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Preface

The development of nanotechnology pushes the limits of biomedicine in regions
where the size of solid state based devices and biomolecules are in the same range of
magnitude. The integration of bionanodevices in the molecular diagnostic field leads
towards improvements in our life quality by assuring fast and cheap diagnosis devices.
Low cost production hand-held biochips are foreseen to be incorporated in the next
generation of bionanodevices. Among them, tunneling magnetoresistive (TMR) biosen-
sors are of great interest and their improvements constitute the subject of the present
thesis.

The construction of TMR sensors is realized by employing e-beam lithography
and ion beam etching means in order to obtain a detection system of an increased sen-
sitivity. The magnetic biosensors based on TMR effect are downscaled to submicron
dimensions and have been used for the detection of different magnetic markers. The
sensors exhibit an increased spatial resolution, being able to distinguish different 1 um
bead orientations towards the sensor by examining the detected signal. Their sharp
sensing properties are proven by detecting 14 nm Co nanoparticles, where different
interaction processes gave rise to specific signals. Several advances have been per-
formed for a proper integration of low noise TMR sensors with microfluidic and mag-
netic beads manipulative systems in order to sense the dynamic motion of the magnetic
beads above the sensors area.

The TMR biosensors are foreseen to have several applications in cell and mole-
cular biology. By integrating the TMR sensors in biological environment, a break-
through can be expected in achieving information about drug delivery systems or inte-

ractions between biomolecules.
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1. Introduction

1.1 Biosensors - description and application

In present days, the boundaries between different science fields disappear and
leave place to the introduction of new composed research areas. Improvements re-
quired in life quality and safety leads to the development of novel research strategies.
The recent introduced research fields have the aim to develop new systems that will
find their applicability in life sciences. The latest discoveries in physics can be exploited
to their full potential if they are integrated in biological sciences. Further and conti-
nuous progress is needed for the discovery of new treatments in different medical
problems.

The biosensor term include a combination between physics which came out
with the recognition and transmission of a signal produced by a biological environment
and the biological science that comprise the systems which produce the signal. The
human body has integrated in its structure great sensitive receptors that give birth to
the receptive organs as eye, skin, ear, nose and tongue. The biosensors construction is
based on the function system of the receptive organs. The signal that is detected and
transmitted by the physical part of a biosensor can have various forms. It can consist of
different types of modifications, such as: electrical changes (electric potential, electric
current, electric conductance, electric impedance), intensity and phase of electromag-
netic radiation changes, mass change, temperature change, viscosity change, change of
pH, heat transfer, uptake or release of gases or a magnetic change (1). The biologically
sensed elements vary also and give specificity to the sensing procedure. They can in-
clude enzymes (the history of biosensors begins with the first enzyme electrodes de-
veloped in 1962 by the scientist L.C. Clark), antibody, nucleic acid, cell, microbial or
polysaccharides. Combining the two parts of the biosensor sometimes requires addi-
tional elements known as markers which label the connection between the biological
elements and the physical sensing parts. Employing labels in biodetection is sometimes
used to increase the sensitivity of detection, but for some types of sensors it is a manda-

tory requirement. The first types of labels used in biomedicine were the radioisotopes,



1. Introduction

but now, due to their radiation risk are being replaced. Other used labels are the ones
that have fluorescent, luminescent or light scattering properties and can be easily de-
tected and counted under the optical microscope. The enzymatic type of labeling is
widely adopted to produce a chemical reaction with the analytes and to detect through
the result of the chemical reaction the concentration of the analyte. The recent label
generation includes magnetic nanoparticles, nanocrystals and quantum dots (2). A
short description of a biosensor is visualized in Fig.1.1. The implementation of markers
in biosensing systems requires proper functionalization processes that demand a high
care and can always be a source of contamination for the biological molecular com-
pounds or destruction for the physical part of the biosensor. By considering the labe-
ling procedures, the biosensors can be divided in main classes: the ones that don’t re-

quire any markers utilization, which are

Alternative markers:

Radioisotopes, fluorescent, luminescent,
light scattering, enzyme, magnetic beads

more convenient in use due to their sim-
plicity and the ones that employ markers

handling. Other parameters that characterize

Bioanalytes elements: : o e
e b m the sensors are their sensitivity, specificity,
peptide, oligonucleotide, organell, selectivity together with their easy portabili-

organism, tissue slice

ty and low cost production. In the next sub-

Interface :
chapter the types of biosensors already as-

Physical part signed and the ones on the way of develop-

ment will be classified. Up to the present day,

Recepted signal:
Change of pH, electron transfer,
refractive index, heat transfer,
uptake or release of gases, specific
ions, magnetic change

pregnancy tests and glucose sensors are
probably the most popular types of sensors
used worldwide (3). The glucose sensors help

Fig. 1.1 Schematic representation the diabetics to monitor and keep their dis-

of a biosensor ease under control, decreasing the side effects

of their condition. The improvements that have been arisen in the nanotechnological
field (nanowires, quantum dots) are expected to emerge on the biosensors develop-
ments (4). It is awaited that the implementation of novel technologies in biomedicine
will surely lead to highly sensitive and less invasive sensors (5). By considering all the
information above it is comprehensible why humanity has high expectations from bio-
sensors in the future. One long-time goal expected to be accomplished is the real time

monitoring of different analytes (level of different hormones, enzymes in the blood,
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different hormones in the bloodstream) with an “in vivo” device for proper diagnostic
(6). In this manner the effect of medication can be carefully controlled and react in time
in case of adverse reactions to allergens, infectious agents or toxins. With the help of
such devices, it might be possible to achieve a better understanding of the drug delivery
mechanism at the cellular level, which could increase the quality of medicine in the
future. A short term goal of the biosensors is the development of hand held “in vitro”
diagnostic devices suitable for intermittent use. By this, a fast specific diagnostic can be
produced with minimum body injury. Considering the importance of life safety, other

approach of biosensors should include the detection of different pollutants in the envi-

ronment such as pesticides, toxins, food pathogens or even biological warfare agents

(3).

Types of biosensors

The first developed category of sensors, which embraced a lot of success on the
market were the electrochemical biosensors. These can be divided in conductimetric,
amperometric or potentiometric biosensors. Their working principle is based on the
detection of ions or electrons released from chemical reactions where the analytes to
be measured take part. A short description of this class of biosensors can be found in
Anex 1. The biosensors based on an antibody-antigen reaction are called immunosen-
sors. The conductimetric biosensors detect changes that appear in the conductance of
the solution where the analytes are measured. The change is proportional with the
amount of analyte present in solution. These types of sensors are enzyme labeled and
are used for the detection of e.g. paracetamol, creatinine, L-asparagine, penicillin G and
glucose (7) and have a low sensitivity (1). The amperometric sensors are also enzyme
labeled (if the analytes are not electroactive, a chosen enzyme will catalyze the chemi-
cal reaction) and measure the changes of the current produced in the solution. These
high sensitive biosensors lead to the development of glucose sensors, where the
amount of glucose in blood is proportional to the output signal. The glucose sensors
revolutionized the biosensors market and the next generations are expected to be more
sensitive and minimally invasive, such as implantable subcutaneous glucose electrodes.

The potentiometric biosensors measure potential differences caused by the
changes in electrolytes due to antigen-antibody reactions. The major advantage of this

type of sensors is their labelness, being more comfortable in use. The limiting factor of
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the label free devices is the risk of detecting unspecific analytes. The potentiometric
biosensors are divided further into: FET (field effect transisor) sensors, pH electrodes
and gas sensing electrodes.

The FET sensors are based on field effect transistor devices, where the charge
change produced by biomolecules give rise to carriers disequilibrium in the semicon-
ductor that can be measured further as an electrical signal which is proportional to the
concentration of the analyzed sample. The idea of integrating the solid state physics
with the bimolecular recognition was revolutionary at that time (8), so modern biosen-
sors devices are based on the combination between the two technologies.

The following class includes the thermal biosensors, which are based on the de-
tection of the enzyme catalyzed reactions accompanied by heat production (25-100
k]J/mol). Those are used to sense e.g. pesticides, pathologic bacteria, cholesterol, glu-
cose, ATP, urea, triglicerides, acorbic acid, lactose, ethanol, penicillin or sucrose.

The optical biosensors class is also well developed and, as a consequence is di-
vided into two large areas: the one that include a signal generating label and the one
that detect directly the optical signal.

Optical sensors based on luminescence spectroscopy use an enzyme as a label
and can supervise the light coming from a bioluminescent (high sensitive) or chemilu-
miniscent reaction. The direct optical sensors normally don’t require any label, but a
fluorescent label can be used to increase the sensitivity of detection. As shown in Anex
3, this sensor category is divided into: holographic sensors, fluorescence, reflectance,
ellipsometric, SPR and waveguide sensors. The waveguide sensors are also split into
fiber optic waveguide, interferometers, grating coupler and resonant mirror sensors. Of
all direct optical sensors it's worth emphasizing the SPR (surface plasmon resonance)
label free sensors due to their high affinity and ability of performing real time detection
processes. Surface plasmon resonance appears at the interface between two materials
with a dielectric constant of opposite sign (such as a metal and dielectric material) and
consists of a charge density oscillation associated with an electromagnetic wave (9).
The future of SPR sensors is oriented towards the detection of small concentration of
analytes with the integration of microfluidic channels (10).

Other affinity sensors able to monitor real time detection are the mass detecting
sensors. The detection system can be based on piezoelectric crystals or acoustic waves.

The piezoelectric crystals detect mass changes because of modifications occurring in
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the oscillation frequency proportional to the amount of analytes situated on the sensors
surface. The disadvantage of these label free sensors consists in the impurities that
might contaminate the sensor surface and give a false detection signal.

The last type of biosensors are the magnetic ones, which will be described in de-
tail in the following subchapter because of the intensive work realized onto one of this
type of sensors. This category is also split in three categories that include GMR, spin-
valve and TMR sensors. The technology used for magnetic biosensors is based on the

magnetoresistance effect.

Magnetic biosensors

The content of this subchapter will emphasize the description of magnetic sen-
sors based on the magnetoresistance effect. Other types of magnetic biosensors are
based on SQUID (superconducting quantum interference device) which are flux sensi-
tive, while the biosensors based on magentoresistance effect are field sensitive sensors
(11). The phenomenological description of the magnetoresistance effect will be ex-
plained in details during the next chapter. The basic principle of this phenomenon is
the change in resistance of a device consisting of ferromagnetic thin films due to the
relative orientation of magnetization. Three different types of magnetoresistive pat-
terns are suitable for biological detection: giant magnetoresistance, spin valve and
tunneling magnetoresistance sensors. The differences between these types of sensors

are schematic exemplified in Fig. 1.2.

GMR sensors Spin valve sensors TMR sensors
Non-magnetic Ferromagnetic
Non-magnetic I: Insulator

Ferromagnetic

Ferromagnetic

Ferromagnetic

Non-magnetic

Ferromagnetic

Antiferromagnetic Antiferromagnetic

Ferromagnetic

\ = 4

Fig. 1.2 Schematic overview of magnetoresistance sensors

The magnetoresistance sensors use magnetic labels for biodetection. The label
consist of a magnetic marker, commercially available superparamagnetic beads or
magnetic nanoparticles, which present a magnetic dipole moment when are magne-

tized. The magnetic stray field produced by the magnetic labels will influence the
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changes that occur in the sensor’s magnetoresistance. The magnetic tags can be func-
tionalized with biological or chemical end-groups such as -SH, streptavidin, biotin,
-COOH which are further attached to the analytes that have to be detected. A schematic

overview of a magnetic bead is presented in Fig. 1.3.

superparamagnetic
nanoparticles

polymer matrix

functionalized
biomolecules

Fig. 1.3 Sketch of a magnetic bead

The employment of magnetic markers in biorecognition has the advantage of
high specificity being detected only the biological analytes attached to the magnetic
labels. On the other side, the functionalization of beads with biomolecules is itself an
elaborate process, fact that might bring complexity to the sensing processes and there-
fore decrease the efficiency of this detection technique.

The magnetic makers used for detection can have superparamagnetic proper-
ties, presenting a magnetic moment only when are immersed in a magnetic field, or
ferromagnetic properties, presenting a permanent magnetic moment. It is preferable to
use superparamagnetic labels for magnetic detection considering their reduced agglo-
meration. The ferromagnetic labels have the tendency to cluster due to the attraction
forces that exist between them, fact that will lead to an imprecision in the detection
process. Magnetic labels can be magnetized by applying a magnetic field generated by
external coils or by using on chip integrated current lines. The magnetic field produced
by the coils can be produced by an AC or DC current that is passing through the coils.
The orientation of the magnetic field related to the sensing layer can be in plane, angle

or out-of-plane magnetic field. When conducting lines are integrated on chip and a cur-
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rent is passing through these lines, a magnetic field will be formed that attracts the
beads on the line surface and magnetize them at the same time (12).

The GMR effect arises from the asymmetry in the spin-dependent scattering at
the non-magnetic/magnetic interfaces for spin-up and spin-down electrons. The re-
searchers from Naval Research were the pioneers in developing a sensing device based
on giant magnetoresistance (GMR) technique starting with BARC I (bead array counter)
and continuing with BARC III sensors which are characterized by a current in-plane
geometry. The dimension of the sensors presented by them is large, being 1.6 um wide
on a 4.0 micrometer pitch, with a total length of 8 mm within a 200 micrometers di-
ameter circular zone (13).

Compared to GMR multilayers, where the magnetization direction depends on
the non-magnetic (Cu, Ru) spacer thickness leading to oscillatory coupling, in spin-
valves, the bottom ferromagnetic layer is having its magnetization pinned by exchange
bias to an antiferromagnetic layer, while the top sensing layer can rotate freely. Using a
standard working cell of a spin valve structure with two ferromagnetic layers sepa-
rated by a Cu spacer, typical MR values of up to 11% are obtained. At the pinned layer,
the exchange energy should be large, so the exchange field prevails against demagnetiz-
ing fields. For sensor applications the sensor output must be linearized. This can be
achieved by inducing a transverse magnetization direction in the pinned layer, while
the magnetization of the free layer is in the longitudinal direction.

The magnetic tunnel junctions (MT]) have the working principle based on the
spin dependent tunneling effect, where electrons tunnel across an insulating barrier
between two ferromagnetic electrodes. MT]Js have a low resistance state when the two
electrode magnetizations are in parallel orientation and a high resistance state when
they are in antiparallel orientation.

The sensor’s sensitivity is reflected in its ability to detect a single magnetic
marker. This capability is limited by the minimum field the sensor can detect. As the
magnetic particle stray field is averaged over the sensor area, an increase of the sensor
area comes with a decrease of the sensor sensitivity. A smaller sensor may be used to
detect a small number of magnetic particles and at the limit this technology can be used
for single biomolecular recognition events (14).

In the processes of bead detection it is important to take into account all the existing

magnetic fields that are magnetizing the bead. It has been predicted by a theoretical
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model and also correlated with experimental results that the magnetic fields produced
by the magnetic layers and the magnetic field created by the current that is passing
through the sensor contribute along with the external magnetic field to the bead mag-
netization (15).

The crossover from biosensors based on scattering processes, GMR and spin-
valve sensors, to the ones based on tunneling processes relays on the high magnetore-
sistance ratio of MT]s. Recent developed double barrier MT]s can reach a value of up to
1056 % at room temperature (16). The increased TMR value leads to highly sensitive
elements. Another advantage presented by MT]’s sensors is their large lateral resolu-
tion. Owe to this property it is possible to pattern the sensor elements in a closed-
packed array with the aim of having multitask lab-on-a-chip assays. The future perspec-
tives for biosensing devices are oriented towards integrated biochips with the possibili-

ty of rapid detection of interactions taking place at a single molecule level.

1. 2 Magnetic markers

The content of this subchapter includes a short characterization of the magnetic
markers used in magnetic detection experiments with their physical characteristics and
biological applications. The magnetic markers are divided into two main categories: the

iron oxide based magnetic beads and the transitional metal based nanoparticles.

General characteristics of magnetic markers

The magnetic markers are used for labeling the biomolecules (enzymes, antibo-
dies, antigens, DNA). Their size similar to biomolecules is an important property and
makes them suitable for magnetic biosensors. They consist of magnetic nanoparticles
embedded in a polymer matrix and are used for a wide range of applications. For bio-
medical applications it is necessary to accomplish the following requirements: large
saturation magnetization, no coercitive field, no remanence magnetization and small
size.

A short introduction in magnetic macroscopic notions is needed to comprehend

the further given information regarding magnetic properties of the nanoparticles. A
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magnetic dipole moment m is defined by a current I that is passing through an infinitely
small loop dA.
m=1[dA [A - m?] (1.2.1)
The magnetization M of a magnetic material consists of the total N magnetic moment
per volume unitV:
M =mg [A/m] (1.2.2)
The response of a magnetic material to a magnetic field H is expressed by the magnetic
induction or magnetic flux density B:
B = po(H + M) [Wb/m?] (1.2.3)
Where pois the magnetic permeability of free space and is dimensionalless. The relation
between M and H is given by:
B =po(1+)H (1.2.4)
Where y is the magnetic susceptibility of the material.
If the size of a magnetic structure is less than 500 nm it is not favorable for the struc-

ture to form magnetic domains, because a typical thickness of a domain wall is:

]S2 12
Ka

§= (1.2.5)

with ] being the magnetic exchange constant, S the total spin quantum number of each
atom, a the interatomic spacing and K the magnetic anisotropy constant for the mag-
netic material (17). Using equation (1.2.5), the thickness for a domain wall in iron bulk
material is calculated to be 42 nm. Considering the domain wall thickness, the mini-
mum required size for a nanoparticle with a monodomain structure can be calculated.
The single domain particles have been characterized by applying the Stoner-Wolfarth
model of ferromagnetism (18). The superparamagnetic behavior of magnetic nanopar-
ticles depends entirely on the magnetic anisotropy of the material from which the na-
noparticles are built. This magnetic specificity forbids the nanoparticles to agglomerate
and to interfere, making them suitable for biological applications, due to the avoidance
of embolism or other possible lethal side effects that can appear in a human body. In
the superparamagnetic size regime, between 1-10 nm, a fluctuation of the magnetic
moment of the nanoparticles exists. This is attributed to the thermal energy (kzT) (19).
So, the magnetic moments are randomly arranged and the net magnetization has a null
value. When superparamagentic nanoparticles are immersed in a magnetic field, they

will be uniformly magnetized (20). If the coercivity is present, it indicates a magnetic
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interaction between the nanoparticles. Below the so called blocking temperature, the
ferromagnetic order appears, because the magnetization relaxation process becomes
slow compared to the time required for a particular investigation technique (21). In
case of superparamagnetic nanoparticles, the magnetization curve is characterized by

the Langevin equation as follows (22), (23):

M, = ML (“l‘;:‘TH ) (1.2.6)

where L(x) = cothx — 1/x is the Langevin function, Mg is the saturation magnetization,
I, is the magnetic permeability of vacuum, m is the magnetic moment of a particle, H is
the applied magnetic field, kg is the Boltzmann constant and T is the absolute tempera-

ture.

Iron oxide based magnetic beads

The nanoparticles currently used in biomedicine are based on magnetite
(Fes04) or maghemite (Fe;03). Their advantages rely in their small size and non-
interaction between nanoparticles. Their magnetic properties and biocompatibility has
been extensively investigated, being established that they can be metabolized by the
human body (through liver and kidneys). Nowadays, they are used as contrast agents in
MRI techniques or as hyperthermia agents in cancer therapies. Further applications for
nanoparticles are foreseen in drug delivery systems to specific location of disease,
magnetic cell separation and biomolecular technology (24). Their functionalization
with biomolecules is mandatory for their use in biomedicine, but due to different bio-
logical treatments, their magnetic moment can be reduced (25). The nanoparticles in-
terchange is based on dipole-dipole interaction and exchange interactions (26), (27).
Any kind of interaction between nanoparticles is suppressed if the distance between
the nanoparticles is larger than three times their diameter.

The commercial magnetic beads Dynabeads® MyOne™, used for detection
means in the work presented in this thesis, are formed by embedding iron oxide nano-
particles in porous monosized polymer beads and coated afterwards with a layer of
polymer without charged groups (28). Individual maghemite nanoparticles in the
formed magnetic beads have sizes from 6 to 12 nm. Some of them cluster and form
structures of up to 20 nm. The entire bead has a size of 1.05 um and is coated with dif-

ferent end-groups such as carboxylic acid, streptavidin etc. The micromagnetic beads
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have been investigated with AGM (alternating gradient magnetometer), their magnetic

characterization being presented in Fig. 1.4.
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Fig.1.4 Magnetic measurements of Dynabeads® MyOne™ coated with carboxylic
acid and their TEM image (taken from (29))

From the physical characteristics of the beads and their magnetic characteriza-
tion, the saturation magnetic moment per particle was calculated leading to a value of
m=36.2 aAm?2. The value of the magnetic moment is important when one has to consid-
er the dipole interaction between two particles or to calculate the dipole field created
by a magnetized particle that influences the magnetic biosensor. The dipole type mag-

netic field of the microparticle is reduced in the following form:

3(mF)P—
Haipore = —g— (1.2.7)

73
In this equation, the 7 vector points from the center of the magnetic bead towards the
detection point. In case of magnetic beads sensing, the detection point for the micro-
bead is situated in the middle of the top sensing layer of the sensor.
Considering equation (1.2.7) it can be pointed out the importance of having an in-
creased magnetic moment of the bead, with a strong stray field in order to achieve its
magnetic detection.

The iron oxide based magnetic beads are embedded in different coating mate-
rials to ensure their biological applications. The polystyrene coating gives a good size
distribution and spherical shape, but its hydrophobic surface leads to unspecific pro-

tein binding, so a chemically modifications of the surface is needed. The magnetic silica
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based particles provide an efficient DNA and proteins binding, but improvements have
to be done regarding the size distribution and spherical shape. The polysacharide coat-
ing gives good perspectives for in vitro applications, but they provide an irregular
shape. The poly (lactic acid) coatings are biodegradable but their hydrofobic surface

makes them susceptible to bind easily to plastic surfaces (17).

Transitional metal based nanoparticles

It has been established that the Co, CoFe and CoPt nanoparticles have higher sa-
turation magnetization values compared to the iron oxide based nanoparticles. This can
be verified by observing their magnetophoretic mobility in the same medium. It has
been determined that the particles with high magnetophoretic mobility exhibit also the
highest saturation magnetization (30). A detailed preparation method of magnetic na-
noparticles based on transition metals is presented elsewhere (31), (32). Experimental
observations showed that Co and CoFe nanoparticles alter their magnetic properties
after exposure to atmospheric conditions, due to oxidation and shrinking of their mag-
netic volume (29). Despite their advantages related to magnetic properties, their toxici-
ty regarding “in vivo” applications is an important issue that has to be investigated fur-
ther. It is well known that Co is a toxic non-reactive metal that is hardly metabolized.
For “in vitro” applications, their gains seem to be much higher owed to their high mag-
netic moment. Magnetic nanoparticles are considered to be excellent candidates for
magnetic tags in biodetection. If they are functionalized with biomolecules of similar
size (1.8+5.3 nm), magnetic nanoparticles could be used for the detection of genetic
diseases. The CoPt nanoparticles have a high anisotropy constant and due to Pt polari-
zation present low magnetophoretic mobility. These properties make them suitable for

use in data storage applications rather than in biomedical devices.
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Table 1.2 Characterization of the magnetic markers used for magnetic detection

Saturation Coercitive
magnetic field
moment
COOH
Dynabeads 1.05 um 370.6 pemu 2.82 Oe
Co nanoparticles 14.2 nm 800.3 pemu 47.35 Oe
CoFe nanopar- 9.35 nm 96.75 pemu 2.33 Oe
ticles

General conclusions for magnetic markers

By summarizing the magnetic markers characteristics it should be pointed out
the importance of nanoparticles in biomedicine engineering. Their reduced size comes
along with a superparamagnetic behavior that makes them easy manipulative by mag-
netic fields. The iron oxide based nanoparticles have potential use in “in vivo” applica-
tions such as drug targeting, MRI contrast agents, magnetic separations etc. The nano-
particles based on Co or CoFe materials are suitable for “in vitro” application, due to
their unknown interaction in the body system. Their “in vivo” appliance is desirable
owed to their small size (the blocking of small blood vessels could be easily avoided),
but their biocompatibility is an issue that has to be considered. Their high saturation
magnetization is an advantageous property when detection by submicron sized mag-
netic biosensors is considered. Their labeling with single biomolecules is linking the
molecular biology field with the solid state based sensing systems. This opens new re-
search avenues in molecular and genetic engineering, where detection of processes that
take place at a molecular level will help us overcoming the present limits in under-
standing the constitution of the building blocks of life.

Another important issue regarding magnetic biomarkers is related to their bio-
functionality. The iron oxide based nanoparticles, owed to their coating can be easily
functionalized with biological probes (33). The nanoparticles based on transition met-
als, due to their manufacture procedure are covered with an oleic acid shell. Due to
that, the biofunctionalization becomes a much difficult process. Nowadays, new bio-

chemical procedures are implemented to overcome the biofunctionalization issues.
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1.3 Tunneling magneto-resistance processes

The content of this subchapter has the aim to give an overview of the characte-
ristics and properties of magnetic thin films materials. The interacting phenomena be-
tween magnetic thin films such as magnetic coupling and tunneling magneto-resistance

effect will be overviewed.

Magnetic anisotropy

Among the chemical elements it is well known that some are revealing magnetic
attributes. In case of transitional elements (Fe, Co, Ni), the band magnetism occurs due
to the imbalanced electrons spins in the 3d band structure. For the achievement of a
favorable energy state, the exchange energy will align all the unbalanced electron spins
in the same direction. The exchange energy depends on the interatomic distance and
gives rise to the magnetic domains separated by the domain walls. The ferromagnetic
properties of rare earth elements occur due to the localized magnetism, which are evi-

dent only at low temperatures.

Magnetocrystalline anisotropy

The magnetocrystalline anisotropy is caused by the spin-orbit coupling. The
electron orbitals are linked to the crystallographic structure of the material. Due to the
interaction between electron spins and electron orbitals, the electron spins will be
aligned along a preferential direction that is generic called easy axis. The direction of
magnetization in a bulk structure is determined by the magnetocrystalline anisotropy,
while the exchange energy has the role of aligning the electron spins in the same direc-
tion. The magnetocrystalline anisotropy constant K; is temperature and material de-
pendent. The characteristics and properties of thin film materials are mainly controlled
by the compromise between the uniaxial anisotropy K,, and the magnetocrystalline
anisotropy K;. From simulation and experimental results it has been concluded that
due to the miscut in the film growth, the uniaxial anisotropy is vanishing when the thin
film thickness is higher than 3.1 nm (34), (35). The formation of single domain states is
preferred in structures composed of very thin films with a lateral dimension of less

than 500 nm.
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Shape anisotropy
If the magnetic material has finite length, poles will form at the surface giving

rise to a stray field Egr,y outside the material. In order to counteract the stray field, a

demagnetizing Hgemag field inside the material is produced.

1
Estray = _Efluﬂ MHdemang (1-3-1)

The shape anisotropy constant is:
Kéhape = —M* <0 Kéhape > Ki (13.2)

The shape anisotropy dominates the magnetocrystalline anisotropy and favors
the alignment of magnetization towards a preferential direction given by the shape of
the magnetic element. In case of an elliptic element, the orientation of magnetization
will be uniformly aligned along the large axis. By increasing the thickness of the thin
film layer, the stray field of the submicron size element will increase also. The magne-
tocrystalline anisotropy can be counteracted by the shape anisotropy only in elements

of low dimensions (< 500 nm).

Magnetic domains

An important aspect that has to be pointed out in the magnetic thin film beha-
vior is related to magnetic domains. These are regions where all unbalanced spins are
aligned due to the exchange energy. The boundaries between the magnetic domains are
given by domain walls, where the magnetization is changing gradually. They have a
width of about 20 atoms and represent a compromise between the magnetocrystalline
and exchange energy terms. In the case of Bloch walls, the magnetization points out of
plane. In 1955, Néel proposed an alternative domain wall where the magnetization is
rotating inside the plane, no surface energy being present. The Néel walls are favored in
thin films (34). It has been interestingly shown that the Néel walls are shrinking also by

reducing the lateral size of the elements.

Magnetic coupling

Since the discovery of thin film technology, many improvements have been per-
formed in understanding the special magnetic properties of these structures. Because
the mean free path of the electron is higher than the thin film thickness, the magnetic
phenomena that occur in thin films are different than the ones present in bulk systems.

This is due to different couplings and interface effects that are dominant in thin film
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structures. In the next paragraphs only the couplings effects that occurred in the sys-

tems studied throughout this work are presented.

Exchange coupling

The phenomenon of exchange coupling has been observed in 1956 by Meikle-
john and Bean, representing the magnetic interaction between a FM (ferromagnetic)
spin system and an AFM (antiferromagnetic) spin system. It has been first noticed in
FM Co particles embedded in their native AFM oxide CoO. Similar to other exchange
interactions between ferromagnetic materials it has its origin in interface phenomena.
In case of metallic thin film structures, the FM layer is deposited on the AFM layer. The
system is annealed at a temperature T:

Tn<T<T¢ (1.3.3)
where Ty represents the Néel temperature of the antiferromagnet and T, is the Curie
temperature of the ferromagnet. During annealing, the system is immersed in a mag-
netic field and the FM spins align along the field direction, while the AFM has its spins
randomly oriented. While cooling down the system through Néel temperature, due to
the spin waves transmitted at the interface between the two different ferromagnetic
materials, the AFM spins at the interface will orient along the same direction as the FM
spins. When an external magnetic field is applied in the same direction as the annealing
field, the FM, due to its much weaker anisotropy will tend to align with the magnetic
field. But, as the AFM layer has a stronger anisotropy, it will exert a torque on the FM
spins and force the FM spins not to align with the external field. So, the field needed to
reverse the FM spins is larger than usual as there would be an internal exchange bias
field due to the interaction between the FM and AFM layer.

A condition for the existence of exchange bias is:
Karmtarm 2 Jint (1.3.4)
So, the anisotropy Kapm and thickness tapy of the AFM layer should exceed the
one of the FM layer, and their product is higher than the exchange at the interface, de-
noted by the interface coupling constant J;,; . The exchange bias field Hg is propor-
tional with the exchange field at the interface and inversely proportional with the

thickness tg and saturation magnetization Mg of the ferromagnetic layer:

— _ Jint
Hp = — o (1.3.5)
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The phenomenological features that can be observed due to the exchange bias
are: a shift of the hysteresis curve due to the exchange field Hg, an increase of the coer-
citive field (that can be emphasized when the AFM anisotropy is weak, and then the FM
will drag some AFM spins, thus increasing the hysteresis loop coercivity), sin 0 torque
curve and high field rotational hysteresis. Because the AFM spins will always torque the
FM spins in the field cooling direction, the exchange bias anisotropy is unidirectional,
also due to the sin 0 dependence. All the effects associated with exchange bias vanish at
the blocking temperature, Tz, which in case of magnetic thin layers is smaller than the

Néel temperature, Ty of the antiferromagnet.

Exchange oscillatory coupling in magnetic multilayers

The oscillatory coupling occurs between two ferromagnetic layers separated by
a very thin (10 A) non-magnetic layer. Different ferromagnetic structures with various
non-magnetic spacers have been intensively studied in order to characterize this phe-
nomenon. The coupling is due to direct exchange between the d electrons of the ferro-
magnet through the electron gas of s electrons of the non-magnetic spacer (36). It has
been experimentally proven that a strong antiferromagnetic coupling occurs in the
CoFe/Ru/CoFe structure at a spacer of one atomic plane. Two models have been devel-
oped to describe the oscillatory coupling: the free electron theory and the tight bonding
model. The free electron theory gives good approximation for the weak coupling limit
and is based on the RKKY (Ruderman-Kittel-Kasuya-Yosida) theory (36). The tight
bonding model includes the lattice structure in the calculation and points out the im-
portance of the roughness between layers for the phenomenon explanation. This
theory explains the long period oscillations that were inconsistent with the free elec-
tron model. The results of calculations with different spacing layers concluded that the
oscillatory coupling strength depends mostly on the interlayer thickness than on the
ferromagnetic thicknesses, so the main reason for this phenomenon are the interface
scattering processes than the bulk processes (37), (38). The period of oscillation A has
been calculated by considering the Fermi surface properties of the spacer layer and can
be described by the following formulas:

311/3
A=== kl' where kF = & (136)

2 F a

is the Fermi wavevector. If we approximate the coupling strength | with
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] = Xeosx—sinx ¥ 1 where x = 2kgd (1.3.7)

x* x3’
[t can be observed that in function of the spacer layer thickness a parallel or an antipar-
ralel orientation of the two ferromagnetic layers can be obtained as shown in Fig. 1.5
(26).

A

J

Fig. 1.5 Dependence of the spacer layer thickness
of ferromagnetic or antiferromagnetic alignment
of the ferromagnetic layers, as the coupling
strength is J>0 or J<0 respectively. Taken from
(26)

The interlayer exchange coupling energy is expressed in function of the interlayer ex-
change constant:

E(H) = A;,cos0,, — M tpvH(cos0; + cosb,) (1.3.8)
With:
A,- interlayer exchange constant ; M- magnetization of FM layers
try - thickness of each FM layer; 8- angle between the magnetization of one layer and
the external field H
0:,- angle between the magnetization of the two ferromagnetic layers; E(H) - exchange
coupling energy
H - magnetic field;

In a parallel orientation of the ferromagnetic layers the exchange coupling constant is:

A12 = (139)

The interlayer exchange coupling energy can be described by a bilinear term Jg; and a
biquadratic term Jg,. If the case of biquadratic exchange interaction the two ferromag-
netic layers are oriented perpendicular to each other.

Eigc = —Jpy cos(6y — 03) _]BQCOSZ(el —63) (1.3.10)
The oscillatory coupling phenomenon leads to the discovery of the giant magnetoresis-
tance effect, an effect present in the multilayers systems formed from magnetic and
nonmagnetic materials. When the multilayer structure is situated in a changing mag-

netic field, a change in resistance with respect to the parallel or antiparallel orientation
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of the ferromagnetic layers is observed. A. Fert and P. Griinberg received in 2007 the
Nobel Prize for Physics for the discovery of the GMR effect in 1988 (39).

The oscillatory coupling phenomenon is used in spin valve and MT] structures
to emphasize the pinning effect of the bottom ferromagnetic layer, so the influences on

the top soft layer are very weak.

Ferromagnetic (Néel or “orange peel”) coupling

Néel magnetic coupling can be present in magnetic multilayer systems where
two ferromagnetic layers are spaced by a non magnetic spacer (e.g. TMR structures).
This type of dipolar coupling occurs due to the magnetostatic charges induced by the
surface roughness. The Néel coupling is present in MT] multilayers at the interface be-
tween the two ferromagnetic electrodes spaced by the insulator barrier. The ferromag-
netic coupling decreases with increasing the insulator barrier thickness. The presence
of pinholes in the barrier can lead to the observation of the same magnetic effects as
the ferromagnetic coupling itself. It has been experimentally observed that the Néel
coupling effect strength is increasing slightly by increasing the thickness of the pinned
layer and decreases by increasing the thickness of the free layer. By ensuring a proper
engineering of the ferromagnetic layers, it is possible to increase or decrease the fer-
romagnetic coupling in function of desired properties of the structures. Otherwise, a
strong and unwanted orange peel coupling could lead to the destruction of the TMR
element, a smaller sensitive field, a decrease of the TMR effect or even the presence of
unstable magnetic states due to the torque exerted from the pinned ferromagnetic
layer on the free ferromagnetic layer. In the construction of a sensor type element, it is
necessary to have the top ferromagnetic layer as free layer in order to be sensitive to
the local magnetic field change that has to be detected. Considering this, the bottom
pinned layer must have a very small influence on the top layer, so the free layer thick-

ness is usually increased.

Tunneling magnetoresistance

The process of tunneling has been modeled after the development of quantum
mechanics, due to the association of the spin wave function to an electron (40). Even if
in the classic mechanics the penetration of a thin insulator layer is forbidden, the quan-
tum mechanics allows that thanks to the probability of tunneling of the electron wave

function. The tunneling between metal-insulator-metal, metal-insulator semiconductor,
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etc, has been studied since 1929, multiple models of tunneling being proposed since.

The tunneling probability T through a barrier of height V and length [ can be described

2mvV
Tee V2 (1.3.11)

where c is a constant of order of unity, which depends on the detailed shape of the bar-

by the following formula:

rier and on the electron wavefunctions. The electron wavefunctions are crucial in
tunneling process and become more important when the materials that are intercalat-
ing the barrier are ferromagnetic, resulting in spin dependent wavefunctions (41). The
imbalance of the spin electrons at the Fermi level in a ferromagnetic material occurs
because the density of states available for the spin-up and spin down electrons are sim-
ilar but shifted in terms of energy one to each other. As a consequence to the shift, the
bands will be filled unequally providing a net magnetic moment for the ferromagnetic
materials. The spin-up and spin-down electrons at the Fermi level are unequal in num-
ber, character and mobility (42). Spin polarization can be expressed in terms of the

number of carriers n that can have spin up (n) or spin down (nl) as:

_ (nt-nl)
- (nT+nl)

(1.3.12)

According to Stearns model, the transmission probability depends on the effec-
tive mass of the electrons, which is different for different bands. The localized d elec-
trons have a larger effective mass and therefore decay very rapidly in the barrier re-
gion, but the dispersive s electrons decay slowly in the barrier. In the Stearn model, the
s type electrons are the one that tunnel in a MT] (magnetic tunnel junction). The calcu-
lations based on Stearn model of the polarization for different magnetic materials are
consistent with experiments, providing 45% for Fe and 10% for Ni (43).

Considerable improvements have been done in understanding the tunneling process
since the development of Julliere’s model (44) of magnetic tunnel junctions in 1975. In
the case of Julliere’s model, the tunneling barrier is intercalated by two ferromagnetic
materials. It was observed that the tunneling current depends on the relative orienta-
tion of magnetization of the two ferromagnetic electrodes on both sides of the barrier
(43). Two basic assumptions constitute the base for the Julliere model:

1. The spin of electrons is conserved during tunneling, so the tunneling of spin up and
spin down electrons are two independent processes. If the two ferromagnetic elec-

trodes are parallel to each other, the minority spins from one feromagnet tunnels to the
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minority spin states in the other ferromagnet, consequently for the majority spin elec-
trons. If the two ferromagnetic electrodes are magnetized antiparallel to each other,
then the identity of the majority (spin up) and minority (spin down) electrons is re-
versed, so the majority spins from one ferromagnetic electrode tunnel to the minority
spin states in the other ferromagnetic electrode and vice versa.

2. The conductance for any state of spin orientation is proportional to the product of
the effective tunneling density of states (DOS) of the two ferromagnetic electrodes.
Following the two assumptions of the Julliere’s model of tunneling it can be defined the
tunneling magnetoresistance ratio (TMR) as the conductance difference between the

parallel and antiparallel magnetizations, normalized by the antiparallel conductance:

TMR = £2=94p — RapRp (1.3.13)

Gap Rp

The spin dependent tunneling current can be calculated on the basis of Fermi’s golden

rule:

I = Ze%ﬂ _+;O|T|2n1(E —eU)n,(E)[f(E —eU) — f(E)]dE (1.3.14)
Where E is the energy with respect to the Fermi energy Eg, U the applied bias voltage,
T, the tunneling probability, n, , the density of states of the first and second electrode

and f(E) is the Fermi function with E referenced to the Fermi energy:
1

f(E) =— (1.3.15)

eXBT +1

The Slonczewski model includes the importance of the barrier properties in the
spin dependent tunneling process along with the electronic states of the ferromagnetic
electrodes.

A schematic representation of the tunneling processes in MT] structures is
represented in Fig. 1.6 where the dependence of the tunneling current values on the
relative orientation of magnetization of both ferromagnetic layers is clearly shown. The
tunneling effect is observed when a small bias voltage is applied across the stack and
the entire stack is situated in a sweeping magnetic field. It has been observed that the
TMR effect decreases with increasing the applied bias voltage, so usually small bias
voltages are applied (5-10 mV). The breakdown of the barrier depends on its proper-

ties and usually appears at around 1-2 V.
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(a) (b)

Fig 1.6 Characterization of tunneling process between two ferromagnetic layers sepa-
rated by an insulator barrier. Remade after (26)

By improving Al,05 barrier quality, Moodera et al were able to observe high
TMR values at room temperature leading to a breakthrough in this research field. The
magnetoresistance effect in the junctions with Al,05 as insulator material show TMR
values of up to 70% due to the amorphous nature of the barrier (45). During the last
decade many advances have been achieved in this field direction. Magnetic tunneling
junctions that involve MgO material as the insulator barrier between the two ferro-
magnetic electrodes are nowadays intensively studied. Huge TMR ratios (up to 6000%)
have been predicted for Fe(100)/MgO(100)/Fe(100) epitaxial grown structures (46).
Up to the present day, magnetoresistance ratios reaching the value of 1054% at room
temperature (16) have been observed. The high TMR values are attributed to the crys-
talline tunneling barrier that has a (100) oriented structure even if it’s intercalated
between two amorphous electrodes. Also, it has been stated that a major contribution
in the high TMR effect is given by the crystalline structures created by the ferromagnet-
ic electrodes in the near vicinity of the barrier. The composition of the electrodes is
important, being concluded that a high content of Co in the CoFeB electrodes will de-
crease the MR ratio (47). There are many other factors that can influence the TMR val-
ues, from which will be reminded the thickness of the MgO barrier, the annealing tem-

perature, the electrodes composition, the sputtering conditions etc. All the groups that
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reported high TMR values have a very low base pressure in the sputtering chamber, in
the lower 10-9 mbar range. This factor decreases the probability of having impurities in
the sputtering material, especially in the TMR cell that might influence negatively the
tunneling phenomenon.

It has been predicted that the half metallic materials should present 100% spin
polarization of the electrons at the Fermi level because of the presence of a band gap
for the minority electrons. This should definitely lead to very high TMR values (48).
Among half metallic alloys, the most promising appear to be the full Heusler alloys
X,YZ such as: Co,FeSi, Co,MnSi, Co,FeAl. These alloys crystallize in the L2, structure.
Using full Heusler alloys grown on MgO substrates as bottom electrodes and an
Al,0; barrier with top pinned CoFe electrodes, rather small TMR ratios has been ob-
tained at RT such as: 51% for Co,FeAl and 44% for Co,FeSi (48). Further details re-
garding Heusler alloys will be presented in Chapter 3, because they were used as a top
ferromagnetic electrode for the elements prepared for sensor applications.

As side effects there are many factors that might decrease the TMR values: for-
mation of an oxide layer at the interface between Fe or FeCo and MgO. This would en-
force an antiferromagnetic coupling between the monolayers that will influence the
DOS of electrons. Also, there could be a spin-flip of the tunneling electrons due to the
interaction with different charged particles, magnons or ferromagnetic impurities
present in the barrier. By combining all these, efforts are done by the groups working in
this area of interest to achieve the theoretical predicted TMR ratios. By reaching high
TMR ratios, the applicability of the MT]J’s structures in the sensors field increases be-
cause element’s sensitivity is also enhanced.

Other future commercial applications of the MT] field include their usage in
HDD read heads and in MRAM devices. In 2004, Seagate Technology came into market
with the first read head based on TiOy MT] technology. For commercial utilization, one
of the most important requests consist in the low area resistance product (between 2-
20 Quma?), that can be achieved by refinement of the construction process. Further de-
velopment of magnetoresistive random access memory (MRAM) aims to the attainment
of a new type of memory, that would be as fast as SRAM, but having the density of
DRAM and the non-volatility of HDD (49).
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2. Preparation and analytical tools

This chapter includes an overview of the instruments and methods that were used
for the preparation and evaluation of the magnetic sensor devices. The entire process
starts with the multilayer deposition, followed by elements patterning using e-beam litho-
graphy and ion beam etching methods. Afterwards, the electro-magnetic transport through

the tunneling magneto-resistance devices is measured.

2.1 Thin film sputtering

The latest developments in thin film technology conduce to additional advances in
information technology. The application of thin films compounds in computer and other
sensitive technologies is and will be of further interest. Because of the fact that thin films
thickness ranges from a few angstroms to a few nanometers, the interface effects are do-
minant. The atoms present in thin films have mostly interface sites, so they exhibit a differ-
ent behavior compared with the atoms present in bulk systems. This gave rise to a new
branch of physics, where processes at the nanoscale regime had to be modeled. The new
models must take into account that the mean free path of the electrons in solids is in the
same range as the thickness of the thin film. Regarding this, the electrical, thermal and
transport properties of thin films cannot be explained by classical means and the introduc-
tion of quantum theory models is mandatory.

Thin film sputtering is known since 1842 (50) and is based on vacuum technology.
When the target material that will be eroded is situated at the cathode side (-) and the sub-
strate at the anode side (+) and a potential in the range of several hundred volts is applied
between the plates, a plasma ignition occurs for pressures in the 10-3 mbar range by scat-

tering effects of background events. The accelerated ions will subtract material from the
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target and deposit as neutral atoms on the substrate (51). Magnetron sputtering is widely
used because the magnitude of the current is higher with the voltage maintained at low
values, so the sputtering rate is increased. The power applied on the target depends on the
target size. In case of the used systems, for small size metal targets of 42 mm in diameter a
power of 25 W is applied for DC sputtering, while larger targets of 101 mm in diameter
require a power of 115 W for DC sputtering. For the deposition of insulator materials
(TaOy) the RF reactive sputtering from metallic targets in the presence of a reactive gas
(02) mixed with an inert gas (Ar) is used (52). All samples are sputtered at room tempera-
ture.

The sample stacks used for this work have been sputtered in Leybold “CLAB 600
Clustertool” (53). The machine has the possibility of automatic magnetron sputtering with
six 4" targets and two 2" targets. Five of the 4" targets are used for DC sputtering (at a
power of 115 W) two of them having special construction characteristics for ferromagnetic
targets. The insulator barrier is sputtered by using a Hiittinger RF generator (13.56 MHz)
and an MgO target (54). The base pressure of the sputtering system is 1 - 10~ ’mbar. The
pressure of the sputter gas is controlled by two parameters such as: Ar flow for achieving
the sputter pressure in the range of 10-3 mbar and the throttle position (valve that is con-
trolling the flow by obstruction or constriction). In order to achieve reproducible sputtered
elements stacks it is important to have a good control over the Ar flow and throttle posi-
tion. For the DC sputtering of metallic elements an Ar flow of 20 sscm is used and a throttle
position of 21%. During the RF sputtering of MgO barrier, the Ar flow stays 20 sscm but the
throttle position is 3%. The optimizations of sputtering parameters for a good quality
tunneling barrier have been realized by A. Thomas and V. Drewello in their doctoral and
diploma work (55), (56).

During the patterning of magnetic tunnel junction elements, an additional sputter-
ing machine prepared at Bielefeld University is used for the deposition of TaOy as insulator
layer and for Ta and Au layers. For the deposition of TaOy, the partial oxygen pressure used
is 2 - 10~* mbar and Ar flow is adjusted to reach a pressure of 3.5- 1073 mbar. TaOy insu-

lator material is RF sputtered at a power of 50 W. For the sputtering of oxide materials it is



2.2 Vacuum annealing m

important to have a proper control of the partial oxygen pressure, because negative oxide
ions can be formed and will re-sputter from the film (51). By increasing the oxygen partial
pressure from 1.5-107* mbar to 3.5-10~* mbar it is observed that the sputter rate of
TaOy is reduced by 28%. The Ta and Au materials are magnetron sputtered at a power of
25 W in the same machine.

The thin films have been deposited on a Si wafer, with 50 nm thermally oxidized SiO, on

top having an entire thickness of 525 um. The wafer has a (100) orientation (57).

2.2 Vacuum annealing

The vacuum annealing process is used in order to realize the exchange bias be-
tween the ferromagnetic and antiferromagnetic thin film layers and is based on a vacuum
furnace, where the samples are annealed at temperatures comprised between the Curie
temperature of the ferromagnet and Néel temperature of the antiferromagnet. The base
pressure of the vacuum furnace is 1 - 10~’mbar. During annealing a strong magnetic field
of 6500 Oe is applied which is provided by a permanent magnet, to define the magnetic
order of the ferromagnetic layer. Afterwards, the sample is field cooled through the Néel
temperature of the antiferromagnetic layer at room temperature.

For the samples used in the work presented in this thesis, the annealing has been
done at 350°C for one hour in the presence of a hard magnetic field (which will give the
orientation of magnetization of the hard axis of the elements). The field cooling has been
realized for 30 minutes. The vacuum annealing is also done to obtain a crystalline structure

of the MgO barrier in order to achieve the conditions required for coherent tunneling.

2.3 MOKE measurements

The magneto-optic Kerr effect (discovered in 1877 by John Kerr) is based on the
detection of changes produced in the optical properties of a reflected beam by a magne-

tized ferromagnetic layer (51). After the annealing processes the magneto-optic Kerr effect
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of the samples has been analyzed to visualize the pinning effect on the hard bottom ferro-
magnetic layer and the softness of the top detection layer. In order to observe the magne-

to-optic response of thin films is required for them to have a thickness of less than 20 nm.

2.4 Lithography processes

The scanning electron microscope (SEM) used for the present work is a LEO 1530
Gemini system (58), with acceleration voltage comprised between 0.2-30 kV. The electron
beam can be produced by thermionic field effect emission and due to its property of being
easily manipulated by electric and magnetic fields it can be focused on a spot size of only a
few nanometers.

The SEM is used for visualizing the prepared samples due the scanned (deflected)
coil present in the optics of the microscope and it has a nominal resolution is of 1.5 nm for
20 kV. The SEM has an integrated lithography system from Raith Elphy Plus (59). The litho-
graphy process is realized by using resists (polymers that react in contact with an electro-
magnetic wave or e-beam). The resist can be of positive (the exposed areas of resist will be
dissolved in the developer solution) or of negative (the exposed areas stay after developing
the sample) type. A comprehensive table with the solutions used in the lithography process
can be found in Table 2.1.

For sensor applications it is important to have elements of small size that can be
patterned only by e-beam lithography. The reason lies in the necessity of having single
domain structures with a small distance between them. For the further biological suitabili-
ty of the elements it is needed to comprise the elements in a closed packed array. Optical
lithography (parallel UV or laser lithography) provides minimum achievable structures of
1.2 pm. The resolution in optical lithography is limited due to the reflection of the electro-
magnetic wave (51). The lateral size of the structures patterned by e-beam lithography is
limited by the resist thickness and the proximity effect of the secondary electrons. By using

diluted negative resist, the lateral resolution of the structured elements can reach 50 nm.
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The positive e-beam resist has a much reduced thickness (see Table 2.1), so the patterned

structures can have sizes of less than 20 nm.

Table 2.1 Procedures and solutions used in the e-beam lithographic processes

Positive e-beam lithography ' Negative e-beam lithography

Resist type PMMA 610.03 Allresist (60) AR-N 7520.18 from Allresist (60)

Coating 4000 rpm - 140 nm 4000 rpm for 30 s-400 nm
6000 rpm - 120 nm 6000 rpm for 30 s - 350 nm
Baking 15 min at 150°C 2 min at 85°C
Developing AR 600-55 from Allresist (60) AR 3000-47 from Allresist (60)for 5-9 min
for 2 min Rinse with DI water for 30 s
Stopper AR 600-60 from Al-
Iresist (60) for 30 s

Removing AR 300-70 Allresist (60)for 5 1-Methyl-2-pyrrolidinone,Chromasolv Plus
minutes in an ultrasonic bath from Aldrich (61) for 30-60 min in an ul-
at room temperature trasonic bath at a temperature between
Rinse with ethanol afterwards  60-80°C

Rinse with ethanol afterwards

2.5 Ion beam milling

The etching process is based on removing material from the substrate by physical
or chemical means. For the prepared samples, physical etching is used in combination with
negative e-beam resist for the patterning process. The incident ions (Ar+) are accelerated
into the surface where they remove the material that is not covered by resist. The removed
particles can be neutral or charged. The charged particles pass through an energy filter and
are analyzed by a mass spectrometer that is attached to the etching chamber. From the
analyzed particles, the material that is eroded is known precisely. This feature is very help-

ful when an accurate etching stopping point is necessary.
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2.6 Magneto-transport detection

The measurement of the tunneling process is done with a 2 probe technique. For
the tunneling current measurement, a voltage of 10 mV is applied. The reason for choosing
this value is because it is comprised in the linear range of a tunneling device IV curve and
the tunneling magneto-resistance ratio is kept at elevated values. The tunneling current is
measured with an electrometer at different amplifier settings. The output of the electrome-
ter is measured by a Keithley Model 2000 digital multimeter. The value of the measured
current is comprised between 1.2 to 28 nA. For in plane measurements, a magnetic field is
applied through coils with iron core that produce a magnetic field of + 3000 Oe (56). The
magnetic field is measured at the sample position with a Bell Tesla meter. For out-of-plane
and angle field measurements Helmholtz coils without an iron core are used, so the pro-

duced magnetic field is smaller (200 Oe).
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This chapter includes a characterization of the standard stack used for sensor de-
velopment, the preparation methods employed to obtain the elements, the effect of the
shape anisotropy on the elements output and sensitivity. An overview regarding different
thin films stacks used to obtain a linear output will also be presented. The aim of the over-
view is to emphasize the importance of the proper construction for a sensing element. The
necessity of having a hard pinned bottom electrode and a soft top magnetic layer of the
element for sensor applications is revealed. Additionally, a short characterization of the

noise present in submicron tunneling magnetoresistance structures will also be included.

3.1 Preparation of TMR elements

One of the main advantages of TMR sensors is revealed by their current perpendi-
cular to plane geometry. Owe to this property, the lateral dimension of the sensors can be
reduced, and consequently the distance between two sensors can be very small. The possi-
bility to construct a closed-packet array with elements of reduced dimensions is accom-
plished by the electron-beam lithography technique. An MT] element can be used as a sen-
sor if it fulfills the following conditions: single domain structure, linear output behavior
and high sensitivity over a large magnetic field range. As shown before (Chapter 1.2), if a
magnetic structure has a dimension of less than 500 nm, the internal magnetic energy is
too low to form magnetic domains, so the structure will be monodomain. The energy will
be expensed in the form of an external magnetic stray field. The linear output can be forced
to an element by having an orthogonal orientation of the two magnetic layers that interca-
late the oxide barrier. The methods that have been used to accomplish this will be pre-

sented in detail in the next subchapter. The sensitivity is expressed by dividing the magne-
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toresistance ratio by the magnetic field range where the sensors exhibit a linear behavior.
As the MT] elements have a higher magnetoresistance ratio compared to the giant magne-
toresistance elements, it is expected to have also an increased sensitivity.

For the appliance of TMR sensors in the field of molecular biology is desirable that
they have a size in the same range as the magnetic markers that have to be detected, which
also should have similar dimensions with the biomolecules they are attached to. In order to
have a multiplex analysis of biomolecules, for biosensing application the distance between
sensors should be as reduced as possible. All the above conditions are accomplished by the
sensor array that has been designed for e-beam lithography processes. The distance be-
tween two adjacent sensors is 1.2 pum, one sensor having an elliptical size with
100nmx=400nm. By employing e-beam lithography procedure 20 sensors are patterned in
an area of 18.2 um2.

The construction of the TMR sensors is based on a chain of e-beam lithography, ion
beam etching, removing and coating techniques. The entire patterning process of TMR
elements is based on three main steps. A short graphic description of these steps with their
corresponding procedures is given in Fig. 3.1- Fig. 3.3. In the first step, the bottom contact
is exposed to e-beam, together with the crosses for orientation that will be needed in the
next lithography processes due to the matching requirements of the entire lithographic
steps. The next procedures of the first step consist in the ion beam etching and removing
the resist from the patterned lithographic systems. After these processes, the entire MT]
stack is present only in the structures that have been exposed. An important requirement
for the first etching stopping point is that it should be set at precise point, considering that
in the second etching stopping point to have reached the SiO; layer in the outside part of

the non-patterned film and Ta layer in the space between the elements.
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Fig.3.1. Transversal view of the first lithography step and its adjacent process

In the second patterning step, the TMR elements and the bottom contacts will be
exposed to e-beam resist. The bottom contacts have to be shortcut because in magneto
transport measurements, a voltage will be applied through the stack. The voltage drop is
between the bottom contact and the element contact in order to have a current flow per-
pendicular to the plane of the element. Due to the precision requirements, the orientation
of the sample is done with the help of the crosses that have been exposed in the first litho-
graphy step. The developing time is chosen to be higher after the second lithographic
process in order to achieve the desired dimension of the elements. Due to the resist prop-
erties, the reached size of the elements is always higher than the nominal value. Also, be-
cause of the reduced size of the elements, the dose that has to be applied during lithogra-
phy is higher than the dose required for structures in the micrometer range. It is mandato-
ry to perform a dose test for the elements in order reach the appropriate size and to ensure
the patterning reproducibility if the same conditions are kept. If for the exposure of struc-
tures with a size larger than 1 pm a dose factor of 1.3 is required for a resist sensitivity of
170 pAs/cm?, at the structuring of 100 nmx400 nm elements, a dose factor of 2.6 is needed
for the same value of the resist sensitivity. In these conditions, the real size of the elements
is increased with around 25% related to the nominal size. Obtaining structures with re-
duced dimension on the lateral size is one of the most challenging tasks in the e-beam li-
thographic procedures. In all the work done throughout this thesis, the smallest achievable
lateral size was of 80 nm with the negative resist (by using a working distance in the SEM
chamber of 20 mm). The working distance is referred to the distance between the final

lenses and the sample. If this distance is larger, the cone of electrons is narrower and the
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field depth is increased. The second lithographic step is followed by a second ion beam
etching procedure. This is recommended to be done at a position tilted with 30° to the ion
beam in order to avoid redeposition of the removed material that would shortcut the sam-
ple. The stopping etching point for this step is determined by the necessity of having Ta
material between the elements so that the further deposition of TaOy insulator layer to be
possible. The thickness of the insulator sputtered between the elements has to be large
enough to ensure the electrical isolation of the elements and small enough to facilitate the
further lift-off process. It has been observed during the preparation processes of the sub-
micrometer elements that when the thickness of the resist was around 200 nm, because of
the diluted resist with thinner, the lift off process, removing the resist with a layer of TaOx
on top, required too long time (more than 90 minutes). This is disadvantageous to the ele-
ment because long ultrasonication process can lead to the element destruction. A thickness
of 50-60 nm of TaOx proved to be a good electrical insulator and the lift off process time for
a non-diluted resist is around 30 to 40 minutes. After finalization of this step, the only part

of the wafer that contains the entire TMR stack is in the region where the elements are

present.
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Fig. 3.2 (a) Transversal view of the second lithography step and its adjacent processes and
(b) an SEM picture of the TMR elements after the Ta.0s lift off procedure
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The last procedure of the second step of patterning is sputtering of Ta and Au layers for the
conduction lines that will be put on top of the sensors in order to contact them for the
measurements. The total thickness of this layer is 55 nm. A compromise has to be done in
choosing the thickness of this layer, because a thick layer would increase the distance be-
tween the sensing layer from the sensor and the magnetic marker that has to influence the
sensor, while a small thickness would lead to a high total measured resistance of the ele-
ment that is expressed in an increased noise.

The last lithographic step for the finalization of the sensor array consists of expos-
ing to e-beam the conducting lines that has to contact the elements in order to be meas-
ured. This is again followed by an ion beam etching procedure, where caution must be tak-
en to stop in the TaOx layer in order to have an insulation material between the conducting
lines. The next step is the resist removal situated on top of the patterned lines (negative e-
beam resist). After this final stage the sample is ready to be measured and characterized.
The magneto resistance curve of the sensors is determined from the measurements by

applying a voltage of 10 mV and collecting through the amplifier the tunneling current.
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Fig. 3.3 (@) Transversal view of the third lithography step and its adjacent processes and (b)
SEM image of the elements after being contacted with the top conducting lines

In many cases further manipulation lines that have to be situated on top of the sen-
sors are required. The purpose of the manipulating lines is to control the movement of the
magnetic markers on top of the sensor area. Their construction necessitates additional
lithographic steps. Firstly, a lithography process is used to protect the sensor’s contact

pads and to preserve the sensors for further electrical measurements. Afterwards, a layer
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of TaOx is sputtered to ensure that sensors will not be directly contacted with the upper
lines. The purpose of the insulator is to avoid any electrical contact between the conduct-
ing lines that are contacting the sensors and the manipulation lines on top. Usually a thick-
ness between 100 and 200 nm of TaOy satisfies these requirements. Another important
issue that has to be considered is related to the capacitive effects that occur between the
two conducting lines separated by the insulator. This can be avoided by having an as small
as possible overlap between the lines that are covering the sensors and the top manipula-
tion lines. Because the area where the sensors are situated is reduced, the manipulation
lines are used to attract the magnetic beads exactly on top of the sensors. The current that
passes through the lines will give rise to a high enough magnetic field to attract the mag-
netic markers situated at a certain distance from the line. The top manipulating lines have
also the purpose of guiding the magnetic markers during dynamic measurements. The de-
sign of the lines is chosen with regards to their purposes. Further details regarding the
manipulation lines are presented in Chapter 4.

The achievement of the standard sensor array encountered a series of problems on
its path and some of them will be presented further. Due to the small size of the sensors,
one challenge is related to the elements patterning. Many tests have been done in order to
achieve the elements with a size of 100 nmx400 nm. The changing parameters in the litho-
graphic processes were the working distance and the dose that has been applied during
exposure. With an SEM working distance of 20 mm and a dose factor of 2.6 at the resist
sensitivity of 170 pAs/cm?2 it was possible to achieve a lateral size of the elements of 80 nm
with pure resist. It is advisable to use undiluted resist in the elements preparation because
the lift off after the TaOy sputtering works faster and the elements are not kept under ul-
trasonic stress for long time. By these means, the elements will be more robust, yielding a
functionality range between 80% and 100%. Because the distance between the elements is
very small, another major challenging task is the achievement of proper top contacting
conducting lines. The orientation of the sample for the third lithography step had to be in
concordance with the other two lithography steps done before. This could be achieved by

having multiple helping structures for a good accuracy in orientation. It must be kept in
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mind that the resist properties are changing in time, and this feature has to be taken into
account when small structures with high resolution are desired. Due to the construction of
the additional manipulating lines on top of the sensors it is possible to have some defects in
the TaOy insulator layer. Attention must be taken in this case because the appeared imper-
fections can lead to the destruction of the sensors during electrical measurements. Even if
TaOy present perfect insulation properties (62) and has been proven that can be used as
coating material against corrosive processes (63), it seems that the deposition conditions
play an important role on insulator properties. It might be possible that by changing the
sputtering parameters (e.g. oxygen pressure, argon pressure), the properties of the insula-

tor layer could change and lead to unwanted situations as the one presented in Fig. 3.4 c. In

this case, the insulator can be penetrated by water and the isolation is not ensured any

L

more.

Fig.3.4. (a) The lift off of the resist covered
with TaOx did not work properly, the hig-
hlighted elements were not free of resist
mask, while the shadowed elements are free
of resist mask (b) The lithographic processes
have not been accurate enough, so the ele-
ments are not covered by the lines and due to
the aging of resist the top conducting lines are
melting together (c) After the lithography of
manipulating lines on top of the sensors, the
insulator TaOy layer is damaged and holes can
be observed in the resist
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3.2 From a TMR element to a TMR sensor

In order to use a TMR element for biosensing applications it is important to have a
linear output of the tunneling magnetoresistance measurements. Because of linearization,
comparison can be done between the measurements done with and without magnetic
markers on top of the element area and the detection of magnetic markers can be con-
firmed. Sensor’s linearity can be obtained if the two ferromagnetic layers that are interca-
lating the tunneling barrier have an orthogonal orientation of magnetization in a zero
magnetic field (18). This can be achieved by setting the hard axis of the element in the di-
rection of the cooling field. The bottom ferromagnetic layer consists of an artificial antifer-
romagnet (AAF) and is pinned by exchange bias to an antiferomagnetic layer (Mnlr). The
AAF (CoFe/Ru/CoFeB) is chosen to be used owe to the strong coupling that exists between
the two ferromagnetic layers. The antiferromagnetic coupling between Co/Ru/Co is the
strongest one known up to date (38). In this case the first layer of the bottom ferromagnet-
ic electrode is CoFe, because it has a high coercitive field (is a stronger ferromagnet than
the CoFeB) and the pinning with the antiferromagnetic layer will be stronger. The reason
for this configuration of the bottom ferromagnetic electrode lays in the necessity of having
a hard pinned layer that will not switch when an external magnetic field is applied. There-
fore, only the top ferromagnetic layer is rotating when an external magnetic field is ap-
plied. The MgO barrier is intercalated between two CoFeB ferromagnetic layers because in
this configuration high values of magnetoresistance ratio have been measured. This has
been proved to be due to the partially crystallization of the CoFeB electrode that allows a
coherent tunneling through the crystalline MgO barrier. The CoFeB ferromagnetic layer
situated on the upper side of the barrier has an increased thickness compared to the thick-
ness of the CoFeB situated below the barrier. This provides a softer top ferromagnetic elec-
trode that should switch its orientation of magnetization at a very low value of an external
magnetic field. The magnetization orientation of the top electrode will take the direction of

the easy axis of the elliptical element. It has been shown in Chapter 1.3.1 that the shape



3.2 From a TMR element to a TMR sensor

anisotropy constant is higher by a few orders of magnitude than the magnetocrystalline
anisotropy constant. Because the element size is less than 500 nm (in order to avoid the
formation of the magnetic domains), the shape anisotropy is defining the orientation mag-
netization of the top ferromagnetic layer (64). In order to achieve magnetic markers detec-
tion it is important to have the sensor size in the same dimension range with the magnetic
marker. For the application of magnetic sensors in molecular biology, the size of magnetic
markers has to be comparable with the size of the biomolecules. For biological applications
of magnetic sensors based on magnetoresistance effect, the sensors dimension has to be
minimized with respect to the e-beam lithography limits. Because only negative e-beam
resist can be use for patterning of TMR elements, the lateral achievable limit with the used

system is situated in the 60 - 100 nm range.

1 pum 0.5 um 0.5 um

a)

Fig. 3.5. (a) Rectangular shaped soft magnetic element. (b)-(d) Elliptical Co elements. The
larger element shows either (b) a concentric state or (c) a three domain state. (d) The con-
centric state can also be observed in the smaller element after applying a field along the
shorter axis. Otherwise a single domain state is observed which can be recognized by its
black and white contrast. (Reprinted from (65))

The bottom ferromagnetic electrode will have the orientation of magnetization giv-
en by the cooling field due to the strong pinning. The top ferromagnetic electrode has the
magnetization oriented along the easy (long) axis of the elliptical element due to shape
anisotropy. By patterning the elliptical element with the short axis along the pinning direc-
tion, the two ferromagnetic electrodes will exhibit an orthogonal orientation of magnetiza-

tions. This effect is illustrated in Fig. 3.6.
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3.3 Characterization of the sensor elements

In the following subchapter a characterization of the MT] elements is required in
order to emphasize their suitability for magnetic field sensing. Firstly, a comparison be-
tween the TMR outputs when the element is having the orientation of the two ferromag-
netic electrodes in a parallel or orthogonal configuration is done. The influence of different
aspect ratios of the element on the sensor’s output and the sensitivity reached in each case
has been tested. After determining all the properties, the best aspect ratio, where the ele-
ment has an increased sensitivity and the magnetic field linearity range is large was cho-
sen. A large linearity range is required when a large magnetic field to magnetize the mag-
netic labels. The output of a tunneling element with the orientation of the easy axis of the
elliptical element is parallel to the magnetic cooling field used for the exchange bias pro-
cesses is illustrated in Fig. 3.7a. In this case, see Fig. 3.7 a, the top ferromagnetic electrode

is switching fast, so it's not possible to achieve a linear behavior, but a large value of the
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TMR ratio is obtained. When the two ferromagnetic electrodes have an orthogonal orienta-
tion, a linear output of TMR sensor is achievable, because the top layer is rotating along the

external applied field. The TMR variation follows a cos 8 dependence, where 6 is the angle

between the two FM electrodes. As 8 approaches the g value in the orthogonal orientation

of the FM electrodes, it is expected to have also a reduced TMR value in comparison with

the parallel orientation.

11000 -500 0 500 1000 E e
Magnetic field (Oe) Magnetic field (Oe)

Fig. 3.7 (a) Element behavior when the two ferromagnetic electrodes are in parallel orienta-
tion (b) Sensor’s output when the two ferromagnetic electrodes have an orthogonal orienta-
tion (c) SEM image of a single sensor element

The linearity range depends on the aspect ratio of the element. If the element has
an aspect ratio of 1/3 the linearity range is reduced, but the sensitivity is increased. Differ-
ent aspect ratios have been investigated to show their importance on the sensor’s beha-
vior. In all cases, the elements have a lateral dimension of 100 nm and the dimension of the

longitudinal axis varies from 300 nm to 500 nm.
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Fig.3.8. (a) Mean sensitivity variation with the aspect ratio of the element (b) Mean TMR var-
iation in the linear range in arrays of sensors with different aspect ratios

The sensitivity is calculated by dividing the TMR ratio by the field range within the
range of linear behavior. The elements with an aspect ratio of 1/3 have an increased TMR
due to their small size and to their reduced magnetic field linearity range of only 300 Oe
(see Fig 3.8a). By considering these properties it can be seen that they also exhibit an in-
creased sensitivity. As the aspect ratio of the element is increasing, the TMR decreases, but
the linearity is extended to higher magnetic field ranges. This is related to increasing the
shape anisotropy. For sensor elements patterning, an aspect ratio of 1/4 has been chosen.
The advantage lays in an increased sensitivity of detection while applying an increased
value of magnetic field in order to magnetize the magnetic marker. It is important to reach
a compromise between the magnetic field that can be applied on the magnetic bead and the
sensor’s sensitivity. By knowing this, different aspect ratios can be used as a function of the
detection requirements.

Sensitivity values of up to 10%/0e have predicted for TMR sensors (66) but due to
their large range of magnetic field linearity, the predicted values have not been achieved.
An advantageous factor for the sensors presented is the high value of the magnetic field
that can be applied on the magnetic marker. So, the magnetic stray field exhibited by the

magnetic bead or nanoparticle will be also high.
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3.4 Overview of the stacks employed in sensors linearization

This subchapter will include a brief characterization of different stacks with vari-
ous layer composition used to improve the sensor’s quality. One essential characteristic of
the standard stack used for sensor’s patterning is the hard pinned bottom ferromagnetic
layer. The bottom ferromagnetic layer should not switch even if large magnetic fields are
applied. By using an artificial antiferromagnet as a bottom electrode, two ferromagnetic
layers with Co magnetic material spaced by a 0.9 nm Ru layer, the pinning phenomenon is
enhanced due to strong exchange coupling (/] = 5 m/m~2) between the two ferromagnetic
layers. To achieve a hard bottom electrode it should be considered that the lower ferro-
magnetic layer as part of the bottom electrode should have an increased coercivity com-
pared to the upper ferromagnetic layer of the bottom electrode. For this reason the
CoFe/Ru/CoFeB combination is chosen for the bottom electrode configuration. By insert-
ing additional B to the CoFe alloy it becomes softer (67). The pinning is more effective
when the ferromagnetic layer is positioned at the interface to an antiferromagnetic layer to
improve its magnetic stiffness. The combination of CoFeB/Ru/CoFeB for the bottom fer-
romagnetic electrode instead of CoFe/Ru/CoFeB would lead to a weak pinning and the
resulting output behavior of the sensor would not have been linear. Information regarding
the pinning of bottom ferromagnetic electrode can be provided from MOKE measurements
done after the sample field annealing as is shown in Fig 3.9. Another important issue is the
difference of thickness between the two ferromagnetic layers that are separated by the
MgO barrier. In order to use the stack for biosensor application the top ferromagnetic layer
has to be softer than the bottom ferromagnetic layer. So, the bottom ferromagnetic layer
has to be thinner than the top ferromagnetic layer. If the two ferromagnetic layers have the
same thickness (2.5 nm) the output behavior of the element will not be linear. This is due
to the stronger Néel coupling between the two ferromagnetic electrodes. In this case, both

electrodes will switch when a magnetic field is applied, as is illustrated in Fig. 3.10 a.
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Fig. 3.9 (a) MOKE measurement of the standard stack, it can be seen in the inlet how the bot-
tom ferromagnetic layer (that is the upper part of CoFe/Ru/CoFeB) is switching at a field
higher than 1000 Oe (b) MOKE measurement for a stack that has the bottom ferromagnetic
electrode formed from CoFeB/Ru/CoFeB, where it is observed in the inlet that the bottom
ferromagnetic layer is switching at a field lower than 500 Oe due to its weak pinning
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Fig 3.10. (a) TMR measurements of a layer stack with the following composition, with thick-
ness in the brackets given in nm:Ta(10)/Ru(30)/Ta(5)/Ru(5)/MnlIr(10)/CoFe(6)/Ru(0.88)
/CoFeB(2.5)/Mg0(1.8)/CoFeB(2.5)/Ta(5)/Ru(30) (b) Statistic TMR and area resistance data
regarding the previous stack with measurements done within 3 arrays of 20 sensors each
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Figure 3.10 b reveals the variation of the TMR ratio and of the area resistance within 3 dif-
ferent arrays of sensors. It can be observed that due to the small size of the elements, the
variation of the area resistance is large even if the sensors are situated very close to each
other. In order to get more insights regarding the magnetic behavior of different layer
stack composition, the behavior of a stack with bottom CoFeB (2.2 nm) and the top CoFeB
ferromagnetic electrode (3 nm) has been investigated. As it can be observed from the out-
put behavior from Fig. 3.11 a, the sensor exhibits a small hysteresis, and the linear beha-
vior is still not achieved. Figure 3.11 represents the variation of the TMR and area resis-
tance values within the same stack. It's worth noting the large variation of the area resis-
tance, which is common for all the stacks and is attributed to the large variation of the sen-

sor area due to its reduced submicron dimensions.
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Fig 3.11. (a) TMR measurements of a layer stack with the following composition, with thick-
ness in the brackets given in nm: Ta(5)/CuN(30)/Ta(5)/PtMn(20)/CoFe(2.3)/Ru(0.825)
/CoFeB(2.2) /Mg0(1.4)/CoFeB(3)/Ta(10)/CuN(10)/Ru(7) from Singulus Nanodeposition
Technology (b) Statistic TMR and area resistance data regarding the previous stack with
measurements done within 2 arrays of 20 sensors each
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Fig 3.12. (a) TMR measurements of a layer stack with the following composition, with thick-
ness given in nm:Ta(5)/Ru(30)/Ta(10)/MnlIr(10)/CoFe(3)/Ru(0.8)/CoFeB(3/Mg0(1.8)/
CoFeB(10)/Ta(7)/Ru(7) (b) Statistic TMR and area resistance data regarding the previous
stack with measurements done within 1 arrays of 20 sensors each in the linearity range

An important aspect that can be excerpt from the presented results is that a linear
output for a TMR element is related to the thickness of the top sensing layer and the strong
pinning of the bottom ferromagnetic electrode. The magnetic behavior of the top ferro-
magnetic layer is determined by a cumulus of three types of anisotropies: uniaxial (K,)
induced anisotropy, magnetocrystalline anisotropy (Ki) and shape anisotropy. When the
thickness of the thin film is smaller than 3.1 nm, the uniaxial anisotropy is present due to
the miscut in the film sputtering and favors a strong coupling between the ferromagnetic
layers with the thickness of 2.5 nm. When the K,/K; ratio is comprised between 0.18 and
0.64 and in the case above the top layer has a thickness larger than 3 nm, the uniaxial ani-
sotropy decreases, while the magnetocrystalline anisotropy increases (25). Due to the el-
liptical shape of the submicrometer sized element with an aspect ratio of 1/4, the shape
anisotropy is dominant. This is why the top ferromagnetic layer will take the magnetiza-
tion orientation of the easy axis of the ellipse. By increasing the top layer thickness and
keeping the ortogonality of the two ferromagnetic layers a large linearity range can be ob-

served in the sensors output as is exemplified in Fig. 3.12.
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3.5 Noise present in TMR sensor elements

Even if noise is correlated with unwanted signals that are affecting the electrical
measurements, it can provide also useful information about the structures that are studied.
This part of the chapter will give a theoretical overview of noise in magnetoresistance de-
vices. The experimental results regarding the noise present in these structures studied for
sensor applications will be discussed as well. The resistance fluctuations present in the
TMR elements are an important tool for probing the dynamics of magnetic instabilities and
their coupling to charge carriers via spin dependent scattering processes on the nanometer
scale. The most common noise sources include: defect motions, magnetic domain or spin
fluctuations, charge carriers that are crossing an energetic barrier, electronic traps and
current redistribution within electronic materials (68). These sources give rise to different
type of noise: thermal noise, shot noise, 1/f noise and random telegraph noise.

Thermal (Johnson-Nyquist) noise was first observed by Johnson in 1927 and then theo-
retically analyzed by Nyquist in 1928. It appears in all resistors due to the thermally acti-
vated motion of the charge carriers. It can be characterized by a thermal smearing of the
DOS at the Fermi level (69). Its power spectral density has the following form:

Sy = 4kgTR (3.5.1)
With kgbeing the Boltzman constant, T the temperature and R the resistance value.
Shot noise has been experimentally observed by Schottky in 1918 and is related to the
passing of current across an energy barrier, being a non-equilibrum form of noise. The shot
noise arises because the current is not a continuous flow of electrical charges, it consist of a
sum of discrete pulses in time. This type of noise is absent in metallic devices where the
current fluctuations are smoothed by the electron-photon inelastic scattering, so the dis-
crete character of the current is hidden. In case of magnetic tunnel junctions, the shot noise
is emphasized due to the tunneling phenomenon through an insulator barrier, the discon-
tinuous medium between two conducting layers. If the measurements are made employing
a constant current source, the voltage power spectral density follows equation:

Sy = 2elR? (3.5.2)
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Where e represents the electric charge of an electron and [ is the current that is
passing through the resistor and R, is the differential resistance characteristic of the mag-

netic tunnel junction:

_av

R, =
T

(3.5.3)

The thermal and shot noise are frequency independent and are included in the
white noise category. For magnetic tunnel junctions is very difficult to distinguish between
thermal and shot noise. Their contributions to the spectral power density are given by the

following term:
Sy = 2elR}coth (;—-) (3.5.4)
B

It can be observed that for an increasing bias voltage at low temperatures, eV >» 2kgT, the
noise is reduced to the shot noise relation 2elR7 (70).

1/f (flicker, excess) noise can be characterized by the fluctuations of a physical variable
with a power spectral density that is following a 1/f law. It is worth noting that the applied
current doesn’t create these fluctuation, it just reveals them above the white noise (68).
When the size of the measured sample is reduced, the size of the noise sources remains the
same, so it is expected to have stronger fluctuations of the overall transport in small size
elements. The 1/f resistance fluctuations can be described by the empirical Hooge formu-

la:

VZ
Sy = YI;’T (3.5.5)

Where N represent the number of carriers participating in the current I, yy is the Hooge
parameter constant, quantifying the magnitude of the 1/f noise for a certain device. Re-
garding magnetic tunnel junctions N is exchanged by the area A of the magnetic device.
The resulting expression is more adequate for current perpendicular to plane geometry

devices.

SMTI = % (3.5.6)

The 1/f characterization has been developed the Dutta-Dimon-Horn model for the elec-

trical noise in the magnetic materials. The magnetic order and its stability can be measured
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versus time giving insights in the spin or domain fluctuations (71). The origin of the 1/f
noise can be electronic as the fluctuating bonds in the tunnel barrier or of magnetic origin,
for example, fluctuation of the magnetization next to a structural defect (72).

Since the nature of 1/f noise in MT]Js can be divided in a magnetic field indepen-
dent part and a magnetic field dependent part (70), an initially hypotheses was that the
origins of the magnetic field dependent 1/f noise are associated to magnetic impurities
and the spin dependent charge traps (Fig. 3.13). But the presence of a specific two state
fluctuator in the AP orientation of the two ferromagnetic electrodes and its absence in the
P orientation of the electrodes rules out the magnetic impurities reason for magnetic field
dependent 1/f noise. The scaling of yy with dR/dH (70), (69) is inconsistent with spin
dependent charge traps theory. Related to these discoveries it has been postulated (70)
that the 1/f noise is related to the reversal of the fixed layer, due to thermal magnetic fluc-
tuations that couple to the resistance via the spin dependent tunneling effect.

The magnetic field independent component of the 1/f noise is presumed to be
caused by the localized electronic traps in the barrier or by the oxygen vacancies moving
between nearly equivalent sites. These effects lead to tunnel barrier height fluctuations. It
has been discovered that the noise is given by the tunneling electrons with large parallel
components of their k wave vector from minority or majority band (73). As in the antipa-
rallel orientation of the two ferromagnetic electrodes, the tunneling is realized by the mi-
nority localized electrons with a large parallel component of the k wave vector, hence it is
normal to expect a higher noise level in this case. This theory is in coincidence with the
magnetic impurities localized charge traps in the insulator.

During experimental measurements, magnetic and non-magnetic components of
the 1/f noise will always be combined. From the mathematical point of view, the 1/f fluc-
tuations are a superposition of two independent and random processes with a wide

bution of relaxation times whose time scale is coherent with the low frequency processes

(68).
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Random telegraph noise (RTN) is used to describe the noise when only single fluctua-
tions or electrons are involved. This is the dominant low frequency noise in magnetic and
non-magnetic junctions. It has been experimentally observed that only small sized ele-
ments in the submicromter range exhibit RTN noise. This is related to the microscopic ori-
gin of this type of noise, associated with the trapping and detrapping of electrons located in
an insulator. If a charge trap is located in the insulating barrier, it will induce a Coulomb
field that is changing the energy barrier. Due to the small thickness of the tunneling barrier
even 50% of resistance fluctuations can be reached due to this phenomenon. It has been
observed that a crossover from the 1/f to the RTN noise occurs when the size of the meas-
ured sample becomes comparable with the size of a single magnetic domain. RTN has been
proved to be related to the switching of the free layer (due to thermally activated domain
rotation or domain wall hopping between pinning sites). The pinning sites could be pro-
duced by: surface or edge roughness, bulk defects, random anisotropy due to the disorder
of the film (70).

Summarizing the general characteristics of noise in solid state devices, it can be
concluded that the noise can be classified in two categories: low frequency noise that in-
clude the RTN and the 1/f noise and the high frequency (white) noise as shot and thermal

noise. In case of magnetic tunnel junctions, the low frequency noise are the ones that can
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be observed and analyzed (74), (73). By examining the detection devices an important as-
pect consist in revealing the signal to noise ratio. This aspect provides information about
the expected minimum signal that can be detected. The combined power spectral density

of the noise resulting from the shot noise, thermal noise and 1/f noise is given by (75):

2p2
S, = 2elR2coth (%) + ¥y ’A’;d (3.5.7)

where e is the value of the electron charge, V,, is the bias voltage over the junction, R is the
differential resistance of the tunnel junction, kg is the Boltzmann constant, 4 is the junction
area and yy is a function of that parameterizes the 1/f noise magnitude. The first term in
the power spectral density is given by the combination of Johnson noise and shot noise,
while the second term is given by the 1/f contribution. In magnetic tunneling junctions
used for magnetic bead detection, the noise power spectral density is found to be a super-
position of shot noise, thermal noise and 1/f noise.

Figure 3.14 shows a schematic noise power spectral density including its components. It
can be observed that the crossover from the frequency dependent noise to the frequency
independent noise occurs below a few kHz. Figure 3.15 a shows a typical measured power
spectral density (PSD) curve for a standard MT] element used for sensing experiments. As
can be seen the 1/f and RTN type of noise are dominating in the frequency range of inter-
est. The presence of RTN noise is indicated by the existence of the bump in PSD. The time
dependent measurements of the sensors (Fig. 3.15 b) revealed sharp switching caused by
the RTN. The detection limits of the sensor are imposed by its fluctuations over time. The

RTN noise could originate from a local non-uniformity of anisotropy.
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for sensor applications b) Time trace measurements indicates sharp switching of the sensor

due to the presence of the RTN noise
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3.6 Heusler alloy based sensors

In the following part of this subchapter, the basic concept about the Heusler alloys
and their application for magnetic sensor devices will be discussed. The Heusler alloys
have been discovered at the beginning of the last century as being formed from non-
magnetic elements, but exhibiting a magnetic behavior (76). Today, Heusler components
designed for spintronics are the half-metal materials with a gap for one type of spin pola-
rized electrons and being metallic for the other spin type at the Fermi level. Hence, the ma-
jority spin band has a metallic behavior, while the minority spin band has a semiconduct-
ing behavior at the Fermi level. Because of these characteristics they can exhibit a spin po-
larization of 100%, which is at least theoretically predicted.

The best indication for a half metallic compound is an integral number of Bohr
magnetons per unit cell (77). This can be achieved by hybridization, by pushing the 4s
band with the non-polarized electrons above or below the Fermi level. The total number of

electrons is given by:

Ze=nT+nl (3.6.1)
and the total spin moment by:
Mi=nT-nl (3.6.2)
so the total spin moment becomes:
My=Z—-2nl (3.6.3)

The Slater-Pauli rule gives a number of 12 e- per unit cell in the minority band: 4 lying in

the s and p bands and 8 in the d bands. By concluding, the total spin moment for full Heus-
ler alloys is given by:

M, =7, —24 (3.6.4)

The La;_ySryMnO; (LSMO) half metal crystallizes in a perovskite structure and

shows 1800% TMR at 5K and a spin polarization of 95%, in LSMO/MgO/LSMO tunneling

junction (78). Unfortunately, LSMO has a very low Curie temperature, so it cannot be used
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for measurements at room temperature, this being the reason why is not suitable for
commercial applications.

Full Heusler alloys are ternary intermetallic compounds and have a X,YZ crystal-
lizes in L,1 structure. This structure is formed by 4 interpenetrating fcc sublattices with
atoms in the following positions: A (000),C (*%2% % ),B (% % %) and D (34 3% % ) (79).
The X and Y are transition metals, while the Z is an element from the [1I, or IV}, group.
When there is an atomic disorder the L,1 structure will transform to B,, DO; or A, struc-
tures. The B, structure is formed when the X atoms are ordered but the full disorder is
between Y and Z atoms. The D05 structure appears when the disorder occurs between one
X site and either Y or Z sites. The A, structure is characterized by a random disorder
among the three X, Y, Z sites (80). It has experimentally been observed that thin films of
Heusler alloys crystallizes in B, or 4, structure if are annealed at a temperature of 630 K
and present L,1 structure if the annealing temperature is higher than 600 K. An important
factor to achieve the L,1 structure is given also by the substrate used for thin film deposi-
tion (81), (82). Impurities have a high contribution to the degree of disorder in the struc-
ture of Heusler thin films. A major problem is the presence of the oxygen. The oxidation of
the Heusler alloys can occur during the barrier formation in case of magnetic tunnel junc-
tions (80). The spin polarization of Co based full Heusler alloys is very sensitive to the site
disorder (83), (84). Experimental observations showed similar TMR values for the thin
films exhibiting B, or L,1 structure. This is highly important when considering multilayer
structures because a high annealing temperature (required to achieve L,1 structure) may
lead to layers interdifussion, so it is desirable to anneal the structures at a temperature
below or equal to 630 K.

The alloy being studied for its application in the sensor devices is the Co,FeSi (CFS).
[t was chosen to be investigated owe to its compatibility with MgO structure. Co,FeSi has
T, = 1100 K, H. = 6.5 mT and regarding to Slater-Pauli rule should have a magnetic mo-
ment of 6pz. When it is measured, the magnetic moment is reduced to 5.2 pg (85). The re-
duction of the magnetic moment is expectable, because many atoms present in thin films

structure are situated at the interface or in disordered atom sites compared to the bulk
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structure. Some other studies revealed a Curie temperature of 980 K and a magnetic mo-
ment of 5.18 pg /unit cell (86). It has been experimentally observed that Co,FeSi crystalliz-
es in bulk by quenching after annealing at a high temperature or as a thin films sputtered
on GaAs substrates. In the case of deposition on SiO, substrate an A, structure of the Heus-
ler based thin films has usually been observed (84). The structure of Co,FeSi has been
proven to be of grain type, with a high film disorder. The deposition and annealing tech-
niques used for Heusler alloys have a strong influence on their structural and magnetic
properties. By increasing the annealing temperature, the site disorder is reduced, the crys-
talline phases are more likely to be formed, and also the magnetocrystalline anisotropy is
stronger. The main reason why Heusler alloys don't exhibit a high spin polarization is re-
lated to the low degree of order for the L, 1 structure at room temperature. The conduction
through minority spins is increasing due to the thermal excitation at room temperature.

One requirement for increasing the spin polarization is to achieve a good L,1 or-
dering (87). By using the point contact Andreev reflection (PCAR) method it has been
stated that Co,FeSi exhibits a spin polarization of 0.49 + 0.02 (88). It has also been re-
ported that the TMR value could be mainly deduced from the intrinsic value of the spin
polarization of the electrodes without notable influence from the interface between the
Heusler alloy ferromagnet and the tunneling barrier. By using magnetic tunneling junctions
with CFS as ferromagnetic electrodes and MgO tunneling barrier, a value of TMR of 44 % at
RT and 68% at 5 K, after annealing the sample at the temperature of 573 K has been meas-
ured (84). An important application of the Heusler alloys can be found in spin MOSFET
(89) and shape memory alloys (90).

The employment of Co.FeSi in sensor applications has been studied in this case.
Statistics for the magnetic behavior of a standard stack (see Fig. 3.6 ) where the top sensing
layer is replaced by a 7 nm Co,FeSi layer. Fig. 3.15 reveals the magnetotransport mea-
surements for the Heusler based sensor stack, when the two ferromagnetic electrodes have

a parallel orientation of magnetization.
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Fig. 3.16 a) Statistical data regarding the area resistance and TMR values for one array of 20
sensors with CozFeSi as top free layer in parallel orientation b) Area resistance plotted ver-
sus TMR values for 4 arrays with the Heusler alloy Co.FeSi as top free layer;

In order proof whether Co,FeSi based sensors are suitable for sensor application, samples
with orthogonal orientation of the two ferromagnetic electrodes have been patterned.
Their magneto transport properties are shown in Fig. 3.17.
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Fig. 3.17 a) Statistical data regarding the area resistance and TMR values for one array of 20
sensors with CozFeSi as top free layer in orthogonal orientation b) Area resistance plotted
versus TMR values for 6 arrays with the Heusler alloy Co.FeSi as top free layer;
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Figure 3.18 exhibits statistical data for a standard stack having the top layer of 4 nm CoFeB
as comparison for the data obtained from the Heulser based sensors. For the standard

stack, the values for the area resistance and TMR are having a large distribution range.
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Fig. 3.18 a) Statistical data regarding the area resistance and TMR values for one array of 20
sensors with CoFeB as top free layer in orthogonal orientation b) Area resistance plotted
versus TMR values for 4 arrays with CoFeB as top free layer;

Figure 3.19 shows the difference between the linear range obtained for the stack with 4 nm

CoFeB and with 7 nm Co,FeSi.
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Fig. 3.19 Comparison between linearization range for the stacks having a) 4 nm CoFeB and b)
7 nm CozFeSi
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Amplitude (dB)

It can be observed in Fig. 3.16 and Fig. 3.17 a very small variation of the resistance
values within the sensors situated in different arrays. The Co;FeSi alloys have very low
magnetocrystalline anisotropy, thus being weak ferromagnets. Owe to this property, the
Heusler based sensors are expected to have a very low intrinsic noise level. An investiga-
tion of the noise exhibited by the Heusler based sensors is shown in Fig. 3.19. When com-
pared with the noise exhibited by the standard stack (see Fig. 3.14 ) with CoFeB (4 nm) as
the top detection layer it is observed that the noise level for the Heusler based sensors has
a smoothened profile and the RTN type of noise is absent. This is advantageous for dynam-
ic sensing applications, where it is preferable to have the response from the magnetic stray
field at higher levels compared to the intrinsic noise jumps of the sensor. The noise meas-
ured for the standard stack based sensors presents large fluctuations that might have its
origin in fluctuation of crystalline lattice orientation. Although the Heusler based sensors
show a reduced noise level, their sensitivity is almost ten times smaller compared to the
standard stack sensors with CoFeB as free sensing layer, because the Heusler based stack
has a lower MR ratio compared to the standard stack. Lately, high TMR values of up to
147% at RT have been observed for stacks using the Heusler compound Co,FeAl as one of
the ferromagnetic electrodes (91). By integrating Co;FeAl in TMR sensor stack, a new gen-
eration of magnetic biosensors with an increased sensitivity and low noise level can be

produced.

Power Spectral Density of the sampled data

—60 1120
] a) )

-70 1115

.
804 1.110

Voltage (V)

—ap
1 1.105

100 -

1 1.100 R eerprreepeeed
110 AR o ot 0 5 10 15 20 25 30 0 (.040.080.12

1 10 100 1000 10000 Time (s) Rel. Frequency

Frequency (Hz)

Fig. 3.20 a) Typical noise measurement for a Heusler based magnetic tunnel junction element
suitable for sensor applications b) Time trace measurements reveals the absence of RTN
noise in Heusler based sensors.
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The content of this chapter includes details regarding different lithographic
constructions for magnetic bead and nanoparticle manipulation. Because the area
where the sensors are positioned is very small, 20 sensors over an area of 18.2 um?, the
employment of different means to attract the magnetic markers on top of the sensors

surface is necessary.

4.1 Magnetic field lines for magnetic beads manipulation

One important advantage of magnetoresistive sensors for magnetic detection
purposes relies in the possibilities of manipulating magnetic beads on top of the sen-
sors surface. To realize such manipulation additional conduction lines or other struc-
tures are constructed above the sensors surface.

The construction of the magnetic field lines requires two additional lithography
steps and care must be taken for the protection of the sensors. The first lithographic
step aims for covering the contact pads of the contact lines used for magneto-transport
measurements with negative e-beam resist. After development, the resist will not be
removed, but 100 nm of TaOx will be sputter on top of the contacting lines. Directly
after TaOx deposition a layer of 50 nm of gold will be sputtered to provide the material
for the top magnetic field lines. The second step is patterning of the magnetic field lines.
In this phase, the lines itself are structured using negative e-beam resist. The magnetic
field lines geometry has been changed relative to their practical purpose. The most im-
portant constructions that have been done in order to manipulate the magnetic mark-

ers will be presented in this chapter.
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Fig. 4.1 Representation of different conduction lines concepts to achieve a proper mani-
pulation of magnetic particles on top of the sensors; the right part of the figure presents
the sketch of the design for the magnetic field lines
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through the magnetic field lines, a magnetic field is generated, which attracts the mag-
netic markers on top of the sensor surface. By including additional layers on top of the
sensor surface, the distance between the magnetic marker and sensor increases. Con-
sequently, the stray field from the magnetic beads at the sensor position is also wea-
kened. Figure 4.1 summarizes different geometries of magnetic field lines that have
been tested to ensure the positioning of magnetic beads exactly on top or in close vicin-
ity to the elliptical sensors. When a current between 5 and 15 mA is applied, the result-
ing magnetic field is strong enough to attract and guide magnetic particles towards the
lines. In the region where the lines are triangular shaped, the magnetic field gradient is
higher, so the magnetic beads will be attracted to that area with an increased probabili-
ty. It has been observed that the velocity of the beads is increasing, and they are guided
rapidly to the lines. A major disadvantage of this technique is that beads agglomeration
is favored. When the beads are clustered, their magnetic moment will arrange with the
aim of minimizing the total stray field of the formed cluster. Thus, their total magnetic
moment would be either very small or even absent. Details regarding magnetic field
lines used for magnetic beads manipulation can be found in (12).

From the geometry concepts presented in Fig. 4.1 it can be seen that the one
from Fig. 4.1.b is advantageous and attracts the magnetic markers in a proper manner
on top of the sensors. The sketch of the magnetic field lines is emphasized in the right
part of the figure. The optical microscopy images in the left part of Fig. 4.1 exemplify
how the magnetic beads are guided to the magnetic field lines. Caution must be taken
regarding the maximum value of the dc current that runs along the magnetic field lines,
in order to prevent electromigration. Because all the processes take place in liquid, the

heating effects are high and the magnetic field lines are susceptible to easy destruction.

4.2 PMMA holes for placing the nanoparticles

For the magnetic detection of nanoparticles, the guiding magnetic field lines
cannot be used because the distance between the top free sensing layer of the sensor
and the nanoparticle would be more than 200 nm. Taking into account that the size of a
nanoparticle is less than 20 nm, its stray field would hardly reach the sensor. Therefore,
other means of manipulation have to be employed. An interesting method has been

proposed by Stanford researchers (92) and adapted also for the sensor arrays used in
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this thesis. The method consists in making special placed holes using positive e-beam
resist (PMMA). The advantage of the PMMA is connected to the possibility of patterning
small structures, with a lateral size smaller than 100 nm. Consequently, these holes can
be placed at different positions on the sensor surface in order to trap the nanoparticles
in a comfortable manner. The construction of the PMMA holes is done by following

steps given in Fig. 4.2.
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Fig. 4.2 Fabrication of PMMA holes

Due to the fact that the nanoparticles are covered with oleic acid, they are stick-
ing to the substrate surface. Unfortunately, it was not possible to remove the PMMA
resist in the vicinity of the holes. Figure 4.3a shows that nanoparticles are present in
areas around the constructed hole, indicating that lift off process has not worked cor-
rectly. After a further removing step, using 1 Methyl-2-Pyrrolidinone for 60 min at
60°C, it was possible to observe that the nanoparticles were staying only in the area

where the PMMA structures have been patterned.
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Fig. 4.3 SEM images of the nanoparticles positioning on top of the PMMA holes

Nevertheless, the process of placing magnetic nanoparticles exactly on top of
the sensor area cannot be done efficiently. Furthermore, using the above mentioned lift
off processes, the sensor quality will decrease also very much, more than 50% of the
elements being destroyed. Hence, to further exploit the magnetic nanoparticles detec-
tion, simple dropping of nanoparticles has been used. This procedure prevents sample

contamination with other unwanted materials and sensor destruction.
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5. Static detection of magnetic
markers

5.1 General overview regarding magnetic detection

This chapter is dedicated to describe the detection of magnetic markers by
magnetic tunneling junctions. An overview of the detections schemes used by other
groups for sensing magnetic beads or nanoparticles will be presented first. This is done
in order to make a comparison between the results obtained by other groups and the
results presented in this thesis. The major advantage of tunneling magnetoresistive
sensors is the possibility of downscaling them to submicrometer dimensions without
any loss of sensitivity. The TMR sensor sensitivity is increasing by shrinking the size of
the elements because the TMR ratio is also increasing. The probability to contain im-
purity and defects in the barrier is reduced as the downscaling of the elements takes
place. By having the sensor dimension in the same range as the magnetic markers, sin-
gle magnetic marker detection can be achieved. By attaching one molecule to a magnet-
ic particle, it is be possible to obtain information regarding the position of the molecule
in a defined moment of time. This could lead to a deeper comprehension of processes
taking place at single molecule level. Observing the chemical-physical interaction be-
tween a reduced numbers of molecules could give more insights to understand the un-
derlying bonding mechanisms.

The principle of magnetic detection is based on the influence the magnetic stray
field of magnetic marker has on the orientation of the magnetization of the top free
layer of the sensor. Due to this small orientational change, the resistance and the TMR
of the sensor are affected. The magnetic stray field produced by magnetic markers is
characterized by a dipole as magnetic field. The orientation of this dipole field is de-
fined by the direction of the external magnetic field. The external magnetic field can be
applied in-plane or out-of-plane direction. The magnetic beads are coated with various

chemical or biological species that are selectively binding to other biological species

-73-
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which one wants to analyze. These coatings are non-magnetic, so they do not influence
the magnetic detection, making the appliance of the magnetic sensors very specific
(93), (94).

The sensor element is sensitive only to one axis in the plane of the film. By ap-
plying a magnetic field perpendicular to the sensitive axis, it is possible to obtain a li-
near behavior of the sensor output. The sensor’s linearity is obtained by applying the
external magnetic field along the short axis of the elliptical sensor, which is in the y

direction as is pictured in Fig. 5.1 (95).

Fig. 5.1 Scheme of magnetic detection:
the magnetic dipole field of the bead
interacts with the TMR sensor

Figure 5.1 reveals a schematic representation of a magnetic detection. The di-
pole field of the magnetic bead will influence the TMR sensor behavior. The magnetic
marker is superparamagnetic, which means it exhibits magnetic properties only when

it is immersed in an external magnetic field. The magnetic field of the magnetic bead is

localized and decreased with 1/r3 as a function of 7. A critical issue is to magnetize the

marker with a sufficiently high magnetic field, in order to have an increase value of
magnetization and therefore a strong local stray magnetic field, without saturating the
sensor. The advantage of the sensors used in this work is their wide magnetic field
range due to their linear behavior without saturating the sensor. This increases the
detection sensitivity. It's worth noting that the magnetic bead stray field is not uniform
and doesn’t have the same intensity for each and every bead. This is due to the varia-

tion of magnetic content of each bead.
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The magnetic field of the magnetized bead is characterized by a pure dipole as follows:

— Bl r3m . MV — @
B—4nrA3[3(m )7 — m]

(5.1)

Considering the bead magnetized along the x axis, in Cartesian coordinates, the mag-

netic field produced by the magnetic bead in the x direction will be:

A=m-2 (5.2)
_ Ko 3mx? _ m
X an [(x2+y2+22)5/2 (x2+y2+zz)3/2] (5.3)

The characteristic of such a field yields a curve with two negative peaks at its
edge and a positive component centered between them (94). In many cases the mark-
ers used for magnetic detection are magnetized along the x direction. The magnetic
dipole expressed in Cartesian coordinates gives a good approximation of the field when
the bead is situated directly on top of the sensor. For practical reasons it is important to
convert the magnetic dipole produced by the magnetic moment of the bead in polar
coordinates. This helps to understand the influence of the magnetic dipole of the bead
when oriented in various directions relative to the sensor (96). The two components of
the dipolar field at a location r from the center of the bead are described by the radial

component H, and the angular component Hg.

H, =22 cos6 (5.4)

Hp = Z;sin 6 (5.5)

In the equations above 6 is the angle between the position vector # and the direction of
the magnetic momentm. The vector 7 is pointing from the center of the bead to the
center of the sensor.

If the bead is situated exactly above the sensor with an angle 6 of ”/2, then the

dipolar magnetic field from the bead will oppose the applied magnetic field and the
resistance of the sensor should drop. This effect has been observed from the experi-
ments of several groups working with diverse types of magnetoresistive sensors. A

large amount of experiments have been proceeded on giant magneto-resistance and
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spin-valve sensors due to their easier process of fabrication and facile means of mea-
surements.

Magnetic beads can be also magnetized by applying an out-of-plane magnetic
field. The advantage of this method is that the sensor’s sensitivity will not be influ-
enced. In this case, the stray field of the magnetic marker will be radially symmetric
compared to the uni-directional stray field of an in-plane magnetized bead (97), (98).
Another advantage of the out-of-plane magnetization is that high magnetic fields can be
applied to magnetize the beads without saturating the sensor. It is worth noting that in
this case, an in-plane magnetic field has also to be applied so as to sense the resistance
change of the sensor (99). From the simulated magnetic bead detection it can be con-
cluded that the fingerprints of a magnetized bead is different relative to their magneti-
zation direction. For better results it is important to consider the sensor and the mag-
netized bead as an unit and not to study the effect of the stray field of the bead over the
sensor.

In the following paragraphs is given a chronological evolution of magnetoresis-
tive sensors at different institutions. The overall trend was to cross from giant magne-
toresistive sensors to highly sensitive tunneling magneto-resistance sensors, first the
ones with Al,03 and then with MgO as insulator barrier material. Ideal sensors should
be sensitive enough to detect a small number of nanoparticles tags with single DNA

strands.

5.1.1 Magnetoresistive sensors evolution at Bielefeld University

Former colleagues of Bielefeld University have done a comparison between the
detection of DNA with fluorescent markers and with magnetic beads. The external field
was applied in the out-of-plane direction, the GMR sensor detecting the in plane field of
the bead. The experiment has been done over a broad range of concentration analytes,
from 16 pg/ul to 10 ng/pl. It has been observed that for low probe DNA concentrations,
the magnetoresistive detection is superior to fluorescence detection by a factor of 2.7 at
a concentration of 400 pg/pl (100). The main advantages of the magnetoresistive de-
tection over the fluorescent one is found in the low cost of production. In the first case,
no laser or detection optics is needed. Another advantage of magnetoresistive sensors

is given by the absence of the background signal. Furthermore, due to the magnetic
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based detection, the photobleaching effects encountered by the fluorescent dyes are
nonexistent, so repeated measurements can be performed with the same sample. The
detection signal from the 0.86 pm beads sensed by a 70 pm spiral shape GMR sensor
has been proved to be linear with the sensor coverage, 200 being the minimum number
of detected beads (101). As a remark to the previous experiments it has been uttered
that the limiting factor in the magnetoresistive detection is not given by the magnetore-
sistance sensor, but by the binding process between the magnetic markers and the ana-
lyte molecules.

A comparison regarding the detection sensitivity between the GMR and the
TMR sensors was also performed by the former colleagues from Bielefeld University
(102). During the experiments it has been determined that the sensitivity of TMR sen-
sors is four times higher than that of GMR sensors (97). It has been concluded that the
TMR sensor is suitable to detect single magnetic bead, which will lead to single mole-
cule detection. The TMR sensor capability to detect single magnetic markers has been
tested with an MFM tip that mimics the presence of a single bead on top of the sensor
surface (97). The magnetic tip is magnetized in a perpendicular direction and its dipole
magnetic field will rotate the local magnetization by some degrees (103). It has been
observed that the minor loop of the top sensing layer is influenced by the relative posi-

tion of the magnetic tip towards the sensor.

5.1.2 Magnetoresistive sensors evolution at Lisbon, Portugal

Spin valve sensors have been initially proposed as read heads in tape systems,
speed sensors and monitoring devices (104). Further, their applications have been ex-
tended to biological detection, when the superparamagnetic labels of different sizes
and functionalization have been detected (105). Guiding lines have been integrated on
the sensor’s chip in order to manipulate the magnetic labels and bring them on top of
the sensor surface. A change of 1% in MR has been observed when beads were passing
by the sensor area. It is worth noting that the signal came from a cluster of beads that
have been guided with the AC current lines (106). An important goal was to sense the
biomolecular recognition in real time, which would lead to the investigation of single
DNA molecule interaction. Using small spin-valve sensors (2 X 6 um?) it was possible

to detect the binding of a single 2 um streptavindin coated bead to a biotinylated sensor



5. Static detection of magnetic markers

surface (107). The magnetic field used to magnetize the bead was only 15 Oe. Thus, the
magnetic bead’s stray field is very small. The real time detection of the magnetic labels
was realized. Using streptavidin-biotin bonding simultaneous detection of hybridiza-
tion on-chip was achievable. The DNA sensing via the 250 nm magnetic markers was
possible for very low target concentrations (108). The real time detection has been
achieved by having initially an increased number of magnetic particles on top of the
sensor surface. Due to the large number of labels, the sensor was saturated. Afterwards,
several washing steps have been performed, so as to reduce the number density of
beads which could be monitorized with the sensor (109). It has been theoretically pre-
dicted that the sensor response to the magnetic label stray field varies in sign with re-
spect to the label orientation relative to the sensor (110). Due to the large amount of
markers situated on the sensor surface, this prediction could not be proven experimen-
tally. By attracting the DNA onto the sensor area with the help of special AC guiding
lines (111) it was possible to reach a detection limit of 1pM concentration over a dy-
namic range of at least two orders of magnitude. It has been observed that the sensor
signal is linear with the concentration of biological samples (112).

The cross over to magnetic tunnel junctions has been done as well motivated by
a higher magnetoresistance ratio. The signal to noise ratio for MT]s and spin valve sen-
sors has been compared. The conclusion of these studies was that the MTJs sensors are
more suitable for single bead detection, so as to analyze a small amount of biologic ma-
terial. The spin valve sensors on the other hand, seem to be appropriate for quantita-
tive measurements of biological analytes that require an increased amount of magnetic
labels. One characteristic that increases the signal to noise ratio for the magnetic tunnel
junction elements is their high resistance. The preparation and operation conditions of
MT]Js are more complicated compared to the spin valve ones, making them a difficult
choice. By testing the biological sensitivity between spin valve and magnetic tunnel
junctions sensors it has been observed that the spin valve sensors are able to detect a
smaller amount of DNA used as biomolecular label due to the fact that their fabrication
and configuration is more convenient. In case of MT] sensor elements, it was necessary
to use a thicker passivation layer, to protect the sensors from damages caused by the
biological fluids (113). Because the label signal decreases with the cube distance be-
tween it and the sensor surface, it is straightforward why the thick passivation layer

decreases the detection signal. The author’s opinion was that when used under identic-
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al condition MT] must be superior to the spin valve sensors. Other improvements done
by the group from Portugal was to pattern on the sensor chip a U shape current line in
order to attract the magnetic labels inside of it where the magnetic sensors are ar-
ranged. This would allow for a much faster hybridization time and is one of the advan-
tages that the magnetoresistive chips are having (114). In series with Al;03 based MT]
it can be fabricated a thin film diode that can select the cell of the matrix by forward
biasing while the others are reverse-biased sensing and controlling the temperature of
the place where it is located. It has also been studied the cross over from MT]s with
Al;03to MT]Js with MgO as the barrier layer. This was motivated by the larger magneto-
resistance ratio for the MT]’s with MgO (115). Magnetic tunnel junctions with MgO
tunneling barrier are the optimum choice for their use in the detection of magnetic field

of low intensity in the pT range.

5.1.3 Magnetoresistive sensors evolution at Standford University

At the beginning of magnetoresistive sensor technology, spin valve sensors
were the first choice of use (116). One spin-valve sensor had the smallest dimension of
2.5x10 pm? and was able to detect a single magnetic bead from Dynabead with a di-
ameter of 2.8 um and several 11 nm Co nanoparticles. The detection system is based on
a Wheatstone bridge circuit, the voltage signal being amplified and then measured with
a lock-in amplifier. The measurements are based on a detection scheme as follows: the
detection signal is measured with the beads on top and is compared to the detection
signal measured after the beads have been removed. When 16 nm Fe304 nanoparticles
are used for detection it is observed that the most intense signal is obtained when the
particles are situated in the center of the sensor (0.3x4 um?2) area. Interestingly, the
signal intensity decreases when the nanoaprticles are approaching the sensor edge, due
to the fact that in this case, the nanoparticle’s magnetic moment is enhanced by the
stray field present at the edge of the sensors. In this case, the stray field of the sensor is
also enhanced by the presence of the nanoparticles. The dependence of the signal in-
tensity with distance between the free detection layer and the nanoparticles has been
also studied. The maximum signal is reached when the nanoparticles are at a distance
of 70 nm away from the sensor, not when the nanoparticles are directly situated on the

sensor area. This has been assumed to be related to the fact that when the nanopar-



m- 5. Static detection of magnetic markers

ticles are too close to the sensor area, the magnetostatic interaction between the stray
field of the sensor and the stray field of the nanoparticles is very high (117). The cross
over to the MT] type sensors has been done so as to increase the sensitivity, which led
to the detection of 12 nm MnFe;04 that were functionalized with DNA (118), (119). Due
to the lack of evidence for the superior sensitivity of the MT] sensors over the spin
valve sensors, it has been decided to use the spin valve sensors, thanks to their ease in
fabrication. Interestingly it has been observed that the presence of 16 nm Fe304 nano-
particles on top of the sensor area gives a uniform signal when the nanoparticles are
situated in the center of the sensor. But, when the nanoparticles are approaching the
sensor edge, the detected signal is changing its shape due to the strong interaction with
the sensor’s stray field (92), (120). The detection limit was theoretically estimated to
14 nanoparticles, 11 femu, but a detection of 23 nanoparticles,17 femu, could be

achieved experimentally.

5.1.4 Magnetoresistive sensors at Naval Research Laboratory

The group from Naval Research Laboratory was the first that published the
idea of introducing the giant magnetoresitive effect in the field of biomedicine, by pro-
ducing magnetoresitive biosensors. How the first BARC (bead array counter) came into
being and its evolution in biodetection will be shortly presented in the further para-
graphs. The idea starts from the necessity of measuring intermolecular forces between
different proteins in a precise manner. The previous AFM based methods faced several
difficulties in measuring the forces that holds together the basic building blocks of bio-
molecules. For this reason, the biosensor based on magnetoresistive technology was
developed in order to test whether the magnetic markers are bonding to DNA produced
by PCR (polymerase chain reaction). After removing the weakly bound magnetic beads,
the remaining beads on the surface are counted with the signal change of the sensor,
revealing the concentration of the analyte DNA in the sample (121). Further, several
development steps have been done in order to achieve a high dense array with inte-
grated microfluidics for a real time detection of hybridization. The detection of a single
2.8 pym magnetic bead from Dynal is possible by using two sensors, one for reference
and the other for signal, combined in a Wheatstone bridge. An AC field was applied to

magnetize the magnetic bead and to detect the resistance change of the sensor with a
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lock-in amplifier (122). The future goals are oriented towards a fast and multiplexed
detection of biological analytes. The dimension of a GMR sensor is 5 pum x 80 um, and
works in a current in plane configuration mode. The magnetic bead is magnetized using
an AC magnetizing field (100 Oe at 200 Hz) in the z direction, so only the field from the
bead will influence the sensor in so called x-direction (123). Thus, the experimental
BARC sensor has a detection limit of 10 beads with a diameter of 2.8 um, but the detec-
tion range is over three decades, owe to the large area of the sensor. The sensor is able
to detect a single 4.35 pum NiFe bead (13). Considering the sensitivity of a biosensor
array, it has to be taken into account the assay sensitivity and the detector sensitivity.
The assay sensitivity is related to the biochemical sensitivity connected to the arrival
time of the magnetic markers onto the sensor area. This feature is disadvantaged by the
small dimensions of the sensor. But, when the magnetic labels are on the sensing area
(using magnetic fluidics or electrochemical forces), the detector sensitivity (related to
the detection of a small amount of magnetic field coming from the magnetic label) be-
comes important. Analytical calculations and finite elements simulations have been
proceed in order to calculate the analyte transport limitations as a matter of sensors
geometry, size and analyte concentration. It has been concluded that even if the small
size sensors are suitable for sensitive detection heading towards single molecule expe-
riments, the time for analyte transport would be too high. Considering this, large sen-
sors are preferred because the analyte flux to the sensor can be increased through flui-
dic low. The assay sensitivity for small dimension sensors is affected by the transport in
the fluidic systems, so even if the magnetic detection limit is low, the minimum concen-
tration that could be detected would only be in the range of pM. From the authors’
point of view, the sensitivity should be expressed as the minimum detectable concen-
tration over a short period of time (124). Based on the previous findings, a GMR based
biosensor has been developed, with a diameter of 100 pm that is able to detect protein
in attomolar concentration by using semi-homogenous fluidic force discrimination as-
says. In this approach, the magnetic labels are first mixed with the target in a solution,
and then distributed on the microarray, increasing the capture by 1000 fold when
compared to laminar flow. Further, the nonspecifically bound beads are removed by
laminar fluidic forces and the remaining beads are counted to determine the concentra-
tions of the solution (125). In the development of a biosensor, the detection sensitivity,

its selectivity and sensing time are the most important parameters that describe its
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performance. By combining semi-homogenous and fluidic force discrimination assays it
is possible to detect attomolar protein concentrations in 10 minutes using only two

reagent mixtures and three assay steps.

5.1.5 Magnetic biosensors research at Brown University

The spintronic based sensors have been developed at the Brown University in
order to achieve a very sensitive detection of small magnetic fields provided by the
magnetic beads. The detection signal has been extracted by using an AC bridge configu-
ration and lock-in technique. Two external magnetic fields in an in-plane and perpendi-
cular configuration have been used to magnetically excite the magnetic bead and to
have the sensor in its linear sensitive operation range. An AC voltage with a frequency
of 8 kHz was applied on the 2 pmx6 pm tunneling magneto-resistance sensor with an
Al;03 barrier. By using finite elements simulation it has been calculated that the mag-
netic field provided by a 2.8 um magnetic bead is 0.4 Oe when an external field of 15 Oe
is applied. This magnetic field will induce a change of 0.15 % in the sensor resistance
(126). By using the detection schemes described earlier it was possible to detect
micrometer sized magnetic beads that were flowing over the sensor array through a
microchannel. The next step in the magnetoresistive sensors developments has been
done by integrating TMR sensors with MgO insulator as barrier material and to detect
DNA target labeled with 50 nm MACS™ nanoparticles and 16 nm Fe304 nanoaparticles
(127). In the biodetection of DNA hybridization, no microchannles have been used, be-
ing possible to detect 2.5 pM single strands DNA after hybridization process. The resis-
tance change due to the presence of the magnetic field from the bead is varying with

respect to the bead from 3% up to 6%.

5.1.6 Magnetic biosensors developed at Philips Research Laboratories

The authors achieved the detection of a single 2.8 um bead attached to an AFM
tip by colloid probe technique. The detection scheme include: GMR sensor with the
dimension of 100 umx3 um and current wires of 0.35 um wide. The current wires

create the magnetic field to magnetize the superparamagnetic beads, so no external
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magnetic field is needed. By scanning magnetic bead with the help of the AFM tip over
the sensor surface it was possible to observe the magnetic influence of the bead over
the GMR sensor with respect to different orientations of the bead relative to the sensor.
The advantage of this sensing scheme relies in its simplicity, avoiding microchannels
above the sensors or the difficulties given by the static dry measurements when the
signal from the sensor has to be measured before placing the beads and after the bead’s
removal from the sensors surface. A disadvantage of this sensing scheme is given by the
capacitive coupling that can appear between the current wires and the sensor. This
could be avoided by modulating the current through the wires and the current passing
through the sensor at different frequencies. Later on, microchannels have been inte-
grated above the GMR sensors, and the magnetic detection of 300 nm magnetic beads
has been performed with the help of an integrated micropatterned trench that was si-
tuated on top of the sensor. Several processes such as diffusion and sedimentation in
the fluid have been also evaluated. The GMR sensors have been integrated in a Wheat-
stone bridge configuration and the external field to magnetize the magnetic labels was
applied perpendicular to the sensor surface (128). The signal from the sensor has been
proven to be proportional to the concentration of the nanoparticles in solution. The
next step in magnetic label detection is their real time detection (129). The magnetic
beads of 1 um and 2.8 um have been detected when passing by the sensor, being mani-
pulated by two current wires situated on both sides of the sensor. No microchannels
have been used in this case. It was possible to distinguish the signal coming from a bead
situated at different positions relative to the sensor. By sensing the presence of the
bead, by manipulating the bead and trace its positions it could be possible in the near
future to probe functional information about molecules. Several approaches to analyze
individual particles near a chip surface in low magnetic field and high field gradients
have also been performed by the same group (130). A magnetophoretic analysis can be
done if the particles diameter is in the range of 1 um. If the nanoparticles diameter is
decreasing, a confined Brownian motion analysis is desirable due to the diffusion forces
that are higher for smaller particles. All these information regarding magnetic proper-
ties of the magnetic labels can be further used for their better integration in a lab-on-a-

chip system.
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5.1.7 Development of magnetoresistive sensors in Singapore and Shanghai

Some other groups working in the field of magnetoresistance detectors used
spin valve or GMR sensors in order to see their response to various magnetic labels.
Different magnetizations schemes have been used. A group from Singapore has tested
the response of a spin valve sensor of an 8 um bead that was scanned over the sensor
surface by using an AFM tip. It has been concluded that the sensor response to the
magnetic field of the bead depends on the magnetization direction of the bead (in plane
or out-of-plane) and its orientation relative to the sensor (95). Several calculations
have been performed for the improvement of the tunneling based magnetoresistance
sensors. In those calculations, Co ferromagnetic nanoparticles have been used for de-
tection, due to their high stray field and stability. Their magnetic properties are supe-
rior compared to superparamagnetic beads, making them a better candidate for bio-
sensing applications. The influence of the ferromagnetic stray field over the sensor free
layer gives information about the desired geometrical shape of the sensor for “in vitro”
applications (131). By having accurate data about magnetic sensing of ferromagnetic
nanoparticles, biosensors of high performance can be produced. Simulations regarding
the employment of a magnetic shielded layer on top of the sensing layer predict an im-
provement in the magnetic detection of ferromagnetic nanoparticles (132). Another
group from Shanghai has elaborated micromagnetic simulation for the detection of 250
nm magnetic labels modulated by AC magnetic fields. The results of the simulations
conclude that the response of a linear spin valve sensor is proportional to the number

of magnetic labels (133).

5.1.8 Development of magnetoresistive sensors at Nonvolatile Electronics

The research regarding the evolution of magnetoresistive sensors at Nonvola-
tile Electronics has started recently after the implementation of this idea. Firstly, a
model for detection has been developed (96), where a single micron sized bead is able
to be detected by a 1 pmx1 pm size GMR sensor. The conclusions of the simulations
comprehend that a GMR sensor can detect a single paramagnetic bead of any size if the
following conditions are accomplished:

(1) the sensor is at about the same size as the bead
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(2) the bead surface is at 0.2 bead radii away from the sensor surface
(3) the bead has y,;, = 0.05
(4) the GMR sensor response is adequate

The next step in the magnetoresistive biosensors applications was the integra-
tion of the GMR sensors in a Wheastone bridge and the integration of the entire detec-
tion assay in a microfluidic system (134). The dependence of the detected signal with
the distance between the sensor and the magnetic label, has also been investigated hig-
hlighting the d 3 dependence (94). The same GMR sensor assay has been used for the
detection of biotin-streptavidin binding with the help of 1um magnetic beads (93) as
well as for their use in immunosorbent assays by using a capture antibody surface
compose of mouse IgG and magnetic nanoparticles modified with a layer of goat a-

mouse IgG (135).

Table 5.1 Schematic overview regarding the development of magnetoresistive biosensors
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5.2 Detection of MyOne magnetic beads by TMR sensors

Resuming the presented short overview of the work from the groups that have
included the development of magnetoresistive sensors in their research program, it can
be said that the overall attention is focused on developing sensors assays of high densi-
ty with an increased biological and physical sensitivity. Continuing these ideas, it has
already been presented in Chapter 3 the array of sensors that have been developed in
this presented study. The lateral dimension of the sensors has been reduced to 100 nm
x400 nm. Their small size allows integration in a closed packed array, where 20 sen-
sors are situated in an area 18.2 um2. The sensors have been employed in the detection
of 1.05 um MyOne magnetic beads from Dynal Biotech (136). The magnetic beads sur-
face is functionalized with carboxylic acid (COOH) ending groups that give the hydro-
phobic characteristics of the bead surface. On top of the sensor surface is the Au con-
ducting line that is needed for the outside connection of the element. The carboxylic
acid interacts poorly with the gold surface, so the functionalized magnetic beads can be
easily removed from the sensor area. The detection of magnetic labels can be achieved
by magnetizing them in three different orientation of external magnetic field: in plane,

out-of-plane, or a combination of both that gives a 452 angle magnetic field.

5.2.1 In plane detection of magnetic beads

General characteristics regarding in-plane detection

A detailed description will be given for the detection with an in-plane magnetic
field. An external DC magnetic field is applied so as to rotate the top free layer of the
tunneling sensor to change the amplitude of the tunneling magneto-resistance. Simul-
taneously, the applied field will magnetize the superparamagnetic bead, thus inducing a
dipole as magnetic field. The strength of the dipole magnetic field depends on the mag-
nitude of the applied field. If the magnetic bead is situated directly on top of the sensor,
the magnetic dipole field will directly oppose the external field. Consequently, the mag-
netic field produced by the superparamagnetic bead will weakly decrease the strength
of the external field. Since, the sensors have a linear TMR characteristics in this field, it

can be roughly calculated the magnetic field produced by the superparamagnetic bead
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by considering the sensor response. In the previously introduced models (96) it has
been concluded that the magnetic field of the bead is:

Hpeaa = 0.05 - Hyppy (5.6)
From the calculated values of the detection done with the MgO based tunneling magne-
toresistive sensors for the 1 pm magnetic bead detection it has been pointed out that
the magnetic field produced by the label is in the range of 1-10% of the applied field.
The easiest method to detect the magnetic labels is by noticing the difference between
the sensor output without the magnetic beads on top and with the magnetic beads si-
tuated on top of the sensors. The linear output of the sensor is of great advantage mak-
ing the subtracting procedure between both output signals beads very facile. In the
detection practice, two consecutive measurements of the sensors are done in their ini-
tial state. These measurements characterize the noise level of the sensor. By subtract-
ing the resistance of these measurements for every sensor the limits of detection is
known. If the signal from the magnetic bead would be within these limits, no detection
would be possible. The next step is done by keeping the sensors in the same position
and dropping the solution of diluted beads (1/10) in DI water with a handheld pipette
on top of the sensors surface. The beads are dropped directly on the surface of the con-
ducting lines, which have a thickness of 55 nm, that electrically contact the sensors. The
underlying reason for this is to test the highest signal gained from the sensors in the
presence of the beads to know in what range this signal should be classified. After the
drop has dried, the sensor’s output is measured with the presence of the beads on top.
When the three measurements are finished, an SEM picture of the assay is taken to
know the orientation of the beads relative to the sensors. Due to the small size of the
sensors, an SEM imaging is necessary due to the lack in precision and resolution of the
optical microscope in the submicrometer range. The next step in the detection proce-
dure is removing the beads in ethanol solution in ultrasonic bath for about 5 minutes.
The COOH coated magnetic beads are usually easily removed and the sensors can be
further used for other detection measurements. The detection signal is obtained by
subtracting the resistance of the bare sensor from the resistance of the sensor obtained
after the measurements done with beads on top of the sensor surface. The bead detec-
tion signal is then compared with the noise signal of the sensor. When the bead signal is
at a different level compared to the noise signal, the detection of the magnetic bead is

confirmed. The detection signal varies with respect to the orientation direction and
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distance of the bead towards the sensor. Computer simulations have been carried on
(137) so as to characterize the magnetic stray field exhibited by a magnetic dipole as a
function of the size of one bead. The micromagnetic simulations reveal the behavior of
the magnetoresistance sensor when the two ferromagnetic layers that are separated by
a tunneling barrier are in parallel orientation and detailed information regarding them
will further be given. The experimental data are taken over a sweeping field from -500
to + 500 Oe range, when the two ferromagnetic layers are in both the parallel and the
antiparallel state. Because the bead exhibits superparamagnetic properties it should
carry a magnetic moment only when it is induced by a magnetic field. Thus, when no
external magnetic field is applied, the response of the sensor to the magnetic field of the
bead should be at the noise level. When a signal from the magnetic bead is present al-
though no external magnetic field is applied, the magnetic bead is magnetized by the
top ferromagnetic free layer of the sensor. A very weak interaction between the top
sensor layer and superparamagnetic bead can here not ne neglected when the magnetic

bead is situated exactly on top of the sensor surface.
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Fig. 5.2 (a) Orientation of the magnetization for the top and bottom layer when the two
are in a parallel orientation (b) Orientation of the magnetization for the top and bottom
layer when the two are in an antiparallel orientation

Figure 5.2 displays the orientation of the magnetization for the bottom and top layer
with respect to the direction of the external magnetic field that is directing the parallel
or antiparallel alignment. The orientation of the field lines corresponding to the dipole

type magnetic field of the bead is also indicated. The orientation of the bottom ferro-
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magnetic layer stays fixed in one direction, the top layer being free to rotate and change
the value of the resistance corresponding to parallel or antiparallel orientation. This
sketch gives a suggestion related to the correlation between the external magnetic field
orientation, top and bottom ferromagnetic layers magnetization orientation and stray
field of the magnetic bead. This can be useful in understanding the influence the mag-

netic field of the bead has on changing the resistance of TMR sensors.

Correlation between bead orientation and detected signal

During the in-plane detection mode of magnetic beads their dipole field can in-
crease or decrease the strength of the external applied field in correlation with the
bead orientation relative to the sensor. Applying the external field along the hard axis
of the element y, the in-plane component of the magnetic stray field of the bead has

been calculated from equation (5.1) and is given in Fig. 5.3.
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By taking this into account it is expected to sense a different signal with respect
to the orientation of the magnetized bead relative to the sensor. If the sensor is situated
in the Hy < 0 area, the direction of magnetization of free electrode experiences a tor-

que, tending to orient both electrodes antiparallel to each other. The tendency to an
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g
x

antiparallel orientation configuration of the electrodes means that the stray field of the
magnetic bead will weaken the external applied field. In a similar way, if the sensor is
situated in the area Hy > 0, the torque tends to orientate the two ferromagnetic elec-
trodes parallel to each other, thus the stray field provided by the bead will enhance the
external field.

Figure 5.4 exemplifies the detection case where the sensor is situated in the
Hy < 0 area. By plotting the resistances of the sensor with and without beads in the
same graph (Fig. 5.4 a) it is observed that the presence of the bead decreases the sensor

resistance when the two ferromagnetic electrodes are antiparallel.
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Fig. 5.4 (a) Resistance change of the sensor when the sensor is situated in the Hy < 0 re-
gion of the in plane component of the magnetic bead stray field (b) Detection signal ob-
tained from the subtracted resistances of the sensor when the bead is situated in the
Hy < 0 region; the inset represent the experimental situation

This means that the external applied field is weakened by the presence of the
superparamagnetic bead. The same graph shows that the presence of the bead is in-
creasing the resistance of the sensor when the two ferromagnetic electrodes are paral-
lel oriented and on the other hand the stray field from the magnetic bead weakens the
applied external field. Figure 5.4 b represents the subtracted resistances data for the
detection case presented in Fig. 5.4a. In this representation, the Noise signal =Rpefore1-
Rueforez, While Bead signal 1=Rpead-Ruefore1 and Bead signal 2= Rpead-Rbefore1. The inset from
Fig. 5.4b shows the experimental situation of the bead arrangement around the sensor.

It can be seen that there are two magnetic particles oriented along the longitudinal axis
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of the sensor. Thus the sensor is situated in the Hy < 0 region of the magnetic beads
stray field presented in Fig. 5.3.

Figure 5.5 shows the detection case which reveals a reversed situation, where
the sensor is situated in the Hy > 0 area of the magnetic bead stray field. When the two
ferromagnetic electrodes are in an antiparallel orientation, the presence of the bead
increases the resistance of the sensor. So, the stray field from the magnetic bead en-
hances the magnetic field at the site of the sensor. In the parallel orientation of the two
ferromagnetic electrodes, the resistance of the sensor is decreased due to the presence
of the bead, so its stray field enhances the overall field at the sensor position. In the
inset the experimental bead arrangement reveals the orientation of the sensor in the

Hy > 0 area of the magnetic bead stray field.
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Fig. 5.5 (a) Resistance change of the sensor when it is situated in the Hy > 0 region of
the magnetic bead stray field (b) Detection signal obtained from the subtracted resis-
tances when the sensor is situated in the Hy > 0 region; the inset present the experi-
mental situation.

The results of detection can be interpreted also by considering the radial and
angular components expressed in equations (5.4) and (5.5). Taking these equations

into account it can be seen that the angle between 7 and 7 is "/2 when the magnetic

bead is situated on top of the senor area. This corresponds to the case when the sensor
is in the Hy < 0 region of the magnetic bead stray field presented in Fig. 5.3. When the
angle between 7 and 7 is increasing and approaching the m value, this corresponds to
the situation when the sensor is situated in the area where Hy > 0.In this case
cos = —1, the external magnetic field that acts on the sensor will be enhanced by the

presence of the bead’s stray field.
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In order to have an accurate understanding of magnetic detection, micromag-
netic simulations on a trilayer model CoFeB(4nm)/MgO(2nm)/CoFeB(4nm) were car-
ried out. Because the area of TMR elements is in the submicrometer range (100
nmx400 nm), their stray field starts to have an important role. Under the influence of
the stray field coupling, an antiparallel alignment of the two ferromagnetic layers is
facilitated. Another coupling mechanism between the two ferromagnetic layers is given
by the surface roughness spacer, also known as Néel coupling. Having an opposite ef-
fect, the Néel coupling encourage a parallel alignment of the two ferromagnetic layers.
By considering both a TMR map is simulated by a finite element approach. The ATMR

express the change in percentage due to the influence of the stray field of the bead:

ATMR = Rpead+sensor —Rsensor %’ (57)

Rsensor

where Rpead+sensor represents the resistance of the sensor with the bead on top and

Rgensor denotes the resistance of the bare sensor.

ATMR in %

Fig.5.6 A TMR values
map for particle posi-
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tation, the gray level
separates positive from
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4 by(137))

Observing the ATMR map one can deduce that different detection schemes can
occur. In the following paragraphs a comparison between experimental and simulation

data will be performed.
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Beads situated along the longitudinal axis of the sensor (Hy < 0)

The first detection scheme that will be analyzed is the influence of the magnetic
bead’s stray field when it is situated about the longitudinal axis of the sensor, so the
sensor is situated in the in the Hy < 0 region of the magnetic bead stray field. One situ-
ation is when the bead is positioned exactly on top of the sensor, so the entire fringe
field of the bead will influence the top free layer of the sensor. In another situation, the
bead is positioned in different orientations and distances about the longitudinal axis. A
third situation is when an additional bead is affecting the sensor from its transversal
side. In this case, when the orientation of the two ferromagnetic layers of the electrode
is parallel, the stray field of the bead situated in the longitudinal direction will act to-
wards external field weakening, but the stray field of the bead positioned along the
latitudinal side of the sensor tends to enhance the external applied field. Due to this, the

detected signal will be merged with the noise signal.
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Fig. 5. 7 (a) Detection of the bead positioned on top of the sensor (b) Detection of the two
beads situated along the longitudinal axis and one bead along the lateral side of the sen-
sor; the insets present the SEM image of the experimental situation as well as the top
view of the ATMR map with the white circles standing for bead positions

Figure 5.8a shows detection situation where two beads very close to each other are
situated along the longitudinal axis of the sensor, so their net magnetic moment will be
zero, because they will cancel each other’s magnetic moment. An opposite situation is

presented in Fig. 5.8b where two separate beads are positioned at 1.75 pm away from
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the sensor in the longitudinal axis. In this case, the beads will merge their magnetic

moment and will magnetically affect the sensor.
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Fig. 5. 8 (a) Detection of two beads that are canceling each other signal (b) Detection of
two beads situated along the longitudinal axis of the sensor; the insets present the SEM
image of the experimental situation as well as the top view of the ATMR map with the
white circles standing for bead positions

Beads situated along the short axis of the sensor (Hy > 0)

The magnetic bead dipole field will enhance the applied external magnetic field
when the bead is situated along the short axis of the sensor, so the sensor is situated in
the Hy > 0 region of the stray field of the bead. One detection case (Fig. 5.9 a) presents
the situation when one magnetic bead is situated along the short axis of the sensor and
another bead is placed a bit further away along the longitudinal axis of the sensor.
Thus, the stray field of both beads will affect the sensor and the combined signal will
tend to be merged with the noise level. Another case (Fig. 5.9 b) identifies a situation
where the beads will influence the sensor only from its transversal side. The resistance
of the sensor will decrease when the two ferromagnetic layers of the sensor are in a

parallel orientation, and hence the signal will be in the negative range.
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Fig. 5. 9 (a) Detection of one bead along the short axis of the sensor and situated along
the longitudinal axis of the sensor (b) Detection of two beads situated along the short axis
of the sensor; the insets present the SEM image of the experimental situation as well as
the top view of the ATMR map with the white circles standing for bead positions

Figure 5.10a summarizes an example when two magnetic beads will cancel each
other’s signal because they are positioned very close to each other along the transver-
sal axis of the sensor. When the magnetic bead is at a distance larger than 1.8 um (Fig.

5.10b) away from the sensor its stray field is too weak to be seen by the TMR sensor.
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Fig. 5. 10 (a) Detection of two beads that are canceling each other signal along the short
axis of the sensor (b) Non-detection of one bead situated at a distance of 1.8 um away
along the short axis of the sensor; the insets present the SEM image of the experimental
situation as well as the top view of the A TMR map with the white circles standing for

bead positions
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Conclusions and future perspectives regarding the sensitive detection of 1
micrometer magnetic beads

Based on the bead detection in all situations described above it can be con-
cluded that downscaling the size of the magnetoresistive sensors in the nanometers
range allowed accurately detecting the stray field of one magnetic microbead. It was
possible to observe a distinct detection signal with respect to the orientation of the
bead relative to the sensor plane. This distinguished behavior has been theoretically
predicted and is related to the asymmetry exhibited by the stray field of the bead in the
in-plane projection. In addition, it has been revealed that two or more magnetoresistive
sensors can simultaneously detect the signal from one magnetic bead. Consequently,
this gives rise to an idea to monitor the magnetic bead trajectory through an array of
sensors by sensing its stray field contributions with different sensors nearby its path.
Subsequently, the exact position of the bead will be known. Potential biological applica-
tions from this “magnetic tracking” of magnetic beads are multiple. Until now the mole-
cular mechanism by which individual cell recognizes and respond to external forces is
not fully understood. Very little is known about how cells convert mechanical signal
into a chemical response (138). The significance of this cell feature comes along with
the fact that the mechanotransduction mechanism is set on the basis of all sensoric
functions of the body such as: touch, hearing, baroreception, gravity sensation and oth-
ers (139). It is established that the activation of signaling molecules inside the cell is
mediated through changes in the cytoskeleton. The internal cytoskeleton is formed
from an interconnected network of actimyosin microfilaments, microtubules which are
hollow nanoscale biopolymers and intermediate filaments that link the nucleus to the
surface adhesion receptors (140), (141) . The most suitable cell model is the one that
describes it as the prestressed tensegrity structure. Within this model, the cell has the
property to maintain its shape stability within an applied tensed force. By developing a
magnetoresistive microscope, the modification of the cytoskeleton structure could be
detected by the MR sensors via a magnetic bead.

During the past years, the biologists discovered that organogenesis and pattern
formation is governed by genes controling the developmental signaling pathways. It is

not yet known how nature builds tissues with specialized form and function. During the



5.2.1 In plane detection of magnetic beads

studies of cancer cells it has been determined that the tissue form and geometry may
give a feed back to control cell proliferation by concentrating stress at particular sites
and mechanically restructuring the actin cytoskeleton inside cells within this area. So,
the study of cytoskeleton movements and its response to mechanical forces applied to
the cell with the help of a MR microscope may lead to the discovery of basic phenomena

that constitute life precursors (142).

5.2.2 Out-of-plane and 45° angle detection of magnetic beads

A magnetic bead can also be magnetized with an out-of-plane magnetic field.
The advantage of a z type of external field relies on the fact that it doesn’t affect the MR
sensors response because the sensors are sensitive only in the direction of the x axis.
So, the magnitude of the out-of-plane magnetic field can be very large and the magnetic
moment of the bead can approach the saturation while the sensors are still in the linear
range. Nevertheless, in plane components of the stray field of the magnetic bead allow
for a similar response as if the external field is applied in the in-plane direction. Anoth-
er case of detection is a superposition of the two types of external field (in plane and
out-of-plane) resulting in an 45° angle of the applied magnetic field. When the magnetic
bead is magnetized in the y direction, the Bx component of the magnetic field will have

the following form:
_ Mo 3mxy
T AT (x24y2422)°2

(5.8)

X

In a very similar way, when the magnetic bead is magnetized by an out-of-plane mag-
netic field in the z direction, the x component of the magnetic bead’s stray field will

have the following configuration:

_ Ho 3mxz
AT (x24y2 472)"/2

(5.9)

X

Figure 5.11 presents the angle and out-of-plane detection results for a 1 um magnetic

bead.
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Fig. 5.11 (a) Example of out-of-plane detection of magnetic bead (b) Example of 45° angle
detection of magnetic bead

After the subtraction of the sensor resistance for the three types of measure-
ments (1) before placing the beads, (2) with the beads and (3) after removing the beads
from the sensor’s surface, the resulting bead and noise signal are at different levels. One
reason for this observed mismatch could be the field set-up. Very likely, the magnetic
coil in these experiments did not provide a homogenous field, so artifacts are present in
the measured signals. This might lead to the misfit observed in the subtraction data.
However, the angle and out-of-plane measurements of magnetic beads provides data
where the bead signal does not match the noise level, as it is expected when no external

magnetic field is applied on the superparamagnetic bead.

5.3 In-plane detection of magnetic nanoparticles

In order to determine the sensitivity of the TMR biosensors, superparamagnet-
ic nanoparticles were used as test objects. Details regarding the physical properties of
magnetic nanoparticles can be found in the first chapter of the thesis. The basic detec-
tion schemes and acquisition set-ups is the same as the one used for the in plane detec-
tion of magnetic beads. Magnetic cobalt nanoparticles characterized by a diameter of
14 nm are diluted 2:10 in 2’propanol solution.

Considering the small size of the nanoparticles relative to the size of the sensor,

it is expected to detect the entire stray field of the nanoparticles. This brings up another
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problem because the superposition of magnetic stray fields of many nanoparticles has
to be taken into account.

The detection of magnetic nanoparticles can be divided into two separated situ-
ations which involve the number of Co nanoparticles on the sensor area for discrimina-
tion. The first situation is considered for monodispersed Co nanoparticles over the sen-
sor area. The detected signal can be correlated to the single magnetic bead detection
because the nanoparticles are arranged on the sensor area without magnetostatic inte-
raction, therefore their entire stray field of the bead is captured by the sensor (Fig.
5.7a). This corresponds to the detection case of Hy < 0 from Fig. 5.3. In the second
case, as the number of nanoparticles situated on the sensor area is increasing, their
dipole coupling fields will lead to a collective nanoparticle interaction and the detected

magnetic signal will exhibit a hysteresis.
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Fig. 5. 12 (a) Detection of monodispersed 14 nm Co nanoparticles (b) Detection of inte-
racting 14 nm Co nanoparticles

The detection results in Fig. 5. 12b are correlated with AGM (alternating gradient mag-
netometer) measurements carried out on a monolayer of Co nanoparticles. For the AGM evalu-
ation, the magnetic nanoparticles are dropped to form a monolayer and their magnetic proper-
ties are evaluated. In Fig. 5.13a typical AGM magnetic response of a monolayer of nanoparticles
is given. It can be seen that they exhibit a coercitive field of 47 Oe. The same coercitive field
value measured with the AGM measurement set-up is seen in the TMR sensors, indicating the
strength of coupling fields between the nanoparticles. The interaction between nanoparticles
should give rise to the same magnetic response irrespective to the type of magnetic measure-

ments being performed. The connection observed between the two types of measurements
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demonstrates the application of magnetoresistive sensors as a powerful tool for accurate mag-

netic measurements as well.
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Fig. 5. 13 (a) AGM measurements of 14 nm Co nanoparticles (b) Statistic regarding detec-
tion of 14 nm Co nanoparticles

More importantly, the tunneling magnetoresistive sensors are capable to make
a distinction between monodispersed and coupled nanoparticles, by exhibiting a non-
hysteretic or a hysteretic signal. It has experimentally been confirmed that the signal of
nanoparticles is stronger if they are positioned in the center of the sensor area. If the
nanoparticles are situated in a big cluster on one of the lateral sides of the sensor, an
inversion of the signal is observed. Due to the fact that a large number of nanoparticles
are situated in the Hy > 0 area. If only a reduced number of monodispersed nanopar-
ticles is situated onto the sensor area, the detected signal cannot be distinguished from
the noise signal, because the magnetic signal from the nanoparticles is too low. In the
figures that will be presented below can be observed that the detected signal depends
on the orientation of the coupled nanoparticles towards the long or short axis of the

sensor.
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Fig. 5.14 (a) Detection of magnetic nanoparticles influencing the sensor from its trans-
versal axis (b) Non-detection of magnetic nanoparticles owe to their reduced number on
the sensor area

In order to test the sensing limits, detection of 9.4 nm CoFe nanoparticles has
been performed. The magnetic moment of CoFe nanoparticles is very small due to a
reduction upon oxisation in atmospheric conditions (29). Thus, their magnetic stray
field cannot influence the rotation of the free top layer of the tunneling magnetoresitive

Sensor anymaore.

Conclusions and future perspectives related to the detection of magnetic
nanoparticles

The downscaling of the sensors to submicron dimensions in order to detect a
reduced number of magnetic nanoparticles about a size of 10 nm was required. This
could have been also anticipated if we bear in mind that the magnetic stray field of the
magnetic bead or nanoparticles have similar physical characteristics. The minimum
number of 14 nm magnetic nanoparticles as a detection limit has been determined to
16. One main condition for their detection is their arrangement in the center of the sen-
sor. If a number of 12 magnetic nanoparticles are evenly distributed over the sensor
area, their detection is not possible. The biological application of magnetic nanopar-
ticles detection can be identified for the field of single molecule dynamics. In this field
time resolved spectroscopy and near field optics methods are commonly used and is
possible to probe dynamical processes such as molecular motions and chemical rota-
tions at a single molecule level (143). The fluorescence single molecule detection and

single molecule spectroscopy methods can be used to localize molecules within few
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tens of nm. The future expectations of molecular biology include local, dynamic struc-
tural information of one biomolecule and the visualization of molecules dynamics in
parallel (144). Furthermore, the localization of interaction between single biomacro-
molecules is addressed (145). By combining centroid localization analysis with the
photobleaching of single fluorophores, single fluorescent molecules that are 8 nm apart
can be seen with a 2.5 nm resolution in fluorescence microscopy (146). Probing the
interaction between two different molecules would be a different option for magneto-
resistive microscopy where the distance between two sensors is in the few hundred
nanometers range. By attaching a reduced number, up to 20, of magnetic nanoparticles
to a biomolecule, it could be possible to sense the movement and interaction of two
biomolecules within a resolution of 1 nm. The trajectory of one biomolecule can be de-
tected with the aid of three or four adjacent sensors that are detecting different signals
with respect to the orientation of the biomolecule towards the sensor. If two or more
biomolecules would agglomerate, the detected signal changes, exhibiting a hysteresis
due to the dipolar coupling between nanoparticles.

Tunneling magnetoresistance microscopy could facilitate the achievement of
challenges from biomolecular field if dynamic detection of magnetic beads and nano-
particles is accomplished. The next chapter will present improvements concerning dy-

namic detection of magnetic markers.



6. Dynamic magnetic detection by
tunneling magnetoresistive sensors

The previous chapter describes the static detection of magnetic markers of dif-
ferent dimensions by means of various configurations of external magnetic fields. The
next challenge for tunneling magnetoresistive sensors is to detect the movement of
magnetic markers over the sensors. Dynamic detection of magnetic beads is a basic
requirement for biological applications. In order to achieve dynamic detection, several
sensors have to be measured simultaneously to sense the movement of biological mo-
lecule above the sensors. Processes like biorecognition, force bonding between two
biomolecules, the motion of a biomolecule, interaction between two biomolecules and
many others can be monitored only by means of active detection of magnetic markers.
Details regarding the measurement set-up specialy designed for dynamic measure-
ments can be found in (147). This measurement set-up is able to measure 8 sensor
elements simultaneously. The magnetic transport measurements are performed by
applying a bias voltage of 50 mV from a battery supply. The tunneling current is meas-
ured with operational amplifiers. Different experimental approaches have been tested
so as to achieve a dynamical detection of moving particles. Some of them will be briefly
discussed. During the experiments several difficulties have been encountered. Some of
them were solved, but others are still remaining and possible experimental solutions
will be addressed.

The combined system, sensors and electronics has been tested by a “magnetic
pendulum”. One macroscopic magnet was oscillating above sensor array and the cor-
responding sensor characteristics were recorded.

Figure 6.1 allows determining the oscillation period of the “macroscopic bead”.
The intensity of the magnetic field from the “macroscopic bead” at different heights was
measured with a Gaussmeter (148). The magnetic field values measured by the Gauss-
meter correspond with the values obtained from the TMR recording. As conclusions to
“macroscopic bead” experiments one can observe that the tunneling magnetoresistive
sensors sensitivity in magnetic field detection is comparable with the one of the Hall

probe. From the dynamic detection of the “macroscopic bead” magnetic pendulum,
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time resolution of the measurement set-up designed for dynamic measurements can be

observed.
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Fig. 6.1 Dynamic detection of a “macroscopic bead” that oscilates at different heights
above the array of sensors

In order to analyze the new measurement set-up sensitivity, static detection of
magnetic beads has been carried out. This experiment provides information regarding
the maximum signal level that can be recorded from a magnetic bead. The test has been
accomplished after the evaporation of the bead solution that was placed on top of the
sensors. The sensor array prepared for dynamic detection is complied with additional
lithographic steps that are increasing the distance between the sensor and the magnet-
ic bead. Firstly, an extra layer of 100 nm of tantalum oxide is sputtered to electrically
isolate the conducting lines that are contacting the sensor from the magnetic field ma-
nipulation lines that are used to attract the magnetic beads on top of the sensor’s sur-
face. By considering this, the minimum distance between the top layer of the sensor
and the surface of the magnetic bead is of 212 nm. The static measurements presented
in Chapter 5 have been achieved at a distance of 62 nm between the free ferromagnetic
layer of the sensor and the surface of the superparamagnetic bead. The magnetic bead

exhibits a magnetic field of 19% of the external field when the distance between the
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sensing layer and the center of the magnetic bead is of 562 nm. The same magnetic
bead will exhibit a magnetic field of only 4% from the applied external magnetic when
the separation between the top layer and bead center is increased to 750 nm. Figure
6.2 reveals how the intensity of the detected signal decreases as the distance between
the sensor and the magnetic bead is increased. A distance of 750 nm between the sens-
ing layer and bead'’s center is considered to be the detection limit of the TMR sensors

downscaled to submicron dimensions.
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Fig. 6.2 a) Simulation map regarding the signal dependence on the height of the bead
above the sensor area b) Signal from the magnetic bead situated at different height above
the sensor, in the z value is included the bead radius of 500 nm

A comparison for static measurements between the measurements set-up used for stat-
ic in-plane detection presented in Chapter 5 and the acquisition set-up designed for

dynamic measurements is displayed in Fig. 6.3.
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Fig. 6.3 Comparison of static measurements of magnetic beads between the standard set-
up (a) and the set-up design for dynamic measurements (b)



6. Dynamic detection by tunneling magnetoresistive sensors

The detection of magnetic beads in motion is more difficult to accomplish due to
two main reasons: (1) the presence of magnetic beads in solution increases the dis-
tance between the sensor and the bead and (2) the rapid movement of the magnetic
beads above the sensor surface. In order to decrease the distance between the TMR
sensor and magnetic bead, the following options have been approached: (1) employ the
detection of larger magnetic beads and (2) fabrication of microcrochannels above the
sensor array. The movement and the speed of the magnetic beads can be controlled by
the magnetic field manipulation lines.

The detection of 1 um diameter MyOne Dynal magnetic beads and 3 um diame-
ter magnetic beads diluted in 1:10, 1: 50 or 1: 100 water solution has been attempted.
Their magnetic detection has been tested by considering their Brownian movement in
the liquid above the sensors. Several varie-
ties of external magnetic fields have been
applied to magnetize the magnetic beads:
an in-plane magnetic field of 300 Oe, an
out-of-plane magnetic field provided by a
permanent magnet situated below the sen-
sors and a combination of the two types of
magnetic field. No signal from the magnet-
ic beads has been intercepted by the mea-

surement set-up. The non-detection is as-

Fig. 6.4 Microchannel construction above the sociated with the increased height between
sensor arrays

the sensors and the magnetic markers.
With the intention of guiding magnetic beads closer to the sensor surface, so the influ-
ence of the water to be negligible, microchannels have been constructed on top of the
sensors surface. The microchannels are built by using parallel lithography, from a spe-
cial polymer called SU-8 and have a thickness of approximately 20 pm (149). Details
regarding the applicability of microchannels in the lab-on-a-chip systems can be found
in (150), (151), (152), (153), (154), (155), (156), (157). An image of the sensor array
with the constructed microchannels on top is shown in Fig. 6.4. By considering such an
approach the magnetic beads flow will be directed over the sensors surface. In the im-

age is highlighted the area where are situated two separated arrays of sensors. Dynam-



ic detection with microchannels has been tested by using additional external out-of-
plane magnetic field of 300 Oe. The set-up for dynamic detection is meant to measure
sensors bonded in an IC socket. For dynamic detection of the magnetic markers, the
socket has to be placed under an optical microscope to visualize the detection moment
when the beads were passing over the sensors area. By these means, the optical detec-
tion of the beads movement can be correlated with the magnetotransport measure-
ments of the sensors. In this stage of measurements, several problems have been en-
countered. The noise signal of the sensors increases because of the interferences be-
tween the sensors measurement set-up and the electrical components of the optical
microscope. To avoid this, a metal case was built, so the sensors were shielded from the
outside electrical sources. Due to the multitude of equipments that have to be used si-
multaneously and to the interaction between them is very difficult to achieve a clear
signal coming from the bead. Another encountered problem is the unexpected break-
down of the sensors. Several models have been proposed to elucidate the physical rea-
son for the dielectric breakdown of the tunneling magnetoresistive elements. The most
suitable model for MgO based MT]J’s is the E-model, which relates the breakdown to
field-induced displacement of atomic bonds in the oxide barrier (158). The sensors
elements used throughout the work of this thesis have a high resistance, so the pres-
ence of an external charge in the near vicinity of the arrays is providing a sufficient
electrostatic field to “break” the sensors.

A different approach used for dynamic bead detection is the integration of mag-
netic field manipulating lines on top of the sensors. Figure 6.5a illustrates the construc-
tion of the lines used to control the bead movement. When a current is applied through
one line, the beads are moving towards that line, being guided by the magnetic field
induced by the electric current. By switching on the current to the other line, the beads
will change their direction and move towards the second induced magnetic field. Dif-
ferent magnetic field line designs have been proposed with respect to their applicabili-
ty. The design for bond force measurements is pictured in Fig. 6.5b. For this purpose,
the middle line should be functionalized with biomolecules. The functional groups
present on the bead surface are bonded to the biomolecules situated on the middle line.
When an electric current passes through one side line, the magnetic bead will be at-
tracted by the magnetic field which is produced and the bonding between the two bio-

molecules will break.
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Fig. 6.5 a) Sensor array with magnetic field manipulation lines on top b) Sensor array
with magnetic field manipulations lines for bond test measurements

The real time measurement of a magnetic bead trajectory was not achievable
with the submicron TMR sensors array within the approaches presented above. The
present state difficulties in achieving dynamic detection of magnetic beads with several
recommended solutions are comprised in table 6.1.

In the future, different approaches for transportation and separation of magnet-
ic beads are planned to be developed (159), (160). The magnetic ratchet is a transpor-
tation mechanism that employs the periodic on-off switching of an asymmetric poten-
tial and the freely diffusion of magnetic beads. The advantage of the magnetic ratchet
system consists in their easy integration with the TMR sensor arrays, so as no micro-
pumps are necessary. By combining the sensor arrays for magnetoresistive microscope
purposes with integrated magnetic ratchets, the possibility to sense a magnetic bead

trajectory becomes more likely.
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Table 6.1 Encountered problems in real time measurements and proposed solu-
tion to them

Encountered problems Proposed solutions

e New sensor array, where the manipu-
Capacitance effect lations lines are not contacting the
sensors conduction lines

e Approach different TaOy thicknesses to
reduce the capacitance effect (62)

e Develop sensors that are having a low
resistance and a high signal to noise
ratio

e Provide a better grounding for the
sensors, resistive/capacitive shunt

Electrostatic discharge, cross talk, (161)
noise pickup e The sensors should be the last ones
that are connected and the first dis-
connected for real time measurements

e Supply a lead connection for sensor
measurements

e Microchannels with a ramp construc-
tion would control the height of the

Increased height of the magnetic magnetic beads above the sensors dur-
beads above the sensors ing dynamic measurements

e By increasing the sensor area a higher
amount of field will be catch by the
sensor

e Provide an AC current through the

Reaching sensitivity limits manipulation lines or an out-of-plane
AC magnetic field modulation for 1/f
noise reduction
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7. Conclusions and future
perspectives

The idea of integrating MgO based TMR sensors with microfluidics and manipula-
tion systems on a hand-held chip aims towards the implementation of superior biomedical
devices. The TMR biosensors are able to detect a signal under the influence of magnetized
magnetic beads or nanoparticles. For accurate biosensing purposes, the dimensions of the
sensors, magnetic labels and biomolecules should be in the same size regime.

Considering the requirement of a very sensitive detection, the sensor’s output
must be linearized in order to observe the effect of the magnetic marker’s stray field on the
sensor. The linearization of the sensor is achieved by employing several thin films engi-
neering procedures. The bottom ferromagnetic electrode is strongly pinned along the hard
axis of the sensor, so it will not be affected by external applied magnetic fields. The tunne-
ling crystalline MgO barrier is intercalated between CoFeB electrodes in order to achieve
TMR ratios of up to 200%. The top soft ferromagnetic electrode orientates its magnetiza-
tion along the long axis of the elliptical element. The fabrication of the MT]s elements em-
ploys e-beam lithography and of ion beam etching processes. The elements have increased
shape anisotropy because their short axis has the length of 100 nm, while their long axis is
400 nm. These sensors present a linear response over a magnetic field range of +500 Oe
and sensitivities values of up to 0.1%/Oe. For biological use, the sensors are placed in a
closed packed array where 20 sensors are distributed over an area of 18.2 um=.

The employment of these highly sensitive and linearized TMR sensors in magnetic
markers detection have been investigated by performing static detection of magnetic beads
and nanoparticles. The static detection of magnetic beads of 1 pm in diameter provides

information regarding the position and orientation relative to the sensor. A good correla-
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7. Conclusions and future perspectives

tion between experimental and simulation data regarding the high spatial resolutive detec-
tion of magnetic beads has been realized (162). Submicron sized magnetoresistive sensors
are good candidates for the detection of nanometers sized magnetic nanoparticles, as well.
The detection of 14 nm Co nanoparticles reveals the presence of a threshold in nanopar-
ticle detection. It indicates a different detection signal coming from the non-interactive and
coupling magnetic nanoparticles. When the 14 nm Co nanoparticles are dipolar coupled,
the detected signal indicates a hysteretic behavior. The static detection of magnetic mark-
ers provides useful information regarding the orientation and interaction of magnetic na-
noparticles.

For the integration of magnetoresistive sensors with biological entities, it is neces-
sary to achieve dynamic detection of magnetic beads or nanoparticles in a liquid environ-
ment. Because the magnetic beads are distributed in aqueous medium, the distance be-
tween the labels and the sensors is increased. Thus, aiming for a real time detection of
magnetic beads in microfluidic channels requires much sensitive sensors. A long term ob-
jective regarding magnetoresistive sensors development is directed at the exploration of
low resistance sensors with an increased signal to noise ratio. A short term goal could be
the introduction of magnetoresistive sensors with large dimensions. The sensor elements
with an increased area, in the range of a few tens of micrometers squares, will display
magnetic domains. The magnetic domains switch fast during magneto-transport measure-
ments, arising the sensors sensitivity to 5.6%/0e. By employing finite element method of
simulation a different interaction of the magnetic bead with the TMR sensor of large di-
mension is revealed. By employing TMR sensors of large dimensions, the dynamic detec-
tion of magnetic beads situated in liquid above the sensors area could be achievable (163),
(126).

When designing future approaches for tunneling magnetoresistive sensors, the dy-
namic detection of magnetic markers is obtainable only with sensors of large dimensions.
So, extended sensors can be used when information regarding the presence or absence of

magnetic labels is needed. If details regarding the orientation or interaction between the



magnetic labels are required, the spatial resolution provided by the submicron sized sen-

sors is of great interest and already solved within this thesis.
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