes Magnetfeld eine elektrische Polarisation. Thre Empfindlichkeit fiir
Magnetfelder im pT-Bereich, bei Raumtemperatur und ohne Kiihlung, ist vorteilhaft. Dazu
gehoren niedrigere Herstellungs- und Betriebskosten, kleinere Gerédtegrof3en und einfachere

Anwendbarkeit.

Die genannten Anforderungen fiithrten im letzten Jahrzehnt zu einem breiten Spektrum von
Untersuchungen und der Erforschung verschiedener Sensoren mit unterschiedlichen Kompo-
sitsystemen und Geometrien. Besonders verschiedene Sensoren aus Aluminiumnitrid (AIN)
und Fe-basierten metallischen Glaslegierungen zeigen bemerkenswerte Ergebnisse wie z.B.
(FegoCo10)78Si12B 19 (FeCoSiB).
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Sensoren, die in der L-T- (Ldngsmagnetisierungs-, Querpolarisations-) Betriebsart arbeiten,

erreichten nachweislich niedrige magnetische Detektionsgrenzen im Bereich 1pT/ Hz!'/2.

Vor Kurzem wurde eine Detektionsgrenze von 500fT /Hzl/ 2

, durch die Verbindung von
zwel PZT/FeCoSiB-Kompositsensoren mit einer Stimmgabelstruktur erreicht. Weitere Un-
tersuchungen zeigten, dass die Abscheidung der magnetostriktiven Schicht auf einer glat-
ten Oberflache den oy g Koeffizienten der magnetoelektrischen Sensoren um 30% verbes-
sert und die entsprechende Optimierung der Elektrodengrof3e das Signal-Rausch-Verhiltnis
(SRV) um 100% erhoht. Jedoch konnte keine dieser Verbesserungen in dem herkdmmlichen
Prozessablauf von AIN/FeCoSiB-unimorph-Sensoren implementiert werden, bei welchem
der Hochtemperaturbestandteil (AIN) als erste Schicht abgeschieden werden musste, um die

weichmagnetischen Eigenschaften des nachfolgenden FeCoSiB zu erhalten.

Die aktuelle Arbeit 16st diese Herausforderungen und behandelt die Fertigung, Optimie-
rung und Charakterisierung von Niedertemperatur AIN Diinnfilmen, dartiberhinaus wird die
Entwicklung von magnetoelektrischen Sensoren auf Basis von AIN/FeCoSiB gezeigt. Die-
se Entwicklung soll schlussendlich die Detektion von magnetischen Wechselfeldern < 1pT
ermdglichen. Die Notwendigkeit die amorphe Struktur und somit weichmagnetische Eigen-
schaften von FeCoSiB zu erhalten, wird durch den Einsatz eines neuen Niedrigtemperatur
Prozessablaufs gelost. Basierend auf anfanglichen Untersuchungen mit DC- und HE-Sputter
prozessen, wird eine Tieftemperatur-AIN-Abscheidung erreicht, indem ein gepulster Gleich-
strom-Zerstdubungsprozess, im Prozessablauf der magnetoelektrischen Sensoren implemen-
tiert wird. Dieser Prozessablauf ermoglicht die Realisierung neuer Sensortypen, bei denen
die Stapelreihenfolge veridndert werden kann, um die Sensoreigenschaften zu optimieren.
Entsprechend dieses Prozessablaufs kann nun FeCoSiB als erste Schicht abgeschieden wer-
den, und AIN, einschlieBlich seiner Keimschicht, kann ohne Substraterhitzung auf FeCo-
SiB aufgebracht werden. Dies verbessert im Gegenzug den piezomagnetischen Koeffizien-
ten und erhilt die weichmagnetischen Eigenschaften von FeCoSiB. Als Ergebnis konnen
makroskopische magnetoelektrische Sensoren mit einer umgekehrten Abscheidungssequenz
hergestellt werden. Weiterhin wird eine Optimierung der oberen Elektrodenabmessungen zur
Begrenzung der Ladungssammelfldche erreicht. Die empfindlichsten Sensoren erzeugen ma-
gnetoelektrische Koeffizienten im Bereich 7.5kV /(cm - Oe) in mechanischer Resonanz. Bei
Messungen in oder nahe mechanischer Resonanz des Sensors, wird (bei Raumtemperatur)
die Detektion von Magnetfeldern im Bereich von 400fT sowie eine Detektionsgrenze von
1pT/Hz!/? erreicht.
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Introduction

1.1 Motivation

Technological development often occurs as a combined effort of correlated branches. The
needs of a research field often act as a catalysis for another and encourage further research.
Monitoring one’s environment and its dozens of effects originated from numerous phenom-
ena of the nature, is a fundamental necessity in the modern world. However humans have
limited sensing capabilities; most of the electromagnetic spectrum, for instance, is hidden
to them as their eye-sight is limited only to several hundred nanometers. The goal to over-
come such limitations is what gave birth to the sensor technology; one of the most innovative

branches of the 21 century.

Sensors are small transducer devices, which monitor/detect environmental changes and pro-
duce meaningful signals. They are being utilized in almost all technological applications;
either be in science or in industry or even in every day life. With successful miniaturiza-
tion of sensors, via microelectromechanical systems (MEMS) technology, the global sensor
market is expected to grow increasingly. A recent report of market research estimates the
global smart sensors market to reach at $ 9.22 billion in 2018 [1]. For instance, an aver-
age automobile utilizes 60 — 100 sensors such as motion sensors, air flow sensors, coolant
temperature sensors, etc. [2, p.1]. Considering the global size of the automobile industry
(> 90 million automobiles in 2015 [3]]), estimated amount of the necessary sensors raise up
to tens of billions of pieces per year. Indeed, automotive industry is not the only requester
of sensors. Additional markets such as consumer electronics, defense industries, communi-
cation technologies and health-care are only but a few of them. The latter, in particular, is

one of the most sophisticated application fields of the last decade. Medical sensors can be
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Figure 1.1: Magnetic induction of enviromental (blue) and biomagnetic fields (red). Devices utilized
(green) for the detection of magnetic fields in various application areas. Magnetoelectric sensors are

coded as teal. [4, p.71, p.103], *[5} p.489] **{[3| p.122, p.123]

utilized for the measurement of biomagnetic signals; e.g., electric/magnetic signals genera-
ted within the human body. Especially the increasing reluctance against invasive procedures
further emphasizes the need towards the measurement of biomagnetic signals with little-to-
no contact with the patient. There are, of course, conventional non-invasive measurement
techniques, which measure potential difference in the human body by surface electrodes.
However, these methods suffer from the inhomogeneous conductivity of the human body.
Magnetic signals, on the other hand, are free from such restrictions due to the non-magnetic

nature of the human body and therefore provide comparably better spatial resolution.

Figure[I.1] depicts the biomagnetic signals of interest for medical applications. Clearly these
signals are extremely small, especially with respect to environmental magnetic fields such
as the constant earth magnetic field and the urban noise. Unlike the earth magnetic field, the
latter can vary depending on the hour of the day, geographical location, the amount of traffic,
etc.. Combined, these principal noise sources are up to six orders of magnitude stronger than
the biomagnetic signals, among which the human heart and brain produce the strongest and
the weakest signals, respectively. It is important to point out, that the signals produced by the
human brain differ with respect to the presence of an explicit task; e.g., sensory and/or motor
input. The alpha signals, for instance, are generated in the absence of such tasks and are up
to two orders of magnitude stronger in comparison to the response signals, which are formed

as a reaction to a particular input. Hence, the extremely small magnitude of the biomagnetic



Table 1.1: Magnetic field sensors and properties. Taken from [06)].

Magnetic field sensor | Range (mT) Resolution (T)  Bandwidth (Hz) Comments

Induction coil 10710 . 106 Variable 0=t .. 10° Can not measure static fields
Hall-effect 10- . 3-10* 1077 DC .. 10% | Best for fields above 1T
Magnetoresistance 103 .. 5 1078 DC .. 107 Good for mid-range applications
Fluxgate 107% .. 05 10-10 DC .. 2-10° | General-purpose vector magnetometer
Optically pumped 1072 .. o1 5.10712 DC .. 5 Highest resolution scalar magnetometer
SQUID 107° .. 0.1 10-13 DC .. 5 Highest sensitivity magnetometer

signals necessitates the use of very sensitive magnetic field sensors as well as the reduction

of environmental noise contributions below the target signals.

There are numerous devices utilized for the measurement of small magnetic fields or mag-
netic fields in general. Other than few exceptions, these devices all follow a similar working
principle. That is; the detection of the fluctuations in the magnetic moment (of the magnetic
material used in the device) when subject to environmental changes such as the magnetic
field, temperature, mechanical stress, etc.. While the utilized magnetic material is generally
a ferromagnetic alloy, different properties of these materials can be exploited in different de-
vices. In the case of magnetoelectric sensors, for example, the device functionality is based

on the magnetoelastic properties of the magnetostrictive/ferromagnetic alloys.

Magnetic sensors can be classified with respect to their sensing range and resolution (see
Table[L.T)). Currently, the most sensitive sensors for measuring very small magnetic signals
are superconducting quantum interference devices (SQUID) and spin exchange relaxation
free (SERF) magnetometers [5, p.483]. The latter is a relatively new technology and is
not yet fully developed, however SQUIDs are known for several decades and therefore, are
incorporated into the most technological biomagnetic measurement techniques; e.g., magne-
toencephalography (MEG) and magnetocardiography (MCG) (see Figure [[.2). SQUIDs can

1/2 with a measurement range of

measure magnetic field magnitudes as low as several fT/Hz
almost 8 orders of magnitude [[7][8]. The strength of SQUIDs originate from the principals
of superconductivity; a quantum mechanical phenomenon where in certain materials a com-
plete loss of electrical resistance (zero resistance) and the expulsion of magnetic (flux) fields
from the interior of the material occur when the material is cooled below a certain (critical)
temperature. Hence these devices must be kept around absolute-zero (4 K) temperature via
liquid helium cooling at all times. This requirement does not only results in a bulky device
but also leads to an extremely expensive one, which roughly costs € 3 million to buy and
additionally € 200 thousand per year to maintain [9]]. Furthermore, these devices generally
operate in magnetically shielded rooms (MSR) since the targeted fields are extremely low.

MSRs constitute of several layers of very high permeability soft magnetic materials known
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Figure 1.2: Biosignals and respective monitoring methods depicted on a human body. Signal magni-
tude is measured in T (for magnetic flux density) and V (for potential difference). Image adapted from

[11).

as the mu—metaﬂ and permalloyEl with several millimeters of thickness, further increasing
the costs. Hence despite the undisputed superiority of SQUID-powered measurement tech-
niques, increased costs make it impossible to afford (and/or to sustain) these systems for
many countries. Even though these devices are used in many research institutes, the technol-

ogy proves to be too expensive for widespread medical use [[10].

Economically more reasonable options are present as well. Considering medium range sen-
sors, for instance, flux-gate magnetometers are considered as very robust and economical
candidates, which can be completely integrated into many modern systems [12]. They are
very commercial products despite being bulky in comparison to other alternatives. Unfor-
tunately, they are not suitable for medical applications as the output signal of these devices
suffer greatly due to external factors. Another alternative is the magnetoresistive sensors;
comparable to flux-gates in application range, these sensors are thin film based and can de-
tect magnetic fields as low as several hundred pT [[13]. When measuring at higher fields,
sensors exploiting the Lorentz force are utilized. The most well-known sensor of this range
are the Hall sensors. These are generally preferred for their successful integration into digital
switches with semiconductor elements. Furthermore, they offer passive operation and low

power consumption but they have limited frequency range and high costs.

INi-Fe-Cu-Cr/Mo alloys.
2Ni-Fe alloys.
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Figure 1.3: Schematic representation of a conventional AIN/FeCoSiB magnetoelectic sensor and
its principle of function. Magnetostrictive material (blue) expands in the presence of an external
magnetic field. Induced strain is transferred to a piezoelectric material (red) via mechanical coupling,
which deforms the piezoelectric crystal and results in an electric polarization along the material’s
thickness. FeCoSiB layer acts as the top electrode.

In summary, it can be said that even though several different devices are able to measure
magnetic fields ranging from high T-fields down to pT-fields, they are not strong enough
to fulfill health care applications. SQUIDs present the golden standard in magnetic sensing
and the sensing of biomagnetic signals in particular, however their elevated costs create the

necessity for an affordable device, which can be implemented in every medical institution.

A potential alternative method is the use of magnetoelectric sensors; i.e., composites of
magnetostrictive and piezoelectric layers coupled via strain transfer (see Figure [I.3). These
sensors have a wide dynamic range and have the potential of detecting biomagnetic signals
for greatly reduced costs. The basic principle of operation is as the following; a magne-
tostrictive material that is subject to an external magnetic field experiences a change in its
dimensions; i.e., strain. It is possible to transfer some of this strain to a piezoelectric mate-
rial via strain coupling, given that both materials are mechanically coupled to each other. In
this case, an electric polarization can be induced in the piezoelectric material as a result of
the magnetic field induced strain in the magnetostrictive material. Hence, sensors utilizing
this relationship would act as a two-ways transducer between magnetic and electric fields,

allowing the detection of one another.

In addition to their simple operation principal, magnetoelectric sensors offer numerous ad-



vantages in terms of costs, fabrication, optimization and performance, as well. First of
all, magnetoelectric sensors are small in size (ranging from um to several mm). Applica-
tion related optimization; e.g., miniaturization, vacuum encapsulation, integration into much
complex integrated circuit systems are all possible since they are fully compatible with the
state-of-the-art MEMS fabrication techniques. They can be produced on various substrate
materials; e.g., silicon, quartz, polymers and shape memory alloys, therefore offering a va-
riety of new possibilities. Unlike SQUIDs, they do not rely on the superconductivity, there-
fore do not require cooling. This is a very important feature, which reduces the individual
sensor dimensions as well as the total device volume and running costs to a great extent.
These sensors can perform at room temperature, under atmospheric pressure or in vacuum
conditions, hence offering application versatility. The latter is further strengthened by the
composite nature of the sensor, which allows the combination of various piezoelectric and
magnetostrictive materials in various connectivity schemes. Current state-of-the-art sensors
can detect magnetic fields in the range of 1pT when operated under a suitable bias field and

at their mechanical resonance frequency.

The major drawback of MEG is the relatively large distance between the signal source and
the detection unit, resulting in a poor signal localization within the brain. Since in MEG,
SQUIDs are combined as arrays and placed at some distance from the head, the distance
between the signal source and the detector increases, further decreasing the already small
signal magnitude. This can be greatly improved using magnetoelectric sensors, since a mag-
netoelectric sensor-array needs not to be placed in a casing and can be brought to close
proximity from the signal source. When all these traits are accounted for, it is fair to say
that magnetoelectric sensors offer a potent alternative to most conventional magnetic field

detection devices.



1.2 Scope of Work

Magnetic field detection capabilities of magnetoelectric sensors currently range up to eleven
orders of magnitude, as shown in Figure [[.1 Hence, further extending these capabilities
towards higher (= 1uT) and lower (< 1pT) field magnitudes would give a magnetic field

sensor, that would outperform its predecessors both technologically and economically.

The current doctoral research aims at the development of magnetic field sensors that use
the principals of the magnetoelectric effect for the detection of sub-pT magnetic fields at
room temperature and in atmospheric pressure. To that end, realization of a sandwich-type
(magnetostrictive—piezoelectric-magnetostrictive), free-standing (partially released from the
substrate) and miniaturized (sub-mm dimensions) magnetoelectric composite sensor design
has been proposed. A sensor that is less susceptible to external noise sources with diminished
substrate clamping and enhanced spatial resolution can be produced by implementing above
designated features, respectively. However, this sensor design is not straightforward to real-
ize and requires various improvements/changes with respect to initially developed Si-based
magnetoelectric sensors within the framework of the collaborative research center CRC 855
"Magnetoelectric Composites — Future Biomagnetic Interfaces" and PAK 902 "Magneto-
electric Sensors for Medicine". Therefore, the overall research is divided into smaller work

packages as follows.

» Fabrication and optimization of thin film constituents

Piezoelectric aluminum nitride (AIN) and magnetostrictive (FeggCo19)78S1 121310E| are
chosen as the constituent materials of the intended magnetoelectric composite sensors.
FeCoSiB is a soft magnetic material with an amorphous structure and polycrystalline
AIN is conventionally fabricated at temperatures that are higher than the crystalliza-
tion temperature (> 350°C) of FeCoSiB [14]]. In order to overcome this predefined
deposition order and to provide design freedom, a low temperature AIN deposition
process is developed as the first step. The process is optimized in such a way that it is
robust and can deliver stress-compensated thin films, which would otherwise influence
the magnetostrictive properties of FeCoSiB. Furthermore, the deposited films provide,
comparable if not superior, material properties (microstructural, piezoelectric, dielec-
tric, etc..) in comparison to the state-of-the-art AIN films deposited at conventional

magnetron sputtering temperatures (200°C —400°C) of polycrystalline AIN. Stress

1(FegyCo10)78Si12B 10 will be noted as FeCoSiB from here on.
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optimization of the deposited AIN thin films and determining its influence on the rele-

vant properties are organized as a stand-alone master thesis project [15].

Sensor designs and fabrication process optimization

Si-based miniaturized magnetoelectric sensors were previously investigated [[16]. How-
ever such research is not present for sandwich-type magnetoelectric composites. There-
fore emerging compatibility issues are solved by adopting a consecutive/additive re-
search path, which resulted in the development/optimization of several new sensor
concepts. These sensors include inverse-bilayer, sandwich-type and symmetrical sen-
sors. Accordingly, previously utilized methods, such as lift-off techniques, are dis-
carded from the fabrication process and are replaced by a combination of photolithog-
raphy techniques and wet/dry etching methods. In this way, all constituent layers are
fabricated consecutively without breaking vacuum and exposing deposited films to at-
mospheric conditions. Among the investigated sensors, inverse-bilayer sensors proved

to be the most successful and are therefore established as the main focus of this thesis.

Miniaturization

The final part of the research focus on the realization of miniaturized composites. Due
to the extremely small size of the intended free-standing sensors (length ~ 1.5mm,
width ~ 300um), a complete new process flow is adapted and both inverse-bilayer and
sandwich-type sensors with sub-mm dimensions are fabricated. With special focus on
selective bulk and surface micro machining techniques, structuring of the composite
stacks and the release of the cantilever structures from the underlying substrates are
realized. Optimized process parameters are determined as a reference for future work
and fabricated sensors are investigated with respect to their magnetoelectric properties.

This subchapter was organized as a stand-alone master thesis project [17]].



Theory

The following chapter provides a theoretical background for the thesis. It is divided into
three main topics with respect to the relevant physical phenomena; piezoelectric effect, mag-
netostrictive effect and magnetoelectric effect. Each respective topic is organized in such a
way that it provides a brief history, necessary background, important materials and material
properties as well as a look into the state-of-the-art. Finally, thin film deposition techniques

are summarized and magnetron sputtering method utilized in this work is presented.

2.1 Piezoelectric Effect and Aluminum Nitride

2.1.1 Introduction

Direct piezoelectric effect defines the appearance of an electric polarization (P) in response
to a mechanical strain (S) and/or the deformation (€) in a crystal in response to an applied
electric field (E). Even though it was initially observed in the mid-1800s by C. Linnaeus
and F. Aepinus, its actual understanding and discovery is mainly due to the interest put into
pyroelectricity by P. and J. Curie brothers [18, p.2]. They have assumed that a piezoelectric
effect would arise in materials with certain crystal asymmetries and have identified the di-
rect piezoelectric effect in single crystal quartz in 1880. In 1881, G. Lippman theoretically
demonstrated the existence of a converse piezoelectric effect; i.e., the generation of stress
when a piezoelectric crystal is subject to an external electric field. 30 years later, W. Voigt
published his work ’Lehrbuch der Kristallphysik’, where he described 20 natural crystal

classes exhibiting piezoelectric properties as well as defining the piezoelectric coefficients



of solid crystals [19, p.816]. Practical applications followed soon after; first E. Ruther-
ford developed a passive listening device known as the hydrophone. In 1917, P. Langevin
fabricated an active ultrasonic transducer; i.e., sonar, using thin quartz crystals sandwiched
between steel plates [20]. Today, piezoelectric materials are used in many applications such

as energy harvesters, sensors, actuators, etc. [21].

Piezoelectric materials can be divided into two big groups; natural and artificial materials.
Initially, there have only been two known piezoelectric materials; quartz and rochelle salt
(KNaC4H40¢ -szﬂ). However, most of the commercially available piezoelectric materials
are artificially produced due to much greater properties in comparison to the natural piezo-
electrics. With respect to the time of their discovery, some of the most important piezoelectric

materials include [18, p.5-15]

* Perovskite materials; e.g., barium titanate (BaTiO3) and lead zirconate titanate
(Pb(Zrx, Ti;—x )O3, PZT with 0 < x < 1),

* Complex relaxor ferroelectrics; e.g., lead magnesium niobate ([Pb(Mg; /3,Nb,/3)O3)),
lead zinc niobate ([Pb(Zn;/3,Nb,/3)O3]) and lead magnesium niobate-lead titanate
([Pb(Mg1/3,Nb2/3)03] 1—x — [PbTiO3]x, PMN—PT),

* Single crystal materials; e.g., lithium niobate (LiNbO3, LN) and tantalate (LiTaOs,
LD),

» Ceramic/polymer composite materials; e.g., polyvinylidene difluoride (PVDEF),
* Modern perovskite materials; e.g., bismuth ferrite (BiFeO3) and titanate (BizTi3O15),

» Wurtzite-type polycrystalline thin films; e.g., aluminum nitrite (AIN) and zinc oxide
(Zn0O).

2.1.2 Fundamentals

Certain materials exhibit low conductivity, both in terms of heat and electricity, due to the ab-
sence of freely moving charges in their atoms. These materials are defined as insulators [22,
p.182]. Dielectric materials, a subgroup of insulators, possess a certain property that leads

to an electric polarization within the material. This polarization occurs either spontaneously

IPotassium sodium tartrate tetrahydrate.
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Figure 2.1: Schematic representation of the direct piezoelectric effect. Strain in the crystal results
in a displacement of the charge centers from their initial positions. Consequently dipoles are formed
and a polarization is observed. Image adapted from p.8].

(polar) or strictly when under certain external stimuli (non-polar). The occurrence of the
aforementioned phenomena, as a response to an external mechanical stress, is known as the
piezoelectric effect p-265]. There are 3 primary contributors to the electric polarization;
electronic, ionic and dipole reorientation-related, where the extend of individual contribu-
tions are dependent on the frequency of the applied electric field p-2]. In principal,
electric polarization is the sum of the electric dipoles and originates from the displacement

of the nuclei and the electrons from their initial position as depicted in Figure 2.1]

One essential requirement of the piezoelectric phenomenon is the absence of crystal symme-
try, since the separation of charges within a symmetrical crystal would produce zero net po-
larization. There are 32 classes of crystal materials, among which 11 classes have a center of
symmetry (centrosymmetic) and are non-polar. Of the remaining 21 non-centrosymmetrical
classes, 20 exhibit piezoelectric effect (see Figure[2.2a) and 10 of them are polar; i.e., exhibit
spontaneous polarization [22} p.18].

Spontaneous polarization refers to a permanent polarization present in a material even when
absent of an applied electric field or mechanical stress. Materials demonstrating this ability
are known as the pyroelectrics. Even though most dielectric materials exhibit a linear re-
lationship between the applied electric field and polarization, this effect vanishes once the
external stimuli is removed. A subgroup of pyroelectrics; i.e., ferroelectrics, on the other
hand exhibit a non-linear behavior, reach a saturation point when the field strength is in-
creased up to a certain point and retain some of their polarization even if the electric field is

removed. A summarized scheme of the mentioned material groups is depicted in Figure[2.2p.

11



a) b)

32 Crystal Classes ~ —— 11 Centrosymmetric

?Xezoelectrjc

. Quartz
21 Non-centrosymmetric —— 1 Non-piezoelectric

N~\'oelect,<1<(\

v
ZnO
Cds GaN

20 Piezoelectric —— 10 Non-pyroelectric \,,\;c\,mc ecty =
Pb[Zr,Tiy ]Os
BiFeO,
. . PbTiO.
10 Pyroelectric —— Non-ferroelectric Bi,TisOy, B
PVDF
LiNbO,
BaTiO,
Ferroelectric PMN-PT

LiTaO,

Figure 2.2: Relationship between crystal classes. a) Crystallographic classification according to
crystal centrosymmetry [18, p.4] b) Examples of dielectric materials and the relationship between
piezoelectric, pyroelectric and ferroelectric materials.

Mathematical Description

Electric polarization (P) can be defined as the sum of charge build-up per unit area where it
develops

P== 2.1)

where, Q is the charge build-up and A is the area.

In piezoelectric materials, this effect is linearly related to the external stress that a crystal
is subjected to. Hence the fundamental relationship defining the charge generation within a

stressed piezoelectric material can be written as

P,=dij-0oji (2.2)

where, F; is the induced polarization, d;j; is the piezoelectric charge coefficient and G is

the mechanical stress with i, j, k = 1-3 [23| p.116].

Essentially, Equation (2.2)) states that the density of generated charge within a piezoelectric
material is proportional to the applied external stress and the material’s inherent ability to
couple the stress to the electric charge. Since piezoelectric effect originates from the cross

coupling between elastic (stress (o) and strain (S)) and dielectric properties (electric charge

12



density (gg) and electric field (E)), tensor relation of the constituent variables are generally
given in the form of constitutive equations for direct and converse piezoelectric effects. The

relationship is as follows

Di:dijk-ij-i-&'g-Ej 2.3)

Sij = djji- Ex+ st - Ol (2.4)

where, D; is the electric displacement, 81-‘; is the dielectric permittivity at constant stress,
S;j is the mechanical strain and sg'kl is the elastic compliance at constant electric field [24,
p-132].

Matrix Notation and Piezoelectric Coefficients of Thin Films

Piezoelectric charge coefficient (d;jx) is a third-rank tensor due to the linear relationship
between the first; 1.e., D and E, and second-rank tensors; i.e., o and S [24, p. 19]. For the sake
of simplicity, it is custom to use the subscripts {ijk} as integers from 1 to 3, corresponding
to the spatial directions, as shown in Figure The notation d31, for instance, represents
the piezoelectric charge coefficient along the axis 3 when the crystal is subject to an applied
stress along the axis 1. Rather than the tensor notation, however, often a matrix notation
consisting of a set of replacement indices is utilized. Accordingly, indices ij or k/ are replaced
by indices p or g, where i, j, k and [ have values 1, 2 or 3 and p, g have values 1, 2, 3,4, 5 or
6 (see Table 2.1))

Table 2.1: Matrix notation of the piezoelectric charge coefficient [25, p. 8].

Tensor Notation Voigt Notation
(ij or ki) (porq)
11 1
22 2
33 3
23 or 32 4
3lor13 5
12 or 21 6

Piezoelectric charge coefficient is also multi-axial, therefore it is possible to have numerous
d coefficients for a given piezoelectric material. In principal, the number of independent

components of a third-rank tensor can be as high as; N = 3% = 27. However there are only
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Figure 2.3: Schematic depiction of the direct and converse piezoelectric effects. Given example is
an AlN thin film fabricated on top of a rigid substrate. AIN is sandwiched between two thin metallic
layers, which act as the top and bottom electrodes. Input and output quantities are depicted with
black and red arrows, respectively. In case of the converse effect, strain manifests in the form of a
thickness change strictly along axis 3 due to substrate clamping.

18 independent components for the piezoelectric tensor, in accordance with the symmetry

considerations of stress and strain tensors (0;; = 0; and S;; = §;, respectively).

These independent components can be given in the matrix form as follows

0 0 0 0 ds O
dig=|0 0 0 ds 0 0

where, d;5 is the shear piezoelectric coefficient.

Within the scope of this work, the piezoelectric component is strained along its length and the
polarization occurs along its thickness. The d; ;. piezoelectric coefficients relate the applied
electric field with the generated strain and for the current work d3; is the relevant coefficient
to maximize [26]]. However, unlike freely vibrating bodies, piezoelectric films deposited on

relatively thick substrates can not freely move in all directions.

Figure [2.3] depicts an exemplary thin film deposited on a substrate. Here, the piezoelectric
film is strongly clamped to the substrate and its movement is restrained. Since the boundary
conditions utilized for the definition of piezoelectric coefficients initially considered freely
vibrating bodies, it is not possible to directly compare bulk properties to the thin film prop-

erties. Therefore, it is necessary to define a new set of coefficients. There are two cases to

14



consider for converse and direct piezoelectric effects.

When a piezoelectric thin film within a composite structure (i.e., strongly clamped to a sub-
strate) is subject to an electric field, in-plane movements along directions 1 and 2 are not
allowed hence in-plane strains are equal to zero. Instead, the piezoelectric film can only
move along its thickness; 1.e., direction 3. Meaning that, as a result of the applied field,
in-plane stresses (along 1 and 2) and out-of-plane strain (along 3) would develop. This is the

so-called converse effect and it can be formulated as

012 =—e31 7 E3 (2.5)

S3 =d33, - E3 (2.6)

where, 07 ; are the in-plane stresses, €31 is the effective transversal piezoelectric coefficient,
Ej3 is the electric field perpendicular to the film plane, S3 is the out-of-plane strain along
direction 3 [27]].

The conditions change for the direct piezoelectric effect. Here, it is necessary to take into
consideration the in-plane strains (along 1 and 2) and out-of-plane stress (along 3) compo-

nents. In this case, displacement that occurs along direction 3 (D3) equals to

D3 =e31 y- (S1+82)+ d33,f- O3 2.7

where, S; and S, are the in-plane strains and o3 is the stress along the thickness of the

piezoelectric film [28]].

Additionally, relevant piezoelectric effective longitudinal (d3 ) and transversal (e3;, f) co-

efficients can be given from the bulk tensor properties as follows [27][29][30]

E
e 2s :
d337f = % =dz3 — E—BE -d31  with d33’f <ds3 (2.8)
33 ST 512
d31 6.1133 .
e3l.f = g 7 — €31 — —f €33 with |€317f‘ > |631‘ (2.9)
511512 €33

where, cf;- is the stiffness constant under constant electric field.

15



2.1.3 State-of-the-art: Thin Film Piezoelectric Materials

There are numerous piezoelectric materials utilized in sensor/actuator applications. In par-
ticular, ferroelectric materials such as PZT and/or single crystals of PMN-PT distinguish
theirselves with their giant piezoelectric coefficients that are several times higher than the
conventional piezoelectrics [31]. Thin film piezoelectric materials, on the other hand, are
not able to compete with these materials in terms of the piezoelectric coefficient. They are,
nevertheless, preferred in many applications due to their orders of magnitude lower dielectric

losses and vacuum permittivities.

Zn0O, AIN and PZT are often utilized as the piezoelectric constituent within magnetoelectric
composite structures. The first two materials have wurtzite crystal structure and are highly
piezoelectric along their thickness, hence require preferentially oriented growth. The prop-
erties of PZT are dependent on its composition and the highest piezoelectric coefficients are

recorded near its near the morphotropic phase boundar (MPB) [33].

These materials offer different advantages/disadvantages over each other considering differ-
ent applications. Therefore, certain figure of merits (FOM) are evaluated in order to choose
the most suitable constituent for a specific application [30][34][35]. In strain-dependent ac-
tuator applications, for instance, it is desired to have a high piezoelectric charge coefficient
(d;j), which relates electric displacement and stress, or strain and electric field [36, p.12].
Considering the sensor applications, on the other hand, it is necessary to have a high piezo-
electric voltage coefficient (g;;), which is a quantity of the electric field produced per unit

mechanical stress applied. The two are related to each other through the permittivity via

d31
31 = (2.10)
8 € - €33

where, & is the vacuum permittivity and €33 is the relative permittivity.

Basically, both d and g are terms related to the stress as the stimulus. For the current work,
however, the external stimulus is strain. Therefore, it is more meaningful to consider another

FOM; i.e., h;;, which relates strain to the electric field as follows

IThe term defines the phase transition between the tetragonal and the rhombohedral ferroelectric phases as
a result of varying the composition and/or as a result of a mechanical pressure [32].
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esl.f
hy = —>— 2.11)
€ €33

where, /31 is the piezoelectric voltage coefficient in a deflected laminated structure [30].

Note that, Equation (2.10) considers freely moving bulk piezoelectric materials whereas
Equation (2.T1) is related to a thin film piezoelectric material that is strongly clamped to
an underlying substrate. Therefore, e3; s is the more relevant coefficient considering the

current work.

In resonating structures the effectiveness of energy transformation from electrical to mechan-
ical energy is an important factor to consider. Part of the electrical energy is dissipated and
transformed to heat and the dielectric loss angle (tan ) is involved in this phenomenon [30].
Therefore, it would be misleading to solely consider the voltage coefficient. To that end,
another FOM, which would take into consideration the dielectric loss of a given material, is
required. Accordingly, dielectric losses and the resulting sensor output can be represented
with the following FOM

e31.f

\/ €0 - €33 -tand

where, tan 9 is the dielectric loss tangent [30]].

FOM,izo = 2.12)

A comparison of thin film piezoelectric materials and important coefficients/FOMs are sum-
marized in Table Despite not having the highest piezoelectric coefficients, AIN surpass
both ZnO and PZT in terms of the relevant properties. It is advantageous against materials
such as PZT and PMN-PT at producing large voltages in response to very small excitation,
mainly due to its low vacuum permittivity. Even though, AIN and ZnO exhibit comparable

h31 values, AIN has a much higher piezoelectric FOM, mainly due to its much smaller tan o.

There are other requirements for a good piezoelectric material as well. For instance, it is
crucial to minimize noise contributions, which in case of piezoelectrics, is generally observed
as the pyroelectric noise. When utilizing insulators, high resistivity and dielectric breakdown
strength (voltage) are desired. It is important to note that AIN is a highly resistive material
10719Q.cm— 10714 Q- cm) witha high bandgap (6.2eV). ZnO and PZT, on the other hand,

have rather low bandgaps (3 and 3.4eV) and are real semiconductors [37]].
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Table 2.2: Piezoelectric and dielectric properties of thin film materials used in sensor applications

Parameter Unit Zn0O PZT AIN
d337f pm/V 5.9 60 ... 130 5.1
es1.f C/m? -1 -8 ..-12 -1.3
£33 - 10.9 300 ... 1300 10.2
h31* GV/m -10.3 -0.7...-1.8 -11.3
tan 0 (%) 10°V/m  1..10 1.3 0.1
FOMpiep**  10°Pal/2 3,10 4.8 43
References - (281301 [28][301[381[39] (28]
* (see Equation (2.TT))

*#* (see Equation (2.12))

FOM is given in absolute values

Another aspect to consider is the fabrication methods, which usually include temperature
treatments during or post fabrication. This necessitates high chemical stability as an impor-
tant factor to consider. Furthermore, it is also important to keep processing temperatures
as low as possible when used in combination with amorphous magnetostrictive alloys that
have low Curie temperatures, above which magnetic materials lose their ordering. This is
achievable using magnetron sputtering methods, whereas much higher process temperatures
are necessary with other techniques. Once the prerequisites are met, they are easily repro-
ducible, giving them an advantage over other piezoelectric materials. Since AIN satisfies
the majority of these conditions overall, it is chosen as the piezoelectric constituent in the

current work.

2.1.4 Aluminum Nitride

AIN is a highly commercialized material due to its superior properties in high frequency
acoustic devices. It is fully compatibility with the semiconductor technology. Its most com-
mon products include signal processing devices such as the surface acoustic wave (SAW)
and bulk acoustic wave (BAW) sensors as well as resonators, RF filters, actuators, energy

harvesters, etc. [31]].

Unlike ferroelectric piezoelectrics; e.g., PZT, AIN has a linear piezoelectric behavior and
does not exhibit spontaneous polarization (Figure 2.4p). PZT, on the other hand, exhibits a
non-linear behavior and produces a so-called butterfly loop, as a strain response to an applied
electric field (Figure[2.4b). This originates from the domain wall switching of a ferroelectric

material [[37].
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Figure 2.4: Typical displacement and polarization curves of thin film a) AIN and b) PZT. Investigated
samples have 1.6 um and 1 um piezoelectric layer thickness, respectively. ds3 r coefficient is derived
as 5.3 pm/V and 130 pm/V for the samples, respectively.

AIN is a polar piezoelectric material with a hexagonal wurtzite crystal structure (see Fig-
ure [2.5p). Its polar direction is decided during its growth process and can not be changed
unlike PZT [21} p.4]. In case of AIN, electric polarization is induced in the AIN crystal re-
sulting in a charge build-up on the material surface only when the material is subject to an
external stress. With respect to the sensor design utilized in this work, aforementioned elec-
tric polarization shall be maximized along the c-axis of the AIN crystal; i.e., perpendicular
to the underlying substrate’s surface (see Section [2.1.2). Therefore it is essential to have a

preferred growth direction during the synthesis of the material.

A closer look into the atomic arrangement within the hexagonal wurtzite structure of AIN is
depicted in Figure . The theoretical lattice parameters are a = 3.11A and ¢ = 4.98A,
resulting in a near-ideal c/a ratio of 1.6 [40]. In theory, thin film AIN can grow in Al- or N—
polarity depicted as yellow and blue shadowed tetrahedra, respectively. In practice, however,
sputter deposited AIN exhibits N—polarity. Even though the reason for such behavior is not
fully understood, one possible explanation can be the ion bombardment during film growth

favoring the N-polar formation [41]].

A close-up to the N—polar molecular tetrahedra is depicted in Figure [2.5d [42]. The atomic
radii of Al and N are reported as 1.25A and 0.70A, respectively [40]. Here, a single Al
atom is surrounded by 4 N atoms and they are connected to each other via covalent bonds.
Due to the high difference in terms of electronegativities (1.6 and 3.0, respectively), there is
ionic component to the bonding in AIN as well. When AIN crystal is subject to an external

stress along its (001) direction, the N—Al-N bond angle seen in the tetrahedra changes; i.e.,
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rotation of the bonds and the crystal deforms. In this way, the center of the positive and

negative charges displace and gives rise to electric polarization [31]].
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Figure 2.5: Crystal structure of AIN. a) An exemplary wurtzite hexagonal crystal structure, grey area
depicts a (001) prism. Most probable thin film growth directions are shown with red arrows. b)
Unit cell of AIN with grey and blue spheres representing N and Al atoms, respectively. The lattice
parameters are a = 3.11 A and ¢ = 4.98 A, respectively. The shadowed prisms show the tetrahedral
molecular geometry for Al-polar (yellow prism) and N—polar (blue prism) AIN crystals. c) Plane
view of the hexagonal crystal structure from top and the arrangement of the atoms. d) Close-up to
the polar prisms. Angles of a N-polar molecular tetrahedra and lattice lengths are noted. Here, the
central Al atom is surrounded by N atoms located at the corners of the tetrahedron. Image adapted

from [43].
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2.2 Magnetostriction and FeCoSiB

First magnetic material known to men is a mineral called magnetite (Fe304), which is a
natural magnet. However the first deliberate use of the magnetism can be related to the 11!
century, in the form of a magnetic compass invented in China. This magnetic compass;
a long lodestone bar would rotate until approximately aligning itself along the north-south
axis due to the Earth’s magnetic field when allowed to freely float on water. Even though
the real understanding of the Earth’s magnetic field did not emerge until the end of the 16"
century, the use of compass nevertheless encouraged navigation and geographic discoveries.
The fundamental breakthrough is achieved in 1820 by H. C. @rsted. He discovered that
an electric current flowing through a wire would produce a magnetic field and revealed the
connection between electricity and magnetism for the first time [44, p.2]. This discovery
led to the imminent development of the electromagnets and in the long run made major

contributions to the development of the unified electromagnetic theory.

2.2.1 Magnetic Materials

Magnetism is a quantum mechanical phenomenon originating from the fundamental prop-
erties of the atom and its electrons. Electrons experience two types of rotational motions;
i.e., spin and orbit. The former describes an electron’s spin around itself and the latter along
an orbit stretching around the atom. Both of these rotational movements create magnetic
moments, which can interact and couple with each other. This phenomena is known as the

spin-orbit coupling [44, p.87].

In simplistic terms, an electron orbiting an atom (and moving along the orbit) is analogous to
an electric current flowing through a conducting wire. It has a magnetic dipole moment; i.e.,
a vector with a direction and a magnitude. Hence the sum of all magnetic dipole moments of
all electrons of an atom defines its magnetic dipole moment. Note that in theory all materials
are magnetic, but in practice not all materials produce effects that are reasonably large [44),
p-12].

The magnetic behavior of different materials under the influence of a magnetic field is given

as

M=y, H (2.13)
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where, M is the magnetizatiorﬂ Xm 1s the magnetic (volume) susceptibility and H is the

magnetic field strength.

According to Equation (2.13), the magnetic susceptibility is a dimensionless value that
can either be positive or negative. The sign of the constant simply relates to the attrac-
tive/repulsive nature of the material but tells little about the application relevance of the
investigated material. When considering the design of a magnetic sensor, for instance, it is
rather necessary to know the amount of magnetization that the material can sustain when
under the influence of a magnetic field. Hence another constant; i.e., relative magnetic per-
meability (u,), is often used for the characterization of magnetic materials. Relative perme-
ability gives a material’s magnetic permeability (u) with respect to the permeability of the
free space (up). The former relates the external magnetic field strength to the magnetic flux
densityE] via

B=po(H+M)=po(1+xmH=po-pr-H=p-H (2.14)

where, B is the magnetic flux density [45] p.10].

There are five types of magnetic materials with respect to their magnetic characteristics; dia-,

para-, antiferro-, ferri- and ferromagnetic materials.

* Diamagnetic materials; e.g., Bi, Cu, He, have negative and small susceptibilities
m = 1072), hence repulse magnetic fields [45, p.107]. Their permeabilities are lower
than 1 [44, p.16]. Even though the effect is extremely small and is not easily observ-

able, diamagnetic materials are often utilized in magnetic levitation.

» Paramagnetic materials exhibit positive but small susceptibilities in the range of ¥, =
107> — 1072 [45, p.110]. Their permeabilities are greater than 1 [44, p.16]. These
materials; e.g., Mg, Al, Na, etc., lack the ability to retain any magnetization in the
absence of an external magnetic field. In practice, they are considered non-magnetic

since the net sum of all magnetic dipole moments of a paramagnet equal zero.

* Antiferromagnetic materials magnetize weakly in the direction of an external field.
They exhibit small and positive susceptibilities that are comparable to those of para-

magnetic materials [45, p.110]. Their permeabilities are greater than 1 [44, p.16].

IThe magnetic moment per unit volume.
%In the International System of Units (SI).
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Materials such as Cr and Mn, certain oxides; e.g., MnO and FeO, as well as certain
Fe-based compounds; e.g., FeMn, Fe,O3 (hematite), etc., belong to this group. An-
tiferromagnetic materials produce a mixed magnetic ordering, in which neighboring
magnetic moments with same magnitudes are aligned in opposing directions with each

other; i.e., parallel and anti-parallel [44, p.151].

» Ferrimagnetic materials; e.g., FezO4 (magnetite), Zn, etc., exhibit a similar behavior
to antiferromagnetic materials; they possess neighboring magnetic moments aligned
along opposing directions with each other [45, p. 118]. However since these mo-
ments have different magnitudes, magnetic susceptibilities of ferrimagnetic materials

are rather high; approximately 3 for BaFe|,O9 (barium ferrite) for instance [44, p.16].

» Ferromagnetic materials; e.g., Fe, Co, Ni, etc., can retain almost perfectly aligned
magnetic moments even at the absence of an external magnetic field [46, p.323]. Fer-
romagnetic materials are the most widely utilized magnets with their very high sus-

ceptibilities that are up to 10° higher than paramagnets.

Highest relative permeability value (u, = 10°) belongs to the commercially available fer-
romagnetic Metglas®2714A alloy [47]]; an amorphous metallic glass ribbon fabricated by
rapid solidification and consisting of Fe, Ni, Co, B and Si. The magnetic material utilized
in this research; i.e., thin film FeCoSiB, is a ferromagnetic material as well. Hence for the
remainder of the chapter, the discussion will strictly focus on the ferromagnetic materials
and the related theory. Further reading about the uncovered topics can be found in numerous
textbooks [44]][45]][46].

2.2.2 Ferromagnetic Materials

Ferromagnetic materials contain small regions with uniformly oriented dipoles known as the
magnetic domains [44, p.116] These dipoles, randomly oriented in the paramagnetic state,
tend to align along an energetically favorable direction when below the Curie temperature

and lead to the formation of a spontaneous magnetization.

Magnetizing/demagnetizing of ferromagnets produce characteristic curves known as the mag-
netic hysteresis loops. An exemplary hysteresis loop and a close-up to its positive region are
shown in Figure [2.6p and Figure [2.6b, respectively. Starting from a non-magnetized state,

the material begins to magnetize with the influence of an external magnetic field applied

23



M +--
~iv
Me Vi ﬁ\
= IR [ i
— 0 He, H, o
s ali

™
-M, I
H (a.u.) 0 Hc
1 IR
ii) i) iv) v)

Figure 2.6: Magnetic properties of an exemplary ferromagnetic material. a) Typical magnetic hys-
teresis curve as a result of complete magnetization-demagnetization cycles in opposing magnetic field
directions. Relevant hysteresis points are marked on the plot. Positive magnetic field - positive mag-
netization region of the hysteresis loop is highlighted with a gray background color. b) Close-up
to the highlighted region. Magnetically easy axis and the direction of the external magnetic field
are shown. Note that the easy axis includes two directions that oppose each other. Relevant points
of the hysteresis curve are marked with italic roman letters. Accordingly demagnitization (i), in-
(iv), saturation magnetization (v) and remanent magnetization (vi) points are marked. c) Schematic
representation of the respective domain structure at the relevant points. i) Demagnetized state. Mag-
netization of the individual domains is along the magnetically easy axis. Net magnetization equals
zero. ii) Increasing magnetic field starts the domain wall motion. iii) Domain walls are further moved
as the magnetic field continues to get stronger. iv) Since all domain walls disappered (at the teal ar-
row), magnetization starts its rotation towards the external field direction. Magnetization value is less
than the saturation value and equals; M = My - cos0, where 0 is the angle between the magnetization
and the external field. v) Magnetic saturation, perfectly aligned with the external field. vi) Removal
of the external field results in the formation of domains following the energy minimization principle.
Spontaneous magnetization is present. Image adapted from [44, p.328].

along a certain direction. A fully magnetized state (M;) is reached when the magnetic field
strength exceeds a certain saturation field strength (Hy). Further increase of the magnetic
field strength does not influence the magnetization of the material. When the external field
is removed, the material retains most of its magnetization. This state is known as the rema-
nent magnetization (M,) state, where a ferromagnetic material forms a permanent magnet.
In order to remove this property, it is necessary to apply a magnetic field in a direction that

opposes the initial magnetizing field. At an external magnetic field strength that is equal to
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the coercitive field strength (—H,), a fully demagnetized state is reached. Further increasing
the magnetic field strength along this direction brings the material to its negative saturated
state (—M;). Removing the magnetic field results in a remanent magnetization state (—M,)
and reversing the field direction and increasing its strength results in the demagnization (at
—H,) and saturation of the material once again. Note that the magnetization curve is sym-
metrical with respect to both magnetization and magnetic field axes; i.e., while the directions
of the applied field and the magnetization reverse, their absolute magnitudes stay unchanged.
On the other hand, given hysteresis represents a typical hard magnetic material; i.e., a ferro-
magnet, which would require a large saturation and demagnitizing fields such as permanent
magnets. For a FeCoSiB thin film, for instance, these field requirements would shrink to

extremely small magnitudes reflecting the soft magnetic nature of the materialﬂ

The process of magnetization, as schematized in Figure 2.6, is previously explained by P.
Weiss (44, p.116]. Weiss assumed the magnetization as the conversion from a multi-domain
to a single domain state along the direction of an applied external field. Looking into the
positive magnetization — positive magnetic field part of the previously investigated hystere-
sis curve (Figure[2.6p); at the coercive magnetic field (Figure[2.6b -i), magnetic domains are
spontaneously magnetized and are aligned along the magnetically easy axis of the material
(Figure [2.6f -i). They are separated from each other by domain walls and since neighboring
domains are magnetized in opposing directions, they simply cancel each other out in terms
of magnetization, hence the net magnetization of the material equals zero. When a magnetic
field, which is greater than the coercitive field strength is applied (Figure 2.6b -ii), domains
that are energetically favorable begin to grow at the expense of those that are not via do-
main wall motion (Figure[2.6f -ii). These are demonstrated as arrows that point upwards and
downwards, respectively. Further increase of the field strength (Figure -1i1), prolongs
the domain wall motion (Figure [2.6f -iii) until the domain walls are completely moved out.
At a strong enough magnetic field strength (teal arrow), all domain walls disappear. After
this point, the magnetization responds to further magnetic field increase (Figure [2.6p -iv)
simply by rotating and aligning along it (Figure 2.6 -iv). When the material is saturated
(Figure [2.6b -v), a single domain state, which is perfectly aligned with the external field is
present (Figure 2.6 -v). If the external magnetic field is removed, the material moves to
its remanent magnetization state (Figure [2.6b -vi). At this state, the single domain structure
is divided into a multi-domain structure with magnetic domains aligned along the magnet-
ically easy axis once more. The magnetization of domains that are along the magnetically

easy direction exceeds the magnetization of those that are in the opposing easy direction,

"Hysteresis curves of an exemplary soft and hard magnetic material can be seen in Figure [2.10.
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hence a spontaneous magnetization is present (Figure [2.6c -vi). It can be summarized that
the magnetization characteristics of a ferromagnet is due to the domain size increase and

magnetization rotation in multi-domain and single-domain states, respectively.

Formation of Magnetic Domains

As discussed, a magnetic material does not retain a fully magnetized single domain state once
the external magnetic field is removed. Instead, it tries to establish a certain equilibrium
and decreases its energy by forming multiple magnetic domains [48]]. The mechanism is

schematized considering a ferromagnetic single crystal material in Figure [2.7]

Initially, a uniformly magnetized finite body is in the single domain state. As a result of
the magnetization, magnetic poles form at the sample surface and produce another magnetic
field known as the demagnetizing field. The latter is a counter-acting field, which decreases
the energy of the magnetic material (often called magnetostatic energy) and is proportional

to the material’s own magnetization via

H;j=-N;-M (2.15)

where, H,; is the demagnetizing field and N, is the demagnetizing factor p.53].
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Figure 2.7: Schematic representation of domain formation. A magnetized sample forms a demagne-

tizing field that acts against the magnetization. Magnetic energy of the sample diminishes everytime
it divides into multiple domains. Image adapted from [|Z_3| p.351].
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The energy of the magnetic material is reduced by a half upon formation of a two-domain
state as shown in Figure -i. Here, the single domain is split into two domains that are
magnetized in opposite directions and are separated by magnetic transition zones known as
the domain walls [44, p.276]. The distance between north and south poles diminish greatly
thus reducing the spatial extent of the demagnetizing field. Domain divisions continue by
continuously decreasing the magnetic energy until an equilibrium is reached as shown in
Figure [2.7p -iii. Note that at this point, there is no longer any demagnetizing field since the
flux circuit is completed within the sample body and consequently the magnetic energy is
zero [46, p.352].

Magnetic Anisotropy

Magnetic anisotropy describes the directional dependency of the magnetic properties. Afore-
mentioned easy magnetization direction, for instance, refers to a specific direction along
which alignment of dipoles is much easier in comparison to any other direction. This easy
direction, or magnetic anisotropy, can be the result of an intrinsic property or can be induced
via different mechanisms [46, p.351]. Most important anisotropies include magnetocrys-

talline anisotropy, shape anisotropy and stress anisotropy.

Magnetocrystalline anisotropy is an intrinsic property, which is related to the crystal lat-
tice of the material in question and suggests that it is easier to magnetize a material along
a certain crystallographic direction in comparison to the others. The forces governing the
magnetocrystalline anisotropy are related to the interaction of the spin magnetic moment
with the crystal lattice; i.e., the spin-orbit coupling [44) p.204]. A single crystal iron, for
example, has its magnetically easy/hard directions along the <100> and <111> directions,
respectively [46, p.348]. In this case, the external magnetic field strength required to align
all of the materials dipoles along the <100> direction is much smaller than <111>. In prin-
cipal, easy magnetization direction of a material represents the direction of its spontaneous

magnetization.

Stress anisotropy is an induced property and refers to the alteration of the magnetic prop-
erties when under an applied stress [44, p.258]. It is related to the change in the magnetic

susceptibility of a magnetostrictive material and is further discussed in Section[2.2.3]

Shape anisotropy is another induced property, and is related to the geometrical shape of the

magnetized substance. As seen in Figure[2.7] magnetic poles form at the surface of a material
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upon magnetization. If no external influence is present, these poles create a demagnetization
field of their own. Considering a cantilever shaped sample, as is the case in this work, a much
stronger demagnetizing field would form at the poles in comparison to the center region of
the specimen [44, p.49]. Hence a much weaker demagnetizing field would be observed, if

the magnetization of the sample is along its length (long axis).

2.2.3 Magnetostriction
Magnetostrictive Effects

Magnetostriction defines the ability of a ferromagnetic materials to change its dimensions
when subject to a magnetic field until a saturation point is reached. It was first demonstrated
by J. P. Joule in 1842 [49]. During the magnetization process (see Figure [2.6), domain
boundaries within a ferromagnetic material displace from their initial locations and magnetic
dipoles rotate in response to an external magnetic field. As a result, the material undergoes a
macroscopic deformation [50]. Additionally, a secondary effect has been discovered in 1865
by E. Villari. This effect, known as the magnetoelastic effect, is the inverse magnetostrictive
effect and refers to the change of the magnetic susceptibility of a magnetostrictive material
when the material is subject to an external stress [51]]. Both effects are schematized in Fig-
ure @ Other magnetostriction related effects; e.g., Matteucci and Wiedemann effects, are

not discussed here but can be found in various textbooks [52, p.37].

a) Direct Effect b) Inverse Effect

H=O/////‘/% 0=0/////%

H>0 /’% ////%—'
|‘|:|

Hoo / = ,,
|‘ [ 1

Figure 2.8: Schematic representation of the a) direct and b) inverse magnetostriction. Each rectan-
gular prism represents a magnetic domain. Red and blue colored areas emphasize opposite poles.
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Macroscopic Model of Magnetostriction

A simple schematic, describing the mechanism of magnetostriction, is given in Figure 2.9
Here, atoms and their electrons are schematized as black dots surrounded with oval lines, in

which black arrows represent the net magnetic moment. Accordingly;

* Above the Curie temperature (7 > 7.), magnetic sample is in the paramagnetic state,
hence it has an initial length of L (). At this moment, all magnetic dipoles are ran-

domly distributed producing no net magnetization.

 If the material is brought below its 7. and if the material is crystalline, then mag-
netocrystalline anisotropy dominates and forces a rotation of all dipoles into a semi-
ordered alignment (ii). A spontaneous magnetization occurs due to the spin-orbit cou-
pling effects and a change in the sample’s length is observed (AL'). This phenomenon
is known as the volume magnetostriction [53]. Note that one would not observe the
influence of the magnetocrystalline anisotropy, if the material in question would be an
amorphous magnetic material. Instead, a similar length change could be induced as a

result of the shape anisotropy.

AL

iii)
T< TC Hext
H=H, «—

*
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+

Figure 2.9: Schematized mechanism of magnetostriction. A ferromagnetic rod and its internal struc-
ture are depicted. i) Above T, there is no magnetic order. All magnetic dipoles (black arrows) of
indivudial atoms (black dots) point in random directions. The total net magnetization of the rod
equals zero. ii) Below T, spontaneous magnetization occurs. All spins rotate and align along the
magnetic easy axis (depicted with the blue arrow). A certain length change (AL') occurs. iii) An
external field is applied along the short axis of the rod. All dipoles rotate in order to align in the same
direction. A bigger length change (AL) occurs until reaching the magnetic saturation. Note that all
dimensional change depictions are exagerated. Adapted from [|Z_Z| p.257].
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* When a magnetic field along another direction is applied, all dipoles would start to
rotate, until the saturation field strength (H = Hj) is reached (iii). In the given example,
the direction of the magnetic field is 90° to the easy axis of the material and the induced

strain equals too AL.

Hence the magnetostriction of the specimen equals

a= AL
L

(2.16)

where, A is the longitudinal (Joule) magnetostriction, AL is the length change and L is the

length of the material in question [44, p.240].

Since Joule magnetostriction is a three-dimensional and anisotropic shape change; not only a
longitudinal but also a transversal magnetostriction (4,) occurs, due to volume preservation.

The latter equals

A=—— (2.17)

Note that the magnetostriction can either be positive or negative; suggesting that both an
expansion or a shrinkage along the applied magnetic field direction can occur for different
materials. The effect is extremely small, however, with a maximum length change (A;) at the
saturation magnetization of any given ferromagnet. Highest magnetostriction is observed in
Terfenol-D (TbxDy; _xFe;, x~3), reaching A; = 1400 - 1076 [54]. Tt is important to point out
that a spontaneous magnetostriction is always present in a ferromagnet when the material is
below its Curie temperature (7' < 7). However, due to its relatively higher magnitude, the

term magnetostriction is often utilized for the saturation magnetostriction.

Magnetostriction and Piezomagnetic Coefficient

Magnetostriction is dependent both on the direction and the magnitude of the external mag-
netic field, therefore follows the magnetization curve. An exemplary magnetostriction curve
of a soft magnetic material is shown in Figure[2.10p. Unlike magnetization, magnetostriction
does not change sign when the magnetic field direction is reversed by 180°. Therefore, A,

of a ferromagnet is equal at both saturation fields; i.e., —H, and H;. This is due to the linear
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Figure 2.10: a) Magnetization of a soft ferromagnetic material (blue) in comparison to a hard fer-
romagnetic material (dashed). The area enclosed by the hysteresis loop is much smaller for a soft
magnetic material and is related to the dissipated energy per sample volume. Note that the curve is
normalized with respect to the saturation magnetization (My). b) Magnetostriction and piezomagnetic
behavior of an exemplary soft magnetic FeCoSiB thin film. The piezomagnetic coefficient exhibits a
maximum where the permeability of the material is the highest. Note that despite the sign change of
the magnetic field, the magnetostriction curve is symmetrical with respect to y-axis.

relationship between the magnetostriction and the square of the magnetization;

3 M2
=22 (57 ) 2.18
) Si M, ( )
where, Ag; is the isotropic saturation magnetostriction (of a cubic crystal for instance) and

M = M; - cosO with 0 being the angle between the magnetization and the external field.

When considering sensor applications, it is desirable to have a material with a high magnetic
susceptibility. Magnetic susceptibility indicates how much a material can magnetize in re-
sponse to magnetic field, hence reflects to the induced strain per field. The latter is known as

the piezomagnetic coefficient and equals to the slope of the magnetostriction curve

m_ A
df = = (2.19)

where, di’;’ is the piezomagnetic coefficient.

Piezomagnetic constitutive equations can be written in a similar fashion to the piezoelectric

constitutive equations as well [55, p.9]
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Bi=d"-o+ug-Hj (2.20)

Sij=sti-o+df}-Hj (2.21)

where, B; is the magnetic induction, o is the stress, ,ufj is the permeability at constant stress,

S;j is the strain and sg is the elastic constant at constant magnetic field.

Exemplary magnetostriction and piezomagnetic curves of the amorphous magnetostrictive
alloy utilized in this work; i.e., FeCoSiB, are given in Figure . Note that the material is
extremely soft magnetic, hence exhibits almost no hysteresis unlike hard magnetic material.
The derivative of the magnetostrictive curve (purple) with respect to the external magnetic
field exhibits a maximum where the slope of the magnetostriction curve (teal) is the highest,
but decays when the material reaches its magnetic saturation. Hence the magnetic field
magnitude where the material has the highest piezomagnetic coefficient defines its working
point. Therefore, magnetostrictive materials are subject to a DC bias field in order to bring
them to their working point in a magnetoelectric sensor concept. Further discussion of this
topic will be presented in Section [2.3.4]

2.2.4 State-of-the-art: Magnetostrictive Materials

Considering their use in magnetoelectric composites, magnetostrictive materials that satisfy
necessary material properties are limited. Most important parameters to consider include the
magnetic permeability, remanent magnetization magnitude, coercive magnetic field strength,
saturation magnetostriction magnitude, piezomagnetic coefficient (d33), Curie temperature
and electromechanical coupling coefficient (k33) [68][56]. A summary of the most important

magnetostrictive materials is given in Table [2.3]

Table 2.3: Material properties of relevant magnetostrictive materials utilized in magnetoelectric com-
posites

Material / Parameter Structure U A (1076 a@% (107/0e) k33 T.(°C) Ref.

NiFe;0, (NFO) PC 20 26 ~0.06 - 535 [56]157)
TbFe, (Terfenol) PC - > 1000 0.1 - 423 (58]
#Tby 4Feq ¢/Feg.5Coo.5 ML - 30 0.1-04 - 140/980 [39][60]
Tb,Dy,_xFe, (Terfenol-D) SC 6..10 900 ... 1620 ~12 044 380 [56][611162]
FeGa (Galfenol) PC 20 -2100 ~0.3 - - [56][63][64]
*FeGaB A 400 70 7 - - [65][66]
FeBSiC (Metglas 2605SA1/SC) A > 40000 27/60 ~4 037 370  [56][62][63][67]

*Except Tbg 4Feg ¢/Fep sCog 5 and FeGaB, all properties belong to bulk materials.
Material structures; SC: single crystal, PC: polycrystal, A: amorphous and ML: multilayers of amorphous TbFe and crystalline FeCo.
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Among these materials, FeBSiC and FeGaB come forward with their extremely high per-
meabilities and piezomagnetic coefficients. On the other hand, they have very small mag-
netostrictions in comparison to materials such as TbFe,, TbDyFe; and FeGa. Despite their
extremely high magnetostrictions, however, materials such as TbDyFe; lack in terms of 3%
hence require very large magnetic fields to flip the direction of the magnetization. This neces-
sitates the application of relatively high DC bias fields; e.g., 450 Oe for TbDyFe, [69]. This
i1s more than an order of magnitude higher in comparison to what is necessary for FeBSiC
and FeGaB [63]][65]].

2.2.5 Thin Film FeCoSiB

Aforementioned FeBSiC refers to relatively thick (10um — 35um) layers, which are func-
tionalized in the form of macroscopic sensors bonded by epoxy resin. They are produced via
melt spinning; i.e., fast cooling from very high temperatures [70, p.1725]. Magnetostrictive
materials used in this work, on the other hand, are thin films (1 ym — 3 um) of FeCoSiB alloy
fabricated using magnetron sputtering. Similar to the metallic glasses, chosen alloy target
contains large amounts of Fe and Co in order to provide the necessary magnetic properties
whereas Si and B are the glass-forming constituents [/1]. In contradiction to the thick layers,
thin films of FeCoSiB are deposited at low temperatures; i.e., < 100 °C, either with [72] or
without [[73]] the presence of a bias field (~100 Oe) during deposition.

Since these thin films are deposited on thick substrates, they are not able to freely move.
Therefore, it is more reliable to evaluate the magnetostrictive properties of these films using
the magnetoelastic coefficient (b) instead of the magnetostriction. Magnetoelastic coeffi-

cien is related to the magnetostriction via

1+Vf
Ey

A =—b( ) (2.22)

where Ey and vy are the Young’s modulus and the Poisson’s ratio of the film, respectively
[74]

Previous research demonstrated that, these films exhibit a magnetoelastic coefficient as high

as b = 10MPa at saturation, following a post deposition magnetic annealing process [72].

I'The determination of & is discussed in Section m
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2.3 Magnetoelectric Effect and Composite Sensors

2.3.1 Introduction

The magnetoelectric effect describes the appearance of an electric polarization (P) in re-
sponse to an applied magnetic field (H) or the change in magnetization (M) in response to an
applied electric field (E) [[75]]. The very first prediction of the magnetoelectric effect belongs
to P. Curie during his work on the crystallographic symmetry. According to P. Curie, the
conditions of symmetry showed that a body with asymmetric molecules would get dielec-
trically polarized when placed in a magnetic field and magnetically polarized when placed
in an electric field [76]]. Half a century later, I. E. Dzyaloshinskii further investigated the
asymmetry argument and correctly predicted that there was a linear reciprocal interaction
between the local electric field (in a medium) and its magnetization, as well as between the
local magnetic field (in a medium) and its electric polarization [77]. His prediction was ex-
perimentally confirmed by D. N. Astrov, who induced magnetization in an antiferromagnetic
Cr,0O3 single-phase compound by applying an electric field at various temperatures [7/8]].
Experimentally proven existence of the magnetoelectric effect led to further investigation on
additional single-phase materials; e.g., Ti,O3, GaFeO3, Mn3B70;31, LiCoPOy4, LiNiPOy,
etc. [79]. However, utilization of the magnetoelectric effect did not prove to be easy due
to very low effect magnitude and near zero Curie temperatures of the investigated materials.
O’Dell et al. previously offered that a high magnetoelectric effect could only be achieved in
a material which combines high electric and magnetic susceptibilities [80]. The only known
single-phase material adequate to this description is epitaxially grown BiFeO3, which shows
a magnetoelectric coefficient (aﬂ that is an order of magnitude higher in comparison to
other single-phase materials [81]. In 1972, J. van Suchtelen proposed the composite effect
[82][83]. The very first artificial magnetoelectric material was fabricated by unidirectional
solidification of an eutectic composite of BaTiO3 (BTO) and CoFe;O4 (CFO). Observed
magnetoelectric voltage coefficients (OcMEﬂ were as high as 130mV/(cm - Oe), representing
an approximately two orders of magnitude improvement compared to the intrinsic magneto-
electric effect. This discovery encouraged the pursue of the previously unattainable applica-

tions via use of composites instead of single phase magnetoelectric materials [[79].

!'The magnetoelectric voltage coefficient, a, is given in V/Oe.
2The magnetoelectric coefficient, 0y, is given in V/(cm - Oe).
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2.3.2 Fundamentals

Magnetoeletric effect offers the possibility to manipulate electric and magnetic orders through
each other. Previous research mainly focus on two material groups, which were identified

as major source for large magnetoeletric coupling; i.e., multiferroic and composite materials

(see Figure[2.11).

Magnetoelectric Effect in Multiferroic Materials

Multiferroic materials are ferroic order materials, which combine two or more ferroic prop-
erties; i.e., spontaneous magnetization (Co, Fe, Ni, etc.), polarization (BaTiO3, PbTiO3) and
deformation (NiTi alloys), in the same single phase [84]. There are several cross-coupling
phenomena involving the ferroic order parameters, as shown in Figure 2.11p. In partic-
ular, cross-coupling between magnetic/electric fields and their respective products (polar-
ization/magnetization) give rise to the magnetoelectric effect. Simply put, magnetoelectric
effect enables the control of dielectric polarization by a magnetic field and the manipulation
of magnetization by an electric field [68]. Accordingly, the linear relationship between these

parameters; i.e., direct and converse magnetoelectric effects, can be written as

AP = ooyAH (2.23)

UoAM = apAE (2.24)

where, P is the electric polarization, H is the magnetic field, oy and o are the magnetoelec-
tric coupling coefficients between electric and magnetic fields, yg is the vacuum magnetic

permeability, M is the magnetization and E is the electric field [68].

The interactions shown in Figure [2.11p can be better understood via the Landau theory of

phase transitions, where the expansion of the free energy of a material can be written as [[79]]

F(E,H) = F() —Pl-SEl' —MISH,' — ieoeijE,-Ej — E‘LL()‘LLZ']'H,'HJ'

| | (2.25)
— OCl'jEl'Hj — EﬁijkEiHij — E’yiijiEjEk — ...

where, Fy is the initial free energy.

35



a) b) o
Multiferroic Electric Field

Ferromagnetic # Ferroelectric

\

Magnetically
Polarizable

Polarizable

Magnetoelectric Stress Magnetic Field

Figure 2.11: a) Relationship between multiferroic and magnetoelectric materials. Image adapted
from [85]]. b) Schematic depiction of the coupling mechanisms with respect to the expansion of the
free energy described within the Landau theory of phase transition [86|]. The applied fields and the
stress tensor (E, H, 6 ) produce electric polarization, magnetization and strain (P, M, €), respectively.
Electrostatic, magnetostatic and elastic energies in materials are represented with electrical suscep-
tibility (xF), magnetic susceptibility (x™) and the elastic tensor (s). The remaining terms represent
the linear magnetoelectric (o), piezomagnetic (q) and piezoelectric (d) effects .

Differentiation of Equation (2.25) produces the terms for polarization and magnetization

p(E.d) = - 2F
ST OE 1 (2.26)
=P’ +&¢;,Ej+ aiHj + Eﬁiijij +YijHiEj— ...
B i) = — OF
ST OH; 2.27)

1
:M,S—F,U(),Llinj—F(XijEi—l—ﬁijkEiHj—l-E%jkEjEk—

where, Pl-S and MiS are the spontaneous electric polarization and magnetization, respectively.
Electric and magnetic susceptibilities are denoted with € and u, respectively. B;j and ¥k
are the higher-order magnetoelectric effects. Finally, & is the magnetoelectric voltage coef-
ficient, which represents the induction of polarization by a magnetic field (MEpy) or magne-
tization by an electric field (MEE).

This last effect is designated as the linear magnetoelectric effect or simply the magnetoelec-
tric effect. It can be deducted from Equation (2.26) and Equation (2.27), that a multiferroic
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material can be electrically (and/or magnetically) polarized by an applied magnetic (and/or
electric) field by means of the magnetoelectric effect. The magnitude of the magnetoelectric

effect is limited by the microscopic mechanisms that drives it [87];

o < K X} (2.28)

where, kF and yM are electric and magnetic susceptibilities, respectively [88].

Magnetoelectric Effect in Composites

Unlike the first group, composite materials do not possess inherent magnetoelectric proper-
ties but the magnetoelectric effect appears as the product property of physically separated
magnetostrictive and piezoelectric phases [86]. Magnetoelectric coupling in composite sys-
tems can be mediated in three distinctive ways; through (i) strain, (ii) charge carrier and (iif)
spin exchange [89][90][91]. The initial method, strain-mediated magnetoelectric coupling,

has been the point of interest in the recent years, as is in this work.

Considering a simple composite system, where piezoelectric (phase 1) and ferromagnetic
(phase 2) materials are mechanically attached to each other. If such a system is placed under
an applied magnetic field, the latter material would change its shape and produce a strain, as
its magnetization aligns itself along the direction of the external field. The generated strain
would then be transferred to the piezoelectric phase, since both phases are elastically coupled
with each other. This coupling would shift the dipoles (within the piezoelectric phase) from
their initial position, producing a net polarization that can be observed as an electrical signal.
Above described strain-mediated coupling of intrinsically non-magnetoelectric materials is

known as the composite magnetoelectric effect [79].

In principal, composite magnetoelectric effect is a product property in the form of

Phasel: A— B
A—C (2.29)

Phase2: B—C
where, one phase exhibits the property A — B and the other B — C. These properties
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Table 2.4: List of well-known piezoelectric and magnetostrictive materials used as constituents of
magnetoelectric composites. Table taken from [68)].

Piezoelectric Phase Magnetostrictive Phase

Lead-based: Metals:

Pb(Zr,Ti)O3 (PZT) Fe, Co, Ni

Pb(Mg, 13ND, /3)03 — PbTiO3 (PMN-PT) Alloys:

Pb(Zn, /3Nby /3)03 — PbTiO3 (PZN-PT) FeNi-based

Pb(Mg,/3Nb, 3)y(ZryTi1—x)1-yO3 (PMN-PZT) FeCo-based

Pb(ll’ll/szl/z)Oj, — Pb(Mg1/3Nb2/3)03 CoNi-based

—PbTiO3 (PIN-PMN-PT)

Lead-free: NioMnGa

BaTiO3 (BTO)-based Permendur (FeCoV)

(Ko.sNags)NbO3 (KNN)-based Galfenol (FeGa), FeGaB

Nag 5Biy5TiO3 (NBT)-based Samfenol

Others: Terfenol-D (T'b|_DyyFey)

AIN Fe-based metallic glasses (FeBSi, FeBSiC, FeCoB)
ZnO FeCoSi, FeCoSiB, FeCuNbSiB

(Sr,Ba)Nb,0s5 Ceramics:

Ba;_,Sr,TiO3 (BSTO) Fe304

Bi,_.SrTiO3 (BST) Zno1Fey 904 (ZFO)

LazGas55i014 (LGS) La,SryMnO3 (LSMO)

LazGas5Tag 5014 (LGT) La,CayMnO3 (LCMO)

Polyurethane (PU) Ferrites or doped Ferrites (e.g., NiFe,O4 (NFO),
Polyvinylidene difluoride (PVDF) CoFe;04 (CFO), Li ferrite, Cu ferrite, Mn ferrite

combined suggests that the application of variable A (or B) results in the effect B (or A),
respectively. Hence the composite exhibits a new property A — C that appears as the prod-
uct property of variables A and B. Practically, composite magnetoelectric effect depicted in
Equation translates into the cross interaction of the magnetostrictive and piezoelectric

effects and can be summarized as

magnetic  mechanic

MEy = — X -
mechanic electric

(2.30)

electric mechanic

MEgr = — X X
mechanic magnetlc

where, MEp and MEF represent direct and converse couplings, masnetic /mechanic and mechanic [eectric

define magnetostrictive and piezoelectric effects, respectively [92].

Basic principal to achieve a high magnetoelectric effect is to combine materials with high
piezoelectric and magnetostrictive properties with good interfacial coupling between the two.
Accordingly, numerous material combinations have been investigated. PZT-based ceramics
have been the number one choice among piezoelectric materials, due to their high piezo-

electric coefficients and easy processing. On the magnetic side, materials such as TbDyFe;
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[93]] and Feg;B;3.5Si35C, (Metglas) [[67]] are subject to much attention due to their high
magnetostriction and permeability, respectively. A list of the well-known piezoelectric and

magnetostrictive materials used as components of magnetoelectric composites are given in
Table 2.4l

Connectivity

The magnitude of the composite magnetoelectric response and the efficiency of the strain
transfer depend mainly on the quality of the phase connectivity and the interfacial bonding
between the constituents [68]. Mechanical bonding is evaluated through the coupling factor
and it varies with respect to the connectivity scheme of the composite. The influence can be

better understood from the formula expressing the magnetoelectric coefficient of a composite

oP
= —_—— p- . m
oyE 3 dal k.-d (2.31)
with
P A
p = — m = — 2_ 2
d 33 and d FF7, (2.32)

where, oyr is the magnetoelectric coefficient, k. is the coupling factor; i.e., quality of the
strain transfer between two phases (0 < k. < 1), d” and d" are the piezoelectric and piezo-

magnetic coefficients, respectively [94].

Clearly, a low coupling is not desirable, since effective strain transfer is one of the most
important, if not the most important, variable from the application point of view of the mag-

netoelectric composites.

Connectivity defines different composite geometries and can be given by the ratio (2+3)! 31!
where n represents the number of phases in the composite. Hence there are 10 possible con-
nectivity schemes for two-phase composite systems. Most common connectivity schemes
utilized in bulk composites include; (0-3) type particulate composites, (1-3) type fiber/rod
composites and (2-2) type laminate composites where the numbers (0 to 3) denote the con-
nectivity of each phase within the composite [95] (see Figure [2.12)). Initial composites uti-

lized the (0-3) type connectivity; i.e., a composite consisting of single-phase magnetic par-
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Figure 2.12: Schematic illustration of common connectivity schemes: a) 0-3 particulate composite,
b) 1-3 fiber/rod composite, c) 2-2 laminate composite. The color code is as follows; red represents
the piezoelectric phase, blue represents the magnetostrictive phase and grey represents the substrate
on which the composite is fabricated. Image adapted from [@]

ticles (0) embedded in a piezoelectric matrix (3) [83]. However, this type of connectivity
offered limited coupling resulting in a greatly reduced magnetoelectric coefficient, generally
one to two orders of magnitude below 1V/(cm-Oe) [94]. Even though they are easier to
process, they suffer from interdiffusion of phases during sintering, mechanical defects such
as pores and high dielectric losses [79].

Bulk 2-2 Laminate Composites

A connectivity scheme, which solves the coupling problem as well as structural problems,
is the (2-2) laminate (horizontal) system. Laminate composites using this connectivity con-
sist of simple bilayers or multilayer structures, where the piezoelectric and magnetostrictive
layers are alternated on top of each other, usually in the form of sandwich structures. The
first demonstration of a sandwich structure was presented by Ryu et al., achieving a giant

magnetoelectric voltage coefficient of 4.7V /(cm-QOe) using a PZT/TbDyFe; trilayer disc
[96][97]]. Further examples of such laminates can be found in [61]][96][98]] .

These laminate composites exhibit various working modes of operation with respect to the
direction of polarization and magnetization of the constituents. Fundamental working modes
include T-T (transverse magnetization and transverse polarization), L-T (longitudinal magne-
tization and transverse polarization), L-L (longitudinal magnetization and longitudinal polar-
ization) and T-L (transverse magnetization and longitudinal polarization) (see Figure [2.13).

A late addition is the reworked version of the L-L mode; the so-called push-pull mode [99].
A direct relation between the operation mode and the magnitude of the magnetoelectric effect
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Figure 2.13: Fundamental operation modes of laminate structures; a) T-T (transverse magnetization
and transverse polarization), b) L-T (longitudinal magnetization and transverse polarization), c) L-
L (longitudinal magnetization and longitudinal polarization), d) T-L (transverse magnetization and
longitudinal polarization). Blue and red colors represent magnetostrictive and piezoelectric com-
ponents, respectively. White and black arrows represent respective magnetization and polarization
directions. Image adapted from [@]

was previously demonstrated and respective transverse/longitudinal magnetoelectric coeffi-

cients were formulated as

o — 0E; B —2d§]q’1"1vm (233)
E31 — OH.  (om m\e TP P PVelPm _o(gP )2 ’
U (8T +515) &5 vP+ (57 +515)&3 V™ —2(d3;)*Vm

JE; —2d5, g5
= TP TP
OH; (5T +5T5) €33 VP + (s7) +505) €3 v —2(d5))?vm

O,y = (2.34)

where, df) is the piezoelectric coefficient, v, v7, s, 57, s7, and s{, are volumes and elastic
compliances for the magnetostrictive and piezoelectric phases, g1 is the piezomagnetic co-

efficient of the magnetostrictive phase and finally 83T3’P is the permittivity of the piezoelectric

phase [SE)(57].

Accordingly, the highest magnetoelectric coefficient was obtained from the L-L and push-
pull operation modes in Terfenol-D/PZT/Terfenol-D and Terfenol-D/PMN-PT/Terfenol-D
laminates. This anisotropic behavior of the magnetoelectric coefficient can be explained
by the directional dependency of the piezoelectric effect and the influence of the electrode
spacing. Above mentioned ferroelectric materials are poled in order to maximize their piezo-

electric properties in one direction; i.e., longitudinal or transversal. However, both materials
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exhibit much larger dielectric displacements along the longitudinal direction (length) com-
pared to the transversal (thickness) direction, hence the respective piezoelectric coefficients
differ. Despite obtained high magnetoelectric coefficients, this method is not easily applica-
ble to the current work where the piezoelectric film thickness never exceeds several microns.
In this work, piezoelectric phase acts as a parallel-plate capacitor and is sandwiched between
two conductive layers; i.e., electrodes. In order to utilize longitudinal polarization, one has
to implement electrodes on the side-faces of the piezoelectric layer. However, this is very
difficult considering the methods utilized in this work. Furthermore, such a configuration
would suffer from short-circuiting problems due to the fact that FeCoSiB is a conductive

material.

2.3.3 Thin Film (2-2) Laminate Composites

Horizontal composites discussed so far are all macroscopic heterostructures that are gene-
rally fabricated by epoxy bonding of individual layers followed by an appropriate curing step
at 80°C — 100°C [[101]]. In other words, epoxy acts as the transfer layer between the piezo-
electric and magnetostrictive constituents. Hence the coupling in such composites, despite
being higher than other connectivity schemes, is not optimal neither. Even though, there have
been recent optimization efforts concerning the laminating processes [[102], the use of epoxy
is generally a disadvantage. Epoxy is much softer than the piezoelectric/magnetostrictive
constituents of the composite structure and even the thinnest epoxy layer can absorb most of
the generated strain, which in return can greatly diminish the amount of the transferred strain
between phases. Additionally, such a method is not compatible with the fabrication methods
that are utilized within this work, mainly due to temperature limitations. Therefore from the
application point of view, it is always preferable to have a thin film based magnetoelectric

composite [[103]].

A suitable alternative is the thin film deposition technology [[104]. It offers a superior interfa-
cial adhesion and strongest coupling between phases. Furthermore, it allows the fabrication
of high quality films ranging from a few nanometers up to several micrometers in thickness.
One of the early examples is the inspiring work of Zheng et al. by pulsed lased deposi-
tion (PLD) [[105]. Fabricated specimen were epitaxial, self-assembled hexagonal arrays of
CoFe;04 nanopillars embedded in a BaTiOz matrix, which showed a strong coupling of
electric and magnetic parameters through the heteroepitaxy of the two lattices. Afterwards,

Greve et al. reported sputter deposited (2-2) thin film composites with a giant magneto-
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electric coefficient as high as 737V /(cm-Oe) [106]. Additional methods include physical
vapor deposition, chemical vapor deposition, chemical solution deposition, molecular beam
epitaxy and several others [68]. All these methods can be applied for the fabrication of both
single phase and composite structures, under various conditions and on numerous substrates;
e.g., Si, quartz, etc. Hence the compatibility with MEMS technology brings ease of process-
ing, where more complicated sensor structures; e.g., partially released composites and/or
multilayer composites can be produced. The main focus for the remainder of this work will
rather be given to the horizontal multilayer heterostructures fabricated by magnetron sput-
tering method. Nevertheless, interested parties can look into the referenced review paper for

reports on single phase thin film materials [|86].

2.3.4 Working Principle of Thin Film Magnetoelectric Composites
Influence of the Magnetic Bias Field

An exemplary AIN/FeCoSiB magnetoelectric composite sensor produced on a thick non-
piezoelectric substrate is shown in Figure [2.14a. At the initial case, there is no external
magnetic field applied. When the composite is subject to an external magnetic DC field, the
magnetostrictive phase starts to change its shape and shifts the magnetostriction curve. Ac-
cordingly, the linear coupling between the magnetic polarization and the mechanical strain;
i.e., piezomagnetic curve (d" = 94/om) shifts as well. At some particular external mag-
netic field magnitude, the slope of the magnetostriction curve (Figure [2.14p) reaches its
maximum value. This specific point coincides with the highest peak of the piezomagnetic
(Figure [2.14b) and magnetoelectric (Figure [2.14f) curves, where the latter is simply due to
elastic coupling. The field necessary to induce enough magnetization, so that the slope of
the magnetostrictive curve reaches its maximum, was previously defined as the external bias
field (Hpigs)-

This correlation can be explained with the following coupling relation

oT 9D 8E‘ as (2.35)

“ME:'a_SXﬁXEXﬁ

where, T is the mechanical stress, S is the mechanical strain, D is the electric displacement,

E is the electric field and H is the magnetic field. The first part of the equation is related with
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the piezoelectric component, thus not relevant here. Therefore the relation can be simplified

to

oy ccan = 5 _ 92

=55 = an (2.36)

where, A is the magnetostriction [[107].

Equation (2.36) proves the afore discussed influence of the magnetic material and the elastic
coupling between phases on the magnetoelectric coefficient. Figure [2.14p and Figure [2.14f
depict how A, d™ and oy behave under the influence of the magnetic DC field. The working
point is defined with respect to the magnetostrictive properties of the magnetic component,
since it exhibits a maxima at a specific DC magnetic field under off-resonance condition
[68]].

Equation (2.36)) further depicts the dependency of the magnetoelectric coefficient on the
magnetostrictive phase. Similarly, necessary bias field magnitude is also dependent on the
permeability of the utilized magnetostrictive phase. In other words, it is material specific.
Even though the application of a bias field leads to a huge effect increase, this property
is probably the biggest drawback of the magnetoelectric composites, since the composite
effect is very small in the absence of it. Bias field requirements of different magnetostrictive
materials can be seen in Table

Influence of the Mechanical Resonance

Application of an external DC magnetic field is not the only way to enhance the magnetoelec-
tric effect. Tilley et al. demonstrated that an improvement of the magnetoelectric response
can be observed when the modulation frequency of the applied field coincides with magnetic,
electrical or mechanical eigenmodes of the magnetoelectric system [79][[108]]. Considering
thin film magnetoelectric composites fabricated on thick substrates, magnetoelectric effect
can be enhanced orders of magnitude when the frequency of the modulation AC magnetic
field (fac) matches the natural resonance frequency (fies) of the composite structure [[109].
Note that the modulation field shall be applied alongside and in the same direction as the DC
bias field. This behavior presents both an advantage and a disadvantage from the application
point of view. Despite the enhanced sensing capabilities near the resonance frequency, this

dependency limits the use of the magnetoelectric sensors to a specific frequency bandwidth,
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Figure 2.14: Magnetoelectric behavior as a function of DC magnetic field. a) Exemplary Fe-
CoSiB/AIN magnetoelectric composite sensor and relevant constituents. b) Magnetoelectric com-
posite sensor under the influence of external magnetic field. At the initial state, there is no applied
external magnetic field. In presence of an external magnetic field, magnetostriction (dark blue) in-
creases and bends the composite downwards. A and d™ are the magnetostriction and the piezomag-
netic coefficients (light blue), respectively. d™, which equals to the derivative of the magnetostriction
curve with respect to applied magnetic field, reaches its maximum peak where the slope of the mag-
netostriction curve is at maximum (red dots). Maximum magnetoelectric coefficient (Qyg, green)
follows the same behavior as well. This material specific magnetic field is defined as the bias field;
i.e., Hpc = Hpjus. Note that AIN is a linear piezoelectric material Section

which can not cover wide ranges (see Figure [2.13).

Resonating systems can have multiple resonance frequencies and modes. Initially investi-
gated magnetoelectric composites, where a piezoelectric layer is sandwiched between two
magnetostrictive layers for instance, operated in the expansion mode and possessed natural
frequencies as high as several kHz (see Figure ). First longitudinal frequency (f%) of

such a composite can be given as
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Figure 2.15: Influence of the mechanical resonance on the magnetoelectric voltage coefficient. a)
Resonance enhancement in the exemplary sandwich-type laminate. f,.s ~ 89 kHz and Hpc = 55 mT
Image adapted from [56|]. b) Resonance enhancement in an exemplary bilayer laminate. f,.s ~ 750 Hz
and Hpc = 0.6 mT Image adapted from [106)].

ft= L (2.37)

RENCET

where, [ is the length, p is the average density and s the elastic compliance of the laminates
[S6][110].

However it is not advantageous to work at these frequencies since sensors operating at high
frequency suffer from the Eddy currents; i.e., currents induced in a magnetic material accord-
ing to the Faraday’s law of induction [44, p.409]. Eddy currents circulate in the magnetic
material and produce a high amount of power loss due to heating (/ 2. Rjpss), Which in return
deteriorates the sensing abilities. Since f is inversely proportional to the composite length,
decreasing it below 1kHz, for instance, would result in a two orders of magnitude extension

in the composite length [56]]. Clearly, this is not an applicable solution.

Therefore an alternative method is adopted in order to reduce the resonance frequency. That
is the use of bilayer systems, rather than sandwich structures and engaging the bending vi-
bration mode arising from the lack of structural symmetry [109][110][111]]. In this case, the
resonance movement is dominated by the underlying thick substrate and the magnetoelectric
effect is further enhanced by the quality factor (Q = fws/a;) [112]. Petrov et al. previously
investigated acoustic mode frequencies as well as different vibrational options of a bilayer
composite, which include free-to-vibrate at both ends, fixed at both ends and fixed at one

end configurations [113]]. This model concluded, that there occurred an enhancement in the
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magnetoelectric coupling at the lowest bending resonance of a composite with one end fixed
and one end free to vibrate structures. These composites demonstrated magnetoelectric volt-
age coefficients slightly below 1kV/(cm-Oe) [[106]. Resonating systems experience certain
losses; i.e., damping, from cycle to cycle. Recently, several kV/(cm-Oe) magnetoelectric
voltage coefficients were reached by reducing the damping, either via substrate thinning [[72]

and/or under vacuum operation [/114]].

Figure 2.15p depicts the resonance enhancement of the magnetoelectric effect in an exem-
plary thin film magnetoelectric composite fabricated on a Si substrate. In this case, the

resonance frequency of the first bending mode can be given as

(2.38)

with

Es

Eerp =1 v. (2.39)

where, n is the mode order, A, is a dimensionless parameter, L and 4 are the length and the
thickness of the cantilever, p is the density of the individual materials, E.rf is the effec-
tive Young’s modulus of the substrate with E; and v being the Young’s modulus and the

Poisson’s ratio of the substrate [|115]].

It is important to note that even though thin film composite systems are far superior in terms

of the magnetoelectric voltage coefficient, their bandwidth is greatly limited to several Hz.

Influence of the Quality Factor
The relationship between the quality factor and the sensor output can be investigated through

a simple model of a damped mechanical oscillator [[116]. According to this model, the

frequency dependent output magnitude of the mechanical oscillator (G(f)) equals
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Figure 2.16: Frequency dependent output magnitude and the influence of the quality factor [116]].
Quality factor is considered as Q = 300.

G(f) = (2.40)

JO- + ()

where, Q is the quality factor and f;.; is the resonance frequency.

Figure depicts the calculated G(f) for an exemplary mechanical oscillator with Q =
300. At the resonance frequency, the output magnitude of the mechanical oscillator is en-
hanced by the quality factor since G(f) = Q. However, this enhancement does not take into

account any loss mechanism; i.e., displacement noise density.

Influence of the Electrode Size

In magnetoelectric sensors, increasing the volume of the magnetostrictive material improves
the SNR [117]]. In conventional thin film bilayer sensors, FeCoSiB is deposited as the top
layer and therefore functions as the top electrode [[72]]. This results in top electrodes that
stretch across the whole cantilever length, leading to a large sensor capacitance. The latter
is beneficial, since it improves the voltage gain of the charge amplifier. However, the strain
and the bending stress in a magnetoelectric resonant sensor, which is clamped at one end and
operating at the first-bending mode, are maximum near the bending point of the sensor and
gradually decrease as the electrode length extents away from that point [[118]. This behavior

can be seen in Figure[2.17p and b for the strain and the stress, respectively. Therefore despite

48



40 | | | | N | 15 | | | ! | N |
——FeCoSiB ——FeCoSiB
—AIN E I ——AIN
30 -
| 10} .
3 g
o 20 1s
w S 5| |
10 -
0 .) 1 " 1 " 1 " 1 n 0 H " 1 " 1 "
-5 0 5 10 15 20 -5 0 5 10 15 20
Free-standing Length (mm) Free-standing Length (mm)

Figure 2.17: Modeled a) strain and b) stress distributionof individual constituent layers in a resonat-
ing magnetoelectric sensor as a function of the electrode length. For all modeling, Q = 300.

the increased gain, overall sensor properties deteriorate for larger top electrodes.

This problem can be solved by changing the sensor stack configuration into an inverse-
bilayer order; i.e., substrate/FeCoSiB/AlN/electrode. In this way, the top electrode dimen-
sions can be optimized in a way that it is confined where the bending is highest and the

charge generation can be maximized [103].

2.3.5 State-of-the-art: Magnetoelectric Sensors

It was discussed that several bulk and thin film based magnetoelectric composites exhibit
high magnetoelectric effect under various working conditions. Composites exhibiting the
direct magnetoelectric effect are utilized in many application fields such as magnetic sensors,
current sensors, transformers, gyrators, energy harvesters and memory devices [68]]. There
are numerous review papers and books, which summarize thoroughly all the current and
prospect applications of all the devices based on the direct and converse magnetoelectric
effects [119]].

Magnetic field sensing of AC and/or DC magnetic fields is the topic of interest of the cur-
rent work. Magnetoelectric composites aiming at these applications are required to address
and fulfill several goals; i.e., operating at low frequencies, having a high sensitivity and
the detection of very low magnetic fields in room temperature and to ensure a wide band-

width. In biomedical applications, for instance, these goals range between 1072 Hz to 10°
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Hz for frequency, pT/ Hz'/2 to fT / Hz!/2 for magnetic detection limit and 0.1 Hz — 100 Hz for
bandwidth, respectively. To that end, various research groups adapted different constituents
(bulk and thin film) combined in various ways (epoxy bonding and thin film deposition) and
build numerous sensors (resonant and non-resonant) of different geometries (bimorph and
sandwich). Considering all of these, state-of-the-art magnetoelectric composites and their

important parameters are summarized in Table [2.5]

Presented composites are classified in terms of their components and their thicknesses. The
first group includes composites with thick magnetostrictive layers, which are generally com-
bined with piezoelectric components via epoxy bonding. In this approach, it is possible to
implement a variety of commercially available piezoelectric materials; e.g., PMN-PT, PZT,
PVDF in combination with highly magnetostrictive materials; e.g., Terfenol-D, Metglas,
etc.. Individual components can be magnetized and polarized in various directions in order
to obtain different operational modes. However, as is previously discussed, the use of epoxy
decreases the coupling in these composites hence the magnetoelectric coefficient values do
not reach kV/(cm - Oe) range. Nevertheless, they present great sensing capabilities both in-

and off-resonance applications.

The second group includes thin-film based composites that are generally fabricated via sput-
ter deposition of individual constituents on top of each other. Ensuring a great coupling
between the magnetostrictive and piezoelectric layers, this type of composites possess the
disadvantage of strong clamping by the thick Si substrate, on which they are deposited. On
the other hand, their suitability for MEMS technology allows the use of various lithography
and etching processes to thin down or completely remove the underlying substrate. These
composites exhibit the highest magnetoelectric voltage coefficients as well as the lowest
limit of detection (LOD) values. Furthermore, they are easily miniaturized and can form

sensor-arrays that can be used for non-invasive brain imaging.
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Table 2.5: State-of-the-art magnetoelectric composites and important properties.

Magnetoelectric Composites

Magnetoelectric Composites Speciality Dimensions substrate Hpce oME LOD Sres Ref.
(mm) (um) (Oe) (V/(cm-Oe)) (pT/ Hz!/2) (kHz)
Thick-film based:
Terfenol-D / PMN-PT L-T 6x2.5 - 400 2.2 ~ 40 1 [120]
Terfenol-D / PMN-PT Push-Pull 15%x6 - 500 30.8 ~1 77.5 [e1]
FeGa / PMN-PT L-L 14x6 - 750 36.2 (1) ~ 2(0.01) 91 (1) [69]
(TbCo, /FeCo) / AIN L-T Bilayer 18 x5 - 9 30 (4) - 35 [121]
Terfenol-D / PZT Symmetric Bimorph 16 X6 - - 70 - 34 [156]
Thick-film and Metglas®based:
Metglas® / PVDF L-T Sandwich - Lorar < 100 8 238 (7.2) <10 50 (1) [100]
Metglas® / PVDF L-T Bilayer - toral < 100 8 310 - 50 [100]
Metglas® / PZT (2-1) Sandwich - - 4 500 (22) — 22 (1) [98]
Metglas® / PMN-PT Push-Pull - - 8 52 5.1 (D) [102]
Metglas® / PZT Self Biased - - - 380 (12) - (30) 33.7(1) [122]
Thin-film based: all L-T mode all Si substrate
FeCoSiB / AIN Trenched 20 x2 140 6 737 (3.1) - 0.75(0.1) [72]
FeCoSiB / AIN Trenched 25 %3 130 6 1800 - 0.33 [[106]
FeCoSiB / AIN Encapsulated 0.9x0.2 Si04 =7 -26 1900 27 7.1 [1123]
FeCoSiB / AIN Self Biased 25 %3 650 - 96.7 10 1.26 [[124]
FeCoSiB / PZT Sol-Gel PZT 25%x2 300 4 200 2.6 0.98 [34]
FeCoSiB / AIN in Vacuum 25 %3 90 10 20000 - 0.15 [114]
- 1x0.2 SiOx -6 18 12000 300 4.7 [114]

FeCoSiB / AIN Self Biased 23.3x2.3 300 - 860 8 (180) 1(0.01) [125]
FeCoSiB / PZT Tuning Fork 25%x2 350 - 3400 0.5 0.96 [126]
FeCoSiB / AIN Inverse-Bilayer 25.2 x 2.2 300 +2.1 5000 0.4 0.87 73]

Values given in paranthesis represent off-resonance measurements. In macroscopic samples, the biggest dimensions are provided.



2.4 Thin Film Fabrication

Thin films can be fabricated using various methods, which can be considered within two big

groups; chemical and physical deposition techniques [[127, p.171].

* Chemical vapor deposition (CVD) techniques include; spin coating [128]], chemical
solution deposition [129], metal organic CVD [130]], plasma enhanced CVD [131] and

atomic layer deposition [[132], etc..

* Physical vapor deposition (PVD) techniques include; sputtering [[133, p.181], pulsed

laser deposition [134, p.4] and molecular beam epitaxy [135], etc..

In this work, sputtering is the method of choice for the fabrication of all thin films due to
its relative simplicity, high and uniform film quality even at low process temperatures and
its full integration into MEMS processing. Therefore other techniques will not be discussed
here. Nevertheless, further reading concerning other thin film fabrication methods can be
found in textbooks such as [[136]] and [[137].

2.4.1 Sputtering

Sputtering is a physical vapor deposition technique, where a target material is eroded and its
atoms are deposited onto a substrate in the form of a thin film. It is used both in industrial
and scientific applications due to its many advantages such as the target material variety, rel-
atively low process temperatures, resulting high film quality, reproducibility, high deposition
rates, large processing areas, etc.. Sputtering offers versatility and ease of processing since it
allows the deposition of both metallic and isolating compound films onto different substrate
materials. Furthermore, modern devices using this method can be equipped with multiple

target materials at once and realize the fabrication of multilayer composite materials.

Figure [2.18p depicts a conventional sputtering setup designed in the parallel-plate configu-
ration, where a DC excitation is utilized. Given setup consists of a target material (cathode)
and a substrate (anode) separated with a distance (L). They are placed in a vacuum chamber
and the chamber is filled with an inert gas. Argon (Ar) is the most commonly chosen gas
due to its high molecular weight, which increases the sputter yield of the target atoms. The
substrate is usually grounded but can also be connected to a RF generator in order to apply

an additional (RF) bias voltage.
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Figure 2.18: Basics of sputtering. a) Schematic depicting a parallel-plate DC-glow discharge setup
in a vacuum chamber containing an anode and a cathode that are separated with a distance L and
occupied by Ar plasma. Cathode is connected to a DC power source and is grounded. The dark-space
shield around the cathode (black) is grounded as well. Anode is connected to a RF generator and is
grounded. A magnetron ring is present behind the cathode. lonization phenomenon and current flow
in a plasma is depicted: i) initiating electron, ii) electron-impact ionization and iii) ion bombardment-
induced secondary electron emission. Blue, red and gray circles are electrons, positive Ar ions and
Ar atoms/molecules, respectively. b) Close-up to the planar magnetron structure and the behavior of
the magnetic fields. Images adapted from a) [137, p.471] and b) [I137, p.482].

The principle of operation is as follows; when a negative potential is applied to the cathode,
free electrons present in the chamber are accelerated by the emerging electric field (E). As
the energetic free electrons collide with Ar atoms present in the chamber, Ar atoms become
both excited and ionized. The latter leads to the generation of positive Ar ions (Ar™) as well

as more secondary electrons through the following reaction

Ar+e = Art+2e” (2.41)

When a high enough sputter pressure is provided, Ar ions in the plasma go through consec-
utive collisions and the plasma density increases. As a result of the potential difference be-

tween the cathode and the positive plasma, these ions accelerate towards the target and initi-
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ate the sputtering process. Sputtering process defines the knocking-out of target atoms and/or
ionized clusters by the bombarding ions as a result of momentum transfer [[136, p.319].
Therefore, it is necessary that the momentum transfer is energetic enough to overcome the
surface binding energy of the most-weakly-bound target atom [136| p.321]. When the sput-
tering of the target material is succeeded, the ejected atoms and/or clusters travel through the

plasma and condense on the substrate, where an homogeneous film growth occurs.

2.4.2 Magnetron Sputtering

Despite its simplicity conventional sputtering has an inherent weakness, that is its depen-
dency to energy; typical DC glow discharge plasma operates at pressures in the range of
0.03 mbar — 3 mbar and at potentials (V) of approximately between 1kV —2kV [137, p.472].
Thin films deposited at such relatively higher pressures often suffer from impurities and
degraded film quality. Moreover, the fundamentals of the method makes it impossible to
operate below the given pressure range since in that case the number of collisions an elec-
tron experiences (before it escapes to the anode) is too small and the deposition rates are

extremely low.

Often a magnetron system, which creates magnetic trapping fields close to the target surface,
is installed behind the target in order to overcome this limitation [[138] p.223]. An exemplary
planar magnetron structure and its influence is depicted in Figure 2.18pb. Here, electrons that
are already accelerated towards the target by the electric field are caught by the trapping
magnetic fields and curve into the magnetic orbits as a result of the Lorentz force acting on
them [137, p.382]. The Lorentz force is described as the combined force acting on a charged

particle; e.g., electron, which is in electric and magnetic fields. Hence the total force equals

F=Fg+Fpg=q.E+qg.vxXB (2.42)

where, F is the combined force, g, is the electron charge, v is the electron velocity, E and B

are the electric and magnetic fields, respectively [138] p.156].

In this manner, electrons are forced to hit the target surface several times before they can
escape to the anode. This interaction results in a much higher sputter yield as more atoms
are ejected from the target. It further increases the ionization rate due to an enhanced gener-

ation rate of secondary electrons [139, p.559]. Furthermore, when operating at low process
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pressures, energetic particles bombarding the target material retain most of their energy due
to reduced number of collisions in the plasma. This is very beneficial for the quality of the
deposited films and its effect will be discussed in the following chapters (Section[4.1.3)). On
the other hand, an enhanced sputter yield, where the magnetic field lines are stronger, leads
to heterogeneous material erosion. In any case, the use of magnetron systems successfully
improves the pressure limitations of the DC sputtering process by an order of magnitude

down to 10> mbar and allows the fabrication of higher quality thin films.

2.4.3 Reactive Magnetron Sputtering

AIN thin films can be fabricated from a pure Al target via reactive sputtering method. Re-
active sputtering allows the deposition of compound materials by adding a reactive gas into
the process chamber during the sputtering process. The process is complex in nature and can
be easily influenced by individual variables such as the process parameters, substrate mate-
rial, gas composition, etc.. A comprehensive theoretical model and in-depth analysis of the
reactive sputtering in general was previously presented by Berg et al. [[140]. Nevertheless,
a short summary of the typical process behavior during a reactive deposition process will be

presented here as well.

When a metal target is sputtered in an inert gas atmosphere, interactions occur at the target
and substrate’s surfaces. When an additional reactive gas is introduced into the process
chamber, however, the reactive gas interacts with all non-passivized surfaces. As a result,
compound formation occurs not only on the substrate surface but also on the chamber walls
as well as on the target itself. This phenomenon is known as the target poisoning [141].
As the target gets covered with the insulating compound, a charge accumulation starts to
occur on the target’s surface. This leads to the formation of a secondary voltage between the
target material and the surface, which eventually equals the applied cathode voltage. Unless

addressed, compound formation on the target surface leads to eventual plasma failure.

Target poisoning is inevitable during reactive sputtering but it can be reduced and/or pre-
vented to a great extent using RF and pulsed DC (PDC) power sources (see Section [2.4.4).
The rate at which the target gets poisoned is dependent on the reactive gas flow hence it is
also possible to optimize it to an extent. Additionally, the amount of reactive gas present dur-
ing the process establishes an hysteric behavior with three different deposition modes [[136,
p.341][142]. These modes produce films with different stoichiometry and are known as the

metallic, transition and compound modes as given in Figure
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Figure 2.19: Target poisoning and different deposition modes during reactive sputtering. Influence
of the reactive gas over sputter rate is depicted. The hysteric relationship between the reactive gas
flow and a) the sputter rate b) partial gas pressure. The hysteresis loops are divided into 3 zones.
Image adapted from [137, p.480][138, p.218]. c) Influence of the erosion trench on target sputtering.
While the majority of the target is being covered by the compound, erosion trench initially delays
compound formation due to enhanced material erosion. Extensive reactive gas presence eventually
leads to full target coverage. Decrease of the gas flow leads to compound decrease, starting from the
erosion trench as well.

Accordingly, when a plasma is ignited in the presence of an inert gas, the process is basi-
cally the conventional sputtering of a metallic target with a high sputter yield (A). As the
reactive gas flow increases (I), reactions on non-passivized surfaces of the chamber begin.
While the compound formation proceeds on the target surface, the presence of a magnetron
system results in an intense material removal around the erosion trench delays the compound
formation on this area (see Figure 2.19¢). When a certain reactive gas flow is reached (1),
the sputter yield of the target material drops below the compound formation rate (gas ad-
sorption) on the target surface. In other words, compound formation on the target surface
becomes faster than its erosion. The target poisoning starts and the process experiences a
remarkable decrease in the sputter yield as the compound formation begins to invade the
erosion trench area as Wellﬂ Process becomes unstable, as slight variations of the reactive

gas flow further decreases the sputter yield (B). The process is now in the compound mode

'Note that AIN is an insulating material
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and the target surface is completely covered with the compound material (/7). As long as
a voltage can be established on the cathode, the plasma stays on and the sputtering process
continues with near-zero deposition yield. However there is no longer sputtering, but in-
stead a continuous compound formation on the target surface until finally the target surface
is completely covered. As the conductivity on the surface is completely lost, the discharge
voltage experiences a huge drop. Keeping the reactive gas flow at this high rate leads to an
eventual plasma death and the process stops completely. At this point, the plasma can not
be lit again unless the compound on the target surface is removed through mechanical or

chemical cleaning.

For the sake of discussion, consider that the plasma is still on and the gas flow is slowly
decreasing. In order to initiate target poisoning reversal, it would be necessary to decrease
the gas flow down to the point (IV), where the sputter yield is once more above the gas
adsorption rate. At this point, enough compound would be removed from the erosion trench
and sputtering from the target surface would restart. Note that the gas flow at (/V) does not
coincide with (II), since the partial pressure for (II) and (IV) are substantially different [136),
p-341]. Continued decrease of the reactive gas flow would eventually push the process into

the metal zone, where the compound formation nearly stops.

It is preferable to establish a working point, where a high deposition rate is kept in addition to
the desired stoichiometry. According to the hysteresis loop, (V) and (VI) would be the pos-
sible working points for most applications. However, due to the instability of the transition
zone, it is safer to approach to the process from a higher gas flow rate and work at (V1) rather
than at (V) since while working at (V), the process can easily shift to a much lower sputter
yield point such as (B). Hence, a working point in the transition zone, but close to (VI) shall

be established for optimal stoichiometry/sputter rate ratio as well as process control.

2.4.4 Pulsed DC Sputtering

Poisoning of a metallic target occurs due to compound formation on the target surface and
the erosion trench. It is possible to limit such effect by periodically reversing the potential
applied to the target, a practice which inherently occurs during RF sputtering. However, RF
generators operate at predefined frequencies of 13.56 MHz, leaving no room for optimiza-
tion. At this high operating frequency, sign reversal of the applied voltage occurs approx-
imately at every 70ns, resulting in very short sputtering periods. As a result, deposition

rates diminish and process times increase. Even though RF sputtering delays and/or pre-
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Figure 2.20: Operation modes of an exemplary PDC deposition system. The system is schematized
as a target (cathode) connected to a PDC power source containing an internal switching box; i.e.,
pulsing unit. The pulsing unit offers two operation modes; a) sputtering mode and b) voltage-reversal
mode. In the sputtering mode, nitrogen ions bombard the target as a result of the applied negative
voltage and compound formation occurs on the target’s surface. When the voltage is reversed, elec-
trons are accelerated towards the target. Achieved electron bombardment removes any compound
formation from the surface. c) Voltage sign and magnitude of the two modes can be seen for various
duty cycles. Gray areas refer to the sputtering voltage and red areas refer to the reverse-voltage.

vents compound formation, a more viable alternative is found in the form of PDC sputtering.
PDC sputtering is often preferred over RF sputtering since this method allows the reversal
of the cathode voltage with a wide optimization window. Typical pulsing frequencies of a

PDC generator can range between 5kHz — 350kHz allowing pulse reversals in the range of

Lus —10ps [143].

Basic working principle is as follows; when a negative voltage is applied to the cathode,
compound formation starts on the target surface leading to a charge build-up (Figure 2.20p).

When the cathode voltage is reversed, free electrons in the plasma are accelerated towards
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the cathode due to the potential difference (Figure [2.20b). This results in the dispersion of
the build-up charge and the removal of the surface compound [144]. The combination of
the sputtering and reversal periods form a pulsing cycle. The fraction of the on-time over a

complete cycle defines the duty cycle of the generator

Ton
Duty Cycle = ——— (2.43)
y y TO}’Z + Trev

where, 7,, and 7, are the time length of on and reverse-parts, respectively.

Figure [2.20k depicts the voltage change over time for 3 exemplary depositions completed at
100kHz with different duty cycles; 25, 50 and 75%. Here, gray zones depict the on-time;
1.e., the sputtering part of a cycle. Zones colored as red represent the reverse-time; i.e., the
cleaning part of a cycle. Note that the magnitude of the applied voltage differs for positive
and negative values. This type of PDC generator, where the magnitude and the on-time of

the pulses vary, is defined as an asymmetric PDC generator [145].

2.4.5 Nucleation and Growth of Sputter Deposited Thin Films

All materials have a structural order, either short or range, depending on how much energy
their atoms possess during the fabrication process. With respect to the microstructure, it is
possible to divide material classes into three subgroups; i.e., amorphous, single crystalline
and polycrystalline. Considering the magnetron sputtering process, for instance, once the
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Figure 2.21: a) Schematic representation of the nucleation process. Depicted individual steps are;
1) adsorption, 2) surface diffusion, 2’) desorption, 3) meta-stable cluster formation, 4) stable cluster
formation and nucleation, 5) microstructure formation. b) Thin film growth modes; Volmer-Weber
(3D islands) and Frank-Van der Merwe (2D layers). Note that Stranski-Krastanov (mixed growth)
mode is not depicted. Image adapted from [138] p.360].
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sputtered particles reach the substrate surface, they move along it via surface diffusion until
they find an energetically favorable position where they can form stable clusters and finally
nucleate (see Figure [2.2T). In order to form stable clusters, nuclei shall overcome a certain
local energy barrier, reach a critical size and unite with each other [[146]. Mentioned energy
barrier is the energy sum of various interfaces; i.e., substrate-vapor, film-substrate and film-
vapor [138, p.46]. Those unable to overcome the aforementioned barrier would be desorbed

(ejected) from the surface.

After a successful nucleation, the microstructure formation and the film growth steps follow.
These steps have three basic growth modes; (i) Volmer-Weber (island), (ii) Frank-Van der
Merwe (layer) and (iii) Stranski-Krastanov (mixed) as summarized in Figure 2.21p [138],
p.358]. Island growth is commonly observed for metal and semiconductor materials de-
posited on oxide substrates. Here, the energy on the substrate’s surface is very high, hence
sputtered atoms are strongly bound to each other rather than to the substrate. Fabricated
films end up having an uneven growth due to slow diffusion and stabilized clusters exhibit
3D islands. Unlike island growth, layered growth benefits from a much better adhesion to
the substrate surface. In this case, deposited atoms grow as 2D layers on top of each other.
Highest quality of crystalline films are obtained in this mode. The final mode is the mixture
of the two where initially, layer-by-layer growth and then 3D island formation is observed.
It is a common mode and is generally observed in metal-metal and metal-semiconductor

composites.

Structure Zone Model

Depending on the process parameters, sputter deposition of thin films result in various mi-
crostructures and film properties. These properties are related into a structural zone model
(SZM) defined by J. A. Thornton [147]]. SZM describes the microstructural properties of
a deposited film with respect to the homologous temperature (Tubsirace /T,,.,,) and the partial
gas pressure (P4,) during fabrication as seen in Figure [2.22a. In this model, 4 different film

morphology can be observed.

* Zone 1 (green): It is a low temperature; i.e., low energy zone where film growth
through shadowing processes occur. Shadowing describes the case where grain growth
is faster on some directions compared to the others. It is observed between %/7, < 0.1
and 0.4 at low and high pressures, respectively. Here incoming atoms reach the sub-

strate surface from random directions. There is a general lack of surface mobility,
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Figure 2.22: a) Structure zone model of Thornton et al. and b) Revised SZM by Messier et al.
Image shows the different zones, where deposited films exhibit different microstructure. c) Close-up
to the microsturucture with respect to film thickness. Homologous temperature values given in black
and blue fonts belong to the case a and b, respectively. Images adapted from [148][149)][150] and
manually colored.

hence grown films exhibit fibrous structures with voids and high porosity. In sum-

mary, a poorly crystalline structure is achieved.

» Zone T (yellow): This is the transition zone between Zone 1 and 2, which emerges
with decreasing pressure. It is observed between 0.1 < 7/1,, < 0.4 and 0.4 < %:/1,, < 0.5
for low and high pressures, respectively. Void density is slightly reduced compared to
Zone 1. Zone T contains densely (not fully) packed fibrous grains, where a competitive

texture is present.

* Zone 2 (red): This zone contains fully dense and columnar grain structure due to high
surface diffusion. It is observed between 0.4 < /7, < 0.7. Nucleated grains are ori-
ented and they grow through the whole film thickness. Since voids are filled as a result

of the surface diffusion, number of defects is greatly diminished.

e Zone 3 (black): It is the highest temperature zone, way above the recrystallization
temperatures of the spoken material. It is observed between 0.6 < 75/7,, < 1. Recrys-
tallization results in randomly oriented grains that are no longer columnar. Therefore

smaller grains vanish and larger grains form.
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Temperature and pressure are considered as very influential parameters. The former is con-
sidered largely responsible for the surface diffusion phenomenon and the latter for the trans-
portation of the sputtered atoms to the substrate’s surface. Therefore, the pressure variable of
the SZM can be considered as the kinetic energy of the incoming particles in the gas phase.
Since the energy of these particles is inversely proportional to the process pressure, low pres-
sures (and high homologous temperature) would result in higher energetic bombardment and

greater surface mobility.

Following the empirical model of J. A. Thornton, Messier et al. revised the SZM with the
consideration that V; induced mobility was more influential than the process pressure [150].
In this model, gas pressure is replaced by the floating substrate potential and the physical
structure; i.e., microstructure, and its evolution under the influence of energetic particle bom-
bardment that results from floating substrate bias is investigated. In this case, a much wider
Zone 1 is observed, different from the Thornton model, a linear boundary-zone between

Zone 1 and Zone T is approximated, as depicted in Figure [2.22).

2.4.6 Fabrication of AIN Thin Films

AIN thin films can be fabricated using various methods including sputtering [[151], pulsed
laser deposition [152], ion beam deposition [153]], molecular beam epitaxy [154], plasma
enhanced CVD [155] and metal organic chemical vapor deposition [[156]. Both q