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Abstract

Biomagnetic signals, which are magnetic fields generated by the electric currents in the
human body, have very low amplitudes at very low fre%lencies. In case of the human
heart the signal components are in the range of <1 pT=' Hz to 30 pT:pm at frequen-
cies of 0.1 Hz to 100 Hz. These conditions make their detection a challenging task,
while at the same time it is highly desirable for diagnosis in areas such as cardiography
to be able to detect these signals in real time. Another medical application where the
detection of magnetic fields of low amplitude is of high interest is the localization of
implanted deep brain stimulation electrodes. While the amplitudes of the stimulation
signals are one order of magnitude higher than the smallest signal components of the
heart, it is beneficial to measure the harmonic signals in a rather large frequency band-
width of 10 kHz to achieve a higher total signal amplitude.
Only few magnetic field sensors can match all these requirements. As for magne-
tostrictive film-based magnetic field sensors soft magnetic properties and high magne-
tostriction are required. Matching these requirements will lead to high sensitivities,
but often high sensitivity comes at the cost of an increase of magnetically generated
noise. Hence, finding a compromise between low noise and high sensitivity, or ideally
maintaining high sensitivity while reducing noise, is a main task in magnetic film-based
sensing to obtain a low limit of detection (LOD). One promising approach is using sur-
face acoustic wave (SAW) devices which are coated with a magnetostrictive material.
The magnetostrictive material will change its effective stiffness upon the application of
a magnetic field inducing a change of magnetization. This phenomenon is called the
E effect. The change in stiffness causes a change of velocity of the acoustic wave,
which is propagating through the magnetostrictive material. This velocity change re-
sults in a measurable phase change. The effect on the magnetic material is severely
increased if the piezoelectric material which generates shear horizontal waves is coated
with a guiding layer which confines the acoustic wave to the device’s surface.
The deposition and characterization of the magnetostrictive alloy (FegoCo19)78Si12B10
on quartz-based SAW sensors, as well as the fabrication of the SAW sensors is a main
focus of this work. Since all piezoelectric materials have anisotropic thermal expansion
coefficients, the deposition of soft magnetic materials bears to be a challenge, because
the anisotropic expansion causes uniaxial strain acting on the film. The precises con-
trol of the magnetic anisotropy is a key parameter in achieving good LODs with the
presented devices. With a single layer of FeCoSiB the LOD is as low as 70 pT:pm at
10 Hz and 25 pszE at 100 Hz. Additionally, it is shown that SAW sensors with DC

magnetron sputtered FeCoSiB provide similar results in terms of sensor performance
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compared to sensors with RF magnetron sputtered films under the same circumstances.
Furthermore, the performance of the first AIScN thin film based SAW magnetic field
sensors from cooperation partners from Fraunhofer ISIT was evaluated. Finally, top
pinning exchange bias multilayers are applied to the quartz based sensors, which leads
to a reduction of magnetically generated phase noise in the sensors and brings SAW
magnetic field sensors closer towards biomagnetic field detection with LODs as low as

28 pT=pE at 10 Hz and 10 pszE at 100 Hz.
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Zusammenfassung

Biomagnetische Signale, also Magnetfelder die durch die elektrischen Strome im men-
schlichen Korper erzeugt werden, weifsen geringe Amplituden bei niedriegen Frequenzen
auf. Im Falle des menschlichen Herzens sind diese Amplituden im Bereich von unter
1 pT=pm bis 30 pT=pm bei Frequenzen von 0.1 Hz bis 100 Hz. Diese Voraus-
setzungen machen deren Detektion zu einer herausfordernden Aufgabe, obwohl es fiir
Einsatzgebiete wie die Kardiografie hochst erstrebenswert ist diese Signale in Echtzeit
zu messen. Eine weitere medizinische Anwendung bei der die Detektion von schwachen
Magnetfeldern von Interesse ist, ist die Lokalisierung von implantierten Elektroden zur
tiefen Hirnstimulation. Wéhrend die Amplituden der Anregungssignale bis zu einer
Grofsenordnung iiber den kleinsten Signalkomponenten des Herzens liegen, ist es in
diesem Fall von Vorteil die erzeugten harmonischen Signale bis zu einer Frequenz von
10 kHz zu erfassen, um die gréfitmogliche Signalamplitude zu erreichen.

Nur wenige Magnetfeldsensoren geniigen diesen Anspriichen. Bei Magnetfeldsensoren
basierend auf magnetostriktiven Diinnschichten sind weichmagnetische Eigenschaften
notwendig, bei gleichzeitig hoher Magnetostriktion. Das Erfiillen dieser Voraussetzun-
gen fiihrt zu hohen Sensitivitdten, allerdings generieren hohe Sensitivitaten haufig mag-
netisierungsinduziertes Rauschen. Daher ist das Finden eines Kompromisses zwischen
geringem Rauschen und einer hohen Sensitivitit, oder im Optimalfall eine Reduzierung
des Rauschens bei gleichzeitiger Beibehaltung der Sensitivitét, eine der Hauptaufgaben
in der dinnfilmbasierten Magnetfeldsensorik. Ein vielversprechender Ansatz ist die
Anwendung von Oberflichenwellenbauteilen (SAW, engl. surface acoustic wave), die
mit einem magnetostriktiven Material beschichtet sind. Das magnetostriktive Mate-
rial #ndert bei einer magnetfeldinduzierten Anderung der Magnetisierung seine effek-
tive Steifigkeit. Dieses Phénomen wird als E-Effekt bezeichnet. Die Anderung der
Steifigkeit fiithrt zu einer Anderung der Geschwindigkeit der akustischen Welle, die sich
durch den magnetostriktiven Film fortbewegt und daher zur einer messbaren Phasenén-
derung. Der Einfluss des magnetischen Materials wird stark erhoht, wenn das piezoelek-
trische Substrat, welches horizontale Scherwellen erzeugt, zuvor mit einer akustischen
Fithrungsschicht beschichtet wurde, die die akustische Welle an deren Oberfldche und
somit im magnetostriktiven Material lokalisiert.

Die Herstellung der SAW-Sesnoren, sowie die Abscheidung und Charakterisierung der
magnetostriktiven Legierung (FegoCo10)785112B10 auf quarzbasierten SAW-Sensoren,
sind ein Hauptaugenmerk dieser Arbeit. Da die thermische Ausdehnungskoeffizien-
ten aller piezoelektrischer Materialien anisotrop sind, stellt die Abscheidung von we-

ichmagnetischen Materialien eine Herausforderung dar, da die anisotrope Ausdehnung
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eine uniaxiale Dehnung des Films hervorruft. Die genaue Kontrolle der magnetischen
Anisotropie ist ein Schliisselparameter im Erreichen eines guten Detektionslimits (LOD,
engl. limit of detection) mit den zugrunde liegenden Sensoren. Mit einer Einzellage Fe-
CoSiB betriigt das LOD 70 pT=" Hz bei 10 Hz und 25 pT=pE bei 100 Hz. Desweiteren
wird gezeigt, dass SAW Sensoren mit FeCoSiB-Schichten die mittels DC Magnetron-
sputtern abgeschieden wurden, vergleichbare Ergebnisse beziiglich Sensorperformance
erreicht wie solche, die mit FeCoSiB beschichtet sind mittels RF Magnetronsputtern,
unter den gleichen Umsténden. In Kooperation mit dem Fraunhofer ISIT, wird zudem
die Performance der ersten AIScN diinnschichtbasierten SAW Magnetfeldsensoren aus-
gewertet. Schliefslich wurden sogenannte "top pinning" Exchange Bias Multilagen auf
quarzbasierten Sensoren etabliert, welche zu einer Reduktion des magnetisch erzeugten
Phasenrauschen in den Sensoren fiihrt und SAW Magnetfeldsensoren nédher in Rich-
tung biomagnetischer Felddetektion bringt mit LODs von 28 pT:pm bei 10 Hz und
10 pT=" Hz bei 100 Hz.
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Chapter

Introduction

This chapter lays the groundwork for the results presented in this thesis. In the rst
section a motivation is given on why the detection of biomagnetic signals is relevant for
a society, while also providing a historical context on the monitoring of bodily functions.
Herein, also the challenges which accompany the task of sensing magnetic elds of
human origin are discussed. On this basis, arguments will be pointed out on why SAW
sensors speci cally are potentially promising to approach this challenge. In the following
sections the theoretical background of this work is provided. First, a general explanation
of the SAW principle and an outline of the varieties of SAW designs and mechanisms
are o ered as well as an introduction to the SAW sensor used in this work. Then,

a section is dedicated to the basic principles of magnetism and magnetic materials
relevant for understanding the underlying mechanisms and e ects in SAW magnetic
eld sensors. Subsequently, the principle of magnetic eld sensing with SAW delay line
devices will be explained, as well as the phase noise occurring in these devices. Finally,
a broad overview of competing magnetic sensing mechanisms is given and the SAW
magnetic eld sensor is ranked within these di erent approaches.



Chapter 1. Introduction

1.1 Motivation

For most of their existence humans had very little knowledge about the relation be-
tween basic functions of their body and electromagnetic signals. Inf1&entury France,

for example, it was even considered that magnetism, as proclaimed by cult leader Dr.
Franz Mesmer, could heal diseases [Coh75a]. The temesmerizedsurvived until to-
day. It needed people like the Italian physician Luigi Galvani and Italian physicist
Carlo Matteucci to shed a little light on the dark. Galvani discovered that the muscle
movement and contraction in frogs is somehow related to electrical currents within the
muscles and later Matteucci was able to observe and measure this same phenomenon
in a frog's heart [Mat42, AL12]. These early discoveries and many others since Mat-
teucci's work lead to the invention of the rst electrocardiograph in the beginning of
the 20" century, which is one of the most common and essential diagnostics tools in
cardiology to this day [Fye94]. While electrocardiography (ECG) provides valuable in-
formation about the cardiovascular system and unarguably contributed immensely to
the increase in life expectancy around the world, it still comes with some limitations.
The main one is the need for permanent attachment to the body through electrodes.
This requirement makes it di cult to conduct long term studies on patients, as wear-
ing these electrodes creates an unnatural environment for the patient and hence might
a ect the outcome of the study. Although approaches for measuring ECGs with capaci-
tive electrodes have been demonstrated [LKPO7] the lack of exibility is still prevailing.
Additionally, permanent monitoring of patients at risk of cardiac arrest or those suf-
fering from arrhythmia is not possible. It was found that before heart failure in about
30 % of cases a so-called prolongation of the QRS complex occurs. The QRS complex
is a characteristic sequence of waves which appear in the time domain of a cardio-
gram. The prolongation of the QRS complex could be diagnosed in an early stage
through the long term monitoring of the patients heart function and hence prevent the
failure through appropriate treatment [KB05, BCM® 07]. Another major limitation is
the spatial resolution of ECG since the currents can only be measured along certain
directions because of the anisotropy in the conductive paths in the body and the cur-
rent amplitudes depend on the resistivity of the tissue they ow through. Given these
limitations, alterations and even falsi cation of the obtained signals from the inverse
problem modeling can occur [NDO2].

As per Ampere's circuital law all electric currents create a magnetic eld and so
do the currents in the human body. Therefore, to overcome the limitations of ECG
the measurement of the magnetic elds instead of the currents was suggested. For the
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1.1. Motivation

rst time such measurements were performed by Baule and McFee [BM63] and Co-
hen [Coh67]. They both used rather large pick up coils with up to a million windings,
thus no spatial distributions could be obtained from those, as the sensors in this case
are larger than the heart itself. Additionally, the detection limit of these coils was
still not su cient enough and the obtained signals were noisy and therefore not suit-
able for diagnosis. At the same time the rst superconducting quantum interference
devices (SQUIDs) were introduced to the market, which are still the most sensitive
magnetometers with a noise level of only a few fT/Hz [SBO06]. As for the insu cient
performance of pick up coils Cohen switched to the superior SQUID magnetometers to
measure heart and brain signals and consequently paved the way for magnetocardio-
graphy (MCG) and magnetoencephalography (MEG) as it is known today [Coh75b].
For MCG and MEG no direct contact to the body is necessary. Additionally, the
human body is transparent to magnetic elds, hence the magnetic elds are indepen-
dent from the conductivity of di erent body tissues such as skull, bones and body fat.
However, the eld strengths of biomagnetic signals are in the range of & Tesla to

10 14 Tesla at frequencies far belovil kHz and therefore several orders of magnitude
below the earth's static magnetic eld [KLPY13]. Current state-of-the-art sensors for
biomagnetic diagnosis such as SQUIDs can only detect such small signals if they are
operated in a magnetically shielded environment, which limits their wide spread use.
Besides the naturally occurring biomagnetic signals there are also electric signals in the
body which are generated arti cially. For example, such arti cial signals are generated
by deep brain stimulation (DBS) electrodes implanted into patient's brains which su er
from neurological diseases including tremors through Parkinson's disease, dystonia or
Tourette's syndrom. The DBS electrodes stimulate regions in the brain such as the
subthalamic nucleus by periodic electrical pulses and through these stimulations the
patients' symptoms are reduced or even disapear [DSBR6, KK07]. The electrical
pulses of commercial DBS systems are characteristic square signals with pulse widths
of up to 100us [YTM* 20]. They exhibit a typical fundamental frequency of 130 Hz (or
similar depending on the patient, but not higher than 160 Hz) but also contain a mul-
titude of harmonics of 130 Hz in the range of up to 10 kHz. The precise localization
of the activated brain volume and rotational orientation detection of the implanted
DBS electrodes is of high diagnostic value. Until now a typical localization proce-
dure consists of magnetic resonance imaging (MRI) performed before the implantation
and computer tomography (CT) after the implantation [YSM"21]. However, these
procedures are time and cost intensive, require harmful contrast agents and are often
not accurate (enough) [ETA18]. Additionally, the localization and rotation detection
through CT is always a postoperative observation, but it would be much more bene-
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cial for surgeons and patients to do this during the surgical intervention to allow for
immediate corrective procedures and constant monitoring. Hence, there is a demand
for magnetometers which are able to detect the small amplitudes and as much of the
harmonics over the range of 10 kHz as possible.

Magnetic eld sensors which potentially can combine the demands of magneto-
cardiography and deep brain stimulation in terms of required noise level and espe-
cially frequency bandwidth are surface acoustic wave (SAW) magnetic eld sensors. In
preceding work Kittmann et al. [KDZ* 18] adapted a SAW concept well known from
biosensing [SGT 04] and applied it to magnetic eld sensing by the implementation of
the magnetoelastic alloy FeCoSiB in these sensors. It was demonstrated that the com-
bination of a Love wave sensor with a magnetoelastic material yields a sensor which
Is very sensitive to slowly varying magnetic elds and provides a low noise level at
the same time. While this rst work already provided promising results in terms of
limit of detection, frequency bandwidth and dynamic range, this approach also opened
the door for a multitude of new questions and ways to improve the performance of
these sensors. Consequently, this work presents ways on how magnetic Ims should be
deposited to achieve high performing sensors. Another main focus of this work is the
implementation of magnetic multilayers incorporating the exchange bias e ect to fur-
ther reduce the magnetically generated noise in these sensors and consequently lower
the limit of detection of those further towards biomagnetic signals, as it has been done
on silicon based sensors [RY5].

The results of this work were all obtained within the collaborative research center
(CRC) 1261, which is a combined research project of di erent disciplines, such as ma-
terials science (Institute for Materials Science at Kiel University, Fraunhofer ISIT in
Itzehoe), electrical engineering (Institute of Electrical and Information Engineering at
Kiel University) and medicine (University Hospital Schleswig-Holstein UKSH) with the
common goal to develop low noise magnetoelectric and magnetoelastic magnetic elds
sensors and establish them for a multitude of medical and biomedical applications and
diagnostics tools.




1.2. SAW Principle and Devices

1.2 SAW Principle and Devices

Acoustic waves are elastic waves and in contrast to electromagnetic waves they require
a medium to propagate. In general, they can be distinguished into two types of waves,
depending on the way they propagate through the medium. Longitudinal waves cre-
ate displacements parallel to their propagation direction, while transverse waves, also
called shear waves, propagate with displacements perpendicular to their propagation
direction. Both types of waves are illustrated in Figure 1.1. The general velocitywith
which acoustic waves propagate depends on the mechanical properties of the medium
l.e. its stiness and its density as given by

- 9 (1.1)

wherec; is a sti ness constant and depends on the axis along which the displacement
from the acoustic wave takes place [Has00, p. 1 .].

(@)

(b)

Figure 1.1: Two types of acoustic waves. (a) Longitudinal and (b) transverse waves. Adapted
from [Kin87, p. 2].

Acoustic waves can also exist predominantly at the surface of the solid material.
These surface acoustic waves (SAW) were rst mathematically described by Rayleigh in
1885 [Ray85]. He described seismic waves with out-of-plane shear displacements, which
later were named after him as Rayleigh waves. Later Love described a similar phe-
nomenon with in-plane shear displacement observed inside layered structures [Mor07,
p. 3]. These waves were later named Love waves. The di erence between Rayleigh and
Love waves is illustrated in Figure 1.2.
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(@) (b)

Figure 1.2: Two types of surface acoustic waves. (a) Rayleigh wave and (b) Love wave.
Adapted from [RD99, p. 267 .].

Through the invention of interdigital transducers (IDTs) it was possible to utilize
SAWs technologically, as they could be generated on piezoelectric substrates by the
IDTs [WV65]. Since then SAW devices found their way into science and industry as
SAW sensors, SAW lters and delay lines [Cam89, p. 407 .]. In this approach, SAWs
are excited by applying a high frequency voltage to IDTs which have been deposited
onto a piezoelectric substrate. Utilizing the inverse piezoelectric e ect the electric en-
ergy is transformed into mechanical energy in form of a high frequency surface acoustic
wave. If a second pair of IDTs are placed within a de ned distance from the input IDTSs,
the acoustic wave can be picked up again through the direct piezoelectric e ect. This
setup is called a delay line, since acoustic waves are slower than electromagnetic waves
and the input signal gets delayed by a delay timey, which is determined by

a= = (1.2)

P
where L is the center-to-center transducer distance and, the phase velocity of the
acoustic wave [FMMO95, p. 142]. The phase velocity depends on the mechanical prop-
erties of the used substrate and its orientation as shown in Equation 1.1. The acoustic
wave can also be picked-up by the same IDTs if grating-like re ectors are placed along
the propagation path. As piezoelectric substrates are highly anisotropic the orientation
of the IDTs with respect to the crystallographic orientation of the substrate not only
determines the velocity of the wave but also the type of wave which is generated. For
example on ST-cut quartz, which is a rotated quartz where the crystallographic Y-axis
is rotated by 42.78 with respect to the surface normal (see Figure 1 in section 3.1)

Rayleigh as well as Love waves can be excited. If the IDTs are orientated in a way

6



1.2. SAW Principle and Devices

that the propagation direction is parallel to the crystallographic X-axis Rayleigh waves
are excited [FMM95, p. 141]. If the IDT orientation is chosen to be 90with regard
to the crystallographic X-axis Love waves are excited if using an appropriate guiding
layer [RJAA13].

1.2.1 Love Wave SAWs

Love waves can only be excited if a substrate is used that allows for shear horizontal
waves to propagate. A selection of substrates suitable for Love wave generation is given
in Table 1.1 combined with their respective electromechanical coupling coe cients ?,
which quanti es how much of the electrical input energy is transformed into mechanical
energy. The higher this value is, the lower the insertion loss of the SAW device will
be. However, another important parameter is also given in Table 1.1 which is the
linear temperature coe cient of frequency (TCF). It describes how much the center
frequency of the SAW device will change with temperature.

As piezoelectric substrates are anisotropic with regard to most of their properties,
they need speci c crystallographic orientations to provide speci c properties. This is
also the case for the generation of surface acoustic waves and speci cally for shear
horizontal waves. The orientation of the single crystal substrates in the eld of SAW
devices is denoted by the axes X,Y and Z in which Z is e.g. the c-axis of a trigonal
crystal such as quartz [Bot82, p. 14 .]. By rotating the crystallographic orientation

of the piezoelectric substrate with respect to its surface normal and consequently the
propagation direction of the SAW, di erent surface acoustic waves and phase velocities
can be generated [Has00, p. 184 f.]. Hence, the rotation angle around the speci ¢ axis
and the propagation direction are denoted in the name of the substrate as well. For
example, 38 YX LiTaO 3 means that the Y axis of the LiTaG; single crystal is tilted

by 36° with respect to the surface normal and the wave propagation direction is along
the X axis.

Table 1.1: A selection of common substrates used for Love wave devices and their properties.
From [RIJIAAL3].

Substrate Prop. direction , [m/s] [kg/m3] K?[%] TCF [ppm/ °C]
ST-cut quartz 90 X 5050 2650 1.9 40
AT-cut quartz 90° X 5099 2650 1.4 Oto1l

36° Y-cut LiNDO 3 X 4800 4628 16 -75 to -80
36° Y-cut LiTaO 3 X 4200 7454 5 -35t0 -45

Love waves only propagate in an additional layer on top of the piezoelectric sub-
strate. A prerequisite for this is that the phase velocity of the acoustic wave in the

7



Chapter 1. Introduction

additional layer is lower than in the substrate. This way the acoustic wave will only
propagate on the surface of the additional layer as it is re ected from the interface of
the two media. In fact, the higher the di erence in phase velocity between the two
layers is the more will the wave be focused to the surface of the additional layer. Hence,
this layer has been termed guiding layer. A list of some materials which have been used
in Love wave devices is given in Table 1.2. Also listed are the materials' shear modulus
G_, density | and the from Equation 1.1 resulting phase velocity of the guiding layer

L

Table 1.2: A selection of common guiding layer materials used for Love wave devices and their
properties. From [RJAA13].

Guiding Layer Material G, [GPa] | [kg/m3] [ [m/s]

SiO; 17.9 2200 2850
ZnO 40.2 5720 2650
Polyimide 0.87 1420 781
PDMS 25010 °© 965 16
PMMA 1.7 1180 1200

The most common and established guiding layer material is amorphous silicon diox-
ide (Si0G,) [JV97, KVH ™ 94, WXC™ 15]. It can be grown with quite high deposition rates
by plasma enhanced chemical vapor deposition (see Section 2.2) and the phase veloc-
ity is nearly half of quartz, providing a good con nement of the acoustic wave on the
guiding layers surface. Judging by the di erence of phase velocity only polymers seem
to be better suited to serve as a guiding layer, as the velocities are su ciently smaller
than in piezoelectric substrates. However, it was shown with e.g. PMMA that the
insertion losses drastically increase with increasing polymer thickness, although pro-
viding higher sensitivities than SiQ [HD97]. Since polymers are typically deposited
by spin coating the surface roughness is potentially too high for the deposition of soft
magnetic materials. Based on these arguments (Sids also used as the guiding layer
in this work.

1.2.2 Design Considerations

Many of the parameters of SAW devices such as operation frequency, insertion loss or
even sensitivity can be controlled through their structural design. For SAW lters a
well de ned frequency bandpass is desired, in SAW sensors the frequency response is
not as important as sensitivity. Most of these characteristics such as frequency and
insertion loss are determined by the IDTs. The synchronous frequenty of a delay

8



1.2. SAW Principle and Devices

line SAW sensor is given by
f0 = _P (13)

in which is the wave length of the excited acoustic wave. The wavelength, on the
other hand, is determined by the IDT pitch which is the distance between two ngers
(pairs) of same polarity as shown in Figure 1.3. In case of Love waves one additionally
has to consider that the phase velocity is not simply determined by the substrate,
but by the combination of guiding layer and substrate and in case of SAW magnetic
eld sensors also the magnetoelastic Im [MDHK22]. The thicker the guiding layer
becomes the slower the Love wave and the lower the frequency will be [RJAA13]. The

Figure 1.3: Schematic of the SAW Love wave device used in this work. is the wavelength of
the generated acoustic wave given by the IDT pitch,A is the acoustic aperture,
which determines the width of acoustic wave front andL is the center-to-center
distance of the IDTs.The number of double nger pairs is N = 25. The edges of
the guiding layer have angles of 120to re ect back scattered waves away from
the delay line.

number of nger pairs N determines the excitation frequency bandwidth of the SAW
device. In general, the larger the number of nger pairs the narrower the frequency
response will be, as more destructive interference of non-synchronous waves occurs
if more waves are generated. However, owing to more waves being involved in the
constructive interference at the synchronous frequency, the insertion losses will be
lower the largerN is [Cam89, p. 40 f.]. The in uence on the bandwidth is illustrated

in Figure 1.4a in which the insertion losses (transmission) are normalized. This work's
SAW device consists of 25 double nger pairs and the correlated frequency response of
such a Love wave device is shown in Figure 1.4b. It shows the transmission coe cients
S and S,. Due to the double nger structure the re ected waves from the IDTs do
not add up in phase as they are shifted by/4 causing constructive interference of the
incoming SAW waves with re ected waves [Mor07].
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@) (b)

Figure 1.4: Frequency responses. (a) Normalized frequency response for di erent numbers
of nger pairs. As the number of nger pairs increases the bandwidth becomes
narrower. Insertion losses are not included. Calculated after [Cam89, p. 40 f.].
(b) Measured scattering parameters & and S» of a SAW Love wave device with
25 double nger pairs IDTs.

The acoustic apertureA gives the width of the wavefront of the acoustic wave
which is determined by the overlap of the IDT nger pairs. Only when the IDTs of
opposite polarity overlap acoustic waves are excited. It should be chosen to be several
multiples of the wavelength, because di raction of the wave can occur if the aperture
is too narrow [Has00, p. 103]. If aperture and wavelength are on the same order of
magnitude the IDTs can act as a point source and excite waves with curved wavefronts.
All the characteristic dimensions of the fabricated IDTs are listed in Table 1.3.

Table 1.3: Characteristic dimensions and parameters of the IDTs used in this work.

Parameter Value Unit
Material Cr/Au/Cr
Thickness 8/200-300/8 nm
Finger pairs 25
Number of double ngers 50
Total number of ngers 100
Finger width 3.5 pum
Finger distance 3.5 Hm
Pitch 28 pum
Acoustic aperture 1.68 mm
Delay line length 4.62 mm

Acoustic waves generated by IDTs travel in both directions of the IDT, not only
into the sensing area direction. To prevent that these waves are re ected back into the
sensing area from the sensors edges, the edges of the guiding layer are structured with

10



1.2. SAW Principle and Devices

an angle along the propagation axis (see Figure 1.3). This way all waves coming in
along this direction are re ected away from the sensing area arbitrarily. Waves re ected
from the output IDTs are scattered the same way at these edges.

The magnetostrictive delay line is structured on top of the guiding layer. It is not
overlapping with the IDTs, as it was shown that covering the IDTs with a metallic
Im (with the guiding layer in-between) leads to capacitive electromagnetic cross-talk,
which reduces the sensor performance [Sch03, p. 95 f.]. The width of the magnetic Im
was chosen to be larger than the acoustic aperture of the wave to prevent additional
interactions of the wave with edges parallel to the propagation direction.

11



Chapter 1. Introduction

1.3 Underlying Magnetic Phenomena

The magnetism of materials is determined by the rotational motion of their electrons.
Electrons perform two rotations, an orbital movement around the nucleus and a rota-
tion around their own axis, termed the spin of the electron. As a consequence of the
orbital angular momentum and the spin momentum electrons possess a net magnetic
moment. In ferromagnetic materials a spontaneous magnetization is present, which
means that via their exchange interaction the magnetic moments are aligned along
the same direction. The requirement for spontaneous magnetization are half-full lled
orbitals, such that only spins with one polarization direction exist. The spontaneous
magnetization along one direction only exists in speci ¢ regions in the materials. These
regions of same polarization are called domains. Domains of di erent polarizations are
separated by domain walls, in which the magnetization rotates from one direction into
the other. Upon the application of an external magnetic eld the orientation of the
domains changes, as they align along the magnetic eld as a means of energy minimiza-
tion. This alignment of magnetization along the direction of an applied magnetic eld

or any directional force acting on the magnetization opens up a broad eld of poten-
tial technological applications. Some of them are magnetic sensing, magnetic recording,
loudspeaker magnets or cores of transformers and motors [CGO09, p. 439, p. 477, p. 505].

The properties of the ferromagnetic material are one of the most in uential factors
in SAW magnetic eld sensors. For high sensitivities large magnetostriction is neces-
sary. Additionally, the magnetic Im should have a low total anisotropy energy, while
the anisotropy should be still uniaxial. Moreover, magnetic domains, domain walls and
their dynamic behaviour play a signi cant role in SAW magnetic eld sensors, as they
are the origin of loss-associated phase noise induced by various domain wall mecha-
nisms [Ber98, p. 411 .]. To minimize this phase noise the magnetic Im should, ideally,
consist of a single domain. In case of a single domain state, the remagnetization pro-
cess is governed by a magnetization rotation only and not by domain wall movement,
which is a well known origin of noise [Ber98]. The driving force for the formation of
domains is the minimization of the total free energ¥,; which is comprised of several
energy contributions along several energy terms which sum up to

Etot = Eext+ Eanisot Eq+ Eze+ E + Eps (1-4)

whereE is the exchange energ¥ aniso the anisotropy energyEq4 the demagnetization
energy, E,. the Zeeman or external eld energyE the stress energy ancEs the
magnetostriction energy [Coel0, p. 234]. The exchange energy describes the interaction
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of the magnetic moments of a particular material E., additionally contributes to the
total free energy in case of two materials being coupled at an interface. If these two
materials show di erent spin structures such as a ferromagnet and an antiferromagnet
an exchange bias is invoked between the layers, which will be discussed in more detail in
Section 1.3.3. The formation of domains and domain walls is illustrated in Figure 1.5.
The single domain state as shown in Figure 1.5a creates a large stray ety

and requires additional energy which is larger thafy to uphold this state. In this
case the magnetic anisotropy is unidirectional, since the complete specimen is already
magnetized into the direction of spontaneous magnetizatioM . By introducing a
domain wall which rotates the magnetization by 180between two domainsH s, and
henceEq are reduced as shown in Figure 1.5b. The axis along whibh is orientated

Is the easy axis of magnetization. In Figure 1.5c the domains are separated by 90
domain walls, which means that the magnetization rotates by 90nside the domain
wall. Stray elds do not form, since all magnetic poles are compensated by a directly
adjacent opposite pole. However, the anisotropy is isotropic, or in this speci c case
slightly anisotropic due to the shape of the specimen.

(@) (b) (c)

Figure 1.5: Formation of domain walls as a means to reduce stray eld energy. (a) A single
domain with a large stray eld Hsyay. The anisotropy is unidirectional. (b) Two
domains separated by a 180domain wall, which reducesHsyay. The magnetic
easy axis is along the two spontaneous magnetization directiorld . (c) Complete
ux closure by the formation of 90° domain walls. In this case the anisotropy is
determined by the shape (excluding all other contributions). Partially adapted
from [CGO09, p. 293].

Relevant contributions to the anisotropy energy of amorphous materials will be
discussed in Section 1.3.1 and the contributions to the total free energy through stress
and magnetostriction are summarized in Section 1.3.2. In the following the di erent
anisotropy contributions are discussed individually.
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1.3.1 Magnetic Anisotropy

In general, contributions to magnetic anisotropy can be distinguished between shape
anisotropy, magnetocrystalline anisotropy, stress anisotropy and induced anisotropy,
the exchange bias discussed in Section 1.3.3 being an additional type of magnetic
anisotropy. Anisotropy in this context means that the magnetic material can be mag-
netized easier in certain geometric directions than in others. As a consequence of
one or more of the mentioned contributions an easy and a hard axis of magnetization
forms. The ratio of the easy and hard axis of magnetization is quanti ed through the
anisotropy constantK .

Shape Anisotropy  As the name suggests the shape of the material determines
the hard and easy axis of magnetization. In a sphere all dimensions are equal hence
no shape anisotropy exists. As soon as the ratio of dimensions changes the directions
of preferred magnetization become anisotropic. The reason for shape anisotropy lies in
the demagnetization eldHq induced by poles forming within the shape of the material
given by

Hqe= NgM (1.5)

with Ny as the demagnetization factor and the result of the demagnetization along
all directions of a specimen and depends on the shape of the material avd the
magnetization [CG09, p. 53]. Hence the shape anisotropy is determined by the ratio
of the di erent dimensions of a specimen as long as the magnetization is constant.

Magnetocrystalline Anisotropy The crystal structure of a material will cause
magnetic anisotropy, since along certain crystallographic directions magnetization is
preferred. Therefore, the anisotropy coe cients are given by the crystal structure,
e.g. whether the material grows in a cubic or hexagonal structure and is constant for a
given material and temperature [CGQ09, p. 201]. In crystalline materials this anisotropy
is dominant, but in amorphous ferromagnetic materials it is neglectable, since they
possess only a short range order. Therefore, the exchange interaction of magnetic
moments is not inherited by a long range order as it is in crystalline materials.

Stress Anisotropy ~ Stress acting on a positive magnetostrictive material in-
duces additional anisotropy and aligns the magnetization axes along the directions of
the external strain. Figure 1.6 illustrates that the alignment of anisotropy depends on
the direction of the strain. With increasing tensile strain the anisotropy aligns with
the strain axis. An additional magnetic eld parallel to the strain axis will than sat-
urate the Im in the direction of the eld. Applying compressive strain will align the
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easy axis of magnetization perpendicular to the strain axis. Applying a magnetic eld
parallel to the strain axis will rotate the magnetization towards the eld direction, if
the anisotropy induced by the magnetic eld is larger than the strain anisotropy.

Figure 1.6: Schematic of the magnetization of a material with positive magnetostriction under
tensile strain on the left and compressive strain on the right. With tensile strain a
weak magnetic eld H along the same axis will magnetically saturate the material.
With compressive strain the energy fromH needs to be larger than the energy
from the strain to magnetize the material along the eld direction/strain axis.
Adapted from Cullity and Graham [CGO09, p. 263 .].

Stress anisotropy is a consequence of Joule magnetostriction. Magnetostriction
describes the ability of ferromagnetic materials to change their dimensions upon a
change in magnetization. The process described in Figure 1.6 is a result of inverse
magnetostriction as the magnetization changes upon the application of strain. The
relation between isotropic magnetostriction, stress and the stress induced anisotropy
K is given by

Ky=K = = (1.6)

with ¢ being the isotropic saturation magnetostriction and the acting stress in the
sample [CGOQ9, p. 264]. In this work the magnetic material is deposited on piezoelectric
quartz. Quartz exhibits anisotropic thermal expansion coe cients and will also induce
stress and consequently stress induced anisotropy in the magnetic thin Im if temper-
ature is applied. This additional anisotropy in FeCoSiB was studied in Section 3.1.
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Induced Anisotropy In some materials anisotropy cannot only be induced by
aligning the magnetisation via stress but also by applying a magnetic eld. This
anisotropy can be preserved in the material if an additional temperature below the
material's Curie temperature is applied to the sample inside the magnetic eld and
then cooled to room temperature [CGO09, p. 336 f.]. Likewise, anisotropy can be in-
duced by applying the magnetic eld during the growth of the Im, for example during
magnetron sputtering [SSB91]. The induced anisotropy through annealing or magnetic
eld deposition can be estimated by

1
K, = in oMs (1.7)

with the anisotropy eld Hy, and saturation magnetizationMs [Coel0, p. 171]. The
anisotropy eld describes the eld di erence between the easy and hard axis of magne-
tization. For amorphous magnetostrictive materials it is essential to induce an uniaxial
anisotropy to achieve maximum magnetostriction [LQOO]. The in uence of the induced
anisotropy on the performance of SAW sensors is discussed in Section 3.1.

1.3.2 Magnetoelastic Coupling

The mechanical and magnetic properties of a material are correlated by magnetostric-
tion. The relation between stress and strain, which in uence the mechanical properties
and magnetization is termed magnetoelastic coupling. The direct coupling of stress
and magnetization is termed E eect. E, since the Young's modulus or elastic
modulus E changes with a change in magnetization through the generation of addi-
tional magnetostrictive stress [CoelO, p. 178]. The change of Young's modulus of a
positive magnetostrictive material can be estimated by

E _ E(H E 9 2E(H)H?
— ( ) S — S ( 3) (18)
Es Es MsH 2
where E(H) is the Young's modulus at a constant magnetic eld,Es the Young's
modulus in saturation, H the applied magnetic eld andHy. the reduced anisotropy
eld by the additional stress [Liv82] given by:
Ky K
H,. = ——— 19
== (19)
Therefore, to achieve a large E e ect a high magnetostriction ¢ and a small but
de ned and unidirectional anisotropy are necessary.

In SAW magnetic eld sensors a phase change is induced by magnetomechanical
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coupling through the E e ect. The manner in which the Young's modulus changes as

a function of an applied DC magnetic eld depends on the anisotropy of the magnetoe-
lastic Im, the magnetic eld direction and the type of stress generated by the acoustic
wave. Therefore, depending on all these contributiortdy. in Equation 1.8 will change
accordingly, which signi cantly determines E. Di erent types of waves generate dif-
ferent stresses depending on their displacement axis. In the Im plane, Rayleigh waves
generate a tensile stress, while Love waves cause shear stress (more on di erent wave
types in Section 1.2). Figure 1.7 shows measurements of three di erent sensors using
either Love waves in 1.7a and 1.7b or Rayleigh waves in 1.7c. In the Love wave sen-

@) (b) (©

Figure 1.7: Phase response as a function of applied DC bias eld for di erent SAW sensors.
(@) A sensor on a 64 Y-cut LINbO 3 substrate exhibiting Love waves with a
4.5 um SiO, guiding layer and 200 nm FeCoSiB. The easy axis of magnetization
was induced perpendicular to the SAW propagation direction. (b) A sensor on a
ST-cut quartz substrate with a 4.5 um SiO, guiding layer and 200 nm FeCoSiB.
In this case Love waves are excited 9o the crystallographic X-axis. The easy
axis of magnetization was induced parallel to the SAW propagation direction.
(c) A sensor on a ST-cut quartz substrate with 200 nm FeCoSiB. In this case
Rayleigh waves are excited along the X-axis. The easy axis of magnetization was
induced perpendicular to the SAW propagation direction. In all three cases the
measurement eld was applied perpendicular to the easy axis. The insets show the
orientations of anisotropy and applied elds with respect to the IDT orientation.

sors also di erent anisotropy con gurations were set during Im growth. In 1.7a the
easy axis of magnetization is perpendicular to the SAW propagation direction and in
1.7b parallel to the SAW propagation direction. The phase change of the Love wave
devices under shear strain follows the characteristic change of shear modulus or sti -
ness coe cient Cgg as theoretically predicted by Zabel [Zabl19, p. 17] and Mazzamurro
et al. [MDP™*20]. The phase change in the Rayleigh wave device follows the change
of the sti ness coe cients Cy; or C,, according to the calculations of Mazzamurro et
al. [MDP* 20]. Squire demonstrated that the change in shear modulus is higher than
the change in Young's modulus in magnetostrictive wires [SAA95]. Additionally, the
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required DC bias eld at which the slope of the curves is maximum i.e., the point of
highest sensitivity is di erent for each con guration.

1.3.3 Exchange Bias

A dierent type of magnetic anisotropy is the so-called exchange bias which unidi-
rectional [MB56]. Forming an interface with materials which exhibit some kind of
spontaneous magnetization leads to exchange coupling between these two materials.
The coupling of a ferromagnetic material with an anitferromagnetic material creates

a magnetization bias in the ferromagnetic material, in which the magnetic moments
are aligned along the same direction as the magnetic moments of the antiferromagnet
at the interface. Moreover, the antiferromagnet's magnetic moments can be aligned
by the ferromagnet. Biasing a ferromagnetic material in such a manner induces an
unidirectional anisotropy. It is called exchange bias, as the ferromagnet is biased via
exchange coupling [NS99, BT99]. Since in the remanent state of such an exchange
biased system all magnetic moments are aligned in one direction the hysteresis loop is
shifted on the magnetic eld axis against the exchange bias elHigg as illustrated in
Figure 1.8.

Figure 1.8: Easy and hard axis magnetization loops of the stack Ta (5 nm)/FeCoSiB
(200 nm)/NiFe (3 nm)/Mnir (8 nm)/Ta (5 nm). The easy axis loop is shifted
against the exchange bias eldHgg.

The quantity being a measure for the magnitude of the exchange coupling at the
interface of the two materials is the exchange bias energy densitys and its relation
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to the exchange bias eldHgg is given by

JEB
Heg = —— 1.10
=7 tem oMy (1.10)
with Mg being the saturation magnetization of the ferromagnetic material andgy
the thickness of the ferromagnetic layer [NS99]. With increasing thicknessy the
exchange bias eld decreases since the exchange bias is an interfacial e ect.

Exchange bias can be induced by annealing, for which the specimen is brought to
a temperature which is above the Neél temperature of the antiferromagnet but be-
low the Curie temperature of the ferromagnet inside a magnetic eld and then cooled
down to room temperature [NS99]. A system in which the ferromagnetic layer is de-
posited onto the antiferromagnetic layer is referred to as bottom pinned. In reverse
order, top pinning exchange bias can also be induced by aligning the magnetization
during thin Im growth via a magnetic eld. In this case the ferromagnetic layer is
magnetized in one direction, which aligns the magnetic moments of the antiferromag-
netic layer [LYJ" 00, FC99, YXZ" 12]. More information regarding exchange bias and
results and discussion on exchange bias for SAW magnetic eld sensors can be found
in Section 3.4.
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1.4 SAW Sensing Mechanism and Noise

1.4.1 Sensitivity

The sensing mechanism of SAW magnetic eld sensors is based on th& e ect,
as described in Section 1.3.2. Applying a magnetic elti will cause a change of
magnetization M. The change ofM changes the shear modulu& of the magnetic
layer due to the E e ect. The change inG causes a change of acoustic wave velocity

which results in a measurable phase change of the SAWs input sighalConsequently,
the sensitivity S of a SAW delay line sensor is de ned as the change of phdsewith
applied magnetic eld H given by

@ _@M @G @ @'
5= @H @H @M @G @ N

for delay line sensors typically given in units o¥/T or rad(radiant)/T with2  rad = 360°
[DMK * 21].

The readout schemes for sensitivity and noise in this work have been developed
and established by Dr. Phillip Durdaut from Prof. Reinhard Kndchel's and later Prof.
Michael Hoft's chair of Microwave Engineering at Kiel University [Durl9]. The mea-
surement setup to measure the sensitivity of the SAW delay line sensors of this work
Is shown in Figure 1.9. Within a magnetically shielded -metal cylinder the sensor is

Figure 1.9: Schematic of the readout scheme used in this work to measure the sensitivity of
the SAW delay line sensors. In and output are connected to the SAW sensors
IDTs, respectively.

placed within two coils/solenoids. One is used to generate DC magnetic elds while
the other generates AC magnetic elds. Accordingly, the currents for the coils are
provided by an AC and a DC current source. The excitation of the SAW sensor at
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its synchronous frequency is realized by using a lock-in ampli er, which also detects
the change of the phase. To measure only the total phase change of the SAW sensor a
DC magnetic eld is swept from one saturation direction to the other and vice versa.
Simultaneously, the phase and the amplitude of the SAW signal are read out. To mea-
sure the sensitivity an additional sinusoidal AC magnetic eldHac of f =10 Hz and
oHac = 1 UT is applied. For every DC magnetic bias eld a frequency spectrum
of the demodulated phase is recorded and the signal peak at 10 Hz is recorded and
divided by Hc .

1.4.2 Phase Noise and Limit of Detection

Phase noise is the frequency-dependent statistically random uctuation of the phase
of an oscillating device. When referring to phase noise in this work the power spectral
density of phase uctuationsS (f) is meant in units of rad’=Hz [Rub09, p. 22]. It is
typically plotted on a dB scale over the logarithmic frequency relative to the center
frequency of the SAW device i.e., the carrier signal. A typical phase noise spectrum
is shown in Figure 1.10. It exhibits two regions in which the frequency dependency of
the phase noise is di erent. At lower frequencies up to a few kHz the noise decreases
proportionally with 1/ f i.e., the noise drops by one order of magnitude (10 dB) every
order of magnitude of frequency. This type of noise is also referred to ad Ioise or
pink noise. At higher frequencies the noise is frequency independent and referred to
as white noise. The level of the white noise regime of a SAW magnetic eld sensor

Figure 1.10: A typical phase noise spectrum of a SAW magnetic eld delay line sensor at 0
dBm and a de ned bias eld which is not magnetically saturating the sensor.

is determined by the input power of the SAW sensoPsay and its insertion lossliL ,
which is dependent on the magnetic state and hence on the applied magnetic &igc
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and is given by L(Hoe) ke T B
DC B
Psaw Hz

S'; white (f) =10 |0910 (112)

wherekg is Boltzmann's constant andT the absolute temperature [DMK 21], hence
the origin of white noise is thermal uctuations. ConsequentlyS. wnie Can be under-
stood as the power amplitudes of thermal uctuations relative to the carrier signal's
power amplitude. Hence, the smaller the excitation amplitude is, determined Bsaw
andIL ., the closer it is to the thermal noise.

1/f noise can be understood as the variation of the phase from the phase of the carrier
signal. The further away the frequency is from the carrier frequency the less likely it
is that an amplitude of that frequency is appearing randomly. At high frequencies i/
noise decreases even below white noise but in the high frequency region thermal uc-
tuations are more likely to happen than deviations of the carrier signal, consequently
the high frequency region is dominated by thermal noise. The phase noise in thé 1/
regime of a SAW magnetic eld sensor is given by

4kB T 0 r00 d B

_ 2 ub
S,1(f)=10l0gn S* 7o =

(1.13)

where S is the sensor's sensitivityf the frequency of the magnetic eld,V the mag-
netic volume and 0 and o the real and imaginary part of the relative magnetic
permeability, respectively [DMK"21]. As most parameters are more or less constant
1/f noise is determined by o and 0, hence the magnetic properties and the magnetic
state.

r

The measurement setup to measure the phase noise of the SAW delay line sensors is
shown in Figure 1.11. As commercial current sources do not provide phase noise levels
below the sensor's noise, the DC bias elds for noise measurements are provided by an
in-house built low-noise current source, which is based on a potentiometer controlled
battery set-up developed by Phillip Durdaut [Durl9]. The excitation and read-out of
the SAW sensor's phase noise is done with an commercial phase noise analyzer.

The limit of detection (LOD) gives the smallest potentially measurable magnetic
eld by the sensor as an amplitude spectral density in units of T/ Hz. The LOD is
the quotient of the phase nois& (f ) and the sensitivity S at a speci ¢ frequency, thus
given by D -
LOD = < (2.14)
with S given in linear units of rad’=Hz and S given in units of rad/T. In previous

work it was shown that the sensitivity of the sensors of this work does not change up to
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Figure 1.11: Schematic of the read-out scheme used in this work to measure the phase noise
of the SAW delay line sensors. In and output are connected to the SAW sensors
IDTs, respectively.

a frequency of 10 kHz [LBD 19]. Therefore, it is considered frequency independent for
the eld of application relevant for this work. It can be seen from Equation 1.14 that the
best LOD in terms of applied DC bias eld does not necessarily coincide with the point
of highest sensitivity, but it is a trade-o between noise and sensitivity [DMK 21].
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