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Abstract
In the last few years, magnetoresistive transducers, such as giant magnetoresistances, have
become potential sensing elements in various biosensors for the detection or identification of
biomolecules [80-83, 84]. In these biosensors, magnetic microsized and nanosized particles
have been used as markers of biomolecules.
Actually, magnetoresistive biosensors hold great innovative potential in biosensing through
their small size, high sensitivity, low cost, and portability. Traditional methods for detection
of biomolecules have employed laboratory techniques such as fluorescence, preceded by
using commercially available fluorescent markers, which bind specifically to the biological
target and are easily detected using optical transducers [75]. In comparison to the old
technique, the new trend required highly qualified personnel, expensive equipment, and was
time consuming. Additionally, the advantage of using magnetoresistive biosensors compared
to the fluorescence detection method results in higher sensitivity, even to small magnetic
fields.
The concept of combining magnetic particles with the sensitivity of magnetoresistive
transducers was developed initially by Baselt et al. from the Naval Research Laboratory in
Washington in 1998. Since then, many fundamental and application studies on
magnetoresistive biosensor have been conducted [80].
Currently, magnetoresistive biosensor laboratory development is taking a turn toward a higher
sensitivity of sensing elements and employment of the nanosize magnetic particles for
detection [84]. In 2003, companies such as Philips and IBM began to work on
commercialized magnetoresistive biosensors based primarily on giant magnetoresistance
(GMR) transducers. The challenge for future work is to integrate a setup with microfluid
systems and miniaturized detection methods into a portable, hand-held device for application
in medical diagnostic tests [82, 84].
Spin valve-type biosensors and GMR biosensors are the most common biosensor types used
in the detection of magnetic particles; Magnetic tunnel junction (MTJ) sensors and the
detection of single magnetic particles are still very new. Compared to the spin valve sensors,
MTJ sensors have larger values of magnetoresistance MR, and they are high impedance
devices. This means that one can achieve larger output levels with MTJ sensors than with spin
valves. For this reason, MTJ sensors are very interesting for the biosensor industry [134,139].
There are few publications on magnetoresistive biosensors and very little work that has been
conducted based on magnetic tunnel junction [75]. For this reason, this biosensor has been
developed and tested in a laboratory at the University of Bielefeld [75]. Recently, small size
MTJ sensors have been developed for the detection of single small size magnetic particles,
and this is the subject of the present PhD thesis.
This work is organized into two parts. The first part, Theoretical Background, addresses
motivation, introduces the subject, and presents the state of the art of magnetoresistive
biosensor technology. This part is divided into three chapters. The first chapter discusses the
biosensor concept and the key opportunities for biosensor development in current and future
technology. The second chapter gives an overview of magnetic particles and their application
in medicine and biosensor technology. The last chapter introduces the magnetoresistive
technology and provides information on recent developments in the field.
The second part, Experimental and Methodical Part, presents the techniques used to fabricate
and characterize the MTJ sensor. The fifth, sixth and the seventh chapters describe the
methodology used to present the detection capability of MTJ sensors down to the single
magnetic particle level.
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The method for hysteresis free MTJ sensor fabrication is also presented in this part. Some
aspects of single magnetic particle positioning and transporting on the sensor are discussed in
the last chapter as well. This section ends with a conclusion and recommendations for further
work.
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1. Biosensors
Biosensors are currently one of the key technologies in biology and medical research. They
are devices that utilize a biochemical reaction to determine a specific compound [1-2]. Using
biosensors, many biological and medical tests can be performed automatically, speedily and
inexpensively. They also play an important role in the health-care industry because both
patients and healthcare providers can receive tailored summaries of the data and this can
improve treatment [3-4].
Historically biosensors were invented in 1956 by Prof Leyland D. Clark. In 1962 he
demonstrated at a New York Academy of Sciences symposium an enzyme electrode as a new
electrochemical sensor. This electrode was made by polymerizing a gelatinous membrane of
immobilized enzyme over a polarographic oxygen electrode. The electrode was built up to
measure the diffusion flow of oxygen through a plastic membrane. The current output was a
linear function of oxygen concentration. When the enzyme electrode was placed in contact
with a biological solution or tissue, glucose and oxygen diffused into the gel layer. The flow
of oxygen to the electrode was reduced in the presence of glucose oxidase and glucose. The
electrode was built up from two platinum cathodes and one reference silver chloride
electrode. The glucose concentration was determined as a function of oxygen concentration
by recording the difference between the output of the two Pt-electrodes against the silver
electrode [5-6]. Since then a lot of works have been published on enzyme electrodes. The first
enzyme biosensor based on potentiometry was reported in 1969 by Guilbault and Montalvo
[7]. Today, numerous types of biosensor have been developed and reported in the literature
[8-10]. This type of instrumentation is now available for use in medicine, military and
environmental diagnostic. However, there are still many opportunities for the development of
biosensors which could be more sensitive, selective, miniaturized and unexpensive. This
chapter discusses the biosensor concept and current and future technology trends.

1.1 Definition, application and classification
Different component of a biosensor are shown in Figure 1.1. It is commonly known that a
biosensor is an analytical device that incorporates a biological receptor such as biologically
active molecules, cell fragments, whole cells or tissue as part of a biotransducer that converts
the binding events between the receptor and the target analyte into an
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analytically useful signal [11-13]. The biosensors are characterized by a high degree of
selectivity and sensitivity [14]. These devices provide a rapid access to the measurement data
and in many cases give a reproducible results. Some of the advantages of these recent tools
are easy preparation of the sample, relatively low cost, rapid time of response, long half life
and easy storage [15]. The classification of biosensor depends on the transducers, bioactive
components and different types of interaction. The transducing microsystem may be optical,
electrochemical, thermoelectric, piezoelectric or magnetic. Biosensor usually gives a digital
electronic signal that is proportional to the concentration of a specific analyte or some groups
of analytes [13, 15].

Sample analyte
BIORECEPTOR

TRANSDUCER

Immobilised enzymes,
Microorganism, Immunoagents
Electrochemical: potentiometry, amperometry
Optical: absorption, fluroscence, reflection,
piezoelectric

AMPLIFIER

Signal

MICROELECTRONICS

Data processing

Figure 1.1 Different components of a biosensor [16].

With recent advances in biosensor technology there evolved a need for a miniaturization. This
type of device has many advantages: small sample volume, lower sensor cost and portability.
The miniaturizations allow biosensors to penetrate several untapped markets especially in
medicine [17-18]. The biosensor has to be also fast, easy to use, specific and inexpensive.
Many of currently produced sensors are not very stable, that means that many of them are
based on a biological element that is characterized by a poor stability in a specific
environment condition. This is the key challenge faced by manufacturers and the reason why
many of the biosensors are not commercialized up to now. However, many of the designed
biosensors have found application in markets comprising home diagnostics, point-of-care,
research laboratories, process industries, environment and bio-defense technology.
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One of the most important applications is the biomedical sector because this area represents
the largest market opportunity. Many biosensors are used in an emergency room for example
to test blood chemistry or for in vitro diagnostic. A schematic diagram presented in figure 1.2
shows main applications for the in vitro diagnostic.

Figure 1.2 A schematic diagram showing various application of biosensor in in-vitro
diagnostic [23].

Biosensors are used in medical diagnostic to detect almost everything what is needed. They
are developed to test for diabetes, drugs, infectious diseases, DNA, AIDS and many other
molecules [24-25]. In a disease like the
diabetes the human body is not able to
control the amount of glucose in the
blood. The diabetes develops when there
is a relatively insufficient amount of the
natural

hormone

insulin.

Diabetes

usually cannot be cured, but it can be
controlled. In a standard procedure
glucose is controlled by pricking a finger
to obtain a blood sample, which is then

Figure 1.3. Optical chemical sensors that operate
on induced fluroscence changes [31].
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collected on a test strip and analyzed by a glucometer [26-28]. This test is uncomfortable
for a patient and as a routine diabetes control must be customarily repeated for a minimum of
four times a day. For this reason the group from SMSI (Sensor for Medicine and Science, Inc)
is developing glucose sensor (see Figure 1.3). This is a minimally invasive glucose
monitoring system, consisting of an implantable sensor and a watch reader [29-30].
It is designed to measure and display glucose level every few minutes without any user
intervention. This product is already in pre-clinical studies. Advantage of this sensor is, that
primarily it is non-invasive- the implant can be placed into the body for up to one year,
secondly it is accurate and is designed to reduce the risk of a user error and finally, most
important, patients and health care providers can receive tailored summaries of the data and
this can improve treatment [29-30].
The biosensors have also the potential to be used in a pharmaceutical process control, hospital
–associated infection control and infectious disease diagnostics [4,32]. Using this device, the
bacteria responsible for an infection can be identified very quickly. The stored information
usually can be used to monitor the spread of an epidemic and can help to facilitate rapid
intervention.
A remarkable progress has also been accomplished in genetical diagnostics. Thanks to many
genetic tests, doctors now have a device which enable them to analyze how certain illnesses, or
increased risks for certain illnesses, pass from generation to generation. Actually many
diseases are diagnosable by a molecular analysis of nucleic acids and still many of them will be
in future recognized due to a research project called the Human Genome Project. Up to now it
has been recognized, that humans are in more then 99% identical in their DNA sequence
[33]. The minimal differences between human organisms are, however, relevant for health and
healthcare. Knowledge of a particular variation can help to understand a disease history of the
population and can also estimate a treatment outcome. Still there is a need for a new DNA
analysis system that can open up a new genetic testing market. This is the main reason why
biosensor technology is involved in genetical diagnostics. The other reason is that many of new
generation devices are produced using photolithographic microfabrication. The modern
biosensors are mainly silicon-based, produced together with integrated electronics and this
provides a system that is accurate, deals with a low sample volume and is cost-efficient [3435]. Other promising markets for biosensors are the environmental analysis and the food
industry market. The main potential for such devices lies in the land pollution mapping or
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monitoring of pollution in the oil and gas industry. The sensors can be also used in the case of
any epidemy emerging due to a natural disaster as well as for a in situ monitoring of
contaminated water. In addition to the pollution, the sensitivity and selectivity of the biosensor
can be very helpful in controlling food processing. The use of biosensors in environmental
monitoring has a strong advantage compared to classical methods such as spectrometry and
chromatography. The old techniques required a highly trained personnel, expensive devices
and were time consuming [2].
The biosensor market has been significantly increasing and will continue to grow in the next
decades. A potential client has to deal with different classes of biosensors that depend on the
biological receptor and the transducer used. In many cases the immobilization method of the
biological molecule plays an important role in the selection of devices.

1.2 Biological Receptors
Biological receptors are an integral part of the biosensor technologies. For the measurement
they are binding the analyte of interest to the sensor. There are specific interactions between
the target analyte and bioreceptors that produce a physico-chemical change, which is detected
and than measured by transducer [8]. Bioreceptors can be classified into five different class:
antibody/ antigen, enzymes, nucleic acids/DNA, cellular structures/cells, and biomimetic.
Typically used bioreceptors are enzymes, antibodies and nucleic acids [8].

1.2.1 Enzymes
Enzymes are substances that catalyse and speed up a
chemical reaction in organisms. Enzymes usually rank
among proteins. These particles can bind to one or more
ligands, called substrates and transform them into
chemically

modified

products.

They

are

catalyst

molecules, i.e.they increase the rate of a reaction but they
are not the substrate of the reaction. To put it another way
a substrate is a molecule upon which an enzyme acts to
yield a product. Every enzyme has two important regions:
one that recognizes and binds the substrate, and one that

Figure 1.4 Picture of enzymes
structural models together
with binding substrate [39].

catalyzes the reaction once the substrates have been
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bound. Fig. 1.4 shows an enzyme model [36-38]. There is a large number of enzymes
available commercially and applied broadly in

biotechnology, e.g. glucose oxidase

and

urase. Enzymes can also be extracted directly from biological materials and used together
with cofactors such as NAD or NADP, which are however very unstable [8]. For these reason,
the commercialized enzymes are commonly used in biosensor technology [36-38].

1.2.1.1 Chemical structure of enzymes
Chemically, enzymes are made up of chains of amino acids connected together by peptide
bonds [40]. Figure 1.5 shows the chemical structure of an enzyme.

PEPTIDE BOND

TWO TYPICAL AMINO
ACIDS

Figure 1.5 Chemical structures of an enzyme: two amino acids are linked
by a peptide bond [41].
An enzyme requires the presence of other compounds-cofactors before its catalytic activity is
started. Enzymes composed only of proteins are known as simple enzymes in contrast to
complex enzymes, which are composed of proteins and small organic non-protein molecules.
In biological terminology complex enzymes are known as holoenzymes [40]. Holenzymes
have usually two components: the protein component is known as apoenzyme and non-protein
component is called coenzyme or prosthetic group. The prosthetic group is bound to the
organic molecule to the apoenzyme via a covalent bound. When the binding is non-covalent
then the organic molecule is called coenzyme. Some enzymes require metals as non-protein
components and thus these enzymes are called metalloenzymes. The functional role of
coenzymes is to transport a chemical group from one reactant to another.
6
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During the enzymatic actions coenzymes undergo chemical changes, for this reason many
coenzymes are regarded as a type of substrate or a second substrate (see Fig.1.6) [40].

APOENZYME

COENZYME

APOENZYME

PROSTHETIC
GROUP

APOENZYME

METAL ION

HOLOENZYMES: APOENZYMES + COFACTORS

Figure 1.6 Diagram presenting the structure of a holoenzyme [41].

1.2.1.2 The specificity of enzymes
The properties of enzymes depend on their specificities, i.e. a specific enzyme will catalyze
only one reaction and will act only on molecules that have specific functional groups, such as
amino, phosphate and methyl groups. By linkage specificity the enzyme will act on a
particular type of chemical bond regardless of the rest of the molecular structure [40].
Enzymes are also specific for a particular sterochemical configuration of the substrate. An
enzyme that binds to a D-sugar will not attack the corresponding L-isomer, this is called
sterochemical specificity. Because of their specificity, selectivity and efficiency enzymes are
excellent analytical reagents. They are used to determine the concentration of their substrates
(as analytes) by calculation of reactions rates. In biochemistry the rate of chemical reaction is
described by the number of molecules of reactant(s) that are converted into product(s) in a
specified time period. If the reaction condition and enzyme concentration are kept constant,
the rate of reaction (V) is proportional to the substrate concentration (S), at low substrates
concentrations. This is commonly calculated from the difference in optical absorbance
between the reactants and products [40]. For this reasons enzymes are commonly used in
analytical laboratories, especially when a relatively small number of samples need to be
investigated. For a large number of samples this technology using large amounts of molecules
is usually unprofitable because of an expensive enzyme and coenzyme usage, time
consumption, laboratory intensiveness and a need of reproducible procedure with properly
equipped analytical laboratories. For this reason the production of enzyme based biosensors is
associated with micro-fluids technology [42].
7
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1.2.2 Antibodies
Antibodies are proteins produced by the immune system to help recognizing a wide range of
foreign substance and unhealthy cells, such as tumor cells. The antibody production is
usually induced by agents called antigens. Antibodies belong to the protein class
immunoglobulins. Antibodies are made of two types of polypeptides: heavy chains and light
chains (see figure 1.7). An antibody has three parts: two parts are identical and are
corresponding to two “arms” and the third part builds the “stem”. Every arm of the antibody
contains a single light chain linked to a heavy chain by disulfidebonds. This is very strong
covalent bond between two sulhydryl groups (-SH), where after oxidation of the thiol group,
disulfide S-S bond are formed (see figure 1.7) [36-38].
(a)

(b)
Binding
site

Binding
site

Disulfidebond formation
R

Fab

Fc

Fab

Fc
Carbohydrate

SH

R

OXIDATION

S

SH

S

R

R

+

2H

Figure 1.7 (a) A model of an antibody. The heavy chains are coloured dark red
and dark blue; the corresponding light chains are light red and light blue
(b) Formation of disulfidebond [39].

1.2.2.1 Production of antibodies
The injection of a foreign molecule into an organism can cause an immunological reaction the formation of both antibodies and immune cells that can bind to this particle. Only large
molecules such as polysaccharides, proteins or factors such as infectious agents, or insoluble
foreign matter can elicit an immune response in the body. A substance that provokes antibody
or immune-cell formation to be recognized by an immune system is called an antigen. A
hapten is a small molecule which can elicit an immune response only when attached to a large
carrier such as a protein; the carrier may be one which also does not elicit an immune
response by itself [36-38].
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Each molecule of an antibody has affinity to bind two identical antigen molecules at the end
of each arm [36-38]. The contact between antigen and antibody is stabilized by non-covalent
bonds. This very important property of antibodies finds application in biosensor technology.
The immunosensors or antibodies based biosensor usually use an antigen-antibody reaction to
produce a transducer signal change [43]. Antigens are bound to antibodies by hydrophobic,
ionic and van der Waals forces. The antigens have a special site called a determinant that
binds to antibodies. Some proteins have many determinants to which antibodies might bind.
When a small molecule is attaching to the surface of protein, a new determinant can be
created [36-38] (see Figure 1.8).

Global Proteins

Virus

Antigen
Antigen

Antigen

Antigenic
determinants

Antibodies react
with antigentic
determinants

Figure 1.8 Antibodies can bind to single or multiple determinants on antigen. Viruses have
multiple determinants on a single particle, for this reason antibodies form large groups when
reacting with such antigens [38] (Images taken from the ref. [44]).
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1.2.2.2 Affinity and avidity of antibodies
The measure of the strength of the binding between an antigen and an antibody is the affinity.
The equilibrium of the interaction antigen-antibody is calculated with the affinity constant KA
(see equation 1 and 2).

Ab + Ag

Ab

Ag

(1)

[Ab –Ag].
KA=

(2)
[Ab].*[Ag].

where ,
Ab-represents antibody
Ag-represnts antigen

The time to obtain an equilibrium of the interaction does not directly depend on the affinity,
but the higher the affinity shorter is the time. High affinity complexes are also much more
stable [45].
The specification of immunosensors is determined by the affinity of their components. High
affinity results in sensitive sensors, but too high affinity causes irreversibility.
Avidity is a measure of the stability of the antibody-antigen complex. From a practical point
of view avidity is more important than affinity because it gives information about the valence
of the antibody and the geometric arrangement of the interacting compounds. The
immobilized antigen has an influence on the avidity. High avidity is reached when all
determinants are bound to the antibody. Under this condition the antigen-antibody complex is
more stable [45].

1.2.3 Nucleic acids
Nucleic acid is a molecule that stores and transits information in cells. The information is
processed in the form of a code. Cells have two information molecules: deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA).
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DNA and RNA are built up of chemically linked chains of nucleotides, each of which consists
of a sugar, a phosphate and

five kinds of nucleobases. In RNA molecules, the pentose is

ribose and in DNA it is deoxyribose. The DNA and RNA contain also other nukleobases.
Adenine and guanine belong to the double-ringed class of molecules called purines. Cytosine,
thymine, and uracil are all pyrimidines (see Figure 1.9) [37-38].
Pyramidines

Purines

Adenine

Guanine

Uracil

Thymine

Cytosine

Figure 1 .9 The chemical structure of purines and pyrimidines [46].

The presence of a phosphate group in a chemical structure determines the acidic character of
the bases. The bases: adenine, guanine and cytosine are typical for DNA and RNA. The
thymine is specific for DNA and uracil for RNA. The names of the bases are usually
abbreviated by A,G,C,T and U. The sugar component of a nucleotide is a connection between
the base and the phosphate group. A combination of base and sugar without a phosphate
group is called a nucleoside. Nucleosides that have one, two or three attached phosphate
groups are called nucleoside phosphates. Nucleoside phosphates are divided in three groups:
monophosphates with a single phosphat, diphosphates (two groups of phosphate) and
triphosphates (three groups of phosphate). The nucleoside triphosphate is necessary for the
synthesis of nucleic acids. The nucleotides are linked to each other by phosphodiester bonds
[36-38].
Nucleic acids are formed by a reaction between a hydroxyl group, attached to the carbon of a
sugar of one nucleotide, and the phosphate group of another nucleotide. From a chemical
point of view, a nucleic acid strand is a phosphate –pentose polymer with purine and
pyrimidine bases as side groups. Figure 1.10 shows the formation of nucleic acids.
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Sugar

Many
nucleotides

Phosphate

Sugar

H3PO4

+

Nucleic
acid

Sugar

Amine base

Amine base
Amine base

Nucleoside

Nucleotide
Figure 1.10 The scheme of the formation of nucleic acids [47].

1.2.3.1 DNA
The structure of the DNA was discovered by James Watson and Francis H.C. Crick in 1953
[48]. DNA molecule consists of two polynucleotide strands which are wound around each
other to form the structure known as double helix (see
Figure 1.11). The two strands are linked to each
other

by

hydrogen

bonds

and

Hydrogen bonding

hydrophobic

interactions. The sugar (deoxyribose) and phosphate
form backbones while the base connects the two
polynucleotide strands. Usually they are placed in a
distance of 0.34 nm from the helix axis. The bases
in two strands have their precise place. The base A

Base
stacking

Minor
Groove

Major
Groove

is always paired with T by two hydrogen bonds and
G is paired with C by three hydrogen bonds. This is
called complementarity [36-38]. Another type of
reaction such as G-A and A-G is also possible but
only theoretically or in

synthetic

DNAs. DNA

molecules exist in three forms called B, A and Z.

Figure 1.11 Structure of righthanded DNA molecule [50].

The B-form (the right-handed form) is the most common form of DNA in cells. In the Bform, the helix makes a complete turn every 3.4nm, i.e. there are 10 pairs per turn and the
interwound strands make two grooves of different widths, referred to as the major and
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the minor groove, which can facilitate bonding with specific proteins. The crystallographic
structure of B-DNA form can change to the still right-handed A-form in a solution with
higher salt concentrations or with alcohol added. In the A-form the helix makes a turn every
2.3 nm and there are 11 base pairs per turn [36-38]. The stacked bases are tilted. Another
DNA structure is called the Z form. In this form, the bases seem to zigzag when viewed from
the side and it has a left handed configuration. Here one turn spans 4.6 nm, comprising 12
base pairs. The both forms A and Z can also exist in cells. Figure 1.12 shows the DNA
double helical structure and different forms of DNA [36-38].

Figure 1.12 Comparison between A, B and Z form of DNA [50].

1.2.3.2 DNA Hybridization
The unwinding and separation of DNA strands is possible experimentally, this process is
called denaturation. There are various methods with which DNA molecule can be
denaturized. The thermal denaturation, also called melting, is the separation of the DNA by
heating the double helix [36-38].The melting temperature Tm, is the temperature at which half
of the DNA molecules are single and the other half double stranded (see Figure 1.13).
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Figure 1.13 The Tm is the mid-temperature of the transition between and denatured states of
the DNA molecule [51].
By lowering the temperature or increasing the ion concentration, the single stranded DNAs
can bind again. This process is called renaturation [36-38]. Denaturation and renaturation of
the DNA are the basis of nucleic acid hybridization techniques and for a DNA biosensor as
well. The processes are schematically presented in Figure 1.14.

Figure 1.14 The denaturation and renaturation of two double-stranded DNA molecules [52].
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1.3 Transducer
In the biosensor technology, a transducer converts the biological reaction into a measurable
signal. The type of a transducer depends on the parameters that are measured. The commonly
used transducers are based on optical, electrochemical or thermal changes. The signal that is
measured by a transducer usually is converted to an electrical signal [8].
This section will focus only on optical transducers and especially on optical sensors based on
fluorescence because this technology is the most commercialized on the market. Concerning
other type of transducers, the reader is referred to the review articles or to the excellent book
by Tran Minh Canh on biosensors [8].

1.3.1 Optical transducers
Many types of optical transducers are applied in biosensors. They are based on optical
methods that include absorption, fluorescence, refractive index changes and light scattering.
The optical methods are usually chosen according to the biosensor application and the
anticipated sensitivity [3]. In practice, the optical transducer measures the changes in the
intensity, frequency, phase shift and polarization of the light. The measurable parameters are
correlated to changes in concentration, mass and number of biomolecules. This type of
transducer is made up of electronics and standard optical components, such as fiber optics,
wave guides, photodiodes, spectroscopes and interferometers [15]. The classical optical
technique used in the biosensor technology was based on optical absorption and X-ray
fluorescence spectroscopy and required a large apparatus. Since the miniaturized sensors are
more interesting for a potential market, new techniques were applied to manufactured optical
sensors, one of them is fiber optics [15]. The thin fiber itself is made of glass or plastic and is
used for transmitting the light in optoelectronics. It’s dimensions are similar to those of a
human hair. In biosensor technology, fiber optics are used to transmit the light to and from the
analyte [53,54]. These kinds of biosensors have usually a very simple construction. The light
source can be light-emitting diodes (LEDs), a lamp (for example: halogen lamp), a laser or
laser diodes. In case of a lamp and laser, the construction is supported by beam focus optics
and holders for the fiber alignment. In the case of LEDs and laser diodes, the fiber optic is
connected by commercial connectors [3,15].
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The light intensity is detected by PN-type photodiodes and registered by a standard electronic
circuit [3]. Fiber optics sensors are usually classified in two groups: extrinsic sensor with one
single fiber or two fibers and an intrinsic sensor based on evanescent waves. The single fiber
terminology means, that the same fiber is used for lighting and detection. In case of the two
fiber technology, one of the fibers is used for lighting and the second for detection. In the first
technique, the light from the source is transported along an optical fiber to the place where a
biologic sensing element is located. Reflected, scattered or emitted light is then transported by
a bifurcation of the same fiber or by the second fiber. The technique of Evanescent Wave
(EW) is a special one in optical sensor technology and will be described in a separate section
[3, 15].
Optical fiber sensing has in comparison to the other type of transducers many advantages like
miniaturization, flexibility and brightness. Special geometrical properties of a fiber give a
possibility to insert it into needles or catheters thereby enabling a measurement inside tissues
or blood cells [3]. These sensors are made of materials that are non-toxic and biocompatible
and for this reason they are mainly used for medical application. This kind of sensing requires
for in vivo application a lower light power and thus is safer for the patient [55].

1.3.2 Optical Techniques: Evanescent Waves
An evanescent wave itself is an electromagnetic wave

(a)

that is formed when incident light is reflected on an
interface such as glass or quartz at an angle larger then

medium 1

the critical angle, causing total internal reflection [56].

medium 2

The reflection and refraction process is predicted by
Snell’s law. When a light beam passes at oblique angle
through the interface between two materials with
different refractive indices both a reflected and a (b)
refracted light beam emerge. At the critical angle, the
medium 1

light passes through a medium with a higher into a
medium with a lower n and will be refracted at 90°. In
other words it will be refracted along the interface. For
the angle of incidence larger

medium 2
evanescent
wave

than the critical angle,

the light cannot pass
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through the second medium but is reflected back into the
first medium. This

(c)
core
medium1

process is known as total internal

reflection [57]. While the incident light is reflected, the
electromagnetic field component penetrates a short (tens

cladding
medium2

of nanometers) distance into the medium of lower

optical fibre

refractive index creating an evanescent wave (see figure
1.15 -b). The intensity of the wave decays exponentially
with the distance from
are

the

interface at which

they

formed [58]. The evanescent wave phenomena is

usually used together with optical fiber techniques [58].
A cladding of the fiber has a larger refractive index then
the core of the fiber. When
internal reflection takes

Figure 1.15 Schematic diagram
for (a) both reflection and
refraction occur when the light
is incident on a more refractive
medium (b) evanescent wave (c)
total internal reflection in
optical fibre [59].

light passes through the core-cladding interface, the total
place in the core (see Figure 1.15c). At the same time, the

energy of the light waves in the core penetrates into the cladding, forming an evanescent
wave. In the biosensor technology, a cladding of a fiber is removed, so that a sample is in
direct contact with the evanescent waves [58].

1.3.3 Optical Techniques: Surface Plasmon Resonance
Surface plasmon resonance (SPR) is an optical technique for determining refractive index
changes at surfaces. This surface is typically an interface between a metal such as gold or silver
and a dielectric material such as air or water [8]. The optical system of an SPR apparatus
consists of a dielectric substrate and a prism coated with a thin metal film, light emitting
diodes, and a detector [9]. The technique is also based on the total internal reflection
phenomenon, which induces the generation of surface plasmons in the metal film [9,60]. The
surface plasmons are quasiparticles, which are confined to surfaces and interact strongly with
incident light [61]. These particles are produced by the quantization of the density waves of the
charge carriers in the metal. The plasmons can be excited by light only at a well-defined angle
of incidence, which occurs when the wave vector of the light in the plane of the sensor is equal
to that of the surface plasmon, i.e. at a resonance condition [61].
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The reflected light energy is thus reduced at this resonance angle, which is visible as a sharp
minimum in the angle-dependent reflectance. The location of the minimum is determined by
detecting the change in the angle or wave length. The resonance angle strongly depends on
the refractive index or dielectric constant [9,60].

Figure 1.16 A schematic illustration of surface plasmon resonance [62].
A schematic illustration of surface plasmon resonance is presented in Figure 1.16. One of the
binding molecules is immobilized on the surface of a sensor, for example in a flow cell. The
other binding molecules are flowing over the surface of the sensor and thus interact with the
immobilized molecules [9, 60]. A binding interaction on the surface of the sensor is
determined by a change in the refractive index close to the surface of the sensor. When
molecules in the sample bind to the sensor surface, the concentration and therefore the
refractive index at the surface changes and this is detected as a shift of the resonant angle or
the wave length. The changes are measured continuously to form a plot called sensogramm
(the response against time during an interaction), which provides information about the
progress of the interaction [63]. These methods are usually applied to measure an antigen-
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antibody interaction or complementariness of a DNA strand. The technique is characterized
by high sensitivity and non-specificity. It means that it is not sensitive to chemical changes,
but it can be applied to measure the binding of any pair of molecules [60].

1.3.4 Optical techniques: Fluorescence
One of the most popular transducer techniques used in DNA arrays is the total internal
reflection fluorescence TIRF which monitors changes in the fluorescence [9]. This method
has been developed to investigate the interactions of arrays of biomolecules, for example
DNA, immobilized on a sensing surface. The TIRF technique is also based on the principle of
total internal reflection [9]. It is differs from the other techniques in that the evanescent wave
generated under total internal reflection excites a fluorophore near the surface of the
waveguide, and the resulting fluorescence is measured by the detector [9]. The TIRF
instrumentation usually consists of the light source and a detector and also a variety of
focusing lenses to improve the detector response. A coherent light from a laser is used as the
excitation source for the fluorophores. There are two common fluorescent labels used in the
measurement: fluorescein and cyanine dye (Cy5). The choice of the laser depends on the
fluorescent label used. Usually an argon-ion (488nm) laser is used for fluorescein and a
helium-neon (633nm) or diode laser (635nm) for the cyanine dye. To detect the fluorescence,
emission CCD cameras, photomultipliter tubes (PMT), photodiodes or a single
photomultiplier tube can be used. The antibody-antigen binding interactions are the best
known system used in sensors based on TIRF [9].
One example can be the immunosensor produced at the research group Gauglitz Optical
Spectroscopy at the University of Tübingen. The setup of the immunosensor consists of a
laser diode, a transducer, a flow cell with an auto sampler, polymer fibers, filters, photo
diodes (PD), a lock-in and a personal computer (PC) [64]. The scheme is presented in Figure
1.17.
This biosensor uses dye labeled antibodies to detect specific organic analytes in water
samples without pre-treatment and pre-concentration [64].
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Figure 1.17 The scheme of fully automatic optical biosensor based on TIRF,
fabricated at the research group Gauglitz Optical Spectroscopy
at the University of Tübingen [64].

The procedure is as follows: in the first step a derivative analyte is covalently bound to the
transducer. The sample, which contains the analyte is bound to the specifically labeled
antibody by incubation. The process is finished when the equilibrium of the reaction is
reached. When the sample is pumped over the sensor surface only the antibodies with free
paratopes are bound to the surface (see Figure 1.18) [64].

Figure 1.18 The binding of labeled antibody to the surface of transducer [64].
This type of detecting assay is called sandwich assay. The antigen, in this case analyte is bound
to the immobilized capture antibody at one epitope and is detected by a fluorescent-labeled
antibody. The assay produces a fluorescent signal that is directly proportional to the amount of
the bound analyte [9].
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The TIRF system can be also used for the detection of a DNA array. The principles for the
detection are the same like in the case of immunosensors. A more detailed description of a
DNA array detection can be found in reference [65].

1.4 Immobilization method
There are several techniques by which the biological component of a biosensing system can be
immobilized at the surface of the transducer. These methods are divided into four groups:
physical adsorption, covalent immobilization, physical entrapment, cross linking and
membrane. Physical adsorption and covalent binding are the most common methods used in
optical biosensor technology [8, 15].
1.4.1 Physical adsorption
Adsorption is a physical process, which occurs via
dipole-dipole interaction or hydrogen bonding. The
type of reaction depends on the nature of the
substrate surface and the adsorbate. This method is
very simple in application and has been used by
several groups to immobilize enzymes or antibodies
on the transducer (see Figure 1.19) [9, 66].

Figure 1.19 Enzyme molecules
adsorbed to the particle [66].

The enzymes are usually mixed with an appropriate adsorbent under specific conditions of pH
and ionic strength. When the incubation process is finished, the rest of loosely bound or
unbound enzymes are washed away. The bonds are usually formed by a combination of
hydrophobic effects and the formation of several salt links per enzyme molecule. The physical
bond between the biological molecule and surface of the transducer is very strong, but in
special conditions like introducing a substrate or changing the pH or ion strength the bond
strenght can be reduced [66].
Antibodies are easily adsorbed on metal films such as gold or silver usually deposited on glass
[8]. The link to the surface is usually formed by hydrophobic attraction. This process
sometimes creates a number of constraints that have influence on epitope recognition and
antigens–antibody interactions [67]. By optimizing the conditions of adsorption, one can
minimize these technical problems.
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The physisorption is a direct method for immobilization of biological molecules on the
transducer surface. The disadvantage of using this method is that it is not a good technique to
control the orientation of biomolecule on the transducer surface. Optical methods such as
surface plasmon resonance need a highly developed technique of immobilization. In most
cases, the proteins A and G or biotin are used to arrange the orientation of the molecules [68].
Other advanced techniques use functionalized self -assembled monolayers to attach molecules
to the surface of a transducer [68].
1.4.2 Covalent binding
Covalent immobilization is based on the binding between functional groups of biomolecules
and a support material via chemical groups such as NH2,CO2,OH,C6H4OH,SH [15]. It mostly
involves the activation of the surface using e. g. orsilane or thiol self -assembled monolayers.
These advanced techniques are proper for attaching bio-molecules such as protein or nucleic
acids [9, 15]. Organosilanes and thiol are compounds used for attaching an organic layer to an
inorganic substrate. Organosilanes has the general formula RSiX3, where R is an
organofunctional group selected according to the desired surface properties and X is a
hydrolysable group, typically an alkoxy group, which is capable of reacting with the substrate
[69]. Thiol contains a functional group composed of a sulfur and a hydrogen atom (-SH). This
functional group is referred to either as a thiol or sulfhydryl group [70]. The method to form
uniform layers of silane or thiol on inorganic substrate is called “self assembly”.
Self Assembled Monolayers (SAMs) are usually formed from alkanthiolen on a gold surface
and alkylsiloxanen on a glass surface. This section will be limited to the deposition of SAMs
from chains of n-alkanethiols (CH3(CH2)n-1SH) on gold surfaces, since this shows so far the
largest application potential. A thiols-self assembly layer is usually formed on metal surfaces
such as gold, silver, platinum or copper [68]. The structure of a self-assembled monolayer
relies on the morphology of the metal. Generally, Au (111) is employed for the growth of
monolayers [71]. The preparation of SAM monolayers is very simply. The substrate, gold on
silicon, is placed in a solvent, for example ethanol, which contains thiol groups. The functional
~SH group has a very strong absorption to the gold substrate, resulting in the formation of
densly packed and ordered monolayers.
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The adsorption of thiols on the substrate is very fast, but the molecule organization process
takes more then 1 hour (see Figure 1.20 ) [71]. The thiol molecules are organized in a way that
the tail group points away from the surface. The tail group is responsible for the SAMs
functionalization and the covalent binding between material support and biomolecules [71, 68]
(see figure 1.20).

solvent solution

adsorption

thiol
group

organization

~SH group

Figure 1.20 Formation of SEMs assembly monolayer on a Au(111) substrate [72].
An alkylsiloxane is often used for formation of silane –self assembled monolayers. Surface
silanization involves a covalent binding of the silane molecule to the silicon oxide surface
through the siloxane bond [73]. The method requires a solution of alkyltrichlorosilane in a
hydrocarbon solvent. Silane SAMs are deposited on hydroxylated substrates such as silicon
with a layer of native oxide, or glass. Generally, the preparation techniques are similar to
those used for the formation of thiol self assembled monolayers. The substrate is immersed in
the solution for a specified period of time and at a specified temperature. The biological
molecules are covalently bound to the tail group of the silane monolayers.
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1.5 Résumé
This chapter presented an overview on biosensor technology with detailed descriptions of
biosensor components such as biological receptors and optical transducers. The optical
sensing system is a well establish technology today. The implementation of fiber optics
techniques made the optical biosensor technology more attractive for the market, providing a
development of highly sensitive device, which may be used for detection of lowconcentrations of an analyte. Advantages of the optical techniques involve also the speed and
reproducibility of the measurement. The chemical detection is also a well established
technology, but it is not presented in this chapter. It is a common method used in a
transduction and readers can find a lot of information about this technology in the reference
[74].The electrochemical transduction is a less expensive technology in comparison to that
based on optical techniques. The last requires a huge instrumentation. The electrochemical
biosensors involve advanced chemical engineering methods to transmit the electronic signals.
The measurement can not be repeated many times and the system requires also a large volume
of sample fluid [75].
The transduction technology (chemical and optical) requires a highly qualified personal and
are still time consuming. The future of biosensor technology lies in the miniaturization,
automatization, simplicity of the workload and the fabrication of low-cost devices. There are
also tendencies to increase the sensitivity and the detection limits of the biosensor. Stability
and reproducibility are also key issues of a future technology.
Many of the developing biosensors are not commercialized yet and a lot of them will never
be used outside research laboratories. For the future technology, is important to develop
communication between research laboratories and industry to speed up the commercialization
of biosensors.
1.5.1 Commercial significance of biosensor
The report prepared by BBC research presents information and analysis about developments
of the biosensor technology in industry on the worldwide market for the year 2009 [76]. The
report says that the medical and life science sector was the most important application field
for biosensor. The estimation presented there, shows that the market size in the year 2004
was about $6.1 billion and will grow to $8.2 billion in 2009 with a growth rate of about 6.3
per cent per year. 85 % of the total market in 2003 was spent on the glucose biosensor
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product for patients with diabetes [76 ]. Additionally, a growth of the market has been
observed in the pharmaceutical and military research industry. In the global research-driven
pharmaceutical companies, there is a need for a new rapid assay biosensor that speeds up the
progress of drug discovery. After the terrorism attack on the World Trade Center in USA,
there is a visible development progress in a new rapid diagnostic tool for detection of
biowarfare agents in military industry [76].
In medical sectors, a new glucose monitoring device will be still attractive for growth of the
biosensor market in the future. The development in this sector is going in the direction of
implantology. There is also a continuous need to develop medical biosensor based devices
that are used for Point-of-Care testing or devices that monitor vital symptoms related to the
daily clinical application.
Large amounts of money are also invested in the development of a DNA microarray
technology and gene or DNA chips. Affymetrix is the leading company in that field, but
there are some other companies that are starting to work on this technology [77]. In the
future, it may result in new technology development and applications.
The progress in microfluids fields and semiconductor micro-fabrication technology has been
resulting in the development of a Lab-on-chip technique. It is a concept of integration of all
laboratory task on a miniaturized, easy to handle portable chip. Caliper Life Science is the
leading company in the microfluid LabChip technology [78]. Agilent licenses the Caliper’s
technology to develop diagnostic systems leading to personalized medical applications [79].
The future market scope for lab-on-chip devices is vast and an attractive pricing model can be
still established.
1.5.2

Baselt and magnetoresistive biosensor

An interesting solution for future technology requirements and markets needs has been
proposed in 1998 by Baselt and other researchers from Naval Research Laboratory in USA
[80]. This technology was based on magnetoresistive effect, previously used in computer
memory technology. It provides fully automatical and inexpensive devices, characterized by
higher sensitivities [81].
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Today, the magnetoresistive biosensor technology based on the giant magnetoresistive effect
is well established [81]. The development of magnetoresistive sensors in research laboratories
is going in two direction. Some of the research group are focussing on the development of
large area sensors for detection of single DNA spots [75]. Others are concentrating on the
development of micro-sized sensors for single magnetic molecule detection and investigation
of binding forces [82,83]. Prototypes of large area magnetoresistive sensors

will

find

application in medical diagnostic or as a point of care testing device. Actually, the concept of
magnetoresistive biosensors used for detection of low concentrations of targets in body fluids
for diagnostics is developed by Philips Reseach Laboratory in Eindhoven. One can expect that
a commercialized device will come in the near future [84]. The concept of the small area
sensors for detection of single magnetic molecule has been mainly developed and investigated
in research laboratories. There are only few research group that concentrate on this subject.
One of them is a group from IBM Standford laboratory that is focussing on detection of
single magnetic particle with aim of eventually detecting a single DNA fragment. Since 2002
our research group at the University of Bielefeld is also focussing on the development of
small area sensors for the detection of single magnetic particles /molecule. This is one subject
of the presented PhD thesis [83].
Parallel to the magnetoresistive technology there are also investigations on manipulation
systems that can be integrated together with magnetoresisitive biosensor to build an on-chip
laboratory. Such devices can find many possible applications, e.g. examination of proteinDNA interaction, measurement of binding forces of typical bonds or examination of proteins
by unfolding them [85].
The future of the magnetoresistive based biosensor technology lies in the fabrication of highly
sensitive devices for the detection of single magnetic nanoparticles.
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2. Magnetic particle and biosystem
Since 1980s, magnetic particles have been used in biological assay. They found application in
many areas of bioscience and medicine, especially for biomolecule/cell separation, drug
delivery and-targeting, nucleic acid sequencing and medical therapy [86-90]. Actually they
are produced commercially by many companies and their sized varies from a few micrometer
down to a few nanometers [91-95]. The terminology used in literature to describe magnetic
particles can sometimes be inconsistent and confusing to many readers. Essentially, the term
magnetic microparticle refers to particles with a diameter larger than 1 µm. In many research
application a term magnetic nanoparticle is used, that refers to particles with size below
~100nm.

Magnetic microparticles are mainly used to separate cells from blood, bone

marrow, core blood and prepared samples such as buffy coat and mononucleare cells and
tissue digests. These particles have found application for the isolation of T cells, B cells, stem
cells, cancer cells and proteins [88]. Magnetic nanoparticles are very attractive for
biomedicine, because their size is comparable to a virus (20-450nm), a protein (5-50nm) or
gene (2nm wide and 10-100 nm long) [86, 87, and 90]. There are also many other factors that
make magnetic nanoparticle favorable for material science, medicine and chemical industry.
This chapter presents an overview of magnetic particle application in biotechnology.

2.1 Basic concept
Microparticle technology has been developed by
professor John Ugelstad from the University of
Trondheim [92]. In 1980, he licensed the technology
for making monosized polymer particles. In 1982
together with Amersham Biosciences in Upssala, they
developed new method for separation of proteins and
peptides using non-magnetic polystyrene particle. The
magnetic particle technology was introduced a few
years later and based the development of Dynal
Biotech, the first company that produces commercial
magnetic microparticles [92]. Since then, many

Figure 2.1 In 1976, professor John
Ungelstad from University of
Trondheim, for the first time, made
uniform
polystyrene
spherical
particles of exactly the same size
[96].

biotechnology companies develop magnetic particle
technologies for isolation of cells, proteins and nucleic
acids. Some of them are listed below (see Figure 2.2).
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COMPANY

Agowa

WEB SITE

www.agowa.de

GmbH

Bangs Lab.

Dynal Inc.

www.bangslabs.com

www.dynal.no

MAGNETIC PARTICLE

AGOWA mag Particles
Size <53µm,
Composition: polymer with iron
oxide,
Iron Oxide Content (%) –80%
Shape: irregular
Properties: superparamagnetic
COMPEL™ particle –
Size :3, 6, and 8 µm
Composition :functionalized
polymer
impregnated with iron oxide,
Iron Oxide Content (%) 4 – 12
Shape: Spherical,
BioMag® Diameters
Size~1.5µm,
Composition: silanized iron oxide,
Iron Oxide Content (%) > 90,
Shape: cluster
Dynabeads® *
Size :2,8µm, and 1 µm
* for more information see the
website

Micromod

Spherotech

www.micromod.de

Magnetic particles
with the matrix types:
latex ,polymer , biopolymer,
biodegradable and silica
Iron oxide particles* monodisperse
iron oxide aggregates with a diameter
of 200 nm
* for more information see the
website

SPHEROTM *
Size>0.1µm
www.spherotech.com
Composition: iron oxide,
Iron Oxide Content (%) 10-15
Shape: spherical
* for more information see the
website
Figure 2.2 Suppliers of Magnetic Particles.
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2.1.2 Classification
Magnetic particles can be classified depending on the size, composition, and shape [97].
According to their size, they are divided in three groups:
•

large particles 1.5-100 µm,

•

small particles 0.7-1.5µm,

•

nanoparticles <0.7µm

When classified on the basis of the magnetic components they contain, magnetic particles can
be divided into:
•

iron-oxide and

•

pure transition metal particles, such as Fe, Ni and Co.

Most of the commercialized magnetic particles are produced with spherical shape, but there
are research groups, which fabricate ferromagnetic nanowires in the length from 100nm to
several tens of microns [97,98] (See Figure 2.3). It is possible to classify magnetic particles
according to their shape into:
•

spherical particles (magnetic beads) and

•

nanowires.

20nm

(b)

Figure 2.3 (a) SEM micrograph of nickel nanowires of 350nm in diameter [99].
(b) SEM micrograph of spherical, magnetic particle of 180 nm, made at the
University of Bielefeld by the author.
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2.1.3 Structure and properties of magnetic particles
Iron oxide particles such as magnetite (Fe3O4) or it’s oxidized form maghemite (γ-Fe2O3) are
the most common by used particles for biomedical or biosensor application. They exhibit
superparamagnetism behavior: magnetizing strongly under an applied magnetic field and
retaining no permanent magnetism once the field is removed. The structure of an iron oxide
containing particle is shown in figure 2.4.
(a)

(b)
Small
superparamagnetic
magnetite-particle
(Fe3O4)

a)

Magnetic
particles can
be coated with
Streptavidin,
Biotin, various
antibodies

Polystyrene
core

b)

Figure 2.4 (a) Schematic diagram of a functionalized iron oxide particle
(b) SEM picture of single silica nanoparticles of 200 nm.
The iron oxide particles usually consist of a number of single domain particles (Fe3O4)
embedding into the polymer matrix. This matrix improves the matching with organic
components, reduces the susceptibility to leaching and protects the particle surface from
oxidation [86]. The matrix guarantees dispersibility and chemical stability of the magnetic
particle, reduces toxicity and forms a microsphere shape of the particle [86]. The surface of
the particle can be also functionalized with groups such as NH2 and COOH for covalent
binding of streptavidin, biotin and various antibodies for cell separation [100, 101, 102, and
93]. For example, the Proteins A and G coated magnetic particles are used for binding IgG
from human, mouse and rabbit serum [102].

30

Theoretical Background

Chapter 2 Magnetic particles and biosystem

_____________________________________________________________________________
There are also magnetic particles coated with enzymes such as Proteinase K and RNAse A or
with various reagents for a variety of applications [102].
Iron oxide particles are also available with an inorganic silica matrix [93]. This matrix has a
lot of advantages. The surface silanol groups can react with alcohols and silane coupling
agents to produce dispersions of the particles that are stable in non-aqueous solvent. The silica
surface is also ideal for covalent bonding of biological molecules [93]. It also prevents the
particles from a contact with oxidative or corrosive environment, which can damage their
properties [103]. Additionally, this type of coating offers high stability of the particle exposed
to the solution with changes in pH or with high electrolyte concentration [93].
Another class of magnetic particles produced from Fe, Ni, Co metals can exhibit
ferromagnetic behavior [97]. These particles tend to stay magnetized to some extent after
being subjected to an external magnetic field. This is the reason why these particles tend to
form clusters. Ferromagnetics particles have also higher magnetic moment than the iron oxide
particles. Thus they are preferred for a biosensor aplication, because they can produce a better
signal than the iron oxide particles [97]. Up to now these particles are produced mainly in the
research laboratory and they are not yet commercially available [104-105].

The main

problem to produce the ferromagnetic nanoparticles is that they can burn when exposed to air
[97]. Co particles are not reacting as strongly as Fe particles but they are still oxidizing when
exposed to the air [97].
A solution of these problems is a thin Au film protective
coating disposed on the magnetic particle to avoid
reactions with environment. Au is also a common surface
for attaching biological molecules by covalent bonds, so
the surface functionalization of a gold coated particle is
easier [106-109]. The main problem in the synthesis of
Au coated particles is that the gold layer is too thin to
prevent the agglomeration of the particles. During the
synthesis, it is necessary to add a special ligand against
particle agglomeration [97]. Thus the main challenges for
future research are the structural integrity and the

Figure 2.5 TEM image of
Au-coated Fe particles [109].

chemical stability of ferromagnetic particles (see figure
2.5) [107].
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2.2 Synthesis methods
2.2.1 Magnetic microparticles
Emulsion polymerization is one of the
common methods used to synthetize magnetic
microparticles [110,111]. The methods are
based on the preparation of a mixture that
contains two liquids that are non-miscible.
One of this liquids is water, the second is oil,
that is hydrophobic. To the mixture one can
also add a surfactant, a substance that is semimiscible with both water and oil. The
surfactant is usually used to stabilize the
mixture [110]. If mixed in correct ratios, this
procedure results in the formation of highly
organized structures depending on the ratio of
the three mixed

liquids. The magnetic

particles can be synthesized in a similar
procedure by a mix of styrene, water, sodium
dodecyl

sulfate,

ammonium

persulfate,

potassium persulfate, and magnetite [110]. All
these substances are important for the

Figure 2.6 Mechanism of formation of
magnetic mcioparticles by water in oil
emulsion.
A-B The dispersion of magnetite nanoparticles
and a water-soluble homopolymer, into droplets
in an organic medium via the use of an
amphiphilic block-copolymer dispersant
B-C This is followed by water distillation at a
raisedtemperature from the aqueous droplets to
yield polymer/magnetite particles stabilized by
the blockcopolymer
C-D The structure of the particles is then
locked in by a reagent being added to cross-link
the homopolymer and water-soluble copolymer
block [111].

preparation of emulsion polymerization, only
magnetite is introduced to form a magnetic
type particle.
2.2.2 Magnetic nanoparticles
The most common methods of synthesis of magnetic nanoparticles are precipitation from
solutions and the aerosol/vapor methods. These methods are mainly used to form iron oxide
nanoparticles [86].
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2.2.2.1 Precipitation from a solution
The nanoparticles can be produced by precipitation from a solution. This technique is based
on the precipation reaction that allows to form a particle. Parameters such as a rate,
temperature and pH are controlled during the reaction that’s resulting in uniform particles of
spherical shape [113]. The mechanism of particle formation is quite simple; when a reaction
takes place, the concentration of the iron oxide increases until the solution reaches
supersaturation. At this critical point, small nuclei of iron oxide precipitate out of the solution
(see Figure 2.7). In the standard mechanism, the solute concentration continuously increases
until it reaches the supersaturation point, where nucleation starts. The particles continue to
grow until the final size is reached (see curve I-Figure 2.6). The second possibility is similar
but after the formation of the nuclei, the particles break up to form smaller particles (see curve
II-Figure 2.6). There is also a possibility to form particles with multiple nucleation events
(represented by the curve III). In this procedure particles with different size are formed and
further each of these particles continues to grow.

Figure 2.7 Mechanism of particle formation [86].
There are also other methods such as co-precipitation and polyol method that can be also used
to form ferromagnetic particles. These methods are described in detail in reference [86].
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2.2.2.2 Vapor/ Aerosol Technique
This synthesis method is based on the formation of very small droplets of a solution of an iron
compound and a solvent. These are two main methods to form the particles: spray and laser
pyrolysis. In the first method, the droplets of solution, which contain iron salt and a solvent
are prepared. Later on the droplets are heated in a special furnace. During the heating, the
process of formation of nuclei of iron oxide is started and the solvent evaporates. In the final
stage, the particles are filtered and collected in powder form. The spray pyrolisis apparatus is
presented in the figure 2.8.
(a)

(b)

Figure 2.8: (a) Scheme of spray pyrolysis instrumentations (b) Photo of ultrasonic spray
pyrolsis [86].
In the laser pyrolysis method, an iron pentacarbonyl (Fe(CO)5), is heated under a laser. This
results in the formation of iron and carbon monoxide. The iron oxide particles are formed by
introducing oxygen from air and are filtered out later on by an inert gas [86].
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2.3 Application
2.3.1 Magnetic separation
Nanoparticles are applied in biotechnology to isolate
specially “labelled” subtypes of cells or other
biological entities in a process called magnetic
separation.

The

magnetic

separation

nanoparticles is a two-step process, involving

with
the

„labelling“ of the desired biological entity with
biocompatibly coated magnetic material, and

the

separation of these entities via a fluid-based magnetic
separation device ( see figure 2.9). Sophisticated
systems enable nowadays a flexible, fast and simple
magnetic cell sorting of large numbers of cells
according to specific cell surface markers without

Figure 2.9 Priniciple of magnetic particle
separation.Functionalize magnetic particle
bind to the target analyte. Magnetic particletarget complex are manipulate by external
magnetic field [114].

affecting cell viability and proliferation [115].
In this process iron oxide magnetic particle of >1µm diameter or conglomerations of such
particles coated with biocompatible substances such as dextran, phospholipides, polyvinyl
alkohol or immunspecific agents are used. The targeted entities bind highly specific with the
coated magnetic particles. In the next step the fluid with the marked objects passes through a
magnetic separator; magnetic forces generate a gradient that immobilizes the magnetic
particles with tagged entities. There are two methods of isolation of the nanoparticle marked
objects. A permanent magnet can be applied to a test tube to cause aggregation which is
followed by isolation of supernatant. As an alternative a system can be used with a spatially
varying magnitude of the magnetic field gradient enabling splitting of the fluid passing
through the column into the fractions according to their magnetophoretic mobility. The
superparamagnetic nanoparticles are not only used to label the entities by binding to the
surface antigen but also can be internalized into specific cells. This newly developed
technique [116] enables for example tracking of differentiation and distribution of progenior
cells by means of high resolution in vivo imaging techniques. Especially with HIV-Tat
peptide derivatized iron oxide coated nanoparticles were incorporated into hematopoietic and
neural progenitor cells without affecting cell viability, differentiation or proliferation of
CD34+ cells. Derivatized particles were internalized into lymphocytes over 100-fold more
efficiently than nonmodified particles. This technology makes it possible not only to detect
the homing of the progenitor cells in the tissue sample with the magnetic separation columns
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but also to track a single nanoparticle in vivo incorporated in progenitor cell by means of
magnetic resonance imaging. The described method has also potential for recovering
intracellularly labeled cells from organs. Very promising appears also the publication of
C.Y.Wang et al. [117]. The authors report having synthesized Fe3O4/Au (GoldMag)
particles with a core/shell structure by means of reduction of Au3+ with hydroxylamine in
the presence of Fe3O4. The GoldMag particles need only a single step for antibody
incorporating and have high binding capacity for antibodies. These advantages can improve
the methods of isolating and detecting biomolecules. The magnetic separation is recognized
as a method with a wide spectrum of applications in biotechnology. This technique is used to
detect with very high sensitivity the tumor cells in organism, to sense parasites, in cell
counting in immunology, oncology and hematology and as a pre-processing technology for
polymerase chain reaction. Since magnetic nanoparticles are attracted to a high magnetic flux
density, magnetic force and MCLs were used to construct multilayered cell structures and a
heterotypic layered 3D coculture system. Thus, the applications of these functionalized
magnetic nanoparticles with their unique features will further improve medical techniques.

2.3.2 Biomedical Application
2.3.2.1 Drug delivery
Drug delivery means a targeted distribution of a medicine within a specific tissue thereby
diminishing the side effects on the rest of the organism. This technique enables to lower the
dose of medicine being administered into the organism- see fig 2.10. Targeted delivery of
cytotoxic drugs used in oncology is the foremost point of interest of biotechnology [118-119].
The drug molecules are bound with a biocomptible magnetic nanoparticle [118-119]. The
biocompatible ferrofluid is than injected into the patients circulatory system and directed by
means of high-gradient magnetic field into the targeted body part. When the drug
concentration in the targeted tissue reaches the desired level the drug can be released by
enzymatic activity or a change of the pH, osmolality or the temperature in the tissue. There
are many factors influencing the effectiveness of this method – the way of drug
administration, the hemodynamic status of the patient, the dimensions of the targeted tumor
and the physical properties of the applied magnetic molecules. A magnetic molecule carrier is
formed of a magnetic particle or a conglomerate of magnetic particles (usually magnetite or
maghemite) coated with a biocompatible polymer, non-organic substance or noble metal layer
[86]. There are also alternative magnetic particle cores under research: iron, nickel, and cobalt
[86,97]. Although the drug delivery is a promising technique there are some limitations in this
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method such as toxic reactions with magnetic particles, lack of possibility to influence the
drug distribution after release from the carrier, danger of arterial embolization by ferrofluid
overload [120-121].

Figure 2.10 The concept of superparamagnetic particle application in drug delivery [122].

Another group of medicine that can be delivered with nanoparticles are radiopharmakaradionuclides applied in medicine, mainly in tumor therapy. In opposite to cytotoxic drugs
they do not have to be incorporated to the targeted cells and they stay coupled to the carrier
[123]. The use of drug delivery is also a matter of research in the case of gene therapy, where
the therapeutic gene is carried by a vector. The vector’s role is to make it possible for a gene
to be incorporated by a cell nucleus. The application of a magnetic drug delivery according to
experimental studies should increase the probability that such a therapeutic gene will be
expressed by a host organism [124].
The complexity of nanoparticles applied in biotechnology is presented in figure 2.11.
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Figure 2.11 The dimensions of supraparamagnetic particles in biomedical application [122].

2.3.2.2 Hyperthermia
Another application of magnetic molecules is the treatment of tumors by hyperthermia [86,
87,125]. In this method the nanoparticles are directed into and dispersed within the target
tissue. In the next step AC magnetic field cause this particles to heat. If the temperature is
constantly raised above a threshold, this destroys the tumor [86-87]. Magnetic particles can
generate heat by hysteretic loss under an alternating magnetic field (AMF).
This technology is up to date not easy to apply in humans as a high frequency and strong
external magnetic field causes deleterious effects on organism [126]. Up to date there are no
studies with hyperthermia on humans, however the newest animal experiments such as
application of magnetite cationic liposomes (MCLs) in immunotherapy of mouse EL4 Tlymphoma ( a sort of cancer) are very promising [126]. The particles have a positive surface
charge and generate heat in an alternating magnetic field (AMF) due to hysteresis loss.
Authors assume that hyperthermia using magnetic nanoparticles induces antitumor immunity.
MCLs can be also used as carriers to introduce magnetite nanoparticles into target cells since
their positively charged surface interacts with the negatively charged cell surface. There are
also other types of nanoparticles used in hyperthermia -magnetite nanoparticles conjugated
with antibodies (antibody-conjugated magnetoliposomes, AMLs) [127]. Ito et al. describe an
animal-model of melanoma (very malignant sort of cancer) in which MCLs were used to
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incorporate “heat shock proteins (HSPs)” into immunologic cells. (HSPs) are acknowledged
as important participants in immune reactions. Expression of HSP70 in reaction to
hyperthermia, produced with (MCLs), induces antitumor resistance. 24 hours after the
incorporation of the hsp70 gene, MCLs were administered into melanoma nodules in
melanoma mice and subjected to AMF for 30 minutes. The temperature at the cancer reached
43 degrees C and was maintained by regulation of the magnetic field intensity. The joint
therapy strongly slowed the tumor expansion over a 30-day time. Complete regression of
melanom due to systemic antitumor immunity was found in 30% of mice [127]. Another
technology uses ferrimagnetic microspheres 20-30 micron in diameter as thermoseeds for
inducing hyperthermia in tumors, especially for cancers located deep inside the body. The
microspheres are blocked in the capillary bed of the tumors when they flow through blood
vessels and produce heat locally by their hysteresis loss when placed under an alternating
magnetic field.
2.3.2.3 Magnetic resonance imaging (MRI)
Magnetic resonance imaging (MRI)- also called tomography (MRT) - is a technique of
obtaining images of internal organs in living organisms. MRI determines the amount of bound
water and is applied also in the geology [128].The most important use of it is to present
internal pathological lesions in living organisms. Nowadays it is a commonly used technique
of medical imaging. Apart of medical application MRI is also used for example to determine
rock permeability to hydrocarbons and timber quality [128]. Medical MRI usually relies on
the relaxation features of excited hydrogen nuclei. The spins of the atomic nuclei with nonzero spin numbers within the tissue align in magnetic field parallel or antiparallel. Because of
quantum mechanical reasons the nuclei are set off at an angle from the direction of the static
magnetic field. The magnetic dipole moment of the nuclei precesses around the axial field
with the Larmor frequency. Applying a time-varying magnetic field B0 tuned to the Larmor
precession frequency ω0 = γB0 of the protons causes some of the magnetically aligned
hydrogen nuclei to assume a temporary non-aligned high-energy state. The γ is the
gyromagnetic ratio, a nuclear constant. For hydrogen, γ/2π=4258 Hz/Gauss. The relaxation of
the coherent response is measured from the time that the radio frequency pulse is turned off
by means of induced currents in pick-up coils in the scanner. The signal is amplified by a
factor of ca 50–100. To selectively picture the singular voxels (3-D pixels) of the tissue three
orthogonal magnetic gradients are applied. The first is the slice selection, which is set during
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the RF pulse, then the phase encoding and finally the frequency encoding gradient, during
which the tissue is imaged. The realignment of the nuclei with the magnetic field is called
longitudinal relaxation and the time necessary for the tissue nuclei to realign is termed "Time
1" or T1. This is the rule of T1-weighted imaging. T2-weighted imaging is based on local
dephasing of spins subsequent to the transverse energy pulse; the transverse relaxation time is
called "Time 2" or T2. Both T1- and T2- images are used in most medical examinations. T1
and T2

can be shortened with a magnetic contrast agent. Frequently, a paramagnetic

contrast- a gadolinium is administered, and both pre-contrast T1- images and post-contrast
T1- images are obtained. The usual medical resolution is about 1 mm3, while in investigation
models it can exceed 1 µm3. The most widespread contrast agents are gadolinium ion
complexes. Contrasts based on SPM nanoparticles also are available- here with iron oxide
nanoparticles. Dextran layered iron oxides are biocompatible and are excreted by the liver
after the scanning. The base of the contrast imaging is their property of being taken up by the
reticuloendothelial system, a complex of cells coating blood vessels whose role is to take out
antigenic substances from the bloodstream.

MRI contrast agents are characterized by

different uptakes in different tissues. The contrast agent with a smaller molecular mass has a
longer half-life in the blood stream and thus is collected by reticuloendothelial system
throughout the body. That is why this agents have been used to image the vasculature and
central nerve system. SPIO particles in comparison to other contrast agents have however the
broadest potential of application in MRI. SPIO molecules can be produced with various
particle sizes and surface layers. Large SPIO media (50-150 nm) principally produce a signal
decline or T2 -reduction and are applied as contrast for MRI of the liver and spleen. They
have a high accuracy, particularly in detecting liver metastases. Smaller molecules (about 20
nm in diameter) are characterized by a diverse tissue allocation and have a potential for
enhancement of

noninvasive lymph node estimation or characterizing susceptible

atherosclerotic plaques. Particles with an optimized T1-relaxivity and long-lasting
intravascular flow time can be applied as contrast media for MR angiography. Small SPIO
particles can be used in MRI of the bone marrow and the measurement of perfusion
parameters in tumours or myocardium. Molecules up to 20 nm in length have different
features in the body depending on their dimension [129]. Though these molecules have
similar chemical characteristics, small alterations

in size can greatly influence their

pharmacokinetics. A modification in molecular size up to 15 nm changed permeability across
the vascular wall, elimination course, and identification by the reticuloendothelial system.
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Smaller sized polyamidoamine (PAMAM) dendrimer-based contrast agents, i.e., less than 3
nm in diameter, easily diffuse across the vascular wall resulting in rapid perfusion throughout
the body. Molecules of 3-6 nm in length are fast excreted through the kidney indicative of
their suitability as a renal contrast agents. Particles of 7-12 nm do not diffuse from the
circulation and are thus suggestive of their potential application as blood pool contrast
agents. Hydrophobic variants SPIO shaped with polypropylenimine diaminobutane (DAB)
dendrimer layers quickly gather in the liver, enabling their use as liver contrast agents. Larger
hydrophilic agents have proper features for lymphatic visualisation. Agents bound with
monoclonal antibodies are capable to be utilized as tumor-specific contrast agents. SPIO
particles with an adapted coat-layer can be used in molecular imaging, such as receptordirected scanning, cell tagging

for in-vivo monitoring of

stem cell

migration. SPIO

applications range from diagnostic imaging to molecular medicine. Specially manufactured
SPIO molecules- AMLs make it possible by means of antibody –antigene reaction

to

accomplish tumor-specific contrast enhancement in MRI via systemic administration- see
Figure 2.12. It is also possible to manipulate cells tagged with magnetic nanoparticles using
magnets; this feature has been also applied in tissue engineering.

Figure 2.12 SPIO molecule application in tumor-specific contrast enhancement
in MRT [122].
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2.3.3 Smart sensor/remote control
2.3.3.1 Detection of DNA fragment
The magnetic particles also found application in biosensor research especially for detection of
DNA. Conventional detection methods use fluorescent labels that were attached to biological
targets and external laser for detection. These methods are presented in Figure 2.13.

2) Traget DNA
+ fluorescent tag
Insert on chip

1)

)

3) Target DNA
hybridised with probe

4) Light scanner

Immobilized
probe DNA

Spacer molecule

Surface silinization

Figure 2.13 Conventional hybridisation detection using fluorescent labels
attached to biological targets [130].

In standard fluorescent methods the probe of a DNA is immobilized on the surface of a chip.
The surface must be specially prepared (surface silinization, spacer molecule). In the next step
a target DNA together with a fluorescent tag are inserted into a chip. Finally, the target DNA
hybridizes with the probe and then a light scanner is used for detection. The fluorescent
method is sensitive enough for detection of specific probes of a DNA.
The biosensors involved in the magnetoresistive detection method are presented in Figure
2.14.
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4) Magnetic labels bind
to biotinilated targets
2) Biotinilated
Target DNA

3) Biotinilated Target DNA
Hybridizes with Probe
DNA

1) Immobilized
Probe DNA
5) MR sensor detect
magnetic labels
Figure 2.14 Magnetoresistive-based hybridisation detection using magnetic labels, and
an integrated magnetoresistive sensor array for detection. [130].
In this method, first the probes of DNA are immobilized on the sensor surface. In the next
step biotinilated target DNA hybridizes with probes of DNA. Finally, functionalized magnetic
particles are bound to biotinilated targets and the magnetic sensor detects the presence of
magnetic particles and DNA probes. In the PhD work from J. Schotter (University of
Bielefeld) it is possible to find a comparison of these two detection methods. Fig. 2.15 shows
relative sensitivities of the magnetic biosensor and fluorescent chips in the presence of DNA
spots [75].
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Figure 2.15 Relative sensitivities of the magnetoresitive biosensors and the fluorescent chips
[75].

In this experiment the sensitivity of the magnetic biosensor was superior to the fluorescent
detection at low concentrations of a probe DNA, for example by a factor of 2.7 at 600 pg/µl.
Therefore, the magnetic biosensors are devices for the detection units of the future medical
diagnostic [75].
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3. Magnetoresistive sensor
The history of magnetoresistive technology started with the discovery of magnetoresistance
effect by William Thomson (Lord Kelvin) in 1865.

He found that the resistance of a

ferromagnetic metal changes in the presence of magnetic field. The amounts of changes in the
resistance were defined as the magnetoresistance ratio MR that is characterized as the quotient
of the difference between maximum and minimum resistance values and the minimum
resistance value. Actually MR is usually given in dimensionless units of percent. The effect
reported by Thomson is today hence dubbed anisotropic magnetoresistance (AMR) [131]. In
1988, Peter Grünberg et.al of the Jülich Research Center and Albert Fert et.al of the
University of Paris-Sud independently discovered a larger magnetoresistive effect known as
giant magnetoresistive effect (GMR effect). The GMR effect was observed in a magnetic
multilayers stack: ferromagnetic, non ferromagnetic metallic and ferromagnetic layer. This
discovery is considered as the beginning of a new class of electronic devices based on the spin
degree of freedom of the electron [132,133]. Peter Grünberg and Albert Fert have received a
number of prestigious prizes and awards for their discovery and contributions to the field of
spintronics. The most recent is the Nobel Prize 2007.
Today, a class of magnetic field sensors such as magnetoresistive sensor is of great interest
for industry due to a small size, low-cost and low-power consumption (see Figure 3.1)
[134,135,136].

Figure 3.1 The costs of various low field magnetic sensor systems
vs power consumption [137].
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The magnetoresisitive sensors are much more sensitive than for example Hall sensors and are
applied for e.g., the detection of magnetic particles associated with biomolecules, where a low
field sensing is required [138]. The class of magnetoresistive sensors depends on the type of
sensing. The mostly used sensors are anisotropic and giant magnetoresistance type sensors
(AMR and GMR sensors). A new type of sensors, investigated mainly in academic activities,
is based on the tunneling magnetoresistance effect and is characterized by higher sensitivity.
Recently, many research activities are focused on the new magnetoresistive effect called
colossal magnetoresitance. It is described as colossal since it is a much larger effect than had
ever been previously seen in metals. The mechanism of this effect is not clearly understood
yet and still some investigation has to be done on it [131].
In this chapter an overview is given on the state of the art in the magnetoresistive biosensors
technology.

3.1 Magnetoresistive transducer
A magnetoresistive transducer is a resistor with a resistance value that depends on an external
magnetic field, R = R(H) . The first magnetoresistive transducers were based on the
anisotropic magnetoresistance (AMR).

3.1.1 Anisotropic magnetoresistance (AMR)
The anisotropic magnetoresistance effect measures the changes in the resistance from the
current passing through the ferromagnetic layer, when the magnetization is changing from
parallel to perpendicular to the current [139]. The resistivity of the ferromagnetic metal
depends on the angle θ between the magnetization direction and the current density [140].
The AMR effect is physically based on spin orbit coupling [131]. When the magnetization
direction are oriented perpendicular to the current, then the electron orbits are oriented in
plane to the current. There is a small cross-section of electrons for scattering, that results in a
low resistance. For magnetic field applied parallel to the current, the electron orbits are
oriented perpendicular to the current, and the cross-section for scattering of electrons is larger,
that gives a much higher resistance [131].
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The AMR effect was often investigated in permalloy and Ni1-xCox structures [140]. At room
temperature, the highest effect was discover for Ni1-xCox and the magnetoresistance ratio was
about 6%. For permalloy, the AMR effect depends on the layer thickness and the deposition
conditions. For a 30nm permalloy film, the AMR ratio was about 2.5% [140]. Detailed
description of AMR effect can be found in the references [131,141,142].

3.1.2 Giant magnetoresistance (GMR)
The giant magnetoresistance effect was discovered in 1988 by two researchers working
independently: Peter Grünberg et al. of the KFA Research Institute in Jülich and Albert Fert et
al. of the University of Paris South [132,133]. They observed a very large magenetoresistive
effect (larger than the AMR discovered by Thomson) in multilayer stacks consisting of two
magnetic layers separated by a non-magnetic metallic layer [132,133]. The discovery of this
effect was a kind of sensation in research and the beginning of a new paradigm of electronics
called spin-electronics. Since then, many companies were interested to commercialize GMR
multilayers. The first company institute that started to work with GMR materials was IBM’s
Almaden Resarch Center, San Jose [143]. The first IBM’s multilayers were made by Stuart
Parkin and Kevin P. Roche. The GMR stacks were produced using common process, known
in disk-drive technology: sputtering [143]. To better understand the GMR mechanism,
different variations of multilayers were produced. It was discovered that the relative
orientation of the magnetic moments of two magnetic layers depends on thickness of the nonmagnetic layer [143]. If the thickness of the non-magnetic layer increases, then the strength of
magnetic coupling decreases. Doing this experiment they discovered that the magnetic
moments of the magnetic layers oscillate between parallel (ferromagnetic) and anti-parallel
(antiferromagnetic) orientation as a function of the non-magnetic layer thickness [144].This is
called a oscillatory exchange coupling [144]. Additionally they discovered, that resistance is
relatively low when the layers are in parallel alignment and relatively high when in antiparallel alignment (see figure 3.2) .
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(a)

(b)

FM-ferromagnetic
layer

NM-non magnetic
layer

Figure 3.2 The GMR composition of magnetic multilayers (a) ferromagnetic configuration
(b) antiferromagnetic configuration [145].
For sensor purposes, the thickness of the non-magnetic layer in GMR structure is chosen in a
way that the orientation of the magnetic layers is antiferromagnetic [144]. After application of
magnetic field, the magnetic configuration is changing from antiferromagentic to
ferromagnetic configuration causing a change in the resistance [144]. The magnetoresistance
ratio MR is defined in two ways as a “optimistic “ magnetoresistance ratio:
(∆R/R= (R↑↓-R↑↑)/R↑↑

(3.1)

where R↑↓ and R↑↑- are the resistance of the magnetic multilayer in its antiparallel (zero field)
and parallel (saturation field) magnetic configuration and as a “pessimistic” ratio:
(∆R/R= (R↑↓-R↑↑)/R↑↓

(3.2)

The pessimistic ratio is never greater than one [144].
For the investigation on GMR multilayers, Stuart Parkin won the European Physical Society’s
prestigious Hewlett-Packard Europhysics Prize in 1997. Further GMR structure was
developed by Bruce Gurney and other colleague also from IBM’s. It was named spin valve
and found application as a disk-driver sensor that operates at a low magnetic field [143]. In
2007 the group leaders P. Grünberg and A.Fert were awarded the Nobel Prize in physics for
the discovery of the GMR effect.
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3.1.2.1 The GMR geometries
The GMR effect can be observed in two different types of geometries [144]. One of them is
termed the Current IN Plane (CIP) and other is called the Current Perpendicular to Plane
(CPP) geometry [144]. The two different types are presented in Figure 3.3.

(a)

(b)
CONTACT

CONTACT

FM
CONTACT
CONTACT

CONTACT

FM NMFM

NM
FM

CURRENT DIRECTION

CURRENT DIRECTION

Figure 3.3 Two GMR geometries: a) CIP and b) CPP [145].

The CIP is the well known configuration for measuring the GMR effect of magnetic alloys
and is easy to arrange experimentally. The resistance of the CPP geometry is low and it is
difficult to measure the voltage drop across the sample [144]. The difference between the CIP
and CPP geometries of GMR can be explained through microscopic theory of spin dependent
scattering [144].

3.1.2.2 Resistor model of GMR
The GMR effect is based on the fact that spin is conserved over distances of up to several
hundreds of nanometers, i.e. much more then the thickness of the non-magnetic layer in GMR
structures [144].Based on this fact, it is possible to assume that electric currents in GMR
layers are flowing in two channels: one corresponding to the electrons with spin up ↑ and the
second to the electrons with spin down ↓ . These two channels are separated, because the spin
is conserved, and can be taken as two conductors, which are connected in parallel [144].
The other fact is that electrons with different spin orientation (parrallel and antiparallel to the
magnetization of the ferromagnetic layer) are scattered at different rates in a ferromagnetic
layer. This is termed as spin dependent scattering [144].
The GMR structure usually consists of two ferromagnetic layers separated by a non-magnetic
layer. In a parallel configuration the magnetizations of the ferromagnetic layers are aligned in
one direction.
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In this ferromagnetic configuration, the electrons with spin- up ↑are weakly scattered in both
ferromagnetic layers. On

with spin-down ↓ are scattered more

the other hand, electrons

strongly. This situation is presented in the figure 3.4.
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Figure 3.4 a and b parallel and anti-parallel
configuration of GMR layer with resistor model [145].

The small resistors correspond to the electrons with spin up that are weakly scattering in both
ferromagnetic layers. The big resistors are corresponding to the scattering of electrons with
spin down. Because the electrons with spin up and spin down represent two channels that are
connected in parallel, the total resistance of three layers is determined by the low resistance of
the spin up ↑ channel, which shorts the high-resistance of the spin down ↓ channel (see figure
3.4). In conclusion, the parallel configuration of the GMR structure corresponds to the low
resistance [144]. In the opposite situation, where two ferromagnetic layers are aligned antiparallel (anti-ferromagnetic configuration), the total resistance is much higher then in the
previous configuration. This can be also explained using the resistor model. The spin up ↑
electrons are weakly scattering in the first ferromagnetic layer, but strongly in the second
ferromagnetic layer. A different situation is for the electrons with spin down ↓. First, the
electrons are strongly scattered in the first ferromagnetic layer and weakly scattered in the
second ferromagnetic layer [144]. The big resistors are corresponding to the electrons with
spin up and down that are strongly scattering in to the ferromagnetic layer and small resistors
are representing the weakly scattering electrons (see figure 3.4).
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This simple model presented here describes the GMR effect but if doesn’t explain the
differences between two geometrical configurations: CIP and CPP. For further explanation of
the GMR effect a quantitative theory has to be used [144].

3.1.2.2 Spin dependent scattering of electrons in GMR structure.
The term spin dependent scattering means that, the spin of electrons is conserved, but the
electrons with spin orientation up and down are scattered with different rates in ferromagnetic
layers. According to Pauli’s principles, the electrons can scatter from impurities to a quantum
state, which is not occupied by other electron. At zero temperature, only the states with
energy higher then the Fermi energy (E>EF) are empty. The scattering of electrons from
impurities is elastic, so electrons at the Fermi level can only scatter to the immediate vicinity
of the Fermi level [144]. This means, that the scattering probability is proportional to the
number of states available for scattering at EF, i.e. depends from on density of states D(EF).
For example in the case of cooper, the Fermi level intersects the conduction band and the
density of states is relatively low (see Figure 3.5). The probability of scattering is therefore,
also very low. This is the reason why cooper is a good conductor [144]. In cases of transition
metals, the Fermi level intersects the conductions band and the d band [144]. Atomic waves
of d levels are more localized then those for s levels, that means that the d band is narrow and
the density of state is high. In this case the electrons have higher probability to scatter into
the d bands. For this reason, the transition metals are poor conductors in comparison to, e.g.,
cooper. In case of magnetic transition metals, the d bands for spin-up ↑ and spin-down ↓
electrons are split by exchange interaction [144]. This resulting in a rigid shift of the spin-up
↑ and spin-down ↓ d bands, which can be clearly identified by measuring densities of states
of Fe and Co in the figure 3.5 [144]. The density of state at EF of cobalt is very low for the
spin-up ↑ d bands and much higher for the spin-down ↓ d bands. In case of iron, the density
of state at EF is higher for spin-up ↑ electrons than for spin-down ↓ electrons. The spin
asymmetry in the density of state is also larger for cobalt than for iron, resulting in different
scattering rates for spin up ↑ and spin down ↓ electrons (bulk spin dependent scattering).
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Figure 3.5 Spin-polarized densities of states for the metals: Fe, hcp-Co, Ni and Cu.
The broken line shows the position of the Fermi level [145].

The difference between CIP and CPP geometry can be explained by a spin dependent
scattering mechanism, which is specific for the multilayers. Electrons coming from nonmagnetic layer to the ferromagnetic layer meet a spin dependent potential barrier, which
differently reflects electrons with spin up and spin down. In the CPP geometry, this is a
stronger spin dependent scattering, than for CIP [144].
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The spin dependent scattering based on spin
dependence of the scattering potentials takes only
place at the ferromagnetic/non-magnet interface and
is called interfacial spin dependent scattering [144].
Typical interfaces in GMR structures are Co/Cu and
Fe/Cr. The interfacial spin dependent scattering can
be clearly understood using a band structure, for
example for cobalt and cooper. The band structure
is shown in the figure 3.6 . It is possible to see,
that there is a very good matching between the Cu
band structure and the majority spin of Co band
[144]. The spin-up ↑ electrons crossing the interface
have a weak scattering on that interface and it stays
so also in cases when the Cu and Co atoms are
intermixed [144]. In case of the Cu band structure
and the Co minority band structure, there is a large
mismatch and the spin-down electrons are strongly

Figure 3.6 Band structure of
cobalt and cooper [146].

scattered at the Cu/Co interface [144].
Generally, one can conclude that the maximum GMR

effect can be measured

in a

configuration of magnetic and non-magnetic interface layers, where a good match is
observed for one of spin channel ( for example a majority channel) and a large mismatch is
observed in the second spin channel ( for example minority channel) [144].

3.1.2.3 Magnetic superlattice and GMR effect
Magnetic superlattice consists of a number of alternating non-magnetic and magnetic layers.
The whole superlattice is usually built of identical blocks. To calculate the GMR, the
superlattice is divided to units cells. The magnetic cell is defined as two magnetic layers and
two non-magnetic layers with length L and width W [144] (see Figure 3.7).
The superlattice unit cell has three different regions with local resistivities: resistivities of the
non-magnetic spacer layer-ρNM , which doesn’t depends on the spin orientation and the high
and low resistivities for different spin orientation in the ferromagnet (ρFMH and ρFML) [144].

53

Theoretical Background

Chapter 3 Magnetoresistive sensor

_____________________________________________________________________________

C
U
R
R
E
N
T

FMNMFMNMFMNMFM

MAGNETIC UNIT CELL

Figure 3.7 Definition of magnetic superlattice unit cell [147].

The total resistivities of the unit cells are modeled by a system of eight resistors; four
resistors for each channel (see figure 3.8) [144].
Ferromagnetic
configuration

Antiferromagnetic
configuration

spin
ρFMH

ρ

ρFMH

ρNM

ρFM

ρNM

ρFML
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ρ

FM
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FM

NM

FM
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Figure 3.8 Model of eight resistors for distribution of resistivities
in a magnetic unit cell [148].
The total resistance for ferromagnetic and antiferromagnetic configurations is then calculated
from the equation:
1
R↑↑

=(

1
R↑

+

1

)

R↓ ↑↑

;

1
R↑↓

=(

1
R↑

+

1

)

( 3.3)

R↓ ↑↓

The are two rules according to which the total resistance can be calculated in the superlattice.
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If the mean free path in each superlattice is shorter then the thickness of the layer, only few
electron can travel to the next layers. The electrons from each layer are then flowing separate
channels and don’t mix. The total resistance in this case can be calculated as a conventional
resistor network. According to figure 3.8 there are the same numbers of resistors for
antiferomagnetic and ferromagnetic configuration. In these cases the R↑↑ is equal to R↑↓ and
there is no magnetoresistance [144].
When the mean free path in each layer is much longer then the thickness of the layer, the
traveling electrons will sample the layers with low and high resistivities, so the average
resistivities have to be calculated. The average resistivity ρav for the superlattice consisting of
N components with resistivity ρN and the layer thickness tn is given by:
t1ρ1+t2ρ2+ ...+tNρN
ρav

=

(3.4)

t1+t2+...+tN

The mean free paths in metals are often of the order of tens to hundreds of interatomic
distances. This means that a multilayer with layers thickness in the nanometers range will
exhibit the GMR effect, because the mean free paths are longer than the thickness of the
layer. The resistance for different spin orientation for two configurations is expressed in the
ferromagnetic configuration by:
L
R↓

2tFMρFM H+2tNMρNM

=
2(tFM+tNM)W

2(tFM+tNM)
(3.5)

L
R↑

2tFMρFM L+2tNMρNM

=
2(tFM+tNM)W

2(tFM+tNM)

and for spin- down and spin-up electrons in antiferomagnetic configuration by:
L
R↑

2tFMρFM L+2tFMρFMH+2tNMρNM

= R↑ =

(3.6)
2(tFM+tNM)W

2(tFM+tNM)
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If the two channels are considered independently, then the total resistance is calculated in
parallel by:
R↑↑↓R↑↑↑
R↑↑ =

(tFMρFML +tNMρNM)

L
=

↓

R↑↑ +R↑↑

↑

(3.7)

(tFMρFM +tFMρFM +2 tNMρNM)

2

L

2(tFM+tNM) W

H

in ferromagnetic configuration and
R↑↓ =

1
2 R↑↓ =

1
↑
2 R↑↓ =

L

(tFMρFML +tFMρFMH+2 tNMρNM)

8(tFM+tNM)2 W

(3.8)

in antiferomagnetic configuration, where L and W are a length and width of the unit cell
respectively, tFM is a thickness of the ferromagnetic layer and tNM is a thickness of the nonmagnetic layer,ρNM is the resistivity of the non-magnetic layer and ρFMH , ρFML are the high
and low resistivity in the ferromagnetic layers.
The GMR ratio is defined as:
R↑↓-R↑↑
GMR =

R↑↑

=

(α-β)2
tNM
tNM
4 ( α + tFM) ( β + tFM)

(3.9)

where α=ρFMH/ρNM and β=ρFML /ρNM
The GMR amplitude is increasing by a strong spin asymmetry ratio that is defined as
α/β=ρFMH/ρFML and is decreasing with increasing the thickness of the spacer and the
ferromagentic layer [144].

3.1.3 Tunneling magneto resistance
The tunneling magneto resistance effect was for the first time observed at tunnel junctions
where two ferromagnetic layers are separated by a thin insulating layer (barrier) [139].
Electrons are tunneling between the electrodes and the spin is conserved during the tunneling
process [139]. The tunneling probability is different for majority and minority spin electrons.
There are different values of the tunnel resistance for parallel configuration and antiparallel
configuration, leading to a TMR value ≠0. For different coercive fields of the two electrodes
the magnetic configuration goes from parallell to antiparallel state and then is back
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to parallel state in a varying magnetic field. A typical TMR measurement is shown in the
Figure 3.9 [139].

Figure 3.9 TMR effect observed in CoFe/Al2O3/Co MTJ. The arrows
indicate the relative magnetization orientation in the CoFe and
Co layers [150 ].

The TMR is a consequence of spin-dependent tunneling, an imbalance in the electric current
carried by up- and down-spin electrons tunneling from a ferromagnet through the tunneling
barrier [149]. The origin of this phenomenon can be explained by the fact that the probability
for an electron to tunnel through the barrier depends on its wave vector. In a ferromagnet, the
electronic bands are exchange split, which implies different wave vectors for the up- and
down-spin electrons and consequently a tunneling probability that depends on the spin [149].

3.1.3.1 Julliere’s experiments and model
For the first time, the TMR was measured in 1975 by Julliere in a ferromagnetic/insulator/
ferromagnetic tunnel junction [151]. He observed that the tunneling current depends on the
orientation of the two ferromagnetic electrodes, giving rise to a TMR amplitude. For the
experiments, he used Co and Fe as ferromagnets with different coercivity fields and a Ge
barrier layer. The experiment was done at 4.2 K. He observed a maximum amplitude of about
14% at low temperature, which decreased with increasing bias voltage due to spin-flip
scattering at the ferromagnet/barrier interfaces [149]. Juliere tried to explain his results by a
simple model, which was based on two assumptions: the spin of the electrons is conserved in
the tunneling process
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and the tunneling of up- and down-spin electrons are two independent processes, so the
conductance occurs in the two independent spin channels [149] .
Such a two-current model was also previously used to understand GMR phenomena. Based
on this assumption, electrons from one spin state of the first ferromagnet can move to unfilled
states of the same spin of the second ferromagnet [149]. When the two ferromagnetic films
are magnetized parallel, the minority spins tunnel to the minority states and the majority spins
tunnel to the majority states. For antiparallel magnetizations the majority spins of the first
magnetic layer tunnel to the minority states of the second magnetic layer and vice versa.
Julliere also assumed that the conductance for each spin orientation is proportional to the
product of the tunneling rate of the two ferromagnetic electrodes [149]. The conductance for
the parallel and antiparallel alignment, GP and GAP, can be given by:

Gp α ρ1↑ρ2↑+ρ1↓ρ2↓
↑

↓

↓

GAPαρ1 ρ2 +ρ1 ρ2

↑

(3.10)
(3.11)

where ρi↑ and ρi↓ are the tunneling DOS (DOS-density of state, the tunneling DOS is
understood for itinerant electrons with spin of the ferromagnetic electrodes for different spin
orientation. [149] According to these two equations, the parallel and antiparallel configuration
has different conduction, which gives a TMR value different from zero. When the orientation
of the two ferromagnetic layers is changing from parallel to antiparallel configuration, the
TMR is given as :

(3.12)
TMR=(RAP-RP)/RP

where RRP and RAP are the resistances for the magnetizations of the electrodes parallel and
antiparallel. The TMR can be also expressed by the polarization of the electrodes with respect
to spin :
TMR=2P1P2/(1-P1P2)

(3.13)

where P1 and P2 are the spin polarization of two ferromagnetic electrodes [149].

3.1.3.2 Slonczewski ‘s model
The first true theoretical model of TMR was given by Slonczewski [149]. This model was
based on the assumption that electrons tunnel through a rectangular potential barrier. The
ferromagnet was described with two parabolic bands shifted to each other to model the
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exchange splitting of the spin bands [149]. His calculations were based on the one-electron
Hamiltonian within the free electron approximation. He considered a perfect junction with
translation symmetry along the layers and with wave functions of the electrons across the
junction [149]. His consideration started from the Schrödinger equation and he calculated the
conductance as a function of the relative magnetizations of the two ferromagnetic layers.
Slonczewski assumed that the external voltage is small and the potential is zero in the
electrodes and V0 in the barrier. He found that the conductance is a linear function of the
cosine of the angle θ between the magnetic moments of the two ferromagnetic layer.:
(3.14)

G(θ) = G0 ( 1 + P2cos θ)

where P is the spin polarization of tunneling electrons expressed by:
P

=

k↑-k↓

k2-k↑ k↓

k↑+k↓

k2+k↑k↓

(3.15)

where k is the constant of the decay of the wave function into the barrier and is dependent on
the potential of the barrier height U: k=[(2m/ħ2)(U-EF)]1/2 [149].
The magnitude of the TMR decreases with decreasing U and changes sign for a very thin
barrier [149].

3.2 Spin Valve
Spin valves where the first time introduced in 1991 [152]. They usually consist of two
ferromagnetic layer, separated by a Cu spacer. One of the magnetic layer has pinned
magnetization and the other can free by rotate. The free layer is usually built from Co90Fe10
or a Ni80Fe20/Co or Ni80Fe20 bilayer [153]. The pinned ferromagnetic layer is coupled by
exchange to an antiferromagnet. The MR value for the first spin valve was in the range from
6

to

10% [153]. A typical

exchange

–biased

spin

valve layer structure is

Ni80Fe20/Cu/Ni80Fe20/Fe50Mn50. The upper permalloy layer is exchange biased to an
antiferomagnetic layer of Fe50Mn50. An example of a magnetization loop in Figure 3.10
shows that the pinned layer switches far from zero field due to the exchange bias. The free
layers usually are switched around zero field [154]. A small offset due to coupling to the
pinned layer to the free layer can be observed (see Figure 3.10).
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Figure 3.10 A schematic of the magnetization loop for
spin valve structure [155].
There are different configurations of spin valves such as bottom spin valve and symmetric
spin valve [154]. In the first spin valve structure the biased layer is added in the bottom of
structure. This type of design usually introduces a growth problem, because the biasing
antiferomagnetic layer is not deposited on the magnetically saturated film and the magnetic
structure of the antiferomagnetic layer is random [154]. Examples of magnetoresistance
measurements for a bottom spin valve structure with a NiFe seed layer and for asymteric spin
valve structure are presented in Figure 3.11.
(a)

(b)

Figure 3.11 Magnetoresistive response for different Spin Valve structures
( a) bottom structure and (b) asymmetric structure [155].
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The asymmetric spin valve structures are built up from three magnetic layers, and two Cu
spacer layers. The top and bottom layers are pinned by an antiferomagnet. The magnetic field
is applied in the pinning direction and the free layer is swept in hard axis direction [154]. The
sensor shows reduced hysteresis and linear response. This type of sensor is more
recommended for biosensor industry due to the linear response.

3.3 Magnetic Tunnel Junction
A magnetic tunnel junction (MTJ) consists of two ferromagnetic thin films separated by a thin
insulating barrier. The insulating layer thickness is in the range of few nanometers or less so
that electrons can tunnel through the barrier if a bias voltage is applied between the two
electrodes across the insulator. The tunneling current depends on the relative orientation of
the magnetizations of the two ferromagnetic layers, which can be changed by an applied
magnetic field [156]. When a voltage V is applied to the structure, the Fermi level of one of
the electrodes shifts by eV with respect to the other one [156] (Figure3.12). The electron can
tunnel in both direction: from the left to the right electrode and from the right to the left. To
calculate the total tunneling current, one has first to calculate

the current from the left

electrode (L) to the right electrode (R) [156]. The current depends on the density of states at a
given energy in the left electrode, ρL(E), the density of states at the same energy in the right
electrode, ρR (E+eV ), the probability of transmission through the barrier expressed as the
square of a matrix element │M│2 and also on the probabilities that the states in the left
electrode are occupied and the states in the right electrode are empty [156].

These

probabilities are determined by the Fermi-Dirac function as f(E) and [1-f(E+eV)] [156]. The
tunneling current from the left electrode to the right electrode is calculated as,

+∞

(3.16)

Il→r(V)=∫ ρl(E)ρr(E+eV) |M|2 f(E)[1-f(E+eV)]dE
-∞

and the total current is given by ITotal= IL-R - IR-L.
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Figure 3.12 Diagram for a Metal/Insulator/Metal structure with an applied bias eV [157].
In a magnetic tunnel junction, due to the ferromagnetic nature of the electrodes, the tunneling
is spin dependent giving rise to a magnetoresistance effect: the junction resistance depends on
the relative orientation of the magnetization in the top and the bottom layer [149]. The
magnetoresistance of a tunnel junction can be measured only if the magnetization directions
of the top and the bottom layer can be switched from a parallel orientation to an antiparallel
orientation [149]. An antiparallel alignment can be obtained by using materials with different
coercive fields (a soft-hard system) or by exchange coupling one of the layers to an
antiferromagnet (exchange biasing) [149]. A typical MTJ major loop and a minor loop is
presented in the figure 3.13.
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Figure 3.13 Magneto-resistance response of the MTJ sensor composed of
Ta6.5nm/Cu30nm/Ta19nm/Py4nm/Co3nm/ Mn83Ir17 (15nm)/ Al1.4nm/Ni80Fe20 (5nm)/ Ta6.5nm
The resistance changes by 47 % in a field range of 10 Oe, resulting in a high sensitivity of
about 5 %/Oe.

The changes from parallel configuration to antiparallel configuration state cause the changes
in resistance by ~50% at room temperature. The resistance changes in a field range of 10 Oe,
that results in a high mean sensitivity of about 5%/Oe.
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3.3.1 Exchange bias
The exchange bias was reported for the first time for Co particles by Meiklejohn and Bean in
1956 [158]. This phenomenon is based on the exchange interaction between the
antiferromagnet and ferromagnet at their interface [159] and found applications in information
storage technology. Meiklejohn and Bean observed that hysteresis loops below room
temperature of Co nanoparticles are shifted along the field axis after cooling in an applied
field [159]. The explanation was based on the theory that the particles shells have been
oxidized to CoO, which is an antiferromagnet. Then the particle was considered as a complex
of a ferromagnetic Co core and an antiferromagnetic CoO shell. In their publications they
described how the exchange interaction can produce a shift in the hysteresis loop of a
ferromagnetic [159]. Figure 3.14 shows this mechanism of exchange bias.

FM
AFM

FM

Figure 3.14 Mechanism of exchange bias [160].

In the case, when the Curie temperature of the ferromagnet is larger then the Neel temperature
of the antiferomagent TC>TN then the ferromagnetic magnetization will align in the field
direction, while the AFM spins will remain paramagnetic for T>TN. If the temperature T is
lowered below TN, the net localized AFM spins will couple to the aligned FM spins [159].
The hysteresis loop is usually shifted along the field axis in the opposite direction (negative)
to the cooling field. The loop shift is termed exchange bias [159]. The hysteresis loop of the
ferromagnet has also an increased coercivity, HC, after the field cool procedure [159]. The
exchange bias can be better understood using a scheme presented in a figure 3.15.
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T<TN

H

AFM
FM

AFM
FM

AFM
FM

AFM

Figure 3.15 Diagram of the spin configuration for the structure FM-AFM [159].
In an initial step, when the temperature stays in the range TN <T<TC the ferromagnetic spins
line up according to the applied magnetic field, but the AFM spins stay random. After cooling
to a temperature T<TN, in the presence of the magnetic field, the AFM aligns
ferromagnetically due to interaction at the interface [159]. In the case, when the temperature T
> TN, the FM spins starts to rotate and the AFM spin stays in the same configuration [159].
The interfacial interaction between the FM-AFM causes ferromagnetically alignment of FM
spins with the AFM spins at the interface. One can say that FM spins have one single stable
configuration, so the anisotropy is unidirectional [159].
When the field is rotated and it’s back to the previous direction, the FM spins start rotating at
small field due to interactions with the AFM spins. The material sees an additional biasing
field that causes the shift in the FM hysteresis loop in the field axis, the so-called exchange
bias [159].

3.3.2 Orange peel coupling
In 1962, Neel studied the ferromagnetic coupling between two magnetic layers with in-plane
magnetization separated by a non magnetic layer [162,163]. This phenomenon was termed
orange peel coupling and occurs when the interface shows correlated in-phase waviness. It
decreases exponentially with spacer layer thickness [162]. The concept of orange peel
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coupling was previously developed for the thick layers and adopted to the thin films
technology by Kools et al. in 1999 [162].
For a magnetic layer system the dipolar coupling field is expressed by:
H d=

π2h2MH
exp(-2π√2d/λ)×[1-exp(-2π√2ts/λ)] ×[1-exp(-2π√2tH/λ)]
√2λts

(3.17)

where λ and h are the correlation length and the height of the film roughness, d is the
interlayer thickness, tS and tH are the thickness of the hard and soft magnetic films and MH the
magnetization of the hard magnetic layer. The model presented here was based on the
assumption that there is no phase, amplitude, or correlation length difference in the topology
of the various layer surface [162]. Based on equation 3.17, one has noticed that film and
interfacial roughness cause a ferromagnetic coupling in a multilayer system. The
ferromagnetic coupling field weakens an antiparallel magnetization orientation. For this
reason the antiparallel configuration can become unstable or there is no antiparallel state
[162].

3.4 Experiments with magnetoresistive biosensors
A magnetoresistive biosensor was demonstrated for the first time by Baselt et al. in 1998
[164] (see Figure 3.16).

1st public.

Sensor type

1998

GMR

02/2004

GMR/MTJ

IMEC, Leuven,

2002
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INESC,Lisbon, Portugal

2002

Spin Valve

Stanford/IBM

2003

Spin Valve

Philips Reasearch Labs

2004

Spin Valve

NVL/NV
E
Universität Bielefeld

Figure 3.16 Magnetic biosensor evaluation [165].
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In their experiment they measured the stray fields of the magnetic particles.The sensors were
fabricated using magnetoresistive computer memory technology.
The experiment was performed with 2.8 µm Dynabeads M-280 on 80×5µm2 GMR strips.
They obtained an optimal signal-to-noise ratio corresponding to a detection limit of about one
bead per strip [164]. Further, this idea was developed in a Bead Array Counter termed BARC,
that uses DNA hybridization to detect biological warfare agents [80,84] (see figure 3.17a).

(a)

(b)

Figure 3.17 Different concepts of magnetic biosensors: (a) BARC II from Naval Research
Laboratory (USA, Washington)(b) large area sensor from University of Bielefeld [165].

Further magnetoresistive biosensors were developed by a number of groups with different
types of sensors and with different aims of detection (see Figure 3.16) [84]. Recently, in our
group from the University of Bielefeld we developed similar sensors, but with a larger area
and spiral-shaped lines (see figure 3.17). Each sensor element was in the size of a probe
DNA spot. The sensor has a 75 µm diameter spiral shape that is ideal for pen spotted or
injected DNA probes (see figure 3.17).

We also focused on the detection of

smaller

magnetic particles, down to 0.35 µm diameter [75,84]. The new BARC-III biosensor from the
Naval research group has also circular spots, 200 µm in diameter, including GMR strips
connected in series [164].

3.5 Single magnetic particle detection
Since 2002 we are developing a small area MTJs sensor for the detection of single magnetic
particles/molecules and this is a subject of the presented PhD thesis. In 2003, the group of
Wang et al. at IBM Stanford also focused on detection of a single bead, with the aim of
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detecting a single DNA fragment [82,84]. They used small area sensor with a width 1 to 3µm
of the spin valve type with magnetoresistance (MR) of 10.3% (See figure 3.18).

Single beads 2.8µm

Figure 3.18 Detection of single magnetic particle using spin valve type sensor. The highest
sensitivity for single detection is achieved when the size of the sensor matches the particle
size [165].
In this experiment they demonstrated that the detection of a single 2.8 µm Dynal particle is
possible with a spin valve type sensor [82,84]. In addition to the experiments a micromagnetic
simulation was performed [82]. Simulation and experiment suggest that this type of sensor
would be able to detect few 11 nm Co and other nanoparticles and make the identification of a
single DNA fragment possible [82,84].
In our case we developed MTJ sensor that is much more sensitive that the spin valve sensor
and the aim is to detect small sized magnetic particles with diameters up to 250 nm. Spin
valve sensors and GMR sensors are the most common biosensor types; MTJs sensor and
detection of single magnetic nanoparticles are still very novel.
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4. Magnetic tunnel junction sensor (MTJ sensor)
From an experimental point of view, producing a high quality magnetic tunnel junction sensor
is a complex task. One has to prepare a stable sensor with high MR amplitude and small area.
In the following chapter a detailed description of the techniques used to design and fabricate
(MTJ) sensors such as: magnetron sputtering, optical/e-beam lithography and ion beam
etching are reported. A short overview on thin film analysis methods and characterization
tools for MTJ sensor, as used in this work, is also presented.
4.1 Fabrication of MTJ sensor
In this section, the fundamentals of MTJ sensor fabrication will be discussed and the major
steps of the process will be described. It is critical that all the magnetic tunnel junction
elements operate with nearly identical characteristics. For this reason, this part will focus on
the general outline of the process and on the interaction of various processing steps, which
determine the quality and the performance of the sensor.

4.1.1 Silicon substrate
The device fabrication usually begins with the
choice of the substrate. Magnetic tunnel junctions
are fabricated on a silicon wafers that are often used
as substrates in magnetoresistive technology due to
their low roughness. For our experiments, thermally
oxidized silicon wafers from CrysTec with an
amorphous silicon oxide layer of approximately 50
nm thickness were used. Native oxide silicon
wafers are not used in the fabrication process,
because the substrate shorts the devices electrically
at

room temperature.

The deposition

Figure 4.1 Silicon wafers.

of the

magnetic tunnel junction structure starts with the
substrate

preparation.

Depending

on

the

experiments, complete wafers are used or the
substrates are cut into proper dimensions.
69

Experimental parts

Chapter 4 Magnetic tunnel junction sensor (MTJ sensor)

_____________________________________________________________________________
In the next step, the wafers are cleaned from organic materials and any particles by using
compressed dry N2. Additionally, the substrates can be also ultrasonically cleaned by acetone
and ethanol for 2 minutes in each solution and then dried using compressed dry nitrogen.
When the cleaning procedure is finished, the substrate is ready for deposition.
4.1.2 Magnetic Tunnel Junction deposition
MTJs structures are deposited in a magnetron sputtering ClAB 600 systems from Leybold
Vakuum GmBH [166]. It is a fully automatic system that consists of a sputter chamber with
six four inch magnetron sputter cathodes: two RF and four DC magnetron sputter cathodes, a
substrate rotating table and a central robot handling system [166]. Additionally the system
consists of an oxidation chamber with an electron cyclotron resonance (ECR) oxygen plasma
source from Roth & Rau GmbH, which is used to produce the Al2O3 tunneling barrier of the
MTJs structures .
(a)

(b)

(c)

(d)

Rotation Table
Transfer Chamber
Sputter Targets

d)
Figure 4.2 (a) CLAB 600 deposition system from Leybold Vakumm Gmbh, as used in this
work to fabricate MTJ sensor (b) and (c) deposition chamber with six sputtering targets (d)
transfer chamber between load lock, sputter chamber and oxidation chamber.
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A more detailed description of the major components of CLAB systems can be found in the
reference [167].

4.1.2.1 The physical principles of the process
Magnetron sputtering is a vacuum process used to deposit high quality thin films on
substrates. The materials used in the process are usually in the form of plates called targets.
The target is fixed in a chamber, which is filled with argon gas usually at a pressure in the
raugh some militorr. The substrate to be coated is mounted facing the target [168] .
The simplest sputtering process is called DC or diode sputtering. It is a process, where a
negative external potential is applied to charge the target. When argon is introduced to the
vacuum chamber, the high negative potential ionizes the gas and creates a plasma. The
positively charged argon ions are then accelerated towards the target, striking the target atoms
and transferring their momentum to them [169]. The target is thus bombarded by high
energetic ions that lead to the sputtering of the target atoms and to the formation of thin films
on the substrate (see figure 4.3). This process is also called diode sputtering, because the
target is usually placed at the cathode side (negative potential) and the substrate is at the
anode side [168].

Figure 4.3 Material deposition of thin films through the DC sputtering [170].
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In magnetron sputtering, a permanent magnet is used to generate a magnetic field that traps
electrons from the plasma near the target in order to increase the ionization of the gas atoms
and the deposition rate [168]. From the physical point of view, the magnetic field is used in
the process to control the motion of electrons. According to Lorentz’s law, the force F on
particle with a charge of q and a velocity ν in a magnetic field B is given by:
F= qν × B

(4.1)

Thus a magnetic field applied to a plasma causes the charged particles to move in helical
paths with a radius r of:
r=

mν
(4.2)
qB

m is the mass of the charged particle, q is the charge of the particle and ν⊥ the component of
the particle’s velocity normal to the applied magnetic field B [169]. The radius of the helix in
equation (4.2) is proportional to the mass of the charged particle. Because electrons are much
lighter than ions, only electrons are affected by the magnetic field. The movement of the
electrons in the helical paths ionizes the gas molecules through collision. The plasma density
is increased at the target surface and this increases the sputtering rate from the target. The
sputtered target atoms are neutrally charged, so that they are not affected by the magnetic
field and can move in the direction of the substrate to form a coating layer [168]. The
magnetron sputtering requires a minimum field of about 15.9 kA/m for most non magnetic
sputter targets. For other targets such us permalloy the magnetron has to produce a much
higher field, because the target shunts the magnetron field [169].

4.1.2.2 The growth procedure
The procedure of growing magnetic tunnel junctions is as follows: first the sample is fixed
onto the sample holder by using a small drop of silver paste and cleaned with compressed dry
nitrogen. When this procedures are finished, the sample is transferred into a Load Lock
chamber. The whole system is then pumped until the pressure reaches a value of < 3×10-7.
Then the sample is automatically transported to the sputter chamber, where it is placed on the
rotation stage. For growing the film stacks for the magnetic tunnel junctions,
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different types of sputter targets are used such as Aluminium (Al), Tantalum (Ta), Coper
(Cu), Manganese Iridium (MnIr), Cobalt Iron (CoFe) and Permalloy (NiFe). The sample is
rotated automatically inside chamber over the sputter targets, where the argon plasma is
ignited. The thicknesses of the sputtered layers depend on the growth conditions, i.e.
deposition rate and time:

d = C x ( t + 0.55 s)

(4.3)

Where d is the thickness of the growing layer in nm, C is the deposition rate in nm/s and t is
the deposition time in s. The constant time (0.55s) corresponds to the opening of the shutter.
The necessary deposition rate of the sputter materials are verified experimentally using X-ray
diffraction or atomic force microscopy (AFM) [167].
The deposition time is calculated from the equation (4.3). Further, these data together with
other sputter parameters such as argon flow are transferred to the computer.
The layers are sputtered at a power of 115 W with an argon flow of 1.3x10-3 mbar. The
deposition process of an MTJ stack is divided into three parts. First the seed layer together
with the bottom electrode and the barrier material are deposited. When the process is finished,
the sample is automatically transported to the chamber, where the oxidation process of the
barrier material takes place. The layer is oxidized for 100 sec at an oxygen pressure of
3×10-3 mbar and a microwave power of 275 W with a DC bias voltage at the sample of –10 V.
After the Al-oxide layer is formed, the sample is transported again to the sputter chamber,
where the upper electrode together with protection layers are deposited. When the process is
finished the sample comes back to the Load Lock chamber. The complete sputtering process
including sample preparation takes about 50 minutes.
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4.1.3

Vacuum furnace

The MTJ films are transported as deposited to a
vacuum furnace to enhance the exchange biasing
and to improve the magneto resistance amplitude.
The procedure is as follows: the samples are heated
to 275° ( over the Néel temperature ) at a pressure
below 1×10-7 mbar and are kept at this temperature
for 10 minutes. Further, the samples are cooled
down to a room temperature in about 30 minutes in
a homogeneous magnetic field of 80 kA/m to define
the direction of the unidirectional exchange
anisotropy [75] (see figure 4.4). In case where the
two

ferromagnetic

layers

require

different

directions, the exchange bias is introduced by
depositing the ferromagnetic layer in two different
magnetic masks.

4.1.4

Figure 4.4 Vacumm furniture
as used in this work.

Lithography

In this work, different types of lithography are used to pattern submicron elements such as
UV, E-beam, and Laser lithography. Generally, the lithography process can be divided in six
steps: sample or wafer cleaning, photoresist coating, baking, exposure, development, Lift Off
or etching. This section provides a short introduction to the pattering processes including
specific considerations of the e-beam lithography, which is the favored tool for the fabrication
of magnetic tunnel junction elements.
4.1.4.1 Sample or wafer cleaning
The procedure of sample cleaning is the same as in the deposition process. The samples are
cleaned with compressed dry nitrogen N2. The samples can also be ultrasonically cleaned by
acetone and ethanol for 2 minutes in each solution and dried by using compressed dry
nitrogen. This additional procedure is preferred if, for instance, many particles adhere to the
surface. This can occur, e.g., when the wafer is cut to required dimensions. These particles are
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not easily removed by blowing with dry nitrogen. The surface of the sample is checked before
the lithography process is started, for example using optical microscope.

4.1.4.2 Photoresist coating
The lithography process starts with the choice of a
photosensitive material. This material is usually called
Radiation

resist or photoresist. In definition, a photosensitive
material is a material which changes its physical
properties upon being exposed to radiation [171]. When
the resist is exposed

for example through a mask, the

pattern of the mask is transferred (see the figure 4.5). The

Mask

Resist
Substrate
Substrate

properties of the exposed resist are different from those
of the unexposed resist [171]. This means, that exposure
increases or decreases the solubility in a solvent called
developer. The resist itself is made from
materials and can be classified

in

two

polymer

Substrate
Substrate
The propeties of resist are changing in
place of exposure

groups:

Figure 4.5 Transmission of pattern.
to the photoresist [172].
response of the resist to the exposure. Figure 4.5 shows the photolithography process with
positive

and

negative. This relies on the

negative and positive resist. When the positive resist is developed in a solution, the exposed
regions of the material are removed; for a negative resist, after developing procedure, the
unexposed region is removed [171] (see figure 4.6).
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Radiation

Mask

Resist
Substrate
Substrate
The propeties of resist are changing in
place of exposure

Substrate
Substrate

Sample in developer solution

Substrate

After development with
Positive resist

Substrate

Negative resist

Substrate

Figure 4.6 A scheme presenting the photolithography
with positive and negative resists [172].
In our lithography process, different types of resists- positive and negative are used. They are
supplied by ALLRESIST Gmbh [173]. The positive resist ( AR-P 610.03) is suitable for ebeam lithography.
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It is chemically composed from copolymers, which have a high sensitivity to electron
irradiation. This type of resist adheres to glass, silicon or metals and is suitable for
nanolithography down to 30 nm [173].
To simplify the photolithography process in the fabrication of the sensor, the negative AR-N
7500.13 is used. This resist gives a good resolution (< 80 nm) and can be applied to pattern
nanometer structures. It has also other advantages such as a good plasma etching stability.
The resists contains novolak resins, naphthochinondiazides and cross linking compounds in
solvents (propylene glycol methyl ether acetate). Additionally, it can be adapted for UV
exposure with a wavelength range between 310 - 450 nm. The resist layer can be developed
in an aqueous alkaline developer [173].
For a one step processes, the laser lithography or UV lithography is used. The positive
resist adequate for this kind of lithography is AR P 535. This resist is used to produce a so
called undercut profile; this means that it is used in the lithography process involving
deposition, baking, exposure and development without any further procedure. It is a high
sensitive resist and adheres very well to metal or oxide surfaces [173].
The deposition of all resists takes place in the clean room, because the photoresists are
sensitive to white light. The resist is deposited on the surface by spin coating technique. This
procedure usually has three steps. In the first step the resist is spread onto the wafer surface.
Further, the wafer is accelerated to the correct rotational speed, which depends on the type of
resist and the desired thickness. Finally, the resist is spinning at constant speed and allowed to
dry for a few second. The spin coating parameters for the resist used in this work are
presented in the table 4.1.

SPIN COATING
RESIST NUMBER

TYPE OF RESIST

PARAMETERS

SPEED [RPM]

TIME [S]

AR P 610.03

positive

4000

60

AR P 535

positive

4000

30

AR N 750.12

negative

4000

30

Table 4.1 Spin coating parameters as used in this work for different photoresists.
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4.1.4.3 Baking
After the spin coating procedure, a baking of the resist is necessary. The wafers are heated on
a hot plate from the reverse side. The bake temperature depends upon the type of resist. The
positive AR P 610.03 resist is baked at 150 °C for 30 minutes. The time of baking for the
negative AR N 7500.13 takes only 3 min at 85 °C. The optical positive AR P 535 resist
requires baking at 95 °C for 30 min. During the baking process the solvent is removed, the
resist adhesion is increased and the stress between the resist and the substrate is decreased
[169].

4.1.4.4 Exposure with electron beam lithography
Electron beam lithography is the main procedure used for
magnetic tunnel junction element pattering. Here a LEO
series 1530 field emission electron microscope with Raith
Elphy Plus lithography system is employed [174,175].
This type of microscope is a fully computer controlled
tool. The commands are transported to the electronic
Figure 4.7 Photograph of the
scanning electron microscope
is controlled by a joystick and additionally by the
Leo 1530.
Figure
of the on
operation panel [176]. The sample coated with the resist is placed in 4.7
the Photograph
vacuum chamber
system using fibre-optical cables.

The sample

stage

the microscope stage. The beam is produced by a thermic field emission cathode, Schottky
emitter (ZrO/W cathode) [176]. When the sample is placed in the microscope vacuum
chamber, the whole system is pumped until it reaches a vacuum of 8-9 x10-7 mbar; then the
acceleration voltage appears on the display.

The accelerating voltage for the Leo1530

microscope can be varied between 100V and 30 kV. The exposure of the resist structure is
done in this work at an accelerating voltage of 20 kV [176].
There are some important parameters that have to be adjusted during the exposure such as
magnification, focus, stigmator and beam alignment.
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In the first step it is necessary to adjust the magnification. The structures are usually not in
focus in the X and Y direction. After this procedure, the image is correctly focused [176]. For
a small magnetic tunnel junction element, the focus adjustment is very important. It is
recommended to
focus onto a very small object with a size below the future pattering and then onto the whole
image.
To fabricate a high quality pattern, it is essential to adjust the apertures. In the Leo 1530
system, different types of apertures can be chosen. The standard one is a 30µm aperture used
for most microscopy work such as imaging. For highest resolution and lithography purposes
the apertures 20µm, 10µm and 7.5µm are used. In this work, the patterns were prepared with
the aperture of 20µm. The apertures are usually adjusted by clicking “Aperture Alignment”
and moving the mouse to the left or the right for X alignment and up or down for Y
alignment. It is also possible to align the aperture by activating the control box with Focus
Wobble. The drift of the image during the focussing signalises that the beam is not passing
through the aperture centre. In this case the alignment can be corrected by moving the image
in the X or Y direction. When the aperture and magnification parameters are adjustment the
sample is ready for exposure [176].
In e-beam lithography not only the adjustment of the parameters is significant. It is also
necessary to chose an accurate dose to change the properties of the resist during exposure.
Every photoresists has different sensitivities to different electron energies. The dose for the
chosen photoresist is constant for patterns with equal size. In many cases, this value may
change for example with the resist thickness or due to a highly reflective layer below the
resist [171]. For positive photoresist, an incorrect value of dosage may produce a pattern
with eroded edges, decreased size and/or with less sharpness on the corners (see figure 4.8)
[171]. In the case of negative resist, patterns with an incorrect dosage become larger than the
designed structure. The sample may also have low sharpness at the corners [171].
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200nm

200nm

200nm

(b)

(c)

1

(a)

Figure 4.8 Exposure of positive resist with different dosage value:
a-1.0 µC/cm²,b-1.6 µC/cm²,c-2.07 µC/cm² at accelerating voltage of 20kV.
There are several steps during pattering of magnetic tunnel junction elements. Each step
consists of deposition of resist, baking, exposure, developing in a solution and etching. The
number of steps depends on the element design and the type of the resist used. It is very
important that various patterns of different lithography steps are aligned to each other, as
they consequently make

one complete structure. The alignment can be

achieved by

introducing a special mark in the structure design (see figure 4.9). It is important that marks
are introduced in every lithography step, as they are reference points for future positioning
and localization of previously exposed

structures [171]. The precise alignment of the

patterns has influence on the quality of the fabricated devices.

Low
electrode

(a)

Mark

(b)

Mark

TMR
elements

contact line

Figure 4.9 Optical microscope photo of sensor elements with contact lines;
(a) and (b) alignment marks used for exposure of TMR elements on the low
electrode and for positioning of contact lines.
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4.1.4.5 Exposure with UV and Laser Lithography
The UV and Laser lithography system is used in this work for patterns requiring only one
step of lithography such as the exposure of simple TMR elements. Such TMR structures have
to be fabricated for the measurement of the MR amplitude and the resistance area product of
the film systems. The test on simple TMR structures to be carried out before the pattering of
complex magnetic tunnel junction structures is started. It can take one weak to finish
complete a lithography process used for the fabrication of magnetic tunnel junction sensors.
First, one therefore has to check that the quality of the film stack is acceptable before starting
a complicated exposure process.
The UV lithography system is an easy way to produce structures larger than about 5µm. For
this experiment the UV-mask lithography system from Thermo Oriel has been used [177].
The mask was made from tantalum on glass by Laser Lithography. During the exposure the
mask is placed on the top of the sample and an appropriate UV exposure is performed. The
whole process takes about 3 to 5sec. Figure 4.10 shows the mask design used for the UVexposure [85]. The patterned TMR elements have an area size: 90000µm2, 40000µm2,
10000µm2, 506.25µm2 and 56,25µm2 [85].

Figure 4.10 Mask used in the UV-photolithography exposure [85].

DWL 66 Laser Lithography system from Heidelberg
Instruments GmbH is a high resolution direct writing
system used in this work [178]. It is used to pattern on
silicon substrates and also for mask making. A
photograph of the apparatus is presented in the Figure
4.11. The system is equipped with a 4 mm write head and
a camera for alignment of the patterns.
The resolution of the instrumentation is 40nm. The
system can fabricate patterns with a minimum size of
1.2µm.

Figure 4.11 DWL 66 from
Heidelberg Instrumentation
GmbH [178]. .
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This direct writing system uses a laser as a radiation source (laser from Melles Griot) with an
output power of 90 mW at a wavelength of 442 nm [75].

4.1.4.6 Etching
The etching process is responsible for the correct transformation of the designed patterns in
the metal [179]. This section will introduce the Ion Beam Etching procedure used in this
work.
During the IBE process, the wafer is placed in a vacuum chamber, and exposed to an ion
beam [179]. The ion beam is produced by an Ar gas, which is fed into the source chamber
and ionised by electron bombardment. The ions erode the target and etch away the areas not
covered by the photoresist.
In this work, two different systems have been used for pattern transformation. The TMR
elements are etched using the UniLab system from Roth&Rau AG [180]. The system works
with the base pressure of 5 ⋅ 10 -5mbarr. The etching process is started at an Ar pressure of
1.2 ⋅ 10 -3 mbarr. The ion source operates at a discharge voltage of 55 V, a beam voltage of
400 V, an accelerator voltage of 30 V and a beam current of 7 mA. To create the circularly
homogeneous etching area, the sample is tilted at an angle of 30° and rotates slowly inside a
vacuum chamber. The electric current through the sample holder measures the ion dosage
[75].
For a multi-step lithography, the etching apparatus built up at the Bielefeld University has
been used. During this step of the process, a quadrupole mass spectrometer is employed for
monitoring the etching procedure [85]. The sample is placed in a vacuum chamber with a
base pressure of 2 ⋅ 10 -8 mbar and an argon pressure of 4 ⋅ 10 -4 mbar. Here the discharge
voltage is 50V, the beam voltage is 400V, the accelerator voltage is 30V and the beam
current is 6mA. Before the etching process is started, the sample is tilted to 35° and the
rotation is initiated. The etching rate is controlled by measuring the sample current, which
has to be kept at around 400µA during the process [85]. The advantage of this method is
that the end point for etching can be easily identified by the mass spectrometer.
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4.1.4.7 Lift-off procedure
Lift-off is a simply procedure of remove undesired parts from the sample. There are different
lift off procedures for positive and negative resist. The negative resist is removed in a Nmethyl-2pyrolidinone (NMP) remover for 60 minutes at 80°C in an ultrasonic bath. The
positive resist is removed in AR-300-70 solution for 15 minutes and the temperature is less
important. The solution is dried from the sample using compressed dry N2. Small patterns
require longer time in the remover than predicted by the standard parameters. When the
procedure is finished, the structures have to be scrutinized in the optical microscope. In case
of small patterns it is difficult to remove negative resist completely at the edges of the
structure.

4.2 Characterization tool for an MTJ sensor
4.2.1 Energy dispersive X-ray sensor (EDX)
Additionally, the LEO 1530 field emission scanning electron microscope is equipped with an
EDX (Energy dispersive X-ray) system from OXFORD Instruments [181]. This tool is not
only useful for the elemental surface analysis, but the X-rays can penetrate the sample to a
depth of about 2 µm [75]. We used the EDX mainly to define the end point of the etching
processes. The typical detector used in EDX is a Lithium drifted Silicon detector. It works at
liquid nitrogen temperature. The beam energy used for the EDX is 20 keV.
During the EDX measurement, the incident beam penetrates the sample and creates
secondary electrons. Thus, there are a lot of atoms with holes in the electrons shells. Then,
the atoms will be stabilized by dropping electrons from the outer shells. This generates
radiation in the form of X-rays. The X-rays strike the detector, generating photoelectrons
within the silicon. The photoelectrons move through the silicon to generate electron-hole
pairs. The electrons and holes are collected at the end of the detector by a strong electric
field. This generates a current pulse that depends on the number of electron-hole paires
created and thus on the incoming X-ray energy. Based on this it is possible to obtain
information about the elemental composition of the analysed materials [182].
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4.2.2 Magneto-optical Kerr effect (MOKE)
The Magneto-optical Kerr effect is used in this work to characterize the magnetic state of the
samples. The system is a home built apparatus made at Bielefeld University [183 ]. The
magneto-optical Kerr effect is a change in the intensity or polarization state of light reflected
from a magnetic material. These changes are proportional to the magnetization of the sample.
When the magnetic field is varied, it is possible to measure a hysteresis loop that characterizes
the magnetic state of the sample [184].
In particular, the MOKE apparatus built-up in our laboratory utilizes as light source a red
laser working at 0.5 mW. Two polarisers are used to define the polarization of the incoming
beam, and to analyse the beam after reflection at the sample. The beam from the polarizer is
transmitted to the detector (photodiode) which is connected to a Keithley K2000 multimeter
[183]. The magnetic field H is produced by Ferrite rod coils and the H- sweep is controlled by
the computer. The coils produced a maximum field of 3500 Oe with a 36V- 12A power
supply. A more detailed description of the apparatus can be found in the reference [183].

4.2.3 Optical microscope
An Axiotech Vario microscope from Zeiss is used for
microscopic observation and analysis of the sample
[185]. The microscope consist of 3 Epiplan objectives,
with magnification of 10x, 20x, 50x and 100x. The
sample is placed on top of a micro precision positioning
table from Parker. A CCD camera is attached to the
microscope with a

special software

available for

visualising, analysing and processing of digital images
[185].

Figure 4.12 Photo of optical
microscope as used in this work
[186].

4.2.4 Computerized Film Thickness Measurement System
The NanoSpec 210 is a Computerized Film Thickness Measurement System used for
measurement of small areas samples [187]. This tool is used in this work to measure the
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thickness of the SiO2 on the Si wafers. The SiO2 layer is necessary for the fabrication of a
MTJ sensor. The Nanospec system consists of an optical microscope and a personal computer
[187]. The optical microscope has a mechanical spectrophotometer head, which measures the
illuminating light wavelength from the sample surface in a range of 370 to 800 nm. The
microscope has three objective lenses: 5X, 10X, 15X and 50X magnifications [187]. It
measures the thickness of SiO2 layer down to 50 nm with an accuracy of 0.2 nm [75].

4.3 Transport measurement
The transport measurements are carried out by conventional 2 probe DC measurements
technique and are recorded by a computer. During the measurement, a voltage is applied to
the sample in the range from –2 to +2 V. The current is measured by an electrometer and the
signal is transmitted through six amplifier settings in the range from 1µa to 100mA [75, 183].
The output of the electrometer is measured by a Keithley Model 2000 digital multimeter
[183]. A homogeneous magnetic field is produced by two coils with a ferrite rod supplied
with a 36V - 12A power supplies and with an error of ± 5mV [183] (see Figure 4.13). The
maximum field produced by the coils is in the range of 3500Oe and is measured using a Bell
6010 Gauss/Tesla meter [183].

Coils
Sample
support

Bell Tesla meter

Figure 4.13 Photographs of the set up as used in this work
for transport measurement.
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4.3. 1 Measurements with an Atomic Force Microscope
A conventional standard Topomterix AFM microscope is assembled into

the transport

measurement system with the two Helmholtz coils [188] (see Figure 4.14). Two different
measurements are possible with this setup: topography of the MTJ sensor and

a

magnetoresistance map at constant magnetic field (for details of this experiments see chapter
6.4).

(a)

(b)

Figure 4.14 (a) and (b) Photos of Topometrix AFM microscope as used in this work for
topography and magnetoresistance map measurement.
An AFM usually consist of a sensing probe ( a tip), piezoelectric ceramics for positioning
the probe, an electronic unit and a computer for controlling the scan parameters, which can
be also used to generate an image [189].
4.3. 1.1 Basic of atomic force microscope
The AFM can operate in contact and non-contact scanning mode. In the contact AFM mode, a
tip is scanned across the sample surface with “direct” physical contact with the sample.
During scanning, the topographic features of the sample cause a deflection of the tip and
cantilever. A light beam is bounced off of the cantilever and reflected onto a four-section
photodector. The force applied to the tip (amount of deflection) is calculated from the
difference in the light intensity on the sectors of the photodetector [189].
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In non-contact AFM, the cantilever oscillates at its resonance frequency. In this mode, the
force gradients between the tip and sample are detected. When the probe is close to the
sample surface, the force gradient causes

a change in the oscillating frequency, amplitude

and phase of the vibrating cantilever. These changes are detected by the feedback-control loop
[189].

4.3. 1.2 Topometrix Instrumentation
A Topometrix is an easy to handle microscope that consist of TrueMetrixTM scanner system
and an open-loop software scanner linearization system [189]. There are two scanners used
with the Topometrix: tube and tripod. The tripod scanners are built up from separate X,Y, and
Z piezoelectric components. The tube scanners are constructed from cylindric piezo ceramics
with an outside surface divided into quadrants. Each quadrant is attached to a separate
voltage source. The inner surface forms a continuous electrode. When a voltage is applied to
the correct piezo quadrants the probes scans in X or Y direction. If the voltage is applied to all
quadrants, the scanner is moved in the Z direction. The piezo scanner´s movements are
controled by the TrueMetrix closed-loop scan linearizer [189] .
Additionally the microscope consist of the Electronic Control Unit (ECU-Plus) system that
is built up from 16-bit scanner controls in the X,Y, and Z directions. ECU-Plus provides an
electronic signal that controls the scanner, position of the device and an amplifier in the
microscope. It is directly connected to the computer, connectors and power supplies by
mother boards. The rear of the ECU has various input/output lines that allow to customize the
instruments configuration. Thus the output of an electrometer can be directly connected to
the rear and the recording of magnetoresistance map is possible. The system is also equipped
with a CCD video camera for viewing the tip and the sample at a 45° angle [189].

4.3. 1.3 Procedure for use of Topometrix Explorer AFM
The procedure of using the Topometrix AFM starts with the tip mounting. The tip is mounted
on the holder using a drop of a nail lack . It dries completely in 24 hours. In the same time, a
sample can be mounted on the microscope stage. After preparation, the AFM can be placed
on the microscope stage.

87

Experimental parts

Chapter 4 Magnetic tunnel junction sensor (MTJ sensor)

_____________________________________________________________________________
An important procedure in Topometrix operation is the beam alignment. Every time when a
new cantilever is mounted or the adjustments are altered, this procedure has to be repeated.
Three components play a significant role in AFM microscope beam alignment: the laser,
mirror and photodetector. The principle of the alignment procedure is to maximize the signal
at the photodetector and to equalize the amounts of light hitting each quadrant. The beam
alignment can be done using a software program.
The program is started with the scanner selection. Later on, the voltage is applied to the head
of the microscope and the laser is set on the high intensity. The cantilever tip is lowered by
using an icon. It is important to put attention to the tip shadow. This is a reference, which
give information how high above the sample the tip is. When the photodetector and the
mirror are correctly aligned, the laser signal is cantered on the photodiode quadrants. The
final adjustment has to be done by enter the Sum mode, where the laser signal can be
maximized. The initial scan parameters can be found in the reference [189].
The tip approach is starting with a setting of usually 50 nA. The tip is automatically
approaching. The scanning with the microscope can be started by clicking on the Instant
Scan button [189].
In the experiment a Olympus probes were used with resonance frequencies of approximately
70 kHz, and typical forces constant 2 N/m.
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5. Magnetic particle detection with MTJ sensors
The conventional detection of magnetic particles or molecules is based on fluorescent
techniques. A new detection method based on magnetoresistive technology has been
developed to address these shortcomings of the conventional technique [See section 3.4] .
In this chapter, the detection of particles using the principles of magnetic tunnel junction are
discussed. A magnetoresistive transducer is built using electron beam lithography and ion
beam etching technique. The sensor is coated with 1.5µm diameter iron oxide particles and
magnetized perpendicular to the sensor plane. The signal response of sensor elements with
and without magnetic particles is measured. This chapter concludes with comments and
recommendations concerning the detection of single magnetic particles.

5.1 Principle of detection
Iron oxide particles, encapsulated in a polymer matrix, are the most common particles used in
magnetoresistive biosensors. They exhibit superparamagnetic behavior with zero remanence.
An external magnetic field must be applied to magnetize the particles and to obtain a
detectable magnetic stray field. In principle, two different configurations are possible: the
magnetizing field could be applied perpendicular or parallel to the film plane of the
magnetoresistive sensor (See Figure 5.1).
(a)

(b)

MTJ sensor

MTJ sensor

Figure 5.1 Magnetic particle magnetization
(a) parallel to plane and (b) perpendicular to plane.
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The sensitivity of the sensor should not be affected by the magnetization field of the particles
[75]. The MTJ sensor usually contains a very thin magnetic layer in nanometer range.
Demagnetizing the field in the perpendicular to the plane of the ferromagnet can be expressed
as:
H d = N d ⋅M ≅ M

(5.1)

where Hd is the demagnetizing field and Nd is the demagnetizing factor [75].
For a very thin layer, Nd is approximately equal to ≅ 1 and the demagnetizing field is in the
range of the saturation magnetization of the layer. In MTJ sensors, a magnetic sense layer is
formed by Py. At room temperature, the saturation magnetization of the Py is equal to 860
kA/m. According to Equation (5.1), a demagnetizing field will have approximately the same
magnitude [75]. In these cases, it is possible to apply a large field in the out-of-plane
orientation of the magnetoresistive sensor without affecting the sensor [75]. The out-of-plane
configuration also has other advantages. The magnetic moment of the particle can be switched
off and on by changing the magnitude of the magnetizing field. It is also possible to use the
same sensor element as a reference and compare the signal response with and without the
presence of the stray field of the particle [75].
In the case of in-plane configuration of the sensor, the experiments require a sensor with
sensitive regions at large in-plane fields of ferromagnetic markers. To date, ferromagnetic
particles are not commercialized and the magnetic moment of iron oxide particles is not large
enough to produce a stray field that can be detected by the sensor. The advantage of this set
up is that this type of particle will always display the same magnetic moment in the sensitive
field range of the sensor, so that many measurements can be taken [75].
In both configurations, the in-plane components of the particle stray field have an influence
on the relevant resistance variation in the sensor. Figure 5.2 shows the magnitude and
direction of the particle stray field for both configurations. The magnitude of the stray field in
the out- of- plane configuration is lower than that of in-plane configuration [190]. The
patterns in this geometry are radially symmetric. This decreases the influence of the particle
on the sense layer. From an experimental point of view, the in-plane configuration is preferred
over the out-of-plane configuration, but the experimental arrangement is rather difficult in this
geometry.
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(a)

(b)

Figure 5.2 This diagram shows the in-plan components of the particle magnetic stray field for
both configurations: (a) in plane and (b) out-of-plane [190].
In the present work, the magnetizing field is always applied in the out- of-plane direction.

5.2 Sensor fabrication and characterization
A magnetic tunnel junction sensor consists of two ferromagnetic layers separated by a thin
layer of insulator. MTJ films are typically deposited on insulating substrates in a vacuum
deposition system by dc magnetron sputtering. The lower magnetic layer is comprised of a
3nm Co70Fe30 exchange coupled with a 15 nm thick layer of the antiferromagnet Mn83Ir17. The
upper magnetic layer is composed of a 5 nm thick Ni80Fe20. An insulating tunnel barrier is
formed from a 1.4 nm thick Al layer which is oxidized to amorphous Al2O3 in an electron
cyclotron resonance (ECR) oxygen plasma source (RR 160 PQE from Roth & Rau GmbH
Germany).

Ta 6.5 nm
Py5nm

Upper
electrode

CoFe 3nm

Barrier
Lower
Electrode

MnIr 15nm
Py 4nm
Ta 19 nm

Protective layer

Buffer

Cu 30 nm
Ta 6.5 nm

Substrat

Si substrate

Figure 5.3 Magnetic tunnel junction layer stack
as used in this experiments.
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Other layers are added as conductors, seed layers, or stopping layers for the Ar ion etching
technique [191]. The individual thicknesses of the layers are shown Figure 5.3.
Patterning of the films to rectangular sensor elements with dimension of 10x10µm2 was done
with electron beam lithography and ion etching. The sensor fabrication is carried out with a
negative photolithography process.

5.2.1 Sensor fabrication with a negative lithography
Three steps of e-beam lithography are needed to fabricate a magnetic tunnel junction sensor
with a negative resist, but the whole procedure is divided into several stages. In the first stage,
the MTJ films are deposited on the silicon wafers. After deposition, the wafer is cut into the
correct dimensions. Usually, a Si- wafer substrate of 15x20mm is used. After preparation, the
sample is annealed in a vacuum furnace at 270°C for 10 min to enhance exchange bias (For a
detailed description of this process, see Section 4.1.3). The typical temperature profile of the
vacuum furnace is presented in Figure 5.4.
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Figure 5.4 Typical temperature profile of the vacuum furnace.
The sample is annealed for a 10 min at 270°C (10’@270°C).
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The magnetic properties of the MTJ stack are measured by the Magneto Optical Kerr Effect
(MOKE). In Figure 5.5 MOKE, measurement is presented, for the annealed samples.

1,0

Kerr signal [a.u.]

Py Electrode
0,5

0,0
Pinned Co-Fe
-0,5

-1,0
-3000

-2000

-1000
0
Magnetic Field [Oe]

1000

2000

Figure 5.5 MOKE measurement of Ta6.5nm/Cu30nm/Ta19nm /Py4nm/MnIr15nm/CoFe3nm
/Al1.4nm/Py5nm/Ta6.5nm annealed at 270°C for 10 minutes in a magnetic field of 1000 Oe.
Here, a Py-free layer switches around zero field. A shift with respect to H=0 is observed due
to coupling to the pinned layer. The pinned Co-Fe layer switches far from H=0 due to the
exchange bias.

5.2.1.1 Sensor fabrication procedure
The stages involved in MTJ stack pattering are schematically presented in Figure 5.6. The
first lithography step is the exposure of the lower electrode. This step requires a negative
photolithography resist AR N 7500.13. The resist is deposited on the substrate and the sample
is spun at a typical speed of 4000 RPM for 30 s (For more information, see Section 4.1.4.2).
Exposure is performed with the e-beam lithography system (section 4.1.4.4). Typical
parameters for e-beam lithography are: an acceleration voltage of 20KV, a working distance
of 9mm and an aperture of 120µm.

93

Experimental parts

Chapter 5 Magnetic particle detection with MTJ sensors

_____________________________________________________________________________
The resist has a sensitivity value equal to 170µAs/cm2 and a dosage factor equal to
1µC/cm².The beam current is measured during every exposure and the values are entered in
the “exposure “ menu to calculate the dweltime (>375ns). After exposure, the sample is
developed for 3 min in developer AR 300-47. In the next step, a sample is transported to
etching chamber. The etching process is controlled by a secondary ion mass spectrometer
(See Section 4.1.4.6). The resist is removed in an ultra–sonic-bath in a remover NMP at 80°C
for approximately 60min.
The second lithography step is the pattering of the MTJ-elements and the paths to the future
contact line. The parameters of acceleration voltage and working distance are the same as in
the previous exposure. The elements are exposed with an aperture of 20µm, but the paths are
exposed with the aperture of 120µm. The resist has a sensitivity of 170µAs/cm2 and a dosage
factor that varies from 0.8 to 1 for an element and a factor 1 for the paths. The structure is
aligned to the cross mark of the previous exposure (For more details see Section 4.1.4.4).
After developing, the sample is put into the spectrometer chamber and the etching process
begins. Directly after etching, the sample is placed into the home made UHV chamber for
sputtering the SiO2 layer. It is used to isolate the bottom and the top contact lines. The SiO2
layer has to be 100nm thick as an isolation material. When the sputtering process is complete
the sample is placed into the NMP remover for 90 minutes.
The third lithography step is the pattering of the contact lines. First, a sandwich layer of
Ta5nm/Au45nm is sputtered in the UHV chamber on top of the sample. The tantalum layer is
used as an adhesive between the SiO2 and Au layer. After metal deposition, the sample is
placed in a clean room for spin coating a negative resist AR N 7500.13. The contact lines are
exposed with the aperture of 120µm. The resist sensitivity is 170µAs/cm2 and the pattern
required dosage factor equal to 1.0. The structure is also aligned to the cross of the previous
exposure. Pattering with a negative resist can be simplified to two step lithography. In that
case, the sample is a pattern without a lower electrode.
The micrograph of the sensor is presented in Figure 5.6. The MTJ sensor prototypes consist of
20 sensor elements with an area 10µmx10µm. The two point measurement of the single MTJ
elements is carried out between the upper and lower electrode.
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Figure 5.6 The stages involved in the pattering of MTJ sensor with
a negative resist.
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5.2.2 Sensor characteristic
To characterizes the MTJ elements three measurements are carried out:
•

major loop

•

minor loop

•

IV curve (electrical characterization of the tunneling barrier)

Figure 5.7 shows an example of the major loop and minor loops of the individual sensor
elements.
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Figure 5.7 Electric measurements on TMR elements with an area of 10x10 µm2 composed of
Ta6.5nm/Cu30nm/Ta19nm/Py4nmCo3nm/ Mn83Ir17 (15nm)/ Al1.4nm/Ni80Fe20 (5nm)/ Ta6.5nm.
(a) Major loop measurement (b) Minor loop measurement of deposit stack.

The major loop measurement in the Figure 5.7 (a) illustrates the changing magnetization of
both magnetic layers. The Py layer switched its magnetization around zero field. The Co-Fe
layer was pinned to an antiferomagnet and its hysteresis loop is shifted due to the exchange
bias (for more details, see section 3.3.1). A large magnitude of the exchange bias field HEB is
necessary to obtain a good antiparallel alignment of the magnetic layers in an MTJ. In the
investigated sample, the exchange bias field has a magnitude of around 1000 Oe. This field is
enough to stabilize the antiparallel alignment of the magnetic layers. The switching between
parallel and antiparallel orientations (magnetization of the layer indicated by narrows in
Fig.5.7a) gives a maximal TMR ratio of 47% and area resistance between 0.78 to 1.15
KΩµm² at a bias voltage of 50mV. Across the sensor elements, the TMR ratios vary between
44.8% and 47.1% and the area resistance range from 0.76 to 0.78 MΩµm². The calculated
average of the TMR ratio and area resistance is equal 46.7% ± 0.2 and 0.771 MΩµm² ±0.2
respectively.
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The Figure 5.7 (b) presents a minor loop, where only the magnetization of the soft layer (Py)
is changed. From the experimental point of view, the minor loop characteristic is more
important than the major loop. In the MTJ stack, the Co-Fe layer has a fixed direction, while
the Py layer switches between parallel and antiparallel state. This is called the soft magnetic
or sense layer, because only this layer can be affected by the stray field of the particle.
The antiparallel magnetization state in the MTJ stack may be strongly affected by magnetic
coupling phenomena (see Section 3.3.2). Magnetic coupling exists on this example between
the ferromagnetic layers due to magnetic dipoles at the interface. Ferromagnetic coupling
counteracts the antiparallel magnetization state of the layers and makes this configuration
unstable, which influences the TMR amplitude. In the MTJ stack, the orange peel coupling
causes a ferromagnetic pinning of the Py layer to the exchange biased Co-Fe layer. In the
Figure 5.7(b), the pinning field Hp has a magnitude of around 25 Oe.
As previously stated, to detect a particle, one has to look at the differences displayed in minor
loop measurement with and without particles. For this reason, it is favorable for a Py layer to
switch close to zero magnetic field [75]. The pinning field Hp can be compensated by an inplane bias field or by increasing the thickness of the Py layer [75].
It should also be pointed out that a particle with a high magnetic moment is preferred for
detection, because this particle can produce a large stray field, which can influence the Py
layer.
The ideal working TMR elements should also have a thin insulating barrier. This barrier is
characterized by the measurement of the conductance dependence on the applied bias voltage.
Figure 5.8 (a) presents the area-specific current for parallel alignment of the magnetizations of
the two ferromagnetic layers. This I/V curve is measured at an in-plane field of 2000 Oe and
shows an ohmic behavior with a slight deviation from linearity.
The parameters for barrier height and thickness are determined in an indirect way using the
BRINKMAN fit to the differentiated I/V plot [205].
Brinkam’s models are based on two theoretical assumptions: the barrier has a trapezoidal
structure and the boundaries between the metals and the barrier are assumed to be sharp.
The conductance G of the barrier is calculated by applying the Wenzel-Kramer –Brillouin
Model (WKB). For a low voltage, the differential conductivity is express as a 2nd order
polynominal:
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dI total
= A(ϕ , d )U 2+ B (ϕ , ∆ϕ )U + C (ϕ , d )
dU

G=

(5.1)

where ϕ , d , ∆ϕ are the height of the barrier, the barrier thickness, and the asymmetry,
respectively. The constant A,B, C parameters are determined

experimentally from

differentiated I/V plot fitted with the BRINKMAN formula (Figure 5.8 b).
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Figure 5.8 Electrical characterization of the tunneling barrier: (a) the IV curve (b)
differentiated I/V plot.

The barrier parameters ( ϕ , d , ∆ϕ ) are calculated from the follow equations:
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where meff is the effective electron mass ( meff = 0.4 ⋅me ) for the Al-barrier. For the curve
presented in Figure 5.8 (b) the experimental ϕ , d , ∆ϕ are verified:

ϕ = 2.20 eV ± 0.03
d = 1.708nm ± 0.009
∆ϕ = 0.68eV ± 0.02

The thickness of the barrier obtained from the Brinkman fit is equal to 1.708 nm. In the
deposited MTJ stack, the Al film has a thickness of 1.4nm. After oxidization to amorphous
Al2O3, the thickness of the barrier should increase to about 1.8nm. The experimental value
2.20 eV reaches around 51% of the maximum of the band gap of Al2O3 (4.35 eV). The
asymmetry ∆ϕ is equal to 0.68 eV.

5.3Detection Method
The detection capability of the magnetic tunnel junction sensor is tested with
superparamagnetic particles with a diameter of 1.5µm from Micromod. The particles that are
used in the experiments are silica particles (sicastar® -M), produced by hydrolysis of
orthosilicates in the presence of magnetite. The properties of the particles are presented in
Table 5.1.
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DATA
Prod.-Nr.

Sicastar® -M
39-00-153

Prod.Name sicastar® -M
Surface

-SH

Size

1.5µm

Solid

50mg/ml

Cont.
Quantity

10ml

Shape

spherical

Density

2.5g/ccm

Table 5.1 Properties of 1.5µm sicastar® -M magnetic particles [192].

They exhibit a homogeneous distribution of magnetite in the silica matrix [192]. For the
purposes of this experiment, the suspension of particles is diluted with DI water and
distributed over the sensor surface (See figure 5.9).
(a)

(b)

(c)

Figure 5.9 Magnetic particle distribution over the sensor surface:
• the particle solution are diluted in DI water
• particle are distributed over the sensor surface using micropipet
• the distribution of the particle on the sensor element is controlled
using Scanning Electron Microscopy
Illustrations in figures (a) and (b) taken from [193].
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When the water is evaporated, the particles agglomerate and form clusters on top of the sensor
elements and around the contact lines (see Figure 5.10 ).

(a)

(b)

Figure 5.10 (a) SEM photo of the sensors with superparamagnetic particle 1.5µm
(b) Close- up of the sensor elements.
Even if the suspension of the particles is diluted to a different concentration, the particles
display a tendency to cluster. The scanning electron microscope images shows that it is easier
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to identify a cluster of magnetic particles than to find a single particle in the active area of the
sensor. The SEM image is presented in the Figure 5.11.

(a)

(b)

Figure 5.11 (a) SEM image of reference sensor elements (10x10µm2) without magnetic
particles. (b) SEM photo of a 10x10µm2 MTJ sensor element with clusters of 1.5 µm particles
(Micromod- Sicastar® -M).
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An element without magnetic particles (Figure 5.11a) is also imaged under the SEM
positioned on the same line as the sensor with clusters of particles (Figure 5.11 (b)).
The mentioned neighborhood of the elements is used to test the detection capabilities of the
MTJ sensor.
After analysis under a microscope, the sample is placed in the set-up for TMR measurements.
A description of apparatus can be found in Section 4.3, an illustration of the method used to
detect the particles is presented in Figure 5.12.

Py
Co-Fe
buffer
substrate
substrate
sample support

H

Figure 5.12 A method used to
detect magnetic particles; an
external magnetic field H is applied
perpendicular to the surface plain,
to magnetize the particles. The field
is produced by a permanent magnet,
which is placed directly under
sample support.

permament
magnet

To magnetize the particles, a constant magnetic field of 50 Oe is applied perpendicular to the
sensor plane.

5.4 Experimental results
Figure 5.13 (a) shows a minor loop characteristic obtained for the reference sensor elements,
presented in Figure 5.11 (a) i.e.without magnetic particles. The sensor shows that the TMR
ratio is equal to 42.8% at room temperature at voltage of 50mV. The magnetic field is shifted
along x-direction for a around 30 Oe due to the applied perpendicular field of 50 Oe (For
comparison see the minor loop measurement of other sensor elements obtained without
perpendicular field and presented in the figure 5.7).
Because the suspension of magnetic particles can destroy the sensor elements, the minor loops
characteristic is also measured after coating. Figures 5.13 (b) and 5.14(c) show this
measurement.

104

Experimental parts

Chapter 5 Magnetic particle detection with MTJ sensors

_____________________________________________________________________________
(a)
50
Area resistance
TMR%

40

95
90
85

Applied Voltage: 50mV
TMR%:42.8%
Applied
perpendicular field: 50Oe

30
20

80

TMR%

Area resistance [ΚΩ µm2]

100

10

75
70

0

65
20

30

40

50

60

70

60

70

Magnetic Field [Oe]

(b)

100
1 measurement
before coating
2 measurement
after coating
3 measurement
after coating

Area resistance [ΚΩ µm2]

95
90
85
80
75
70
10

20

30

40

50

Magnetic Field [Oe]

105

Experimental parts

Chapter 5 Magnetic particle detection with MTJ sensors

_____________________________________________________________________________

(c )
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Figure 5.13 (a) Minor loop measurement without magnetic particles-reference measurement
(b) and (c) series of minor loop measurement taken before and after coating of the MTJ
reference sensor element. The magnetic field is shifted along x-direction for a around 30 Oe
due to the applied perpendicular field of 50 Oe.
As shown in Figure 5.13 (b) and (c), the reference sensor elements display the same
characteristic and maintain a high magnetoresistance. Small differences are visible in the
minor loops. The same situation is observed for an MTJ sensor element with cluster of
magnetic particles presented in Figure 5.11(b). Figure 5.14 shows the minor loop
characteristic for this element before and after coating with a drop of magnetic particles.
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Figure 5.14 (a) minor loop measurement for sensor element with clusters of magnetic
particles. The measurement is taken before coating.(b) and (c) Series of minor loop
measurements taken before and after coating of the MTJ sensor element.
In this case, no differences were observed in the transport measurement. The suspension of
magnetic particles did not influence the sensor characteristic. The differences in the minor
loops domain were very small in comparison to the measurement presented in Figure 5.13.
The TMR ratio is equal 36.5%, which was smaller than that of the reference element
presented in Figure 5.13 (a). The average TMR ratio among the elements in a wafer is about
42%. The observed reduction of the TMR ratio can be due to the sample impurity, for
example remaining resist.
The minor loop measurements for the reference elements and for the elements with magnetic
particles are normalized and compared in Figure 5.15.
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Figure 5.15 Normalized minor loops characteristic of the two sensor elements.

As shown, there are nearly no differences in the transport measurement. The reference
elements and the sensor element display nearly the same minor loop characteristics. Only
small differences are observed close to the switching fields. The switching field and saturation
field are nearly the same for both minor loop characteristic.

5.5 Discussion and conclusion
This chapter describes a quantitative method used for single magnetic particle detection. A
suspension of magnetic particles is dispersed over the sensor surface with a position control
using a scanning electron microscopy (SEM).
Several problems arise when attempting to use this method of magnetic particle detection. As
shown in the experiments, even if the particles are 1.5µm and are being classified as large
particles, it is difficult to isolate a single magnetic particle, which is precisely positioned on
top of the sensor elements.
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The particles show a strong tendency to agglomerate and to form clusters. This occurs in
response to interparticle magnetic dipole interactions.
The magnetization of the particles presents another problem. In these experiments we did not
observe any influence of the stray field of magnetic particles on the sensor characteristics. The
ideal magnetic particles for sensor application are single-domain ferromagnetic nanoparticles
with a large magnetic moment, which are stable in aqueous solution and do not aggregate
[75]. These particles are not available commercially and are thus produced primarily for
research proposes [194].
This quantitative method of single particle detection did not deliver reproducible results. The
particles will never be positioned exactly in the same location on top of the sensor elements.
This exact positioning can only be achieved when the size of the sensor element matches the
size of the particle. But this would also create a problem with particle positioning and
agglomeration.
In conclusion, to prove the detection sensitivity of the MTJ sensor to the level of a single
magnetic particle or molecule, we need a method for exactly positioning the particles in
specific predefined locations, with the magnetic particle having a high magnetic moment.
Such particles are not produced commercially and therefore the behavior of these particles
needs to be modeled, as is described in the next chapter.
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6. Model experiments for single magnetic particle detection
This chapter presents model experiments that are carried out in order to understand the
behavior of MTJ sensors in the presence of a single magnetic marker. The magnetic particle is
modeled by a magnetic tip of an atomic force microscope. The tips are coated by a hard
magnetic stack (Ta/CoCr/Co/Ta) and magnetized perpendicular to the sensor plane prior to
the measurements. The advantage of this model setup is that the tip can be placed onto any
site of the MTJ element with nanometer accuracy. While the tip position onto the top of the
sensor is varied, the sensor clearly indicated different responses. The experimental results are
compared to micromagnetic simulation.

6.1 Sensor fabrication
MTJ sensors are fabricated with a hard and soft architecture. The hard magnetic electrode
consist of a 3nm thick Co layer which is exchange biased to a 15 nm thick layer of the
antiferromagnet Mn83Ir17. The soft magnetic electrode is the single 5nm thick layer of Py. The
insulating barrier consists of a plasma-oxidized Al layer, 1.4nm thick. A buffer layer
Ta6.5nm/Cu30nm/Ta19nm/Py4nm is underneath the hard magnetic electrode, which is used as a seed
layer and as an etch stop for lithography purposes. The soft magnetic electrode is covered by
a 6.5 nm thick Ta protection layer and a 30nm Cu for line connection. All layers are deposited
by magnetron sputtering onto Si-wafer substrates with a 100nm thick thermal oxide in a HVchamber (Leybold CLAB 600) at a base pressure below 3x10-7mbarr. The samples are
annealed in a high vacuum chamber with a base pressure below 1x10-7mbar up to 270°C for
10 minutes in an external magnetic field (1000 Oe) to setup the exchange bias. More details
concerning the preparation process can be found in the chapter 4.
The layer stack is patterned to 10 µm x 10µm sized square elements using e-beam lithography
and Ar ion etching. The layout with the conduction line on the top and bottom contact of the
sensor elements is presented in Figure 6.1.
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(a)

(b)

Active area

Figure 6.1 (a) Micrograph of a sensor prototype, which consists of 20 sensor element.
(b) Close up of single sensor elements with conducting lines.

Prior to the measurement the fabricated sample is glued with two components glue to a
homemade non-magnetic socket. The commercially available sockets are usually magnetic,
thus they cannot be used for the experiments with MFM tips. The contact pads of the sensor
are wire bonded to the pads of the socket.
The socket pads required an additional preparation procedure. They are fabricated using
mask- lithography. The mask is made from 1mm thick aluminum and is fixed on the silicon
wafer using double stick tape. The Ta5nm/Au200nm sandwich layer for the contact pads is
deposited through the mask onto the substrate in a UVH homemade chamber. When the
sputtering process is finished, the sample is cut in to the correct dimension and glued on the
socket using two components glue. The pads are contacted to the socket using copper wire.
The whole procedure is illustrated in Figure 6.2.

(a)

(b)

(c)

Figure 6.2 Sample preparation
(a) the sample with sensor
array is cut in correct
dimension
(b) the sample is fixed with
two components glue on
the home-made socket
(c) the contact pads of the
sensor are wire bonded to
the socket pads
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6.2 Sensor characterization
After preparation, the socket with the sample is placed in a measurement set-up. During the
measurement, BNC cables of the amplifier are attached to the socket. The output of the
sensor is measured with a dc bias voltage of 10 mV in an adjustable external magnetic field
generated by two orthogonal pairs of Helmholtz coils ( Figure 6.3 a).
(b)

(a)

The AFM
microscope

Sample
placed at the
non-magnetic
socket

Helmholtz
coils

Stage
support

Sample
stage

Figure 6.3 Illustration of the set-up used for the transport measurements.
(a) the sample is placed inside the Helmholtz coils on the support
(b) the AFM microscope is assembled in to the transport measuring system

When applying a small field in the pinning direction, the magnetization direction of the free
magnetic layer switches, and the electrical resistance of the sensor increases by 30%, which is
presented in Figure 6.4. Even if the TMR amplitude is lower than the expected value (50%),
the fabricated sensor is sensitive enough and exhibits a reproducible characteristic.
During scanning, the current flowing through the elements is monitored by a current to
voltage converter with adjustable sensitivity (1µA/V to 1nA/V).
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Figure 6.4 Minor loop of a 10x10µm2 sensor element. The arrows indicate the relative
magnetization orientation of the soft-bottom and hard-top magnetic layer.

6.3 Detection method and measurement
For the purposes of this experiment, an AFM tip is coated by a hard magnetic layer stack
Ta5nm/CoCr90nm/Co2nm/Ta5nm in a DC magnetron sputtering system and magnetized
perpendicularly to the sensor plane.
(a)

(b)

Happ

Figure 6.5 (a-b) A magnetic marker is modeled by a MFM tip. The tips are coated by the hard
magnetic layer stack Ta/CoCr/Co/Ta in a DC magnetron sputtering system
and magnetized perpendicular to the sensor plane.
Illustration of the tip in figures (a) and (b) taken from [206].
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Since magnetic cantilever tips as used in magnetic force microscopy exhibit a dipole-like
magnetic stray field, this easy setup allows to model the presence of a single magnetic particle
[195]. In addition, it offers the great advantage that a tip can be placed at any desired site on
top of the MTJ sensor element in certain distance.
In this experiment the AFM microscope with the MFM tip is assembled into the transport
measuring system with the Helmholtz coils (Figure 6.3 b) and two different measurements are
carried out:
•

topography and simultaneous magnetoresistance (MR) mapping at a constant
magnetic field,

•

MR curves at a fixed tip position with a varying magnetic field, either rotational
with constant field magnitude or axial in a fixed direction.

6.3.1 Magnetoresistance (MR) map of the MTJ sensor
Figure 6.6 shows an example of the topography of two sensor elements and the simultaneous
MR map of the contacted MTJ sensor. The color table represents a certain resistance range.
The additional regular oblique stripe pattern is due to electronic noise, and not of interest. No
external magnetic field other than the tips stray field is applied in this case. Thus, the MTJ
element can be easily identified on the map. It is obvious from this measurement that the
resistance of the sensor element increases under the influence of the tip.
(a)

(b)

Figure 6.6 (a) Topography of two sensor elements (also showing contact lines)
(b) Simultaneous resistance map of the left sensor element, which was connected, at zero
external fields.
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The MR maps presented in Figure 6.7 are taken at an additional homogenous magnetic field
oriented to the vertical axis (in map coordinates) of the MTJ. The maps of the sensor
responses are distinctly different for various fields. At field of 40 Oe, which corresponds to
the coercivity field (cf. Figure 6.4), dark and bright contrasts indicate changes in the MR. The
dark spots are associated with a lower resistance and the bright spots with a higher resistance.
At this field, the dark and bright spots are roughly equally distributed, but in opposite corners
of the sensor element. A noticeable change is also observed at fields lower (H<Hc) and larger
(H>Hc) than the coercive field. At H<Hc, the bright spots are dominant, and the dark spots at
H>Hc (Figure 6.7).These facts indicate a partial, local reversal of the magnetization of the soft
magnetic layer in those field ranges and at these locations.
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(a)

(b)

(c)

(d)
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(e)

(g)
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(i)

(j)

50 Oe

55 Oe

35 Oe
(k)

(l)

60 Oe
(m)

65 Oe
(n)

70 Oe

120Oe

Figure 6.7(a) Topography of a single MTJs (b)-(n) Magnetoresistance map at different
magnetic field; For discussion see text.
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Below the coercivity field, the magnetization pattern reorients locally at the tip site and turns
from the parallel to the antiparallel. Therefore a higher resistance is observed in this case
(bright spots). Above the coercivity field, a tendency to align in the parallel orientation is
observed, and the resistance decreases (dark spots).

6.3.2 Transport measurement at fixed tip positions
The results presented in Figure 6.7 are correlated to the transport measurement at fixed tip
positions. Here the tip is placed at specific positions on top of the sensor elements (Figure
6.8), and then minor loops are measured. As expected from the measurements presented in
Figure 6.7, large differences in the minor loops are measured for the tip positioned in the
lower left and upper right corner. In Figure 6.8, the curves b and c are obtained in the
presence of the magnetic tip in the indicated positions: lower corner-position 7 and upper
corner –position 19, while the reference curve a is taken in absence of the tip. The loops in
case b and c are shifted with respect to the reference curve due to differences in the domain
configuration. Curve (b) switches at lower fields than the reference curve. The reversed
situation is observed for curve (c), where the switching field has been increased.
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Figure 6.8 (a) Topography (top) and MR image of a sensor element with indicated positions
(b) Minor loops for three positions of the magnetic tip: a- reference curve, b-at the position 7,
c-at the position 19.

When the tip is located in the center of the rectangular sensor elements, the experimental
curves shows a flatter slope in the presence of the magnetic tip (Figure 6.9). Although the
differences are small, the tendency is distinct throughout all measurements that the slope is
flatter if the tip is located centrally. This tendency is also reproduced by the simulation
(Section 6.4).
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Figure 6.9 (a) Magnetoresistance map of the sensor elements with indicated position
(b-d) Experimental minor loops in presence and absence of the magnetic tip.

If the tip is placed in the corners opposite to those of Fig.6.9, indicated on the map in Figure
6.9 (a) by number 9 and 17, the differences in the minor loops are much smaller than for the
minor loops measured at the position 7 and 19 (Figure 6.10).
It is in a good agreement with MR maps presented in Figure 6.7. The position 17 and 9 are
placed on the line on the MR maps, where the differences in the measured resistance are
small. This is especially observed in the MR resistance maps measured at the coercivity field
(40Oe).
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Figure 6.10 Experimental minor loops in presence and absence of the magnetic tip
at various positions of the magnetic tips: (a) lower and upper corner and without tip
(b) lower and upper corner and center

In Figure 6.10 (a), the curves corresponding to the position 9 and 17 are shifted with respect
to the reference curve, but both curves in this figure show switching at large field than the
reference curve. The curve corresponding to the position 9 switches earlier than the curve,
plotted for the position 17. The curves show also a flatter slope if the tip is located centrally.
(Figure 6.10 b), but in comparison to the Figure 6.9 b, the differences in the measurement are
smaller.
Another situation is observed for the tip positions indicated by the number 8, 7, 12 and
positions 18, 19, 14. The minor loops corresponding to that position are presented in Figure
6.11. Here, in Figure 6.11(c) the differences in minor loops are rather small and the same
situation is for the measurement presented in Figure 6.11 (d), but the slope of the curves in
Figure 6.11 (d) is more flat. The differences in minor loop are larger in the figure 6.11(e) and
6.11(f), which correspond to the position 8,9,14 and 12,17,18.
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Figure 6.11 (a-b) Topography (a) and magnetoresistance map of the sensor elements with
indicated position (c-f) Experimental minor loops in presence of the magnetic tip.

6.3.3 TMR measurement for different tip positions
In the model experiment, the magnetic tip is magnetized perpendicular to the sensor plane as
are the superparamagnetic particles for perpendicular fields. From experiment point of view it
is important that the magnetizing field of the magnetic particle/tip does not affect the
sensitivity of the magnetoresistive sensor elements. Figure 6.12 shows a series of TMR
measurement for different tip position.
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Figure 6.12 Reference curve and series of TMR measurement for
fixed tip position 7,13 and 19.

The TMR ratio in the absence of the tip is equal to 30.2 % (See the reference curve). The
same value is obtained for the other characteristic. (Table 6.1). The small differences are in
the probable errors range of ±0.1.

Tip position

TMR%

Reference curve

30.2%

Position 7

30%

Position 13

29.9%

Position 19

29.8%

Table 6.1 TMR ratio measurement for reference curve and the curve measure at different tip
position.

It is clear from these measurements that the tip stray field didn’t influence the total TMR
ratio; the slope of the TMR curves, however, show changes if the tip is positioned at different
locations.
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6.4 Micromagnetic simulations
In addition to the experiments, three-dimensional micromagnetic simulations for the MTJ
sensors are performed using the object oriented micromagnetic framework (OOMMF)
software from NIST [196]. The OOMMF is freely available software used for simulation of
the behavior of the domain structure in magnetic materials. The distribution of spins are
modeled by solving the Landau-Lifshitz equation [196]. To model the experiment, the last
version of OMMF (OMMF 1.2 ) including the OMMF eXtensible Solver (OXs) is used
[196]. OXs can be extended with own modules and supports 3D simulations, thus the
modeling of the experiment is possible.
6.4.1 Simulation parameters
Since the MTJ consists a pinned hard magnetic layer (hard–soft architecture) only the soft
magnetic layer (NiFe layer) can be affected by a dipole moment of the magnetic particle. In
the model, the magnetization of the sense layer is simulated with a single magnetic particle on
top. The element has a total size of 1000x1000x6 nm3 and is divided into cells of 40x40x6nm3
for calculation.
z

Magnetic Particle

y

d

x

soft magnetic layer

Figure 6.13 In order to understand the experimental results, the influence of a single
magnetic particle on top of the soft magnetic layer is simulated.
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The following NiFe parameters are used:
• Ms=860kA/m for saturation magnetization
• A=3.3x10-11J/m for the exchange constant
• The magnetic anisotropy is estimated to be 0.3 x 10-3J/m-3
The magnetic particle is considered as a magnetic dipole with a constant magnetization
oriented perpendicular to the sensor plane (Figure 6.13). The value of the dipole moment is
set to 10-15 Am2 and is in the range of usual commercial magnetite particle.
Since the experimental minor loops are shifted by Néel coupling, the same shift is introduced
in the simulated loops. The distance between the magnetic particle and upper sensor layer
is h=80nm (distance between Ta upper sensor layer and contact layers). Figure 6.14 shows

M [k A/M]

the magnetization component along the x and y axis in the NiFe free layer.
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Figure 6.14 Magnetization components along the x and y axis in the NiFe layer in
dependence on the magnetic field oriented parallel to pinning direction.

Figure 6.15 shows the normalized magnetization Mx/Ms as a function of applied magnetic
field.
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Figure 6.15 Normalized magnetization Mx/Ms as a function of the magnetic field.

To properly compare experiments and OMMF calculations, the magnetization of the
NiFe free layer at every stage of the simulation has to be converted into magnetotransport
data. This can be done by calculating the relative resistance of all cells given by equation
6.1 and summing over all individual resistance paths in a parallel circuit configuration [75].

TMR (θ ) = TMR

1 − cos θ
2
max

(6.1)

In the equation 6.1, TMRmax is the maximum differences between the antiparallel and the
parallel state, normalized to the parallel resistance and Ө is the angle between the
magnetizations of the two ferromagnetic layers.
According to the reference [75] , the total resistance R of a system consisting of a free
magnetic layer with N cells relative to the low resistance state R0 (magnetizations of the free
and pinned magnetic layer aligned ferromagnetically) is given by:
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where A is the full TMR normalized to the low resistance state, which is set to 30.2%
according to the section 6.3.3, M xi is the magnetization component of the single cell i along
the x-axis in the NiFe free layer,
Figure 6.16 shows the normalized magnetization Mx/Ms and calculated resistance as a
function of applied magnetic field.
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Figure 6.16 Normalized magnetization Mx/Ms ( black curve) and calculated resistance
( blue curve) as a function of the magnetic field.

The curves show the same shape, but there are some slight differences. These slight
differences are also described in the reference [75]. However, this calculation needs to be
done to compare simulation and experimental data.
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6.4.2 Simulation results
Similar to the model experiments, the single magnetic particle is positioned in the upper and
lower corner of the rectangular sensor element. Simulated patterns affected by the magnetic
particle and hysteresis loops are presented in Figure 6.17.
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Figure 6.17 (a) Hysteresis loop and according domain structure in the NiFe layer in the
absence of a particle (b) and (c). Hysteresis loop and according domain structure in the NiFe
layer in the presence of the magnetic particle (particle positioned in the lower left and upper
right corner).

As is shown in Figure 6.17, the local changes of the magnetization are induced by a dipolelike stray field of the simulated particle. The symmetry of the magnetization pattern and
hence the sensor response are different at different positions. Figure 6.18 shows a comparison
between experimental and simulated characteristic.
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Figure 6.18 (a) Experimentally minor lops for three positions of the magnetic tip
(b) Simulated hysteresis loops in a presence and absence of a single magnetic particle.

In both cases a retarded switching and saturation field is observed. Simulated hysteresis loop
in comparison to the experimental characteristic shows a larger coercivity and a larger
saturation field. The differences are caused by different switching mechanisms: rotation
through formation of an s-state and vortex for the simulated hysteresis and domain formation
and propagation for the sensor elements (See figure 6.19). Additional jumps obtained in the
simulated loops occur due to their limited size. The visible asymmetry in the simulated loop (
Figure 6.18 b) is not observed experimentally.
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(a)

(b)

(c)

H=5 Oe

(e)

H=38 Oe

(d)

(f)

H=20 Oe

H=43 Oe
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(g)

(i)

(h)

H=55 Oe

(j)

H=130 Oe

H=60 Oe

H=155 Oe

Figure 6.19 (a-j) Domains structure in the NiFe layer in the absence of a particle
at magnetic field from 0 to 160 Oe.
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It is observed experimentally that the slope of the magnetization curve gets flatter if the
particle is located centrally. This is also confirmed by the simulation. Figure 6.20 shows a
simulated pattern for different position of the magnetic particle: from lower corner up to the
center.
(a)

(b)

(c)

(d)
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(e)

Figure 6.20 (a) – (e) Simulated magnetic pattern for different position of the magnetic
particle: from lower corner up to the center.

The corresponding simulated hysteresis loops are presented in Figure 6.21
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Figure 6.21 (1)-(5) Simulated hysteresis loops for different position of the magnetic
particle indicated in the figure 6.20.

As is shown in Figure 6.20, a single particle causes slight, local disturbances and they are
greater if the particle is located more centrally. Figure 6.22 shows a comparison between
experimental and simulated characteristic. Similar to the experimental setup, single magnetic
particle are positioned in the upper and lower corner and the center of the rectangular sensor
element. As can be realized in the Figure 6.22 the magnetization behavior of the NiFe sense
layer is strongly affected and behaves similar to the measured loops.
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Figure 6.22 (a-c) Experimental minor loops at different positions of the magnetic tip:
lower, upper corner and center and without any tip (reference curve), (d-f) Simulated minor
loops at different positions of the magnetic particle: lower, upper corner and center and
without particle (reference curve).
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6.4.3 Conclusion
A model experiment for MTJ sensor with a magnetic particle on top is carried out by scanning
with the magnetic tip across the sensor elements. Experiment and simulation confirm the
detection capability of the MTJ sensor down to the single marker level. The differences in the
transport measurement are strongly dependent on the tip position and the according domain
configuration in the sense layer. Therefore the next chapter shows the model experiment
carried out on the small sized elements with an ellipse-like shape.
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7. Model experiments on elliptical shaped MTJ sensor
In this chapter, a model experiment is described for understanding the behavior of an
elliptical-like shape MTJ sensor element in the presence of a single magnetic particle. The
magnetic particle, as in the previous chapter, is modeled by a magnetic tip in an AFM. The
focus in this chapter is on the experimental results. A detailed description of the detection
method used can be found in Section 6.3.
7.1 Sensor fabrication and charcaterization
The MTJ sensor used in this experiment had a following layer structure:
Ta6.5nm/Cu30nm/Ta19nm/Py4nm/ Co3nm/Mn38Ir17 (15nm)/Al1.4nm/ Py5nm/ Ta6.5nm/Cu30nm. Py stands for
permalloy. The sensor is patterned using E-beam lithography followed by an Ar ion-beam
etching. Detailed MTJ sensor fabrication procedures are described in the previous chapter. For
the experiment, the elliptical-like shape sensor is used with following dimension:
• long axis-750nm
• short axis-415nm
Figure 7.1 shows micrographs of the sensors prototype which consists of 20 sensor elements
7.1 (a) and close up of single sensor elements with contact lines 7.1 (b).
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(a)

(b)

Figure 7.1 (a) Micrograph of a sensor prototype, which consists of 20 sensor elements
(b) Close up of a single sensor element with contact lines. The active area of the sensor
element is 2µm².
The minor loop characteristic is presented in Figure 7.2.
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Figure 7.2 Minor loop of an elliptical shaped sensor element. The arrows indicate the relative
magnetization orientation of the soft-bottom and hard-top magnetic layer.

The TMR ratio of the elements is 38% while the resistance area product is equal to 2.4
MΩµm2. The resistance changes by 38 % in the field range of 12 Oe, resulting in a high
sensitivity of about 3.2 %/Oe.
7.2 Experimental results
The response of the MTJ sensor elements is measured during scanning with a home-made
MFM tip (Section 6.1 and 6.3). Figure 7.3 shows the topography of the sensor elements and a
simultaneously recorded magnetoresistance map at constant magnetic field. Here, like in the
previous chapter, the color table represents a certain resistance range and the additional
regular oblique stripe pattern is due to electronic noise.
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(a)

(b)

994.4kΩ
Ω

992.3kΩ
Ω

Figure 7.3 (a) Topography of two sensor elements (also showing contact lines ) (b)
Simultaneous resistance map of the first sensor element at the external field (25 Oe).

During measurements only the “first element” (Figure 7.3(a)) was connected via a BNC
capable to the amplifier. It is obvious from the Figure 7.3 (b) that the resistance of the
elements changes during imaging with a MFM tip. The situation is analogous to that
presented in Section 6.3.1. The connected MTJ element can be easily identified in the MR
map.
Additional MR maps taken at an additional homogenous magnetic field oriented parallel to
the vertical axis (in map coordinates) of the MTJ are presented Figure 7.4.
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(g)

(i)

(h)

40 Oe

(j)

60 Oe
(k)

50 Oe

70 Oe
(l)

100 Oe

120 Oe

Figure 7.4 (a) Topography of a single MTJs sensor elements; (b)-(l) Magnetoresistance map
at different magnetic fields. For discussion see text.
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Here again, the maps of the sensor response are distinctly different for various fields. At the
field of 25 Oe, which correspond to the coercivity field (Figure 7.2), dark and bright contrasts
indicate changes in the MR. The situation is analogous to that described in Section 6.7. At
field of 20 Oe two spots are still dominating. The situation became different at the field of 10
Oe. There is only one very small bright spot ( Figure 7.4 (b)). Above the coercivity field, the
dark spots dominate. At 70 Oe the elements switch completely and there is no changes in the
resistance upon tip scanning. Significant differences however are observed in the transport
measurement at the fixed tip position. Figure 7.5 shows the topography of a single MTJs
sensor element with indicated tips positions and a series of minor loop measurements taken at
the fixed tip position.
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Figure 7.5 (a) Topography with indicated position
(b-d) Experimental minor loops in the presence and absence of the magnetic tip.
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In Figure 7.5b, the black curve is taken in absence of the tip (reference curve), while the blue
curve is measured at the center (the tip position number 1). The switching field and saturation
field are the same for both measurements. Figure 7.5 c shows a minor loop measurement for
the reference curve and the curve measured at the tip position 1, 2 and 3. Here, the tip
locations 2 and 3 are positioned opposite with respect to the center. The two curves 2 and 3
are shifted with respect to the reference curve. A retarded switching field is observed. Another
situation is presented in Figure 7.5d. Here, the curves 4 and 5 are shifted with respect to
reference curve, but the curve 5 shows a large shift. Here again, a retarded switching is
observed with respect to the reference curve, but the curve 4 switches below the curve 5.
Figure 7.6 shows a sensor characteristic measured at the positions 6, 7, 8 and 9 that are
located outside the sensor elements
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Figure 7.6 (a) Topography with indicated tip positions
(b) Experimental minor loops measured at the tip position 6,7, 8 and 9.
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Here, as expected, there is nearly no difference in the transport measurement for different tip
positions. The switching and saturation fields are the same for all characteristic. The very
small differences are observed in the field range of 25 to 50 Oe.
The most surprising results are obtained for TMR measurements. Figure 7.7 presents a TMR
characteristic for different tip positions.
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Figure 7.7 The TMR ratio measured at different tip positions.

The TMR ratio measured in the absence of the magnetic tip is equal to 38 (Figure 7.7). When
the tip is close to the elements and located in certain positions on the top of the active sensor
area, the TMR ratio decreases and reaches a value of around of 23.4 % . Values for TMR ratio
measurements are given in Table 7.1

Tip position

TMR ratio in %

1

23.4

2

23.5

3

23.5

4

23.3

5

23.4

Table 7.1 The TMR ratio measurements for different tip positions.

It is clear from this measurement, that the stray field of the magnetic tip is too strong and
influences the sensor characteristic.
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7.3 Conclusion
In conclusion, this chapter presented a model experiment for single magnetic particle
detection with elliptically shaped MTJ sensor elements. The active area of the sensors was
2µm2. The single particle, like in the previous chapter is modeled, by a MFM tip. Here again,
the response of the sensitive element clearly depends on the tip position.
Additionally, the TMR ratio of the sensor element is reduced due to the stray field of the
MFM tip. The results show that a too large stray field of the particle can influence the sensor
characteristic and switch completely an element.
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8. Hysteresis-free MTJ sensor
MTJ sensors have a potential to detect single magnetic particles respectively biomolecules.
This was demonstrated by a magnetic force microscope (MFM) tip, which serves as an
artificial model for a magnetic particle on the top of MTJ sensor. The response of the MTJs
was measured during the scanning with a MFM tip. While the tip position and height on top
of sensor were varied, the sensor clearly indicates different responses. The differences in the
transport measurements (See Chapter 6 and 7) were visible in the minor loops taken while the
tip was positioned on top of the active sensor area. Thus, the purpose of this experiment is to
produce a hysteresis-free MTJ sensor that would give a clear signal in the presence of a single
magnetic particle.

8.1 Sensor fabrication
A hysteresis free-MTJ sensor was fabricated on an oxidized silicon wafer by using e-beam
lithography, argon ion etching system and plasma oxidation of Al-layer. Previous experiments
relied on two ferromagnetic layers (hard and soft architecture) to obtain a parallel and an antiparallel alignment of the magnetic layers. In order to manipulate the relative orientation of the
magnetic moments of the ferromagnetic layers, a new MTJ stack is fabricated. In this stack a
hard magnetic layer is introduced above the soft magnetic layer to produce Neel coupling. As
previously written, Neel coupling is observed when two magnetic layers are separated by non
magnetic spacer and show correlated roughness; there exist an effective ferromagnetic
coupling which is induced magnetostatiscally by the formation of magnetic poles at the
interfaces. In the new MTJ structure, the soft magnetic layer is aligned at zero field by the
upper hard magnetic layer perpendicular to the biased layer (Figure 8.1).
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(a)

O°
90°

New interface: hard
magnetic layer introduce
above soft magnetic
layer
Hard and soft
magnetic layer
Buffer layer for
lithography and
etching proposes

(b)

Figure 8.1 (a) Introduction of a new interface to the standard MTJs junction structure
described in chapter 6 (b) Approaches: hysteresis free minor loop.
The new MTJ stack is deposited through magnetic masks that are used to align the magnetic
layers. The lower layer structure including bottom layer, lower hard magnetic layer and
aluminium-oxide barriers is sputtered with a “ -90° magnetic mask”, and the upper hard
magnetic layer with a “0° magnetic mask” (See Figure 8.2).
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Figure 8.2 The layer stack is sputtered by using magnetic masks. The lower layers
are sputtered with a -90° magnetic mask, and the upper hard magnetic layer with a 0°
magnetic mask.

As is shown in Figure 8.1 (b), at negative field, the magnetization of the soft magnetic
layer is aligned parallel to the lower hard magnetic layer. At zero fields, the free layer is
oriented to the pinning direction. At zero field, the layer is aligned perpendicular to the
lower hard magnetic layer. These changes in the magnetization orientation of Py layer
produce a hysteresis free signal.

8.2 MOKE measurement
Prior to sensor pattering, the magnetic properties of the structures are examined using the
MOKE (See Section 4.2.2). In this experiments different types of structures are used,
where the thickness of the Py and the Ta layer (the layer between the free magnetic layer
and the upper hard magnetic layer) are varied. The final MTJ stack used in these
experiments comprised: Si/ Ta6.5nm/Cu30nm/Ta19nm/ MnIr15nm/CoFe3nm/ Al1.4nm+plas.oxid./
Py5nm/ Ta1nm/ CoFe3nm/MnIr15nm/ Ta6.5nm
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The MOKE measurement for the above MTJ structure is presented in Figure 8.3. The
measurement are done in two directions: 0° and 90° (See Figure 8.2).
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Figure 8.3 (a-d) MOKE measurements for Si/ Ta6.5nm/Cu30nm/Ta19nm/ MnIr15nm/CoFe3nm/
Al1.4nm+plas.oxid./ Py5nm/ Ta1nm/ CoFe3nm/MnIr15nm/ Ta6.5nm. The measurement is done
in two direction: 0° and 90°.
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Figure 8.3(a) shows a switching of two ferromagnetic layer: the free Py magnetic layer and
upper hard magnetic layer (See Figure 8.2). The Py layer switches around zero field. The
pinned upper hard magnetic layers (Co-Fe layer) switches far from H=0 due to exchange bias.
A similar situation is also observed in Figure 8.3 d, where the switching of the lower and the
free electrode is presented. Figure 8.3 (b)

and 8.3 (d) shows, that the change

in the

orientation of the free magnetic layer in external applied magnetic field produces a hysteresis
free loop.
8.3 Transport measurement
For the experiments, several different MTJ structures are studies: rectangular and elliptical
elements with different junction sizes. Figure 8.4 shows a major loop and minor loop
measurement of the square MTJ elements with an active area size of 10µm2.
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Figure 8.4 (a-b) Major loop and minor of the MTJ elements with an active area of 10µm2.
(c) SEM photo of the 10µm2 MTJ sensor element.
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As shown in Figure 8.4 (a), the sensor elements exhibits TMR ratio up to 18.5% at room
temperature and an area resistance product of about 37 to 46 MΩµm2. The in plane magnetic
field is applied parallel to the pinning of the bottom electrode. The Py magnetic layer switches
around zero magnetic field and exhibits a hysteresis free loop (See Figure 8.4(b)).The I/V
curve of the elements is presented in Figure 8.5.
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Figure 8.5 Electrical characterization of the tunneling barrier of the 10µm2 sensor elements
(a) the IV curve (b) differentiated I/V plot.
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Applying the Brinkman fit to the differentiated plot in Figure 8.5 (b) gives the following
barrier parameters: barrier height - ϕ = 1.20eV , a barrier thickness of d = 2.23nm and an
asymmetry ∆ϕ = 0.07eV .The thickness of the barrier obtained from the Brinkman fit equals
2.23nm and is thicker as the expected value of 1.8nm.
Figure 8.6 shows major and minor loop measurements for an elliptical-like shaped MTJ
sensor element with an active area of 2µm2. Here, again, the in plane magnetic field is applied
parallel to the pinning of the bottom electrode.
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Figure 8.5 (a-b) A major loop and minor loop of an elliptical-like shaped MTJ element
with an active sensor area of 2µm2. (c) SEM photo of the 2µm2 MTJ sensor elements.
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At an area resistance between 23 and 28 MΩµm2, the measured TMR ratio is around 21% at
room temperature. The Py layer switches around zero magnetic field and produces a
hysteresis-free loop. The I/V curve measurement is presented in Figure 8.6.
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Figure 8.6 Electrical characterization of the tunneling barrier of the 2µm2 sensor elements (a)
the IV curve (b) differentiated I/V plot.
The barrier parameters obtained for this element are as follows: barrier height ϕ = 1.90eV ,
barrier thickness d = 2.18nm and asymmetry ∆ϕ = 0.52eV .
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The major and minor loop for small, elliptical elements with an area of 1µm2 are presented in
Figure 8.7.
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Figure 8.7 (a-b) A major loop and minor loop of an elliptical-like shape MTJ element
with an active sensor area of 1µm2. (c) SEM photo SEM photo of the 1µm2 MTJ sensor
elements.
The TMR elements have an area of 1µm2 and exhibit a TMR ratio of 25% and an area
resistance product between 16 and 20 MΩµm2. Here, again the Py layer switches around zero
magnetic field and exhibits hysteresis-free loop. The IV curve of the element is presented in
Figure 8.8.
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Figure 8.8 Electrical characterization of the tunneling barrier of the 1µm2 sensor elements
(a) the IV curve (b) differentiated I/V plot.

The following barrier parameters are obtained: barrier height ϕ = 2.09eV , barrier thickness of
d = 2.05nm and asymmetry ∆ϕ = 0.94eV . Here again, the thickness of barrier layer is
different from the expected value of 1.8nm.
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8.4 Conclusion
In this chapter, different sensors elements with elliptical and rectangular shapes are presented.
In all cases the Py layers switch around zero magnetic field and exhibit hysteresis-free minor
loops. The obtained TMR ratios varied between 20 and 25%. In all measurements, the barrier
thickness is larger than the expected value of 1.8nm. This is due to sputtering through the
mask that produces the orthogonal orientation of the free and the hard magnetic layer at zero
magnetic field. The sensitivity of the new MTJ system is not very high in comparison to
standard MTJ stacks and it is comparable to spin valve sensors. The aim of this experiment
was, however, not to produce a high TMR ratio but to enable an exact comparison of minor
loop hysteresis with reference curves by means of the MTJ sensor. For this thesis, this system
is sensitive enough and can be used in model experiments with an MFM tip or in real system
with ferromagnetic particles.
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9. Single magnetic particle positioning
Several methods have been employed to position a single particle on top of the active area of
the MTJ sensor. This chapter gives an overview concerning these methods and highlights
particular practical aspects.

9.1 Precision attachment of a particle to the AFM cantilever
The results of the model experiments presented in chapter 6 and 7 demonstrate that
differences in the transport measurements are strongly dependent on the tip position and the
corresponding magnetization configuration in the sense layer. The model experiments carried
out on small sized elements show, that a tip has a large magnetic moment, which strongly
affects the sensitivity of the sensor elements .
Considering these results a modification of the AFM tip was proposed as a solution to the
problem. An AFM tip can be modified by attaching a magnetic particle to the cantilever. A
modified AFM cantilever is used in this work in order to determine the signal response of the
MTJ sensor elements in the presence of tips with a precisely defined shape and dimension.
Because of the pyramidal shape of the standard AFM probes, it is difficult to calculate the
magnetic moment of an MFM tip; one can only check whether the probe is magnetized
correctly. Another advantage of the applied method is that, a “real” single magnetic particle
can be placed with the AFM cantilever at any desired site on top of the active area of the MR
sensor.
In order to modify an AFM cantilever tip we applied a method, which is analogous to that
presented by S.T.Huntington et.al from University of Melbourne [207]. The procedure is as
follows: the first step required the selection of an AFM cantilever with a desired resonance
frequency (70 kHz) and spring constant (2 N/m) OLYMPUS [208]. The actual tip parameters
are presented in the figure 9.1.
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(b)

Figure 9.1 Standard AFM tip, fabricated by Olympus, used in the experiments
(a) tip dimension (b) cantilever dimension [208].

Then magnetic particles with a diameter size of 1.5 µm were used (Micromod). Since the
small sensor area is ellipsoid in shape with a surface area of 12µm2, this size is suitable for
testing the detection capability of the sensor and yet they are large enough to be visible under
a light microscope integrated with a Scanning Force Microscope. To glue the particles to the
AFM cantilever, an epoxy glue (Norland Products Nost.81) was used as this type of adhesive
has a very long cure time.
To facilitate the bonding of the microparticles to cantilevers, a small quantity of the particles
were dispersed onto the Si wafers (0.5 x 0.5µm2) and the solvent was allowed to dry. Later,
the samples were mounted on the microscope stage using double sided sticky tape.
The particles are usually supplied in a solution that contains salts or other ingredients.
According to the instruction from BioForce Laboratory the particles have to be washed with
ddH2O and dried prior to deposition. To facilitate washing of the particles, a Pick Pen tool
(Bio-Nobile) was used [193]. The PickPen tip has the advantage that it can be dipped into the
suspension containing magnetic particles in order to collect them. The time required for the
collection of the particles depends on the amount of particles, their size and the viscosity of
the suspension. When the particles are collected on the tip, they are withdrawn from the
solution and transferred to the next suspension. The particles remain attached to the end of the
tip due to a magnetic force, which can be switched off after transferring to the next solution
(See Figure 9.2 ).
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Figure 9.2 The PickPen method for purification of magnetic particles. Images have been
taken from the reference documentation supplied by the manufacturer [193].

When the particles are released into the solution, the probes are put in an ultrasonic bath for
two minutes. After this procedure, the particles are dispersed over the wafer surface.
The general setup for mounting the particles on the AFM tip is presented in Figure 9.3. The
procedure for bonding the particles is as follows:

x,y,z
posit
ioner

Magnetic
particles

Glue

Si wafers

Microscope Stage

Figure 9.3 Set up for mounting the particle on the AFM cantilever.

In the first step a small amount of glue is placed within a short distance of the particles on the
silicon wafer. The desired particles are then identified with the optical microscope. The AFM
cantilever is then located in the center of the field of view, moved in the direction of the glue
and then dipped into the drop. Next, the cantilever is moved up and shifted to the location of
the desired particle and lowered to catch it .
171

Experimental parts

Chapter 9 Single magnetic positioning

_____________________________________________________________________________

When the procedure is complete, the AFM probe is taken out from cantilever support and
transferred to the SEM for observation. The proximity of the SFM and SEM devices allows to
test quickly, whether the particles are bound to the end of the tip or not.
While carrying out the experiments, considerable difficulties were encountered with the
particles. If dried directly on to the silicon substrate the particles became charged and firmly
bonded to the surface. Even if the particle were washed several times with ddH20, they
remained stuck to the wafer surface. It was very difficult to catch them without damaging the
probes. The particles also have a surface charge and had a tendency to fly over when the
cantilever approached them. The method for bonding the microparticles to the AFM probe
appeared simple but all attempts to catch them failed. In our opinion this method can only be
successfully applied to large magnetic microparticles (>2.5 µm).

9.2 Electron Beam Deposition (EBD) tips
In this section, we will present an advanced MFM probe fabrication method, based on
electron beam deposition and then discuss the possibilities of the fabrication of such advanced
MFM tips. This method is an alternative to that presented in section 8.1.
A technique of using electron beam deposition (EBD) was first applied to STM probes by T.
Fujii et al. in 1990 who fabricated long and sharp tips onto the V shaped Si3N4 cantilevers
(See Figure 9.4) [197].

(a)

(b)

Figure 9.4 (a) EBD tip before and after (b) the measurement of the microfabricated V shaped
Si3N4 cantilever by T. Fujii [197].
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The EBD presented in figure 9.4 was made using 5 min irradiation with a 15-kV electron
beam with an emission current of 100µA. The tip was 2µm in length, had a 50nm tip radius
and diameter 100nm below the apex of 200nm.
A similar method to that presented by T. Fuji has been used to fabricate advanced MFM
probes [198].The experimental results presented by the University of Saarland shows that an
advanced probe allows high-resolution imaging of fine magnetic structures within thin-film
Py elements without perturbing them [198]. A schematic diagram for the fabrication such tips
is presented in figure 9.5.

Figure 9.5 A schematic representation of the processing steps in the fabrication of advanced
MFM probes - University of the Saarlanad [198].

In the methodology reported by the University of Saarlanad, a standard cantilever tip is coated
of the front with a 50-100nm magnetic film of CoCr (see figure (b) and (c)). In the next step
the tip is placed into the SEM and the electron beam focused onto the tip apex for 10-15min.
The electron beam deposits a tiny carbon tip right at the apex of the cantilever tip [198].
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The carbon tip is used as an etch mask in Ar+- ion milling of the front side of the cantilever.
This results in a cantilever with a tiny magnetic particle exposed at the probe apex [198] (See
Figure 9.5 c).
In our experiments we wanted to develop a modified MFM probe and test the response of the
MTJ sensor element in the presence of such a well defined magnetic particle. The method
used to fabricate the EBD tips is presented in Figure 9.6.

(1)

Tip-apex

(2) Metal deposition
Ta5nm/CoCr90nm/Co2nm/Ta5nm/Au45nm

(3)

(4) Carbon deposition in
SEM

Droplet
aceton/parafin oil

Figure 9.6 Schematic of the methods used for EBD tips deposition.

An EBD tips were fabricated using a standard AFM probe from Olympus [208]. The
parameters of the tips are tabulated in Figure 9.1. After magnetic coating, the tip was placed
in a UVH chamber for gold deposition (45nm). When a layer was sputtered on the tip’s apex,
the sample was removed and fixed onto a silicon wafer. Double-sided sticky tape was used to
fix the tip on the wafer. In the next step a droplet of a mixture of acetone /paraffin oil was
dispersed on the tip apex. After preparation, the probes were left to air dry for 24 hrs before
being placed under a scanning electron microscope. In the last step, the tip was transferred
under the microscope and the electron beam focused onto the tip apex for 1-2min.
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In the first step an EBD tip was deposited onto the silicon wafer. The experimental results are
shown in Figure 9.7. The EBD tip was grown under 30 s focusing with a 20 kV electron
beam. The tip was 950 nm in length and had a radius of approximately 50 nm.

(a)

(b)

(a)

(d)

(c)

Figure 9.7 SEM micrograph of the deposited EBD tip on a silicon wafer
(exposure time 30s by 20 kV, 200-220 nm –tip radius )
(a) carbon spots, (b) and (c) a close-up view of a tip.
The height and the base diameter of the EBD tip depend on the focusing condition and the
exposure time. When the electron beam is focused onto the wafers for a duration of 1min, a
carbon tip with a length of ~550 nm and radius ~200nm is deposited. If the exposure time is
set to 2 mins, the length and radius of the tip increases to ~950 and ~400nm respectively (See
Figure 9.8).
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Exposure time 2min
Tips length:800-950nm
Tips radius:~50nm

Exposure time 1min
Tips length:~500nm
Tips radius:~30nm

200nm

200nm

300nm

Figure 9.8 SEM micrograph of the deposited EBD tip on a silicon wafer.
(exposure time 1 and 2 min by 20 kV, 400 and 950 nm –tip radius).

By employing sharpened AFM tips, the fabrication of e-beam deposited (EBD) tips on top of
the apex became problematic. Prior to deposition, the tip was coated with a hard magnetic
layer stack Ta5nm/CoCr90nm/Co2nm/Ta5nm and 45nm of Au layer. Then the AFM tips was
transferred to the microscope and the EBD tips deposited by e-beam focusing onto the apex
for 30 seconds with a 20kV. Figure 9.9 shows a SEM photo of an AFM probe after EBD
deposition.
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(a)

(b)
Tip apex

(c)

probably of
EBD
deposition

probably
EBD
deposition
tip apex

(c )

Figure 9.9 (a) Standard AFM tip used for EBD deposition in SEM
(b) and (c) Close up –AFM tip apex after EBD deposition.

Focusing at the tip apex causes a charging effect which results in the deflection of the electron
beam. For this reason it is difficult to deposit an EBD tip directly onto the apex of an
insulating AFM probe. After deposition, it was easy to locate the EBD spot on the silicon
wafer. In the case of the AFM tip, the identification of the EBD tip on the tip’s apex was
problematic (for more details see Figure 9.9 (b) and (c)).
To summarize, the method used to fabricate EBD tips presented in this work is effective
however all attempts to produce an EBD tip on the AFM tip apex have failed. Further work
should investigate the use of a tipless cantilever. Another open question concerning the
fabrication of EBD tips is the magnetization of the produced magnetic volume and the
direction of the magnetiization.
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9.3 Discussion
Positioning of a single magnetic particle on top of the sensor area is an integral part of the
testing process.
In many experiments superparamagnetic particles are dropped over the sensor area in an
aqueous solution and simply allowed to dry.
Later on, the position of the particles is identified under the microscope [75, 80, 82, 84].This
method can be successfully applied to large superparamagnetic particles [82]. It can also
achieve sound results in the case of small particles with a size below 1.5 µm in diameter,
however, there are a few obstacles to consistent outcomes. First, the probability of finding a
single particle exactly in the correct position on the sensor area is rather small. Second,
sometimes this method entails the distribution of particles several times over the sensor
surface until one reaches the desired position. During several probes, the particles are usually
washed from the surface and this procedure can influence the sensor quality and destroy
elements. Another problem is the aggregation of particles and their tendency to align in a
multiple ring formation (for more details see section 9.3.2).

9.3.1 Aggregation of the particles
Even if the applied magnetic particles are superparamgentic and they are embedded into the
polymer or silica matrix, they show a tendency to agglomerate and form a cluster. Figure 9.11
shows a cluster of magnetic particles with a size of 1.5 µm in diameter formed on top of an
active area of a MTJ sensor.

Figure 9.10 Agglomeration of magnetic particles with a size of 1.5µm in diameter on top of
the sensor active area.
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9.3.2 Concentric ring formation
There are a number of publications in the literature concerning the formation of twodimensional arrays by evaporation a drop of particle containing liquid on a substrate [199].
The solution usually contains latex or metal spheres, polymer or proteins [199]. In the
investigated system particles accumulate at the contact line and form ordered arrays [199].
The arrangement of particles in concentric rings within the drop was first reported by
Deegan’s et al. in 2000, but models describing this phenomenon were later proposed by
Shmuylovich et al. in 2002 [199,200]
In the proposed model, evaporating water at the contact lines cause a flow of the particles
towards a edges due to an evaporatively driven convective flow [199]. But not every particle
reaches the contact lines, some of them become pinned to the substrate (see Figure 9.11).

(a)

Region-ofhighest
evaporation
rate
Particles flowing to –
the edge

Substrate
Particle-adhered-to-surface

Region-of-highest

(b) evaporation rate

Particles flowing to –
the edge

Substrate
Next-Pinning-Site

Figure 9.11 (a) Formation of the pinned line (b) Movement of the contact line to the particle
and formation of the next pinned line [199].

The contact line exhibited also stick-slip motion as the water evaporated [199]. When the
contact line slips the agglomerate particles at the edges it keeps moving until it reach the
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next particle and the pining may start again [199]. This stick-slip motion of the contact line
causes a formation of the multiple rings [199].
The agglomeration of particles at the line edges has also been observed in solutions which
contain magnetic particles. Figure 9.13 displays a close-up view of the ring observed in a drop
consisting of 250nm silica particles dispersed on the silicon wafer.

Agglomeration of
the particle at the
edges
The particle
pinned to the
substrate

The next
edge of the drop

Next pinned
contact line

Figure 9.13 An optical image photo (50 x magnifications) of a dry drop comprising 250nm
diameter magnetic particles. The image shows the edge of the contact line with the magnetic
particles aggregated at the edges.
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9.4 Conclusion
This chapter presents two methods for the positioning of a single magnetic particle on top of
the active area of the MTJ sensor. One example described how the particle can be bound to
the end of AFM probes and positioned precisely with the cantilever on top of an active area of
the sensor. It is also possible to modify a MFM probes by electron beam deposition and
produce a small magnetic particle at the end of the apex. In the first method, all attempts to
catch the small particle (1.5µm) were unsuccessful. In the second methods, we succeeded in
fabricating an EBD tip on the silicon wafer, but we failed to produce such an EBD spot on the
apex of the MFM tip.
In our opinion, the most effective methods is the positioning and transport of small particles
using a conducting line. This method was developed in our research group, by another
researcher, and is described in detail in [85].
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Summary and Outlook
Today, biosensors have found many applications in different fields including medicine,
healthcare,

environmental

protection,

biotechnology

and

the

military.

Significant

developments have been made in the medicine, health care and the military because of their
greater financial support. Many projects have involved significant investments in the
development of a small portable device that is easy to use, inexpensive, miniaturized, and
highly sensitive. This small device, so called a ‘lab-on-a-chip’, integrates one or more
laboratory tasks on a single chip with an area of a few micrometers up to a few millimeters.
Within these small devices fluorescence and electrochemical methods are commonly used for
detection. In 1998, Baselt et al. presented a new concept in biological labeling that combines
magnetoresistive sensors with magnetic particles [80]. This type of sensor is more sensitive
than fluorescence types and has the added benefits that it can be miniaturized to the nanoscale
and produced cheaply. This work presents an overview of magnetic particles and their
application in this progressive and exciting field and includes the introduction and description
of different types of magnetoresistive transducers.
Since 1998 many groups have followed the idea presented by Baselt. In our research group
this concept has been further developed [80]. In the first thesis on the biosensor, the signaling
of the GMR and TMR types of sensor is analyzed systematically under various conditions and
the results compared to simulations. In this experiment a spiral-like shaped GMR sensor with
an area comparable to a DNA spot was used for the first time. Here, the sensitivity of the
GMR sensor was compared to a standard fluorescent detection method and was found to be
higher than the sensitivity of fluorescence sensor [75].
This work describes the development of magnetic tunnel junction sensors for the detection of
a single magnetic particle. Here, for the first time, the sensitivity of the magnetic tunnel
junction sensor (MTJ) is proved down to the single magnetic particle level.
MTJ sensors are fabricated using an E-beam lithography technique combined with Ar ionbeam etching. A detailed description of the fabrication procedures is presented.
Two different detection methods are used to prove the detection capability of the MTJ sensor.
In the first method, a suspension of magnetic particles is dispersed over the sensor surface and
the position of magnetic particles is controlled using scanning electron beam lithography
(SEM). In the second method, a model experiment is carried out, where home-made magnetic
force microscope tips serve as an artificial magnetic particle on top of the sensor element.
Two different types of sensor element (rectangular and elliptical) are examined.
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The experimental results are compared with micromagnetic simulation.
Further, to enable a better analysis of the differences in transport measurement a hysteresis
free magnetic tunnel junction sensor is presented. The sensor is fabricated by introducing a
new interface above the soft magnetic layer in the standard MTJ stack used in this work. The
TMR amplitude of the new MTJ sensor is around 20% which is comparable to a commercial
spin valve sensor. The sensor is sufficiently sensitive to be used in a model experiment or in
real system with micromagnetic particles. Parallel to this experiment, different methods for
positioning of single particles on top of an active area are studied. The particles can be
boound to the end of AFM probes and positioned precisely with the cantilever on top of the
active area of the sensor. It is also possible to modify MFM probes by electron beam
deposition to produce a small magnetic particle at the end of the apex. Our research group has
also developed a third method where the single particle can be positioned and transported
with a conducting line which is the subject of another thesis [85]. The third method is
probably the most effective method that can be used for the transport and positioning of a
single magnetic particle.
During the writing of this thesis there has been a recent development in the field of single
magnetic particle detection. In 2005, Gang Xio’s group from Brown University also began
focusing on single magnetic detection and MTJ sensors [201]. In their experiment, the MTJ
sensor is integrated into a microfluidic channel, and they were able to detect the presence of
moving superparamagnetic particles. In 2007, the Philips Research Laboratories in Eindhoven
demonstrated the detection of a 2.8µm single particle using a 100x3µm2 giant
magnetoresistive sensor [202].
The experiment carried out by the Philips research group is similar to the model experiment
presented in this thesis, but in contrast to us, they glued their 2,8µm particles to the tip of an
atomic force microscope and magnetized the particle using conducting wires integrated in the
sensor [202]. In their experiment, similar to us, they observed the influence of the single
magnetic particle on the sensor strip (for comparison see section 6.3 and reference). They also
observed a transition between “bright and dark bands”close to the center of the sensor [202].
Their experiments led to conclusion that by using this type of sensor it is possible to detect a
single 300nm superpraramagnetic particle [202].
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In our group

CoFe ferromagnetic particles are fabricated and the manipulation of the

magnetic nanoparticles with stray field of ferromagnetic layers was demonstrated [203].
A new class of magnetic tunnel junction structure is developed comprising a crystalline MgO
tunnel barrier. This new MTJ exhibits a very large room-temperature magnetoresistive effect
(over 200%) [204]. With very high sensitivities this new magnetic tunnel junction can be
applied in biosensor technology and currently researches in our group are moving in this
direction.
These developments have opened up many opportunities for future research and development.
One interesting avenue for future work would be the investigation of the direct application
and use of highly sensitive sensors in molecular diagnostics or for the detection of single
nucleotide polymorphism. To facilitate this experiment, the sensor surface would have to be
immobilized with an array of oligonucleotides (short nucleic acid polymer, 15 to 25 bases in
length). The genomic DNA of interest will be multiplied using polymerase chain reaction
(PCR) methodology and the PCR product will be labeled by a functionalized magnetic
particle. Later the labeled PCR product will be spotted on the sensor surface. Then the sensor
will be left for hybridization and the signal output analyzed in an external magnetic field.
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