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Chapter 1

General Introduction

The topic of this Thesis is the fabrication and properties of nanoscale magnetic tunnel
junctions (MTJs). MTJs can be used as bits for digital information storage and serve as
the basic elements for magnetic random access memories (MRAMs). MRAMs have the
advantage that information remains on the memory elements even without a power supply
and that data are faster accessible. To replace the current RAM technologies by MRAMs,
the dimensions of the bits for data storage has to decrease to sub - 100 nm in order to
achieve a sufficiently high areal density [1]. Ever since the introduction of magnetic data
storage, the number of magnetic bits per unit area, the areal density, is continuously
increasing.

The aim of this general introduction is to give a historical overview of magnetic data
storage, and to explain how MTJs can be used as memory elements for data storage
on MRAMs. Furthermore, the relevance of scaling down MTJs to sub - 100 nm lateral
dimensions will be discussed. Finally, the addressed issues and the work described in this
Thesis will be outlined.

1.1 History of Magnetic Data Storage

Magnets have been known to mankind for ages. The notion that magnets can be used for
data storage is a relatively new discovery and was put into practice well over a century
ago. The first practical apparatus for storing magnetic information was the telegraphone,
which was demonstrated by Poulsen in 1898. The telegraphone recorded varying magnetic
fields produced by sound on a steel wire, which in turn could be used to play back the
sound [2]. Poulsen’s invention served as the foundation for the discovery of magnetic tape,
in 1928 by Pfleumer. It took four years for AEG and BASF to commercialize this idea
and launch the magnetophon. The technology evolved slowly during the first part of the
twentieth century and was mainly used in dictaphones, for telephone message recording
and for delayed radio broadcasting. Over two decades passed before magnet tapes were
used to store digital information instead of sound. In 1951 the first recording medium
for data storage on a nickel plated bronze tape was available. IBM computers developed
this technology further and used iron oxide coated tape, similar to that used in audio
recording.

In 1932 Taushek was inspired by the discovery of Pfleumer and coated the outside
surface of a metal drum with a thin ferromagnetic recording layer. A row of recording
heads were mounted at a distance of a few micrometers from the drum. Binary values of
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2 Chapter 1. General Introduction

‘0’ or ‘1’ were recorded by generating electric pulses while the drum rotated. The magnetic
drum memory was an early high-speed, direct access storage device that was widely used
as a computer memory in the 1950s and 1960s. With media such as paper tapes or punch
cards the data and programs were loaded on to the drum, which formed the main working
memory of a computer.

Figure 1.1: Photograph of a magnetic core memory plane [3].

In 1949 Wang started the earliest work on core memories [4], which were faster than
drum memories and had no moving parts. The drum memories were replaced by core
memories in the 1960s. This technology makes use of a 3-dimensional array of tiny fer-
romagnetic cores to store information via the polarity of the magnetic field the cores
contain. The cores are magnetized by a magnetic field, generated by a current flowing in
wires through the core. A core is needed for each bit of memory and is magnetized in
either a clockwise or counterclockwise direction, representing a ‘0’ or a ‘1’, respectively.
Providing the means to select and detect the contents of each bit, three wires are threaded
through a core, as can be seen in figure 1.1.

By the early 1970s, core memories were history and semiconductor memories entered
the scene. As of then the actual computing took place in the semiconductor memory,
known as random access memory (RAM). Besides that, computers also used a magnetic
hard disk as a static memory for non-volatile massive data storage. On hard disks in-
formation was stored by magnetizing regions within a thin magnetic film. The magnetic
stray field from each bit region was measured with a recording head, which was floating
on an air bearing above the recording hard disk at a height of a few nanometers [5]. The
ever increasing areal density on magnetic hard disk storage devices also required the tech-
nological development of the recording heads.

Initially, yoke-type heads that utilized magnetic induction to read and write magnetic
bits were used. The first successful application to replace the induction yoke-type heads
was proposed in 1971 by Hunt. Hunt’s recording head is based on the anisotropic mag-
netoresistance (AMR) effect in a thin magnetic film [6]. The AMR effect is in principle a
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bulk scattering effect found in ferromagnets and depends on the orientation of the mag-
netization with respect to direction of the current in the material [7]. The AMR effect is
approximately 6 % at room temperature for ferromagnetic 3d alloys. However, for thin
films this percentage decreases with decreasing film thickness, due to the scattering from
the interfaces [8].

In 1988 the giant magnetoresistance (GMR) effect was discovered independently in
epitaxial (001) oriented Fe/Cr superlattices [9] and Fe/Cr/Fe sandwiches [10]. The origin
of the GMR effect is a result of spin scattering in alternating magnetic and non-magnetic
metallic multilayers, dependent on the relative magnetization in the magnetic layers. Al-
though at first the measured GMR effects in epitaxial Fe/Cr layers at room temperature
were modest (≈ 13 %), within three years after the discovery GMR effects values of more
than 65 % were found in sputter deposited Co/Cu multilayers [11]. The GMR research
area developed very fast and in 1997 already, IBM introduced a GMR recording head
commercially.

The areal density of magnetic hard disks continued to increase to such an extent that
alternatives to GMR recording heads could be requested. In magnetic tunnel junctions
(MTJs) much larger effects were found at room temperature. An MTJ consists of two
magnetic layers separated by a thin insulating barrier instead of a metallic spacer layer.
The current that flows through the barrier depends on the relative alignment of the mag-
netization in the magnetic layers, which is known as the tunnel magnetoresistance (TMR)
effect. The resistance is low when the magnetization is parallel and high in an anti-parallel
configuration, as can be seen in figure 1.2.

l o w  r e s i s t a n c e h i g h  r e s i s t a n c e

( a ) ( b )
R R

Figure 1.2: Illustration of the tunnel magnetoresistance (TMR)
effect in magnetic tunnel junctions (MTJs). The resistance is
low when the magnetization is parallel (a) and high if the mag-
netization is anti-parallel (b).

MTJs are particularly attractive for ultra high density magnetic recording, because of
the perpendicular current flow through the TMR device. The high TMR signal from a
single MTJ allows for the utilization of MTJs for a cross-point magnetic random access
memories (MRAMs) architecture [12]. Furthermore, the perpendicularly flowing current
through the MTJ memory element and the adjustable resistance, facilitates the integra-
tion with complementary metal-oxide-semiconductor (CMOS) circuits. In 2006 the first
commercial 4 Mbit MRAM device, the MR2A16A, was taken into volume production
by Freescale semiconductor. A photograph of the MR2A16A is shown in figure 1.3. In
the next section, we will elaborate on the functioning of MTJs as memory elements for
MRAMs.
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Figure 1.3: Photograph of Freescale’s MR2A16A, which was the
first commercial 4 Mbit MRAM device that was taken into pro-
duction [13].

1.2 Magnetic Tunnel Junctions as Memory Elements

A magnetic tunnel junction (MTJ) is a spintronic device that is based on quantum me-
chanical tunneling of spin-polarized electrons through a thin insulating barrier. In 1960,
Giaever established electron tunneling between Al and superconducting Pb electrodes
through an Al2O3 barrier [14]. The tunnel conductance curve resembled the Bardeen-
Cooper-Schrieffer quasi-particle density of states (DOS). This is originating from the de-
pendency of the tunnel probability on the product of the DOS at the Fermi level in both
electrodes [15].

At the Fermi level the 3d -band of ferromagnetic metals is split in a spin-up ↑ and a
spin-down ↓ band with different DOS. If the spin is conserved in the tunneling process,
an electron can only be transferred between bands with equal spin. Tedrow and Meservey
utilized the spin-polarized tunneling technique to demonstrate spin-dependent tunneling
from superconducting Al through Al2O3 into Ni. Spin-dependent tunneling depends on
the degree of the spin polarization in the magnetic electrode. This polarization is defined
as [16]:

P =
Nmaj − Nmin

Nmaj + Nmin

, (1.1)

where Nmaj and Nmin are the number of majority and minority spin states at the Fermi
level.

In 1975, Jullière performed the first pioneering experiments on a Fe/GeOx/Co magnetic
tunnel junction (MTJ). The tunnel current between the Fe and Co layers was dependent
on the relative orientation of the magnetization of the two electrodes. At 4.2 K, a differ-
ence in resistance of 14 % was observed between the parallel and anti-parallel state of the
magnetization [17]. The analysis of Tedrow and Meservey inspired Jullière to explain this
phenomenon with a simple model based upon spin-dependent tunneling.
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This model is schematically presented in figure 1.4 to explain the tunnel magnetoresis-
tance effect (TMR), where a voltage V is applied across a barrier that is separating two
magnetic electrodes FM1 and FM2. Figure 1.4(a) depicts the situation with a parallel
magnetization of the electrodes. In the parallel state, the tunneling current of spin-up
electrons IP,↑ is proportional to the available majority spin states Nmaj,1 in electrode FM1
and the free majority spin states Nmaj,2 in electrode FM2. Whereas the spin-down current
IP,↓ is proportional to the available minority spin states Nmin,1 and the free minority spin
states Nmin,2. In the anti-parallel state of magnetization the spin-up current IAP,↑ and
the spin-down electron current IAP,↓ have equivalent proportionalities, which are shown in
figure 1.4(b).

b a r r i e r F M 2F M 1 b a r r i e r F M 2F M 1

V
E F , 1

E F , 2

( a ) V
E F , 1

E F , 2

( b )

N m i n N m i n

N m a jN m a j

p a r a l l e l a n t i p a r a l l e l

Figure 1.4: Schematic presentation of Jullière model to explain
the tunnel magnetoresistance (TMR) effect. In case the elec-
trodes FM1 and FM2 have a parallel magnetization, the re-
sistance is low and IP ∝ Nmaj,1Nmaj,2 + Nmin,1Nmin,2 (a). In the
anti-parallel state of magnetization the resistance is high and
IAP ∝ Nmaj,1Nmin,2 + Nmin,1Nmaj,2 (b).

Assuming the spin is conserved during the tunnel process for both magnetization states,
the total tunnel current is the sum of the independent spin-up and spin-down current
contributions, I = I↑ + I↓. The TMR effect is defined as the difference in resistance
(∆R = RAP − RP), normalized by the resistance in the anti-parallel magnetization state.
Using equation 1.1 for the spin polarizations P1 and P2 of the magnetic electrodes FM1
and FM2, respectively, Jullière expressed the TMR as:

TMR ≡ ∆R

RAP

=
IP − IAP

IP

=
2P1P2

1 + P1P2

. (1.2)

The research field of spin-dependent tunneling in MTJs developed slowly and measurable
TMR values were only observed at low temperatures. However, the breakthrough was
achieved in 1995, when Miyazaki and Tezuka obtained an 18 % effect at room temperature
in a Fe/Al2O3/Fe MTJ, which was defined as the ratio of the resistance change from the
anti-parallel to parallel magnetization and the resistance at saturated magnetization [18].
Moodera et al. independently produced Co/Al2O3/CoFe MTJs with a TMR effect over
10 % at room temperature, according to the definition in equation 1.2 [19].

Figure 1.5 shows a TMR measurement of a Co/Al2O3/CoFe MTJ performed at 300 K
[20]. The resistance change is plotted as a function of the applied magnetic field in the
plane of the film. At high fields, the magnetization in both layers is parallel. Upon
reversing the field the resistance starts to change sharply. This marks the switching of
the magnetization of the free Co layer, which has a lower coercive field than the CoFe
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layer. At about ± 8.5 kA/m the resistance change drops distinctly, indicating that the
magnetization of the CoFe layer is reversing. The change in resistance between parallel
and anti-parallel alignment of the Co/Al2O3/CoFe MTJ yields a TMR effect of almost
20 %.

- 2 0 - 1 0 0 1 0 2 00

5

1 0

1 5

2 0

2 5

 

 

Ch
ang

e in
 res

ista
nce

 (%
)

A p p l i e d  f i e l d  ( k A / m )
Figure 1.5: A typical TMR measurement of a Co/Al2O3/CoFe
MTJ performed at 300 K [20].

The breakthrough of the high TMR effect values cleared the way for MTJs to be used
as bits for information storage and serve as the basic cells for magnetic random access
memories (MRAMs). A schematic illustration of an MRAMs architecture is shown in figure
1.6(a). Consider an array of nanoscale MTJs at the cross-points of orthogonal conductors
placed below (word lines) and above (bit lines) each MTJ. To prevent sneak current paths
in the matrix arrangement, each MTJ is connected with an isolation transistor in the
underlying CMOS circuits [21], as is shown in figure 1.6(b).

To read-out the magnetization state of an MTJ, the isolation transistor is grounded
while the bit line along the MTJ is forward biased. The tunnel current that flows through
the barrier depends on the relative alignment of the magnetization in the magnetic layers.
As indicated before, the resistance is low when the magnetization is parallel and high if
the magnetization is antiparallel, generating a logical ‘0’ or ‘1’ as output, respectively.

The write operation of an MTJ is done by switching off the transistor and sending a
current through the intersecting word and bit lines. All MTJs on the word and bit line
are half-selected, except the selected MTJ on the cross-point of the intersecting lines, as
is indicated in figure 1.6(c). The magnetic field ~Hhard resulting from the word line current

is too small to switch the free layer of the MTJs along the word line. Also the field ~Heasy

produced by the bit line current is too small for switching the free layer of the MTJs along
the bit line.

In order to switch the free layer, the applied magnetic field ~Happl has to overcome an
energy barrier Eb resulting from a magnetic shape anisotropy. Figure 1.7 shows a sequence
of energy profiles for different applied magnetic fields. At zero magnetic field the energy
profile has two minima corresponding to the magnetization pointing in the up or down
direction along the easy-axis, as can be seen in figure 1.7(a). For small fields around
zero one direction is stable and one is metastable. Applying a magnetic field along either
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Figure 1.6: An illustration of a cross-point magnetic random
access memories (MRAMs) architecture (a). Zoom in on a sin-
gle cross-point of the MRAM with an MTJ in write mode [21]
(b). A schematic of an MTJ array with the selected (black) and
half-selected (gray) MTJs (c). The threshold Stoner-Wohlfarth
astroid curve to indicate the switching boundary [22] (d).

E b
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( a )                               ( b )                             ( c )  
Figure 1.7: Energy profiles in zero magnetic field (a), for ~Happl =
~HK (b), and ~Happl ≫ ~HK (c). The horizontal axes correspond to
the direction cosines of the magnetization.

the hard-axis or easy-axis reduces the energy barrier. The barrier reduces to zero, if the
applied field is equal to the anisotropy field ~HK and the free layer can be switched, as is
indicated in figure 1.7(b). There is only one stable direction available if the applied field is
very large, namely when the magnetization is aligned with the applied field. Figure 1.7(c)
shows this condition that is evolved from the merging and disappearing of one minimum
and one maximum of figure 1.7(a). Therefore, a closed curve around the origin must ex-
ist that separates the two-energy-minima low-field region from the one-energy-minimum
high-field region [23].
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For an elliptical particle, this switching boundary curve is illustrated in figure 1.6(d),
and is known as the threshold Stoner-Wohlfarth astroid curve for orthogonal word and bit
lines [22]:

H
2/3

K
= H

2/3

hard
+ H

2/3

easy
. (1.3)

When the sum of the two magnetic fields ~Happl points outside the Stoner-Wohlfarth astroid
curve, the field is high enough to switch the magnetization of the free layer, and the MTJ
on the intersection of the word and bit lines will be written in a definite state.

As mentioned before, an MTJ must exhibit two different resistance values to distinguish
a logical ‘0’ and a logical ‘1’, corresponding to anti-parallel and parallel magnetization at
small magnetic fields. For an useful application of MTJs as memory elements, the MTJ is
incorporated in an engineered multilayer stack to promote stability and reproducibility of
the magnetic and electric response of the MTJ. In the following, we describe the evolution
of the engineered MTJ multilayer stack.

s u b s t r a t e
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Figure 1.8: Evolution of the magnetically engineered MTJs for
MRAM application.

A stable anti-parallel and parallel magnetic state in the interests of a significant TMR
effect, can be realized by exploiting two ferromagnets with different coercive fields. The
magnitude of the TMR effect is extremely sensitive to the interfaces’ roughness. There-
fore, the quality of an MTJ is mainly determined by the interface smoothness. To promote
reasonably smooth layer growth, first a thin seed layer is grown on the SiO2 substrate.
Generally, refractory metals such as Ta, Ru, and W are used as buffer layer because of
their relatively smooth growth on SiO2 [24]. Furthermore, a capping layer is used to pro-
tect the MTJ stack from oxidation. The resulting basic MTJ-MRAM stack is depicted in
1.8(a).
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The write operation of an MTJ involves an independent switch of the two magnetic
layers. However, repeated switching of the free layer by magnetic field sweeping can de-
magnetize the other layer due to roughness-induced magnetostatic coupling, known as
Néel coupling. To prevent this stability decay, one of the ferromagnetic (FM) layers can
be pinned to an adjacent layer of antiferromagnetic (AF) material such as FeMn, IrMn or
PtMn, through an exchange bias interaction [25]. Generally, the AF layer is grown on a
magnetic buffer layer, as can be seen in figure 1.8(b).

In order to achieve a sufficiently high areal density, the dimensions of the MTJ-MRAM
cell have to decrease to sub - 100 nm. For sub - 100 nm MTJs, the independent switching
of the free- and pinned layer is obstructed by stray field coupling in addition to the Néel
coupling. The stray field fringing from the pinned layer can be eliminated by employing
an artificial antiferromagnet (AAF). An AAF comprises a sandwich of two identical FM
layers separated by a 7 to 8 Å thick Ru spacer layer. The moments of the two FM layers
are antiferromagnetically coupled in opposite directions through the Ru spacer and due
to the flux closure the coupling to the free layer is reduced [26]. To enhance the magnetic
stability, the lower FM layer is also pinned via exchange bias to an AF. The configuration
of the magnetically engineered MTJ multilayer stack for MRAM application that we have
studied in this Thesis is depicted in figure 1.8(c). However, nowadays more complex toggle
MTJ multilayer stacks are used in industry that consist of two AAFs, which are separated
by the insulating barrier [27].

1.3 Outline of the Thesis

The work in this Thesis focuses on the scaling properties of magnetic devices based on
MTJs for future spintronics devices, such as magnetic random access memories (MRAMs).
Scaling down to sub - 100 nm lateral dimensions is required to achieve a sufficiently high
areal density and to match the semiconductor technology. Accordingly, a considerable
part of the Thesis is devoted to the nanofabrication of sub - 100 nm MTJs.

Regarding the nanofabrication, we have concentrated on the oxidation of sub - nm thin
Al layers to produce Al2O3 barriers, because for MTJs with a surface area of less than
0.01 µm2, the Al2O3 barrier has an approximate thickness of a nanometer to ensure an
appropriate tunnel current.

In addition, we have developed a fabrication technology including electron beam (EB)
lithography for patterning, while Ar+ ion beam milling, reactive ion etching and induc-
tively coupled high ion density etching are all used for the structuring the magnetically
engineered MTJ multilayer stacks. From a commercial perspective EB lithography is not
the most obvious choice for patterning large-area samples with ultra-dense arrays of sub -
100 nm MTJs. Nevertheless, EB lithography yields great opportunities for science to
create features of only a few nanometer in size, hence enables the exploration of the fun-
damental boundaries of magnetic and electric scaling properties. Therefore, the research
within this Thesis also aims at investigating the influence of the reduced dimensions of an
MRAM-like structure on the modification of magnetic and electronic properties.

In order to address the mentioned issues, the consequences of the reduced dimensions
on spin dependent tunneling and the switching behavior of nanoscale MTJs will be dis-
cussed in chapter 2. Besides that, particular attention is given to the influence of the
interdot coupling on the switching behavior.
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The preparation of the multilayer stacks for the top-down nanostructuring of MTJs is
discussed in chapter 3. These multilayer stacks are prepared using the Eindhoven Uni-
versity nano-Film depOsition Research and Analysis Center (EUFORAC). Additionally,
the differential ellipsometer and the X-ray photoelectron spectroscopy (XPS) apparatus
for the in situ characterization of samples will be discussed.

In chapter 4 we present in situ differential ellipsometry and X-ray photoelectron spec-
troscopy (XPS) measurements to study the plasma oxidation of an Al layer to create the
Al2O3 tunnel barrier. For nanometer thin Al2O3 barriers, excellent control over the ox-
idation of sub - nm thin Al layers is of utmost importance. The ellipsometry and XPS
characterization techniques are used to monitor the conversion from Al to Al2O3 and to
determine the onset of the over-oxidation of sub - nanometer thin barriers for magnetic
tunnel junctions. By analyzing the oxidation rate in real-time, we are able to mark the
moment at which the over-oxidation of the Al2O3 barrier starts with great precision.

Chapter 5 describes the principle of electron beam lithography, which is used to define
the pattern of the nanoscale MTJs in a resist layer. We present a special high-speed EB
writing strategy that we developed to pattern a sample area of 16 mm2 with ultra-dense
arrays of sub - 100 nm elliptical features in 10 minutes. Large-area samples with ultra-
dense arrays of sub - 100 nm elliptical features can be written about 16 times faster using
the high-speed EB writing strategy.

Furthermore, we report about etching Ta in a low temperature inductively coupled high
density SF6/O2 plasma and polymethylmethacrylate (PMMA) etching in an O2 reactive
ion plasma, to define the masks for the samples to characterize the magnetic and electrical
properties, respectively. Additionally, we discuss several pattern transfer techniques that
we used to structure the magnetic and electrical samples.

Magnetometry measurements are used to investigate, the magnetic switching behavior
for arrays of nanoscale Co dots and arrays of sub -µm MTJ without electrical contacts.
Deviations of the Stoner-Wohlfarth behavior are observed and will be discussed in term
of interdot coupling and edge roughness in chapter 6. We suggest that the interdot cou-
pling facilitates the magnetization reversal and thereby influences the switching field. By
comparing the experimental data with the outcome of micromagnetic simulations of the
switching of a single dot, we unambiguously demonstrate that the interdot coupling has a
major influence and account for the early switching of part of the elements of the array.

Faceting of the etch masks and chlorinated etch residues can reduce the magnetization
of patterning magnetic materials substantially, and therefore constitutes a considerable
concern. We have studied the relation between process induced damage and the magnetic
properties of sub-µm CoFeB dots that are etched in a high ion density Cl2-based plasma.
The investigations on the reduced magnetization of patterned CoFeB dots are presented in
chapter 7. Magnetometry measurements and scanning electron microscopy (SEM) studies
were performed to distinguish between the reduction of the magnetization due to faceting
of the etch masks and due to chlorinated etch residues on the sidewalls of the etched fea-
tures.

In chapter 8 the I-V characteristics of sub - µm MTJs with a nanometer thin AlOx

barrier are specified. The I-V characteristics are measured by applying a voltage over a
1× 1 µm2 square MTJ pillar located at the cross-point of the bottom and top electrode.
Three different characteristics of the I-V response are observed. Namely, an ohmic like re-
sponse, a response resembling breakdown, and a tunneling response. The measured MTJs
that showed a tunneling response had a resistance-area product between approximately
20 and 50 kΩµm2. Furthermore, the conductance showed roughly a parabolic behavior
implying an asymmetrical barrier. The Brinkman formula is used to fit the experimental
data, the fits yielded average barrier heights between 1.2 and 2.3 eV, and an asymmetry
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parameter ranging from 0.3 to 0.8 eV, which are close to reported observations in litera-
ture. Due to a strong Néel coupling, the resistance measurements yielded no significant
magnetoresistance for the 1 µm2 MTJs, because of the stability decay of the magnetiza-
tion.

As an alternative, the scanning force microscopy (SFM) technique that is used in the
conductive mode is discussed in chapter 8. This technique is explored to measure the elec-
trical properties of the nanoscale MTJs. However, no significant bias voltage dependency
was observed, due to resist remains.
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Chapter 2

Nanoscale Magnetic Tunnel
Junctions

Nanoscale magnetic tunnel junctions (MTJs) can be used as bits for information storage.
As stated before, MTJs consist of two ferromagnetic electrodes, which are separated by
a thin insulating barrier, usually Al2O3. The dimensions of the bits for information stor-
age have to decrease to sub - 100 nm in order to achieve a sufficiently high areal density
to match the semiconductor technology. In this chapter, the consequences of reduced
dimensions on the properties of nanoscale MTJs will be discussed, and some numerical
simulations will be presented. First, the basic concepts of spin dependent electron tun-
neling will be explained. After that, the effect on the magnetic switching behavior of
the reduced MTJ will be described. Finally, we will discuss the interlayer and interdot
coupling.

2.1 Spin Dependent Tunneling

Electron tunneling is a quantum mechanical process in which electrons have a finite prob-
ability P12 to flow from electrode 1 into electrode 2, through an insulating barrier. Figure
2.1 schematically illustrates tunneling in metal-insulator-metal structures. An incoming
electron wave function Ψ(x) is partially reflected and partially transmitted into the barrier
with thickness d. When electrode 2 is positively biased with a voltage V , a net current
will flow through the barrier due to the energy difference eV . In the barrier of height φ0

above the Fermi level of electrode 1 EF,1, the wave function decays exponentially.
According to Bardeen, the probability per unit time of an electron in a state with wave

vector ~k and energy E to tunnel through the barrier depends on the product of density
of states (DOS) in both electrodes ρ1(E) and ρ2(E + eV ), respectively, multiplied by the
square of the matrix element |M12|2 for the transition. Besides that, the probability is
proportional to the available states corresponding to the Fermi-Dirac distribution function
f1(E) in electrode 1 and the free states 1 − f2(E + eV ) in electrode 2 [15]. The tunnel
current J12 from electrode 1 to 2, is obtained by the summation over all states for a fixed
transverse wave number kt, sum over kt, multiplied by the electronic charge e and by 2 to
account for the spin-up ↑ and spin-down ↓. Subtracting the tunnel current J21 gives the
total tunnel current density [28]:

13
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J(V ) =
4πe

~

∑

kt

∫ ∞

−∞
|M12|2ρ1(E)ρ2(E + eV )[f1(E) − f2(E + eV )]dE . (2.1)

Suppose that the potential energy in the barrier is slowly varying compared to the
electron wave function Ψ(x). Then the Wentzel, Kramers, Brillouin (WKB) approxima-
tion can be applied to obtain solutions to the time independent Schrödinger equation in
one dimension [29]. The WKB approximation was used by Simmons to acquire the matrix

elements |M12|2 for a rectangular barrier with an average height φ = 1

d

∫ d

0
[V (x) − EF ]dx

above the Fermi level. Simmons inserted the result in equation 2.1 to develop a simplified
model to fit experimental current-voltage characteristics [30]:

J(V ) =
e

4d2π2~

(

φ − eV

2

)

exp

[

−2d

~

√

2m

(

φ − eV

2

)

]

(2.2)

− e

4d2π2~

(

φ +
eV

2

)

exp

[

−2d

~

√

2m

(

φ +
eV

2

)

]

,

where m is the electron mass. In the Simmons model all information about barrier asym-
metry is lost. In order to calculate the current-voltage characteristics for two different
electrodes, Brinkman introduced an asymmetry parameter ∆φ = φ2 − φ1 to account for
a trapezoidal barrier shape, where φ1 and φ2 are the barrier heights on either side of the
barier with zero applied voltage. The Brinkman formula is derived by a Taylor expansion
of the tunnel current density expression in the voltage to the third power [31]:

J(V ) =
e2

√

2mφ

4dπ2~2
exp

(

−2d

~

√

2mφ

)

[

V +
de
√

2m∆φ

24~φ
2/3

V 2 +
de2m

12~φ
V 3

]

. (2.3)

By using the WKB approximation, the tunnel current is derived from a constant spin
independent DOS. Therefore, both the models of Simmons and Brinkman cannot explain
spin dependent tunneling. Slonczewski used a free electron approximation of the spin
polarized conduction electrons to describe tunneling in ferromagnet-insulator-ferromagnet
structures [32]. The free electron approximation considers the longitudinal part of an ef-
fective one electron Hamiltonian. A free electron can be in a spin-up ↑ or spin-down ↓
state. The spin-up ↑ and spin-down ↓ channels have different wave vectors ~k↑ and ~k↓, re-

spectively. At ~k‖ = 0 the effective one electron Hamiltonian is solved for both the electron
wave functions, in case of parallel and anti-parallel state.

Apart from an effective polarization defined as:

Peff =

(

k↑ − k↓
k↑ + k↓

)(

κ2 − k↑k↓
κ2 + k↑k↓

)

, (2.4)

where κ is the imaginary part of the electron wave vector in the barrier, the analysis of
Slonczewski resulted in a similar expression for the tunnel magnetoresistance effect (TMR)
as was proposed by the Jullière model, which is defined by equation 1.2, and is repeated
here for clarity:

TMR =
2P1P2

1 + P1P2

, (2.5)
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with P1 and P2 the spin polarizations of the magnetic electrodes 1 and 2, respectively.
In contrast to the original model of Jullière, in the model of Slonczewski the TMR is
dependent on the geometry and electronic structure of the barrier, via employing the
effective one electron Hamiltonian.
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Figure 2.1: Energy potential diagram for a metal-insulator-
metal structure, in case electrode 2 is positively biased with a
voltage V . The transmitted electron wave function Ψ(x) decays
exponentially in the barrier.

As indicated before, the tunnel current that flows through the barrier depends on the
relative alignment of the magnetization in the magnetic layers. The parallel and antipar-
allel state of magnetization generates a logical ‘0’ or ‘1’ as output, respectively. A write
operation of an MTJ in a cross-points MRAM architecture is done by sending a current
through the intersecting word and bit lines. If the sum of the magnetic fields induced by
the two currents is high enough, the magnetization of the MTJ on the intersection can be
written. Accordingly, insight in the switching behavior of magnetic elements as a function
of the size, shape and thickness is necessary. Besides understanding of the switching of
individual elements, also notion of the effect of stray field induced magnetostatic interdot
coupling in high areal density arrays of nanoscale MTJs is of significance for technological
applications. Therefore, the switching behavior of nanoscale magnetic elements arranged
in high areal density arrays and the coupling between neighboring elements is studied in
the next section.

2.2 Nanoscale Magnetic Elements

Ferromagnetic materials are characterized by a spontaneous ordering phenomenon below
the Curie temperature TC . This ordering is caused by the exchange interaction, which is
based on the Pauli-principle and the Coulomb-interaction. Interesting magnetic proper-
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ties are expected if the dimensions of a ferromagnetic body are of the same order as the
characteristic nanoscopic length scales, like the exchange length.

Consider figure 2.2 that depicts a body of length l, width w and thickness d, with
l > w ≫ d. The body has the easy-axis of magnetization along the y-axis and consists
of volume elements δxδyδz of magnetization ~Mi = Ms ~m, where ~m is a vector of unit
length. An effective field ~Heff exerts a torque on the magnetization that induces a motion
of the magnetization. The direction of ~m varies as a function of the coordinates x, y, z
and the saturation magnetization Ms has a constant value determined by the temperature.

The magnetization suddenly drops to zero at the surface of the ferromagnetic body.
Making use of the Maxwell equation ~∇· ~B = µ0

~∇·( ~H+ ~M) = 0, with ~B being the magnetic
induction and µ0 the permeability, we can introduce an anisotropic demagnetizing field
~HD given by:

~∇ · ~HD = −~∇ · ~M . (2.6)

Applying the divergence theorem [33], we can define an effective magnetic volume charge

density ρV = −~∇· ~M and an effective magnetic surface charge density σS = ~n · ~M , where ~n
is the outward directed surface normal . Using these magnetic charge densities, the scalar
potential of the demagnetizing field ΦD at position ~x can be obtained by:

ΦD =
Ms

4πµ0

[
∫

ρV(~x′ )

|~x − ~x′ |dV ′ +

∫

σS(~x′ )

|~x − ~x′ |dS′

]

, (2.7)

and the demagnetizing field can be derived by ~HD = −~∇ΦD = − ~~N · ~M , where
~~N is the

demagnetizing tensor. The minus sign points out that the demagnetizing field has an
opposite direction to the magnetization. The demagnetizing factors are solely determined
by the geometry of the ferromagnetic body and can only be calculated exactly for an
ellipsoid, for which the magnetization is uniform throughout the body. Therefore, the
demagnetizing factors for arbitrary bodies are usually approximated by the factors of an
ellipsoid.

d  y
M  id  z d  x

w
d

x

y

l
z

- -
- -

- -
- -

+ +
+ +

+ +
+ +

Figure 2.2: A picture of a ferromagnetic body of length l, width
w and thickness d, with l > w ≫ d. The body has the easy-
axis along the y-axis and consists of volume elements δxδyδz of
magnetization ~M = Ms ~m.
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Figure 2.3: Graphs of demagnetizing factors of the general el-
lipsoid along the a semi-axis (a), and along the b semi-axis (b).
The semi-axes of the ellipsoid are a ≥ b ≥ c [34].

Osborn presented demagnetizing factors of a general ellipsoid for any principal axis of
the ellipsoid of any shape [34]. The demagnetizing factors along the a semi-axis Na and
along the b semi-axis Nb are plotted in figure 2.3 for a general ellipsoid with a ≥ b ≥ c,
where a, b, and c are the ellipsoid semi-axes. The corresponding demagnetizing factors
along the c semi-axis Nc can be determined with the relationship Na + Nb + Nc = 1 that
exists between the demagnetizing factors of an ellipsoid.

Due to the demagnetizing effect of the surface, a ferromagnetic body is normally not
uniformly magnetized but consists of domains magnetized in opposite directions at the
expense of introducing exchange energy. The transitional layer between adjacent domains
is called the domain wall and is formed to avoid stray fields and to minimize the total
energy [35]. However, in nanoscale magnetic elements the formation of domains is sup-
pressed, because the energy associated with the formation of a domain wall exceeds that
of the stray field energy of a uniform magnetized body [36].

The single domain size depends on the shape and the material parameters of the ele-
ment [37]. Although, a true single domain state only exists for ellipsoids, the magnetization
configuration of sub - 100 nm magnetic elements approaches a single domain state, such as
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a flower state, a c-state and a s-state, depending on anisotropy [38]. The ground state of
the magnetization configuration of a nanoscale magnetic element with uniaxial anisotropy
can be determined by evaluating the total energy of the element:

Etot =

∫

(A|∇ ~M |2 + K(αxαy + αyαz + αzαx) − µ0

2
~M · ~HD − µ0

~M · ~HAppl)dV , (2.8)

exchange- anisotropy- magnetostatic- Zeeman energy

with A being the exchange stiffness constant, K the anisotropy constant, (αx, αy, αz) the

direction cosines of the magnetization, and ~HAppl an applied magnetic field. The compli-
cated nonlinear energy equations can be linearized when the magnetization direction is
nearly uniform. Brown used the variational principle to determine the linearized micro-
magnetic equations for an element of suitable geometry in a large uniform magnetic field
[39]. Two relevant modes of coherent magnetization reversal that are analytic solutions of
Brown’s equations exist in an ellipsoid. One mode corresponds to the Stoner-Wohlfarth
model and the other is described by the Curling model.

The Stoner-Wohlfarth model is characterized by a constant exchange energy which im-
plies that the magnetic moments remain parallel during the magnetization reversal, as is
illustrated in figure 2.4(a). When a magnetic field ~HAppl is applied parallel to the easy-axis
of a prolate spheroid with semi-axes a > b, the switching field for this mode is given by [40]:

HSW =
2K

µ0Ms

+ (Nb −Na)Ms . (2.9)

In addition to the Stoner-Wohlfarth model, Frei et al. proposed the Curling model in
which the magnetic moments are not constrained to be parallel in order to reduce the

e a s y
a x i s

( a )                                  ( b )                                  ( c )

Figure 2.4: Illustration of the coherent magnetization reversal
modes in a single-domain prolate spheroid corresponding to the
Stoner-Wohlfarth model (a) and the Curling model (b), and
a representation of quasi-coherent magnetization reversal de-
scribed by the Buckling mode (c).
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magnetostatic energy. Figure 2.4(b) shows the configuration of the magnetic moments de-
scribed by the Curling model. In the Curling case, the magnetization reverses by rotating
the magnetic moments from the a semi-axis in a plane perpendicular to the radius of the
ellipsoid. The competition between the exchange energy and the demagnetization energy
determines the switching field. The nucleation field for switching in the Curling mode is
derived from Bessel functions of the first kind of order 1, and is given by [41]:

HC =
2K

µ0Ms

−NaMs +
8πAξ

µ0Msb2
, (2.10)

where ξ is a monotonically increasing function of the aspect ratio b : a that is plotted in
figure 2.5 [42]. The plot shows that the nucleation field is virtually independent of the
b semi-axis, because 1.07 < ξ < 1.38 and large b the last term of equation 2.10 approaches
zero.
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Figure 2.5: Graph of the parameter ξ of equation 2.10 as func-
tion of the aspect ratio b : a of a prolate spheroid [42].

As mentioned before, the nanoscale element under consideration that is pictured in
figure 2.2 has a thickness d ≪ w < l of the order of the exchange length, and where l is
the length and w the width of the element. For such a flat element the Curling mode is
energetically not favorable on account of the induced exchange energy.

However, if the magnetic moments are assumed to only rotate in the b semi-axis di-
rection with a sinusoidal variation of the amplitude along the a semi-axis, the increase in
exchange energy can be compensated by an decrease in magnetostatic energy [43]. This
magnetization reversal mode is known as the Buckling mode and the magnetization rever-
sal occurs by quasi-coherent rotation, which is sketched in figure 2.4(c).

In order to get a flavor of this quasi-coherent Buckling mode, we have computed the
spin configuration states in an elliptical element during magnetization reversal using the
Object-Oriented MicroMagnetic Framework (OOMMF) [44]. The elliptical element has a
major axis of 720 nm, a minor axis of 300 nm and a thickness of 5 nm, and the element
is divided into a two-dimensional grid of 5× 5 nm2 cells. Co is used as material for the
input parameters for the computations, with saturation magnetization Ms = 1400 kA/m,
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Figure 2.6: Spin configuration in an elliptical element during
magnetization reversal in Buckling mode at -17.5 kA/m. The
dimensions of the element are 720 nm along the major axis,
300 nm along the minor axis, and a thickness of 5 nm.
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exchange stiffness A = 30 pJ/m. Figure 2.6 shows the different spin configuration states
in the elliptical element during magnetization reversal in the Buckling mode, where a re-
duced spin configuration is used for clarity.

Starting from a uniform magnetized state, the magnetic moments are permitted to
relax at zero field. The resulting spin configuration resembles the s-state and is shown
in figure 2.6(a). Under a reversed magnetic field of−17.5 kA/m, switched on at t = 0 s,
the Buckling instability occurs that starts with the nucleation of a planar Buckling wave
shown 2.6(b). The magnetization configuration shows an upward rotation of the mo-
ments at the left and right end, and a downward rotation in the center. Figure 2.6(c)
shows the nucleation of vortices arising from a constantly increasing amplitude of the
Buckling wave. Figure 2.6(d) shows the annihilation of the vortices. Finally, the element
approaches the single domain configuration again, which is shown in figure 2.6(e). For
thin soft elliptical elements with a moderate aspect ratio, the Buckling instability mode
is proved to be the easiest nucleation mode [45]. However, for thin enough elements with
a homogeneous magnetization throughout the thickness direction, the Stoner-Wohlfarth
model gives an upper bound for the switching field and can serve as an approximation [46].

2.3 Coupling Phenomena in Nanoscale MTJs

Understanding of the individual switching behavior of nanoscale magnetic elements as a
function of the size, shape and thickness is important for technological applications. Be-
sides that, the collective properties of high areal density arrays of magnetic elements are
of interest. High areal density arrays with sub - 100 nm magnetic elements in a single
domain magnetization configuration induce stray fields that can lead to magnetostatic
interdot coupling. Interdot coupling can induce an alternation of the switching field and
can effect the nucleation cascade [47].

Besides interdot coupling, the roughness-induced Néel coupling can disrupt the switch-
ing of the magnetic layers of the nanoscale magnetic tunnel junctions (MTJs). To stabilize
the switching behavior of the two magnetic layers, one of the ferromagnetic (FM) layers
can be pinned by exchange bias coupling to an adjacent layer of antiferromagnetic (AF)
material. In this section, we investigate the effect of the mentioned coupling phenomena.
First the interlayer coupling is discussed, after that the interdot coupling is described.

2.3.1 Interlayer Coupling Mechanisms

In section 1.2 the engineered MTJ multilayer stack is described to promote stability and
reproducibility of the MTJ response. The magnetic switching of the complex MTJ stack
is significantly affected by several interlayer coupling phenomena.

An example is the Néel coupling between two adjacent ferromagnetic films FM1 and
FM2, with thicknesses dFM1 and dFM2, respectively, which are separated by a barrier with
thickness dbar. The Néel coupling is due to magnetic dipoles at the interfaces induced by
a corrrelated roughness with wavelength λ and amplitude h, as is indicated in figure 2.7.

The arrows in figure 2.7 indicate the direction of the magnetization in the ferromagnetic
layers. Assume a uniform magnetization in the two layers and let MFM1 be the magne-
tization of layer FM1 and MFM2 the magnetization of layer FM2. Kools et al. derived
an equation for the Néel coupling field of the ferromagnetic film FM1 with thickness dFM1

given by [48]:



22 Chapter 2. Nanoscale Magnetic Tunnel Junctions

HN =
πh2MFM2ζ

4dFM1

exp(−ζdbar)[1 − exp(−ζdFM1)][1 − exp(−ζdFM2)] , (2.11)

with ζ defined as ζ = 2π
√

2

λ . From equation 2.11 we can see that the Néel coupling field is
extremely sensitive to the roughness of the interfaces. In addition, the barrier thickness
has an important influence on the coupling, the thinner the barrier the higher the Néel
field.

M F M 1

M F M 2

d F M 1

d F M 2

h

d b a r

l

Figure 2.7: Schematic of the Néel coupling between two adjacent
ferromagnetic films FM1 and FM2, due to magnetic dipoles at
the interfaces induced by surface roughness.

In order to enable an independent switch of the two magnetic layers separated by an
ultra thin barrier, one of the ferromagnetic (FM) layers can be pinned to an adjacent layer
of antiferromagnetic (AF) material. The pinning between a FM and an AF layer is caused
by exchange bias (EB) coupling that was discovered by Meiklejohn and Bean [49]. The
exchange bias coupling produces an easy-axis in the direction of the magnetic field that
was applied during cooling of the FM/AF system from above the blocking temperature.
Investigations of the spin structure at a FM/AF interface revealed that uncompensated
magnetic moments of the AF layer couple ferromagnetically with the moments of the FM
[50]. A manifestation of the EB coupling is a field shift of the center of the hysteresis loop,
which is inversely proportional to the magnetization and the thickness of the FM layer.

Both the Néel coupling and the EB coupling are only dependent on the layer thick-
nesses and are independent of the size and shape of a MTJ. However, the magnetostatic
interlayer coupling favors an antiparallel alignment of the magnetic layers and scales with
the inverse of the length and width of the MTJ. Therefore, a significant magnetostatic in-
terlayer coupling can obstruct independent switching of the magnetic layers of a nanoscale
MTJs.

Heim et al. solved the problem of magnetostatic interlayer coupling by replacing the
pinned FM by an artificial antiferromagnet (AAF), which comprises a sandwich of two
FM layers that are antiferromagnetically coupled via a less than 10 Å thin Ru layer [51].
Since the two FM layers are aligned antiparallel, the magnetic moments of the layers can
essentially cancel out one another by selecting FM layers of equal thickness. Consequently,
there is virtually no stray field to adversely affect the free FM layer. The strength of the



2.3. Coupling Phenomena in Nanoscale MTJs 23

antiferromagnetic coupling oscillates in magnitude with the Ru spacer layer thickness and
has a period of about 5 to 10 monolayers [52]. The oscillatory coupling between FM layers
separated by a Ru spacer layer relies on an indirect exchange coupling mechanism. Exper-
imental observations were explained in terms of the topological properties of the Ru Fermi
surface using an extended Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange theory [53].

2.3.2 Magnetostatic Interdot Coupling

Besides the influence of interlayer coupling on the switching behavior nanoscale MTJs,
also the interdot coupling can have a significant effect on the magnetic switching behavior
of high areal density arrays with sub - 100 nm elements. As is known, the effect is strongly
dependent on the size of the dots and their arrangement in the lattice array. However,
the actual effect of interdot coupling on the switching behavior is hard to comprehend.
In order to estimate the magnitude of the interdot coupling effect and to get a sense of
the influence on the switching behavior, we discuss some simplified examples that have
the same dot geometry and array arrangement as the fabricated arrays of nanoscale MTJs
investigated within this Thesis.
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Figure 2.8: Representation of a n×n array, with n = 5, of
elliptical Co dots of length l, width w, and thickness d, arranged
on a rectangular lattice with a dot spacing of 2w along the minor
axis and (w + l) along the major axis. The dotted ellipses in the
dashed frame illustrate a 25 % decrease of the distance between
the dots.

Consider n×n arrays, with n odd, of polycrystalline elliptical Co dots with length
l, width w, and thickness d, as is represented in figure 2.8. The dots are arranged on a
rectangular lattice with a dot spacing of 2w along the minor axis and (w + l) along the
major axis. The spacings are defined as the distance between the center of the dots. The
dots are located at the positions (w + l)i~ex + 2wj~ey, where i and j are integers, and ~ex

and ~ey are unit vectors along the axes.

Assume a uniform single domain magnetization distribution in the dots, which lies in
the plane of the film along the major axis of the dots. Furthermore, we approximate the
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macrospins dots by point dipoles. We can determine the magnetic interdot field at the
dot located at the center of the rectangular lattice, generated by all other dots by:

~HI =
Ms ~mlwd

8

∞
∑

i,j = −∞

1

[(w + l)2i2 + 4w2j2]
3/2

. (2.12)

i,j 6= 0

In case of a square lattice and circular dots, the obtained result converts to the result
reported by Min [54]. Equation 2.12 can serve to estimate the magnitude of the interdot
field and to reveal the dependency on dot geometry and array arrangement. For several
situations the strength of the interdot field at the central Co dot is calculated as a function
of the number n of n×n arrays and is plotted in figure 2.9.

Notice, that after an initial sharp increase, for all the calculated situations the interdot
field converges to a considerable value. For example, in case of a 104 × 104 array of
ellipses, with major axis l = 100 nm and the minor axis w = 50 nm, the interdot field in
the direction of the applied field is approximately 110 kA/m. The interdot field for Co
dots of width w = 50 nm and length to width aspect ratios 1.5, 2, and 2.5, respectively
increases with increasing ratio of the dots due to the increase of magnetic moment, because
the distance between the Co dots is kept constant.

1 1 0 1 0 0 1 0 0 0 1 0 0 0 00
4 0
8 0

1 2 0
1 6 0
2 0 0
2 4 0
2 8 0

  w   =  5 0  n m ,  l   =  1 2 5  n m
  w   =  5 0  n m ,  l   =  1 0 0  n m
  w   =  5 0  n m ,  l   =  7 5  n m
  w   =  1 0 0  n m ,  l   =  2 0 0  n m
  2 5  %  d i s t a n c e  d e c r e a s e

 

 

Int
erd

ot f
ield

 (k
A/m

)

N u m b e r
Figure 2.9: Graph of the interdot field at the central Co dot as
a function of the number n of n×n arrays.

Furthermore, for the defined lattice configuration and under the restriction that the
aspect ratio is constant, the interdot field increases with decreasing distance between the
dots. The distance between the dots has a tremendous influence on the interdot field. As
an illustration of this influence, the interdot field is calculated for a 104 × 104 array of the
ellipses with l = 100 nm and w = 50 nm with a 25 % decrease of the distance between the
dots. The decrease in distance is depicted by the dotted 3× 3 top right ellipses within the
dashed frame in figure 2.8. The calculated interdot field is almost 260 kA/m, which is an
increase of 2.4 in comparison to the defined lattice configuration.
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Although the calculation clearly demonstrates the evident influence of the interdot field,
a quantitative estimate of the effect on the switching field is non-trivial, since a uniform
magnetization distribution in the plane of the film along the major axis in all the dots is
not plausible. Besides that, the dots have different orientations of the magnetization. In
order to minimize the magnetostatic energy that arises from the uncompensated magnetic
poles at the array edges, the magnetization of the edge dots of the array will rearrange.
The rearrangement processes of the magnetization generate an orientation dependency,
which is called configurational array anisotropy [55]. Via the dipolar stray fields, this
configurational array anisotropy produces interactions between neighboring Co dots and
forms clusters of approximate flux closure.

Figure 2.10: Resulting magnetization configuration of OOMMF

simulations of a 3× 3 array of ellipses with a major axis of l =
200 nm and a minor axis of w = 100 nm.

OOMMF micromagnetic simulations are performed to visualize this approximate flux
closure. Figure 2.10 shows a typical magnetization configuration resulting from simula-
tions of a 3× 3 array of ellipses with a major axis of l = 200 nm and a minor axis of
w = 100 nm. The ellipses are divided into two-dimensional grids of 5× 5 nm2 cells. As
input parameters for the computations, we used Co as material with saturation magne-
tization Ms = 1400 kA/m, exchange stiffness A = 30 pJ/m. For clarity, a reduced spin
configuration is used.

The conducted simulation showed that a uniform magnetization in the plane of the
film along the major axis of the ellipses is not the ground state of the array. However, the
simulations revealed a vortex state for the ellipse located at the center of the array, as is
indicated with the arrow in figure 2.10. The magnetization configuration of the ellipses
above and below the central ellipse persecutes the circulation sense of the vortex of the
central ellipse. The ellipses at the corners of the array had a magnetization configuration
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that varied for different simulations, and occasionally one of the corner ellipses was in a
vortex state, like is shown in the bottom left ellipse of figure 2.10. The configuration of
the left and right ellipses also varied and was dependent on the configuration of the corner
ellipses. Concisely, due to interactions between neighboring ellipses there is a tendency to
rearrange the magnetization configuration of the array approximating a flux closure.

The OOMMF micromagnetic simulations did not yield an unambiguous ground state of
the magnetization configuration of the array. Therefore, an assessment of the approximate
flux closure effect on the switching behavior is difficult. Nevertheless, in order to provide
insight into the consequences of the approximate flux closure on the switching behavior,
we simulated the magnetic switching in an n×n array of ellipses, with n being 1, 3 and
7. The major axis of the ellipses has a length of l = 100 nm and the minor axis a width of
w = 50 nm, the distance between the ellipses is 50 nm. Again, a two-dimensional grid of
5× 5 nm2 cells and the Co properties are chosen as input parameters for the computations.
The magnetic field is applied along the major axis of the ellipses. The resulting hysteresis
loops are plotted in figure 2.11.
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Figure 2.11: OOMMF hysteresis loop computations of three
n×n arrays of ellipses , with n being 1, 3 and 7. The ellipses
have a major axis of l = 100 nm and a minor axis of w = 50 nm,
the distance between the ellipses is 50 nm.

The hysteresis loop of the individual ellipse shows a sharp switch at approximately
180 kA/m. The magnetic moments of the ellipses in the 3× 3 array first gradually start
to rotate before the magnetization reversal at about 70 kA/m. The calculated interdot
field at the center of the 3× 3 array is 77 kA/m, which can be derived from figure 2.9.
For the specific array arrangement that we used, the calculated interdot field gives a lower
bound for the influence of interdot coupling on the switching field. Furthermore, figure
2.11 shows a collapse of the coercive field to roughly 5 kA/m for the 7× 7 array of ellipses.

The calculated values of interdot fields of arrays of closely spaced Co dots and the
coercive field collapse has to be taken into account when the experimental data are an-
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alyzed. Furthermore, the influence of interdot coupling implies that for the feasibility of
ultra-high areal density arrays of nanoscale MTJs for information storage new strategies
are needed.
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Chapter 3

Multilayer Stack Preparation

In section 1.2, we described the multilayer engineering of nanoscale magnetic tunnel junc-
tions (MTJs) for magnetic random access memories (MRAMs) applications. Top-down
nanostructuring techniques are used for the fabrication of the nanoscale MTJs, which
are used in this Thesis to characterize the magnetic and electrical properties. Therefore,
substrates with a multilayer stack have to be prepared. The preparation process consists
of cleaning the substrate, sputter depositing the multilayer stack, and creating a tunnel
barrier by plasma oxidation. These topics and in situ characterization techniques will be
discussed successively in this chapter.

3.1 Sputter Deposition of the Multilayer Stack

For the preparation of the multilayer stacks described in this Thesis, we used the Eindhoven
University nano-Film depOsition Research and Analysis Center (EUFORAC). Figure 3.1
shows a photograph of the EUFORAC, which is an ultrahigh vacuum system for depo-
sition, oxidation, and in situ characterization of samples. AlOx based MTJ multilayer
stacks on Si(001) substrates without metal-oxide-semiconductor (CMOS) circuits are pro-
duced, to shorten the sample fabrication time for rapidly characterizing the magnetic and
electrical properties of the nanoscale MTJs.

Before sputter deposition of the multilayer stacks the substrates have to be cleaned.
The cleaning procedure of the substrates contains several steps, partly ex situ and partly
in situ. First, a substrate is cleaned ex situ by an ultrasonic ammonia bath and an ultra-
sonic acetone bath for 15 minutes. Afterwards, the substrate is rinsed with isopropanol
and kept in an isopropanol vapor bath until the substrate can be mounted on a holder
and loaded into the load-lock of the EUFORAC. Next, the holder is transported to the
oxidation chamber connected to the sputtering system. In the chamber, the hydrocarbon
residues from the ex situ cleaning procedure are removed in situ from the surface by ex-
posing the substrate to an oxygen plasma for 5 minutes. Finally, after pumping down the
oxidation chamber to a base pressure of < 10−9 mbar, the holder is transported to the
sputtering system to deposit the multilayer stack.

The deposition of the multilayers is performed in the Kurt J. Lesker, Ltd. magnetron
sputtering system with a base pressure of < 10−8 mbar, shown in figure 3.1. This system
has six magnetron sputter sources operable in dc or rf mode. The substrates can be

29
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Figure 3.1: Photograph of an ultrahigh vacuum system for depo-
sition, oxidation, and in situ characterization of samples, called
the EUFORAC. The EUFORAC is used for the preparation of
the multilayer stacks described in this Thesis.

positioned under the individual sources with the movable sample holder stage. The layers
were deposited at a rate of approximately 0.5 Å/s at a power of 20 W in an Ar pressure
of ≈ 10−2 mbar. The deposition is started and ended by opening and closing a shutter
between the target and substrate.

In figure 3.2, the basic physical principles behind sputter deposition are explained,
an elaborate overview is given elsewhere [56]. The sputter target of deposition material
is placed at a potential of the order of -100 to -1000 V in an Ar gas environment. A
ring-shaped anode generates a voltage difference that ignites a plasma in which Ar+ ions
are accelerated towards the sputter target. When the incident Ar+ ions collide with the
target surface atoms, kinetic energy is transferred displacing the surface atoms, thereby
ejecting atoms from the surface. The target atoms ballistically disperse outwards and coat
the substrate, which is positioned below the target. The probability of ion collisions is
enhanced by placing a magnet above the sputter target. Due to the magnet, the charged
particles in the plasma experience a magnetic field in addition to the electric field. The
magnetic field forces the charged particles to move in helical orbits, essentially confining
the electrons close to the target and thereby increase the efficiency of sputtering process
[57]. Sputter deposition in the presence of a magnetic field is referred to as magnetron
sputter deposition.

After depositing the Al layer, the sample holder is transported to the oxidation cham-
ber with a base pressure of < 10−9 mbar, to fabricate the Al2O3 barrier. The holder is
positioned below a pure Al ring electrode that is at a potential of approximately -700 V
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with respect to a grounded top electrode. A ring-shaped ground plate is placed approx-
imately 2 cm below the Al electrode, to shield the sample from ion bombardment and
additional Al deposition on the sample. In order to create a non-flowing plasma, first a
small pre-volume is filled with O2 gas to a pressure of 26.5 mbar, which is let into the
chamber by pneumatically opening a valve. The O2 gas expands to a pressure of 0.1 mbar
and ionizes instantaneously creating a stable oxygen plasma in less than about 1.5 s.
Plasma oxidation of Al is governed by O-atoms as well as O-ions via two independent
mechanisms. These mechanisms are described in a novel model [58].
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Figure 3.2: The principle of the sputter deposition technique,
using a ring-shaped anode to generate a voltage difference for
the ignition of an Ar plasma.

The first mechanism concerns the O-atoms, which have a lower energy surface then the
Fermi level of the Al. Therefore, more electrons tunnel from the metal towards the surface
than from the surface towards de metal. These tunneling electrons set up an electric field
in the oxide, and thereby lowering the activation barrier for Al-ion hopping. After hopping
into the AlOx, an Al-ion diffuses rapidly to the surface due to this electric field.

The second mechanism involves the O-ions that very locally deliver a large amount of
energy when hitting the surface of the sample. Due to this so called thermal spike, the
temperature increases in the impact area. As a consequence the probability of an Al-ion
hopping into the AlOx will increase. This increase in temperature due to this thermal
spike is lower for thicker Al layers, since the energy is divided over much more atoms.

3.1.1 Sample Description

The configuration of a magnetically engineered MTJ multilayer stack for MRAM applica-
tion is discussed in section 1.2. Here, the composition is described of the different types
of multilayer stacks that we produced to study the magnetic and electric properties. We
have chosen not too much to vary the sequence of the multilayer stack, because the vari-
ous nanofabrication processes strongly depend on the used materials and layer thicknesses.
Apart from the reference samples that are used for detail studies, we produced two differ-
ent types of multilayer stacks. One type of stack will be structured to produce samples
that are labeled magnetometry samples and will be used for the characterization of the
magnetic properties. We used another type of stack to produce samples entitled c-AFM
samples for the electrical characterization.
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• The composition of the multilayer stacks of the magnetometry samples for the mag-
netic characterization is:
Si(001)/ SiOx// 50 Å Ta/ 25 Å Co/ 100 Å IrMn/ 40 Å Co/ 8 Å Ru/ 40 Å Co/
11 Å AlOx/ 50 Å Co60Fe20B20/ 150 Å Ta.

• The multilayer stacks of the c-AFM sample to characterize the electrical properties
consist of:
Si(001)/ SiOx// 50 Å Ta/ 25 Å Co90Fe10/ 100 Å IrMn/ 40 Å Co90Fe10/ 8 Å Ru/
40 Å Co90Fe10/ 11 Å AlOx/ 50 Å Co90Fe10/ 50 Å Ta.

In the stack sequences only the ferromagnetic material is varied, on account of the arbi-
trariness of availability. Furthermore, also the layers have equal thicknesses, except for
the thickness of the Ta capping layer. The magnetometry samples have an extra thick
capping layer in order to fabricate a hard Ta mask, which is used to prevent mask erosion
during the deep Ar+ ion beam milling of the nanoscale MTJs.

3.2 In situ Characterization Techniques

The EUFORAC is equipped with a differential ellipsometer and an X-ray photoelectron
spectroscopy (XPS) apparatus for in situ characterization of samples. The in situ differen-
tial ellipsometer is used to monitor the plasma oxidation dynamics of Al layers in real-time.
XPS measurements are performed to investigate the oxidation condition of sub - nm AlOx

barriers and the underlying electrodes. In this section, we describe the characterization
techniques that are used to control the plasma oxidation of sub - nm thin Al layers.

3.2.1 Differential Ellipsometer

A schematic picture of the in situ differential ellipsometer is shown in figure 3.3. De-
tails of the implementation have been reported before [59]. Here we give the principles
of ellipsometry to characterize the Al2O3 growth during plasma oxidation of an Al layer.
Ellipsometry is a technique that utilizes the phenomenon that the polarization state of a
light beam changes when reflecting from and passing through an interface between two
media with a different complex index of refraction [60]:

ñ = n + iκ , (3.1)

with n the index of refraction and κ the extinction coefficient.

Suppose that light from a 3 mW HeNe laser with a wavelength of λ = 632.8 nm
passes through a polarizer, which polarizes the laser light perpendicular (s-polarized). In
a vacuum chamber, the light is incident at an angle of φi = 45◦ to the surface of a sample,
which is composed of a bilayer of Al2O3 and Al. For dielectric materials such as Al2O3,
κ = 0 in the visible regime. As a consequence Al2O3 is transparent at λ = 632.8 nm. This
in contrast to Al with complex index of refraction ñAl = 1.377 + 7.614i [61]. Due to this
difference, the increase of the Al2O3 thickness ∆d during growth can be determined by
monitoring the optical response of the s-polarized light as a function of the decrease of the
initial Al thickness d.

When s-polarized light is incident on the sample surface, part of the light is reflected
and some is transmitted, as is shown in figure 3.4. With ñvac = 1, and cos(φi) = 1

2

√
2, the
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Figure 3.3: Schematic picture of the in situ differential ellip-
someter for monitoring the plasma oxidation dynamics of Al
layers in real-time.

n v a c  =  1~

n A l o x  =  1 . 7 7~

n A l  =  1 . 3 7 7  +  7 . 6 1 4 i~
A l

A l 2 O 3

V a c u u m

D d

f i  =  4 5 o

f A l

f A l o x

Figure 3.4: Reflections and transmissions in a sample composed
of a bilayer of Al2O3 - Al, situated in a vacuum chamber.

Fresnel reflection- and transmission coefficients for the vacuum -Al2O3 interface are given
by [62]:

rvac,Alox =
ñvac cos(φi) − ñAlox cos(φAlox)

ñvac cos(φi) + ñAlox cos(φAlox)
=

√
2 − 2nAlox cos(φAlox)√
2 + 2nAlox cos(φAlox)

, (3.2)

and

tvac,Alox =
2ñvac cos(φi)

ñvac cos(φi) + ñAlox cos(φAlox)
=

2
√

2√
2 + 2nAlox cos(φAlox)

, (3.3)

where φAlox is the refraction angle in the Al2O3 layer, determined by Snell’s law [63]:

ñvac sin(φi) = sin(45◦) =
1

2

√
2 = ñAlox sin(φAlox) . (3.4)
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The transmitted light hits the interface between Al2O3 and Al, again some light is
reflected and some is transmitted. The light that ultimately is returning to the vacuum
after multiple internal reflections is represented schematically in figure 3.4. The result-
ing reflection to the vacuum can be calculated using the total reflection coefficient for
s-polarized light in a vacuum -Al2O3 - Al system [64]:

Rs =
rvac,Alox + rAlox,Al exp(−i2β)

1 + rvac,AloxrAlox,Al exp(−i2β)
. (3.5)

Here, rAlox,Al is the Fresnel reflection coefficient for the Al2O3 - Al interface. The film phase
thickness β is given by:

β = 2π

(

∆d

λ

)

nAlox cos(φAlox) . (3.6)

The resulting reflected laser light passes through a photo-elastic modulator (PEM),
operating at frequency f = 50 kHz and the modulation axis set at 45◦ relative to the
s-polarized laser light. After that, the light passes an analyzer, before the intensity of the
reflected light is measured by a detector. The modulation frequency of the PEM is used
as the reference signal for the lock-in amplifier to detect the signal. An increases of the
Al2O3 thickness ∆d due to oxidation will be reflected by changes in the lock-in signal.
Explicit modeling of the optical response of the bilayered system revealed that the signal
at 2f is approximately linearly proportional to the amount of oxidized metallic material
[65]. More specifically, the proportionality factor deviates by no more than ± 5 % for the
sub - nm AlOx films.

3.2.2 X-ray Photoelectron Spectroscopy

XPS measurements are performed to investigate the stoichiometry of sub - nm AlOx barri-
ers after plasma oxidation. XPS is a surface-sensitive analysis method with an information
depth of a few nanometers, and has been applied to study thin AlOx based tunnel barriers
before [66]. In this thesis, in situ XPS measurements are used to investigate the oxidation
condition of sub - nm AlOx barriers and the underlying Co90Fe10 electrodes. Here, the
basic principles of the XPS technique will be discussed, a more elaborate overview can be
found elsewhere [67].

The XPS principle is depicted in figure 3.5(a). An Mg source produces Kα X-ray
radiation with an energy of ~ω = 1253.6 eV. The X-rays impinge on the sample and ionize
atoms ejecting core electrons. Figure 3.5(b) illustrate the ejection of a photoelectron, from
the 1s level into the vacuum, by incident X-rays. The electronic configuration of every
element is unique. Therefore, the binding energy EB of the photoelectron ejected from
the core orbit is characteristic for an element. This binding energy can be determined by
measuring the intensity of the photoelectrons as a function of the kinetic energy EK, since
the total energy must be conserved. Normally, the binding energy is measured relative to
the Fermi level EF . Hence, a correction for the work function φ is required when the total
energy of the photoelectron is considered:

~ω = EB + φ + EK . (3.7)
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Figure 3.5: Illustration of the apparatus used in X-ray photo-
electron spectroscopy (XPS) (a), and a schematic of the energy
transition for XPS (b). The stoichiometry of sub - nm AlOx bar-
riers is investigated using XPS measurements.

The exact binding energy of a core electron depends on the chemical surrounding of the
atom. If an atom forms chemical bonds with other atoms, a spacial redistribution of the
valence electrons affects the potential of the core electrons resulting in a shift of the binding
energy. Only photoelectrons that are ejected within the escape depth, a few nanometers
below the surface, are able to escape from the sample in the direction of the spectrometer.
The kinetic energy of the photoelectrons that arrive at the spectrometer varies due to the
probability of scattering and energy loss. This introduces an energy dependent background
on the intensity, referred to as Shirley background. The stoichiometry of a sample can be
obtained by analyzing the kinetic energy spectrum. Therefore, the Shirley background is
subtracted and, while taking the escape depth of the electrons into account, a standard
Gauss+Lorentz curve fitting of the peaks is used to determine the peak positions and areas
[68]. The peak positions give information about the chemical surrounding of atoms, and
comparison of the area under the peaks reveals the concentration within the sample.
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Chapter 4

Plasma Oxidation of Sub - nm
Al2O3 Barriers

For Magnetic tunnel junctions (MTJs) with a surface area of less then 0.01 µm2, the
thickness of the Al2O3 barrier has to be typically thinner than a nanometer to ensure
an appropriate tunnel current. If metallic Al is still present in the barrier, the spin-
polarization of the current will be reduced [69]. On the other hand, if the bottom electrode
is oxidized, the spins will be scattered by the ferromagnetic oxide that is formed. In both
cases, the magnetoresistance of the MTJ decreases. Therefore, excellent control over the
oxidation of sub - nm thin Al layers is of utmost importance.

In the previous chapter we described the in situ differential ellipsometer to study the
plasma oxidation dynamics of an Al layer and the X-ray Photoelectron Spectroscopy (XPS)
technique to determine the stoichiometry of a sample. In this chapter1, we present in situ
differential ellipsometry measurements, for studying the plasma oxidation dynamics of
sub - nm Al layers. By analyzing the oxidation rate, we are able to mark the moment at
which the over-oxidation of the Al2O3 barrier starts. To verify our conjecture, we have
performed in situ X-ray Photoelectron Spectroscopy (XPS) measurements of identical
samples. The results of these in situ ellipsometry and XPS measurements are subsequently
discussed in the next sections.

4.1 Ellipsometry Measurements

To study the dynamics of sub - nm Al2O3 barriers with the the in situ differential el-
lipsometer, we used samples of the following composition: Si(001)/ SiOx// 50 Å Ta/
50 Å Co90Fe10/ d Al (with d ranging from 4 to 9 Å). Figure 4.1 shows the ellipsometry
signal (ES) as a function of oxidation time for samples with Al layers ranging from 4 to
9 Å. At time t = 0 s the oxygen gas is let into the chamber. Within a few tenths of a
second the ES rises distinctly, indicating a high initial oxidation rate. After a few seconds,
the ES for the samples with Al layers ≤ 6 Å clearly show a point of inflection, indicating
a change in the oxidation rate. This can be interpreted as the start of the CoFe oxidation,
because the oxidation rate of a single layer decreases monotonously [70].

1Part of this chapter is published in Appl. Phys. Lett., 88, 031909, (2006) and in J. Appl. Phys., 99,
08T303, (2006)
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Figure 4.1: Ellipsometry measurements of the plasma oxidation

for samples with 4 to 9 Å Al grown on 50 Å Ta/ 50 Å CoFe.

The changes in the oxidation rate can be studied in more detail by analyzing the deriv-
ative of the ES, because the ES is linearly proportional to the amount of oxidized metallic
material. For the samples with Al layers ≤ 7 Å, the oxidation rate as monitored by the
ellipsometry measurements, is shown in figure 4.2. The start-up phase, in which the gas is
let into the chamber and the plasma is ignited, is not included in figure 4.2. In this phase,
which lasts about 1.5 s, an instantaneous thermal oxidation of the Al surface and plasma
stabilization takes place [71].
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Figure 4.2: Oxidation rate of the samples with Al layers ≤ 7

Å on 50 Å Ta/ 50 Å Co90Fe10. The curves are polynomial fits
used to determine the start of the CoFe oxidation t = τ i, with
i an index number indicating the Al thickness in Å.
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Kuiper et al. developed a model that distinguishes separate steps in the plasma ox-
idation of a thin Al layer. After instantaneous oxidation of the surface, oxygen diffuses
through the Al grain boundaries to the CoFe/Al interface. When the oxygen has reached
the interface, a conversion from substoichiometric AlOx to stoichiometric Al2O3 takes
place due to Al diffusion to the oxygen at the grain boundaries. After stoichiometric
Al2O3 is formed, oxygen accumulates at the CoFe/Al interface and when there is an ex-
cess of oxygen, the CoFe starts to oxidize [72]. The features of the oxidation rate in figure
4.2 are analyzed in terms of this stepwise oxidation model.

Figure 4.2 shows that the overall oxidation rate is higher with decreasing Al thickness.
This is likely due to variations in the morphology of such thin Al layers. As has been
reported, the initial grain size depends on the deposited layer thickness [73]. Thinner layers
have a higher density of grain boundaries due the the reduced grain size. Besides that,
figure 4.2 shows that the oxidation rate of all samples initially increases. We tentatively
explain this by heating of the top layers by the oxygen plasma, causing an increase of
oxidation rate. Furthermore, the oxidation rate of all samples displays a maximum after a
few seconds. We believe that, in accordance with the results by Kuiper et al., the oxidation
front has reached the CoFe/Al interface at that time.
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Figure 4.3: Onset of the CoFe oxidation as a function of the
deposited Al thickness. The dashed lines indicate the times at
which XPS measurements are performed.

Thereafter, the oxidation rate slows down until a minimum is reached at time t = τ i,
with i an index number indicating the Al thickness in Å. During this phase, the AlOx

is supposed to convert to Al2O3. The oxidation rate increases again after time τ i, as a
signature of the CoFe oxidation. As a surprising feature, the apparent oxidation rate of
the CoFe is found to be higher than that of Al for layers thinner than 6 Å. In contrast,
our explicit modeling shows that the change in ES for Al oxidation is larger than that
for Co oxidation, unless strong deviations of the refractive indices of the ultrathin films
with respect to bulk values is assumed. Such deviations could indeed be expected for the
sub - nm film, and non-continuous films [74]. Therefore, from the apparent higher oxida-
tion rate we can deduce that depositing 4 or 5 Å Al is not sufficient to obtain a closed layer.
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In figure 4.3 we plotted the onset of the CoFe oxidation, τ i, as a function of the Al
thickness. We concluded that the onset of CoFe oxidation is linearly proportional to the
Al thickness and moreover that initially (2.9 ± 0.1) Å of the Al is already oxidized. Due
to the oxygen background gas, this initial oxide is formed during the transportation to the
oxidation chamber and the filling of the pre-volume with O2 gas prior to the start of the
measurement.

4.2 XPS Measurements

To investigate the conversion from substoichiometric AlOx to stoichiometric Al2O3 bar-
riers, and specifically examine the CoFe oxidation, we used in situ X-ray photoelectron
spectroscopy (XPS) measurements. For the XPS measurements we used identical samples
that were plasma oxidized for either 3 or 9 s. Within 10 minutes after the plasma oxida-
tion, the chamber was pumped down to a base pressure of < 10−9 mbar. Subsequently,
the samples were transported to the connected XPS chamber.
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Figure 4.4: The O-1s (a) and Al-2p (b) XPS spectra for samples

with 4 to 7 Å deposited Al after 3 s plasma oxidation. As a
reference also the spectra of the unoxidized sample are plotted.
The lines in the 7 Å Al spectrum are the fitting curves of the
oxidic and metallic peaks, respectively.

Figure 4.4(a) shows the O-1s XPS spectra of the samples of 4 to 7 Å Al that were
oxidized for 3 s. As a reference, the spectrum of a sample that was transported to the
XPS chamber directly after growing the Al layer is also shown. This spectrum of the un-
oxidized sample shows virtually no trace of oxygen in the Al environment. In comparison
to the unoxidized sample, the samples that were oxidized do show a peak indicating that
the Al layer is oxidized. With decreasing thickness of the Al layer, the position of these
peaks show a clear shift from higher to lower energy. The peak position of the sample with
4 Å Al is at the binding energy of the O-1s electron in stoichiometric Al2O3 (531.6 eV),
indicated with the dotted line.

The Al-2p spectra of the samples of 4 to 7 Å Al are shown in figure 4.4(b). The
reference spectrum of the unoxidized sample is also shown, the dashed line at the peak
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position indicates the binding energy of metallic Al (72.7 eV). Furthermore, a dotted line
is drawn at the binding energy of the Al-2p electron in stoichiometric Al2O3 at 74.7 eV.
The lines in the 7 Å Al spectrum are the fitting curves of the oxidic and metallic peaks,
respectively. In comparison to the peak of the reference spectrum, all the Al-2p peaks
in figure 4.4 are broadened. Furthermore, the peaks also show a clear shift towards the
dotted line analogous to the O-1s peaks. For 4 Å Al the peak position coincides with the
dotted line pointing out that stoichiometric Al2O3 is formed. We explain the gradual shift
of the peak positions by the changing of the Al layer from AlOx into stoichiometric Al2O3.

Figure 4.5 shows the spectra around the Co-2p3/2 peak after 3 and 9 s plasma oxidation,
as well as the reference spectrum of an unoxidized sample. The XPS spectra in figure
4.5(a) of the samples that were oxidized for 3 s show no clear shift of the Co-2p3/2 peak in

comparison to the reference spectrum. However, in the spectrum of the sample with 4 Å
Al, the peak is asymmetrically broadened towards a higher binding energy [75], indicating
that the CoFe oxidation has indeed started, in accordance with the ellipsometry data.
Figure 4.5(b) shows the spectra of samples that were oxidized for 9 s. The spectrum of
the 7 Å Al shows an asymmetrically broadened peak towards a higher binding energy.
Furthermore, the spectra of the 4, 5 and 6 Å Al show a distinct double peak, indicating
the progressive oxidation of the CoFe. This is confirmed by the appearance of a shake-up
peak around 787 eV for the sample with 4 Å Al, and, although to a lesser degree, for the
5 Å Al. The shake-up peak, marked with an arrow, is attributed to the CoO. The fitting
curves of the oxidic, metallic, and shake-up peaks are represented in the 4 Å Al spectrum.
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Figure 4.5: Co-2p3/2 XPS spectra for samples with 4 to 7 Å
deposited Al after 3 s (a) and 9 s (b) oxidation. As a reference
also the spectrum of an unoxidized sample is plotted. The arrow
indicates the position of the shake-up peak. The lines in the 4 Å
Al spectrum are the fitting curves of the oxidic, metallic, and
shake-up peaks, respectively.

To what extent this conversion to Al2O3 is completed can be determined from the
ratio of the oxidic and metallic Al-2p peak areas in the spectra. Analogously, the amount
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of CoO can be determined from the ratio of the oxidic and metallic Co-2p3/2 peak areas
in the spectra. To obtain the peak areas, we subtracted a Shirley background, and, while
taking the escape depth of the electrons into account, used a standard Gauss+Lorentz
curve fitting of the peaks. Once we determined from the XPS data to which extent the
Al is converted to Al2O3 and appointed the amount of CoO, the assumption that we are
able to mark the moment at which the CoFe oxidation starts can be verified.

4.3 Discussion and Conclusion

In order to verify our assumption, we had to determine from the ellipsometry data the
amount of Al, ∆Al,i , that was oxidized at t = 3 s, and compare that with the amount
∆τ i

at τ i. The amounts of oxidized Al, ∆Al,i and ∆τ i
, respectively, are determined by

the change in the ES, Ii, between time t = 3 s and 0 s, and τ i and t = 0 s, as shown
in the inset of figure 4.6 for the 5 Å Al sample. The percentage of oxidized Al is defined as:

∆Al,i

∆τ i

100% =
Ii(t = 3 s) − Ii(0 s)

I(τ i) − Ii(t = 0 s)
100% . (4.1)

For the samples with 4 to 7 Å Al, the XPS data of 3 s oxidation and the ellipsometry
data are shown in figure 4.6. A linear relationship through zero with slope 1 is expected
between the amount of Al2O3 determined from the XPS data and the amount of Al that
was oxidized from the ellipsometry data, and is indicated in figure 4.6. For the sample
with 4 Å Al, XPS as well as the ellipsometry measurements showed complete oxidation of
the barrier. The ellipsometry measurements underestimated the value of the 5 and 6 Å Al
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Figure 4.6: Percentage oxidized Al after 3 s of plasma oxida-
tion, determined from the ellipsometry measurements, versus
the percentage Al2O3 that was determined from the XPS data.
The inset shows how the amounts oxidized Al, ∆5 and ∆τ5

, re-
spectively, are determined from the ellipsometry measurements
of the 5 Å Al sample.
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data points. This deviation can be explained by an initial oxide, because an ellipsometry
measurement only monitors the change in the amount of Al, whereas with XPS the total
amount of Al that is still left is measured. This should also apply for the 7 Å Al sample,
however, for this sample the value of the ellipsometry measurements is higher than that of
the XPS. A reason for this can be the rather large uncertainty in the determination of the
exact onset time τ7. In addition, given the small slope of the ES for the 7 Å Al sample in
figure 4.1, a slight inaccuracy in determining ∆7 and ∆τ7

can give a substantial error in
the estimation of percentage oxidized Al.
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Figure 4.7: CoO thickness after 9 s oxidation, determined from
the ellipsometry measurements, versus the amount of CoO that
was determined from the XPS data of 9 s oxidation. The in-
set shows how the amount of CoO, ∆4, is determined from the
ellipsometry measurements of the 4 Å Al sample.

The amount of CoO from the ellipsometry data, ∆CoO,i , is determined by the difference
in the ES at time t = 9 s and τ i, as shown in the inset of figure 4.7 as shown for the 4 Å Al
sample. For the samples with 4 to 7 Å Al, the XPS data of 9 s oxidation and the ellipsom-
etry data are shown in figure 4.7. A linear relationship through zero is expected between
the amount of CoO determined from the XPS data and the ellipsometry data. Except for
the data point of 4 Å Al, the fit through zero displays a good linear relationship.

The deviation of the 4 Å Al data point from the fit cannot be explained by the initially
oxidized Al of about 3 Å because it only generates an offset in the ES. The uncertainty in
the thickness and morphology of the extremely thin Al layer is a more plausible reason, as
separate samples had to be used for the ellipsometry and XPS measurements. Taking into
account that the CoFe oxidation rate is strongly dependent on wether or not the Al2O3

layer forms a closed film, then even the slightest deviation in original Al thickness or mor-
phology has a significant influence on the amount of CoO formed after 9 s. In addition,
given the slope of the oxidation rate curve around 9 s for the 4 Å Al sample in figure 4.2,
a slight inaccuracy in the onset time τ4 can cause a substantial error in the estimation of
the amount of CoO. This adds to the unreliability of the 4 Å data point.

Taking this into account, we conclude that the XPS and the ellipsometry data are in
good agreement. Therefore, the conversion to stoichiometric Al2O3 and the over-oxidation
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of the sub - nm thin barriers for MTJs can be observed by recording the derivative of
the ES. Furthermore, specific features in our ellipsometry traces confirmed the oxidation
model proposed by Kuiper et al.. Accordingly, in situ real-time differential ellipsometry
can be applied for monitoring the plasma oxidation dynamics in sub - nm Al layers and is
potentially applicable as industrial process control.



Chapter 5

Nanofabrication of Magnetic
Tunnel Junctions

The nanofabrication of magnetic tunnel junctions (MTJs) is a matter of designing the
nanostructure and the production process. Furthermore, the nanofabrication concerns re-
alizing the MTJ device in a sequence of alternating pattern definition and pattern transfer
steps. As for the device design, the multilayer samples have no underlying complemen-
tary metal-oxide-semiconductor (CMOS) structure. Therefore, MTJs in a cross-point
array architecture cannot be addressed individually when an electrical measurement is
performed. To overcome this we have designed and fabricated two kinds of MTJ sam-
ples. Large arrays of nanoscale MTJs are used to characterize the magnetic properties by
magnetometry. A stripeline of MTJ devices on a common bottom electrode is used for
the individual electrical characterization by conductive atomic force microscopy (c-AFM).
Regarding the realization of the MTJ devices, we use electron beam (EB) lithography
to define the pattern in mask material and dry etching to transfer the pattern into the
magnetic multilayers. A special high-speed EB writing strategy is developed to improve
the throughput of patterning large area samples with ultra-dense arrays of sub - 100 nm
features. With the EB writing strategy we are able to pattern a sample area of 16 mm2

in 10 minutes with about 108 sub - 100 nm features.

5.1 Outline of the Fabrication Process

Section 3.1.1 describes the multilayer compositions of the magnetometry samples and the
c-AFM samples to investigate the magnetic and electric properties, respectively. To pre-
vent mask erosion during the deep Ar+ ion beam milling of the arrays of nanoscale MTJs,
we have used a hard Ta mask to fabricate the magnetometry samples. For the relative
large bottom electrode of the c-AFM sample a fast etch process is used by applying a
Cl2-based plasma. Besides that, for the shallow etching of the free layer of the nanoscale
MTJs, a non-corrosive CO/NH3 plasma is applied. In this section the nanofabrication
process of the samples is outlined.

The fabrication process of the magnetometry samples is schematically represented in
figure 5.1. To define the mask pattern, a layer of negative tone hydrogen silsesquioxane
(HSQ) resist is spin coated at 4000 rpm on the sample, baked at 120 ◦C for 4 minutes,

45
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and patterned by EB lithography. Next, the nanoscale pattern is transferred to the Ta
capping layer using a low temperature SF6/O2 plasma. The etch depth has to be precise
and reproducible to ensure that a thin Ta layer remains in the open areas to protect the
MTJ material from oxidation. Finally, the large-area Ta nanoscale pattern is used to Ar+

ion mill the nanoscale MTJs.
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Figure 5.1: Schematic of the fabrication process of the magne-
tometry samples. After layer growth, a hydrogen silsesquioxane
(HSQ) negative-tone resist layer that is spin coated on the sam-
ple is patterned by electron beam lithography (a). The HSQ is
developed to define the mask with sub - 100 nm features (b). The
Ta mask is etched at low temperature in a SF6/O2 plasma (c).
The MTJ multilayer stack is structured by means of Ar+ ion
milling (d).

Figure 5.2 depicts the fabrication process of the c-AFM samples. A bilayer resist
of polymethylmethacrylate (PMMA) with HSQ on top is patterned by EB lithography.
After development of the HSQ, the PMMA layer is etched in a low pressure O2 plasma.
Next, the layout of the bottom electrode is etched in a high-ion density Cl2-based plasma.
Subsequently, the residual bilayer resist is dissolved in acetone due to PMMA underlayer
and a new bilayer resist of PMMA and HSQ is spun on the sample. After patterning and
developing the HSQ, the PMMA and Ta layers are etched to define the mask pattern.
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Figure 5.2: Schematic of the fabrication process of the con-
ducting atomic force microscopy (c-AFM) samples. After layer
growth, a bilayer resist of polymethylmethacrylate (PMMA) and
hydrogen silsesquioxane (HSQ) that is spin coated on the sam-
ple is patterned by electron beam lithography (a). The HSQ is
developed and the PMMA layer is etched in a low pressure O2

plasma (b). The MTJ multilayer stack is etched in a high-ion
density Cl2-based plasma (c). The old bilayer resist is dissolved
in acetone and a new bilayer resist of PMMA and HSQ is spun
on the sample (d). After patterning the HSQ, the PMMA and
Ta layers are etched to define the mask (e). The free layer of
the MTJ is etched in a CO/NH3 plasma (f).
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Finally, the free layer of the MTJ stack is etched in a CO/NH3 plasma, and the bilayer
resist is dissolved in methylisobutylketon (MIBK).

In the next sections, we describe the EB lithography process to pattern the HSQ in
more detail and the etch processes to define the Ta and bilayer resist mask structures.
Furthermore, the different pattern transfer techniques for the multilayers are discussed.

5.2 High-Speed Electron Beam Lithography

The principle of EB lithography is the direct writing of a desired pattern in a thin resist
layer with a focussed EB. We have used a Leica (Vistec) 5000+ electron beam pattern
generator (EBPG) system, equipped with a 100 kV field emission gun, to pattern an
approximately 90 nm thick HSQ layer.

The conventional manner to write a pattern is by filling a feature with spot exposures
in a pointillist style. The position of the EB is controlled by electromagnetic deflection
coils that are shown in figure 5.3. A beam blanker is used for the on-off control of the
EB during exposure. During the writing process intermediate calibrations are used to
compensate for EB drift. After exposure of all the elements in one main field, the stage
is moved to the next main field and all the elements of that field are successively exposed
[76]. A typical spot diameter is 1.5 times the beam step size (BSS) and about 1

4 of the
minimum feature width, as can be seen in figure 5.4(a). Dense arrays are created by
copying the feature in the x and y-direction.
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Figure 5.3: Schematic of the Leica (Vistec) 5000+ electron beam
pattern generator (EBPG) machine.
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However, the EB needs a settling time of about 50 µs for every single feature. In this
serial way of writing, the patterning of dense arrays of about 1.6 Gbits of sub - 100 nm
elliptical features will lead to an immense overhead time, resulting in a total writing time
of approximately 1.5 hour. Consequently, the throughput is limited in comparison to other
methods, such as interference lithography, in which exposure is a parallel writing process
[77].
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Figure 5.4: Conventional patterning occurs by filling the ellipti-
cal features in a pointillist style, using a spot diameter equal to
1.5 times the beam step size (BSS) and about 1

4 of the feature
width (a). With the high-speed EB writing strategy, a horizontal
line is patterned with a spot diameter half the size of the desired
width of the feature and a BSS equal to the pitch distance in
the x-direction (b). After copying the line in the y-direction, a
second line is patterned shifted a distance ∆x from the origin
(c). A scanning electron microscopy picture of an exposure dose
test of 160× 100 nm2 elliptical features, defined with a spot of
41 nm, a BSS of 260 nm, and the shift ∆x is 60 nm (d).

For large areas with ultra-dense arrays of sub - 100 nm elliptical features, we developed
a special high-speed EB writing strategy to improve the throughput. The strategy is de-
picted in figure 5.4(b) and 5.4(c). First, a horizontal line is patterned with a spot diameter
half the size of the desired width of the feature, and a BSS equal to the pitch distance in
the x-direction, as indicated in figure 5.4(b). This line is copied roughly 40,000 times in
the y-direction. Accordingly, the EB needs only settling time between writing consecutive
lines in the pattern. This leads to a relatively lower overall writing time, compared to the
conventional manner to write a pattern.

Elliptical features are preferred regarding magnetic switching behavior [78]. To create
elliptical features a second line is defined, which is shifted a distance ∆x from the origin
and patterned again, as is shown in figure 5.4(c). The shift ∆x depends on the desired
ratio of the feature. The accuracy in ∆x is about 6 Å and corresponds to the laser inter-
ferometer control of the stage.
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An exposed pattern element receives exposure not only from the incident beam but
also from back scattered electrons, this is called proximity effect. Among other things, the
effect is dependent on the EB accelerating voltage, resist material and thickness, substrate
composition, and pattern packing density [79]. The conventional exposure dose is 400 to
500 µC/cm2. However, as a result of the ultra-high pattern density and to correct for
the proximity effect a reduced dose ranging from 60 to 100 µC/cm2 is used in case of the
high-speed EB writing strategy.

Following the electron-beam exposure, the HSQ is developed for 60 s in Shipley Microp-
osit MF-322 developer. After that, the sample is rinsed for 15 s in a 1 : 9 = MF-322 : H2O
solution to prevent staining and for 15 s in H2O to stop the developing process. Figure
5.4(d) shows a scanning electron microscopy (SEM) picture of an exposure dose test of
90 µC/cm2 to pattern a sample with 160× 100 nm2 ellipses.

The sample surface is dark in the picture. The ellipses in the figure are the HSQ
remains after development. The bright spots mainly at the edges of the features are due
to charging of the HSQ resist under SEM inspection. The dark and light gray circles in
the lowest line indicate the patterning spots that correspond to the spots in figure 5.4(c).
The exposed regions shifted by ∆x have merged and ellipses result, because of partial
exposure overlap and proximity effects. Even though the elliptical features are nominally
all identical, some structural variations occur, as shown in figure 5.4(d). The variations
are due to the statistical characteristics of the lithography and development processes.

The elliptical features are defined with a spot of 41 nm, the BSS is 260 nm, and
the shift ∆x is 60 nm. A sample area of 16 mm2 is patterned in 10 minutes with the
high-speed EB writing strategy. With this patterning strategy, sub - 100 nm features can
be defined at a pattern rate of approximately 1 cm2/hour, as opposed to 0.6 mm2/hour
for the conventional patterning method. Therefore, large-area samples with ultra-dense
arrays of sub - 100 nm elliptical features, can be written about 16 times faster using the
high-speed EB writing strategy.

5.3 Mask Fabrication

After EB exposure and development of the hydrogen silsesquioxane (HSQ), the Ta and
bilayer resist masks have to be structured. For the hard mask fabrication of the mag-
netometry samples the Ta layer must be etched to a precise and reproducible depth, to
ensure that a thin Ta layer remains to protect the MTJ from oxidation. Therefore, we used
a low temperature SF6/O2 plasma to etch the Ta. For the c-AFM samples, a bilayer resist
of polymethylmethacrylate (PMMA) and HSQ is used, in order to be able to remove the
resist after etching. To fabricate the bilayer resist, the sacrificial PMMA layer has to be
etched in a low pressure O2 plasma. Hereafter, we describe the mask fabrication processes
in more detail.

5.3.1 Ta Etching in a Low Temperature SF6/O2 Plasma

A mask must be hard and the sidewalls have to be sufficiently steep, in order to trans-
fer a pattern of nanoscale features. Matsui et al. used a 20 nm thick Ta etch mask to
fabricate Magnetic Random Access Memories (MRAMs) elements [80]. Besides Ta, other
materials like W or Ti are also suitable. However, Ta is normally used as capping layer
to protect the MTJ multilayer stack from oxidation, and is therefore readily available.
Moreover, the nanostructuring of Ta (and W) can be achieved in F-based plasma, while
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Ti is more preferably etched with a Cl-based process with inherently more risk of corrosion.

Ta forms the volatile fluoride TaF5 in a high density SF6/O2 plasma. Dry etching of
Ta at ambient temperature in an inductively coupled (ICP) high density SF6/O2 plasma
is studied as a function of SF6/O2 mixture, power and pressure by Hsiao et al [81]. To
enable a more precise and reproducible etch depth control in the Ta mask structuring, we
developed a low temperature process in an SF6/O2 plasma. All experiments are done in
an Alcatel AMS 100 system, which is equipped with an ICP source. The chuck bias of the
system can be controlled independently and the temperature can be varied from −150 ◦C
to +20◦. Figure 5.5 depicts a schematic of an ICP etching system.

Figure 5.5: Illustration of the inductively coupled plasma (ICP)
etching system.

The ICP 13.56 MHz rf power source is set at 1100 W and is applied to the antenna
that is coiled around the cylindrical chamber with a pressure of 10 µbar. An oscillat-
ing electromagnetic field along the axis of the cylindrical chamber is generated by the rf
current through the antenna. The magnetic field induces an azimuthal electric field that
ionizes the SF6/O2 gas that is let into the chamber at flow rates of 300 sccm for SF6,
and 15 sccm for O2. The charged particles revolve around due to the dc component of
the magnetic field, confining the plasma and enhancing the probability of collisions. The
energy transfer into the SF6/O2 ICP plasma is dominated by electrons, because electrons
have a far smaller mass and are therefore accelerated to much higher velocities [82].

The plasma expands to the lower part of the vacuum chamber. A sample glued on a
4 inch wafer with thermal paste is located on a plate electrode. The chuck of the electrode
is dc biased at −136 V by a separate rf source. The temperature of the carrier wafer
is controlled by a combination of contant liquid nitrogen cooling and regulated resistive
heating. He at the backside provides the thermal contact between the wafer and the sub-
strate holder.

To obtain the precise and reproducible etch depth required, the etch rate must be as
slow as possible, while still benefitting the synergy of a chemical component and ion bom-
bardment. For the present work, we focussed therefore on finding the transient regime
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between ion-enhanced dry etching and physical sputtering by studying the temperature
dependence of the dry etching process. In general, chemically excited processes are tem-
perature dependent and can be described by the Arrhenius equation:

R(T ) = A exp

(

− Ea

kBT

)

, (5.1)

with A the collisions frequency factor, Ea the activation energy of the process, and kB the
Boltzmann constant. To study the Ta etch rate as function of temperature we have used
samples that consist of: Si(001)/ SiOx// 900 Å Ta. Samples are marked with a resist pen
and etched for increasing time intervals, from 10 s at −10 ◦C to 90 s at −80 ◦C. After
rinsing off the resist marker with acetone and dipping the sample in isopropyl alcohol
(IPA) to prevent staining, the etched depth is measured with an AFM.

The plot of the Ta etch rate as a function of the reciprocal temperature in figure 5.6,
shows that the etch rate is following equation 5.1 down to a temperature of about −60 ◦C.
The fit revealed an activation energy of (0.14± 0.02) eV. Below that temperature, the
etch rate is no longer temperature dependent. Accordingly, the etch process only occurs
by physical sputtering at a rate of approximately 5 Å/s. We selected a temperature of
−50 ◦C for the Ta mask fabrication, in order to add a slight chemical component and
diminish the redeposition while keeping nanometer control in the etch depth.
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Figure 5.6: An Arrhenius plot of the Ta etch rate in a SF6/O2

plasma as function of the reciprocal temperature.

Subsequently using similar approach, with a resist pen marked 900 Å Ta samples are
etched at −50 ◦C for various periods of time. In figure 5.7, the with an AFM measured
etch depth is plotted as a function of time. The linear fit of the data yielded an etch rate
of (8.2 ± 0.8) Å/s, with which the required precision is achieved.

Finally, the magnetometry samples with 150 Å Ta layer that are patterned with EB
lithography, are etched in 16 s at −50 ◦C to create the mask of sub - 100 nm features, as
is shown in figure 5.1(c). AFM measurements showed repeatedly that the etch depth is
(130 ± 8) Å, so that a protection layer of 2 Å Ta remained. Hence, the etch depth of a
Ta mask can be controlled with nanometer precision.
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Figure 5.7: Graph of the Ta etch depth as function of the time
at −50 ◦C.

5.3.2 PMMA Etching in an O2 Reactive Ion Plasma

In order to be able to remove the resist after etching, we have used a bilayer resist mask
of PMMA and HSQ for the c-AFM samples. Therefore, a layer of 2 % PMMA with a
molecular weight of 950 k solved in traditional anisole is spin coated at 4000 rmp on the
multilayer and baked at 175 ◦C for a hour. On top of the PMMA a HSQ resist layer is spin
coated at 4000 rpm and baked at 120 ◦C for 4 minutes. After patterning and developing
the HSQ layer, the about 200 nm thick sacrificial PMMA layer is etched in a low pressure
O2 reactive ion plasma at 4 µbar. In figure 5.8 a reactor is depicted which is suitable for
reactive ion etching (RIE).

Figure 5.8: Schematic representation of the reactive ion etching
(RIE) system.
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An oscillating electric field is induced in the chamber by applying a 13.56 MHz rf
power of 50 W to the electrically isolated bottom electrode, on which a sample is centrally
placed. The electric field ionizes and dissociates the O2 gas that flows into the chamber.
Besides the O-radicals, the produced reactive O+

2 ions play an important role in the etch
process, because PMMA does not etch spontaneously. The O+

2 ions are distributed from
the bulk of the O2 plasma to the sample. The ions are adsorbed on the surface and react
chemically with the PMMA. The volatile chemical etch products are desorbed from the
etching surface and are pumped out.

The bottom electrode acquires a dc bias voltage of about −180 V that accelerates
the positive ions towards the sample and enhances the anisotropic etching process [83].
PMMA has an etch rate of approximately 92 nm/minute. The etch process is monitored
with an interferometer, the process is finished when the derivative of the interferometer
signal approaches zero.

5.4 Pattern Transfer Techniques

Nowadays, Ar+ ion milling is a widely used pattern transfer technique for magnetic ma-
terials. However, the redeposition of backsputtered material on the sidewalls and a low
etch rate are major drawbacks in patterning with this technique dense arrays of MTJs
with a high throughput [84]. Jung et al. reported much higher etch rates of ≥ 50 Å/s for
magnetic multilayer structures using high ion density Cl2/Ar plasmas [85]. However, the
chlorinated etch residues on the sidewalls of the etched features tend to severely corrode
the magnetic material. In the following, we discuss several pattern transfer techniques
that we used to fabricate the magnetometry and c-AFM samples.

5.4.1 Ar+ Ion Milling

Ar+ ion milling involves shadow masking to induce surface modification by sputtering
away surface material. An Ar+ ion beam can mill any combination of materials in a MTJ
multilayer stack. The Ta capping material is quite useful also as mask material for ion
milling, because of the relatively low sputter yield in comparison to the sputter yield of
the MTJ materials. Therefore, Ar+ ion milling is suitable for transferring the Ta masks
pattern with the sub - 100 nm elliptical features. A schematic representation of the milling
machine that we used for milling the magnetometry samples, is shown in figure 5.9.

A hot-filament cathode located near the axis and a surrounding cylindrical anode
provide an electric field to accelerate the electrons [87]. Ions are produced by the direct-
current electron bombardment of the 0.35 µbar Ar gas in a discharge chamber. The Ar+

ion are extracted through a screen grid and an acceleration grid to create a well-collimated
Ar+ ion beam.

The magnetometry sample is rotated for uniformity, during the Ar+ ion milling at a
voltage of 0.5 kV and an ion current of 0.19 mA/cm2. When the beam of energetic Ar+

ions collides with the surface, energy and momentum are transferred. To eject atoms from
the surface the transferred energy has to exceed the chemical binding energy of the atom.
Furthermore, the momentum conveyed to the sputtered atom has to be directed away
from the sample surface [88].

The mill rate is strongly dependent on the angle α between the direction of the incoming
Ar+ ion beam and the normal to the surface. In figure 5.10 the mill rate of different
materials is plotted as function of the beam incidence angle with respect to the surface
normal, for Ar+ ion milling at an acceleration voltage of 0.3 kV and a beam current
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Figure 5.9: Representation of an Ar+ ion beam milling machine.

of 0.32 mA/cm2 [86]. Starting from normal incidence, the mill rate of most materials
first increases, then reaches a maximum, and finally decreases as glancing angles are
approached.

G a A s

A u

A l

S i O 2

T i

A z  1 3 5 0

0        1 0      2 0      3 0       4 0      5 0       6 0       7 0       8 0       9 0
B e a m  a n g l e  ( o )

4 0 0

3 5 0

3 0 0

2 0 0

1 0 0

0

2 5 0

1 5 0

5 0

Mi
ll r

ate
 (A

min
ute

)
/

a s u r f a c e
n o r m a l

i o n  b e a m
d i r e c t i o n

Figure 5.10: Ar+ ion mill rates of different materials as function
of the beam incidence angle with respect to the surface normal
[86].



56 Chapter 5. Nanofabrication of Magnetic Tunnel Junctions

The angle dependency of Ar+ ion milling can be used to reduce the redeposition of
sputtered material around the edges of the structured MTJs. Therefore, after the regular
13 minutes of milling at 20◦, the structuring process is concluded with 2 minutes milling
at an angle of 75◦. The schematic of the resulting magnetometry sample is depicted in
figure 5.1(d), and figure 5.11 shows a scanning electron microscopy (SEM) image of an
example of a dense array of Ar+ ion milled 50× 65 nm2 MTJs that were patterned using
the developed high-speed EB writing strategy.

The magnetometry samples are annealed at 300◦C in a magnetic field for 5 minutes,
the field is applied along the major axis of the MTJs and is also switched on during
cooling to room temperature. After annealing the samples, the Magneto-Optical Kerr
Effect (MOKE) technique is used to characterize the magnetic properties as function of
the size and length to width aspect ratio.

Figure 5.11: SEM images of a resulting magnetometry sample
that was patterned with the high-speed EB writing strategy. After
etching the hard Ta mask in a low temperature SF6/O2 plasma,
the defined dense array of 50× 65 nm2 features is transferred
using Ar+ ion beam milling.

5.4.2 Inductively Coupled Cl2-based Plasma

Opposite to the low Ar+ ion milling rate, the pattern transfer in Cl2-based plasmas has
adequate etch rates. In inductively coupled (ICP) high ion density Cl2/Ar plasmas at
sample temperatures of ≤ 80 ◦C, etch rates of ≥ 50 Å/s are found for magnetic multilayer
structures [85]. With increasing ICP source power the relatively low volatile chlorinated
etch products are removed more efficiently by ion-assisted desorption. However, the etch
rate reaches a maximum when an unbalance occurs between the formation of etch prod-
ucts and an efficient ion-assisted desorption [89].

A disadvantage of Cl2-based plasmas is the inherently corrosive nature of the chlori-
nated etch residues on the sidewalls of the etched features. Nevertheless, corrosion of the
magnetic material can be prevented by post-etch cleaning with H2 or SF6 plasmas or by
H2O rinsing [90]. Another drawback is the hindering of dry etching magnetic materials
by the low volatility of the etch products. Therefore, etching Co90Fe10 in a Cl2-based
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plasma at elevated temperatures is preferable, because the desorption of etch products is
enhanced and the surface reactions are thermally activated [91]. Remains the problem
that Fe is only etched by physical sputtering in a pure Cl2 or Cl2/Ar. To overcome this
problem approximately 10 % BCl3 is added to the gas mixture. The BClx or BCl+x plasma
species function as a catalyst for the etch process [92].

N2 is added to the ultimate gas mixture, in order to form a thin passivation layer on
the sidewalls of the etched features. Consequently, a high-ion density Cl2/BCl3/N2 plasma
is used for high-speed dry etching the bottom electrode in an Alcatel MET system [93],
similar to that depicted in figure 5.5. The ICP source power is set at 1000 W and the rf
chuck is biased at −100 V. The gas flows are set to 64 sccm for Cl2, and 8 sccm for both
BCl3 and N2. Finally, the bottom electrode of t he c-AFM sample is etched in 4 minutes
at a pressure of 10 µbar and a temperature of 160 ◦C. The temperature is measured with
a Luxtron fluoroptic probe, which is placed in the He-backflow, less than 1 mm from the
wafer. Before being exposed to atmosphere, the samples are rinsed in H2O in a N2 dry
box for 10 minutes, to remove the chlorinated etch residues from the sidewalls. Figure
5.2(c) shows the configuration of the c-AFM sample after etching the bottom electrode.

5.4.3 Noncorrosive CO/NH3 Plasma

For the formation of the nanoscale MTJ devices that are shown in figure 5.2(f), a non-
corrosive CO/NH3 inductively coupled (ICP) process is used. For this purpose, a new
bilayer resist mask of PMMA and HSQ is prepared, as is described in section 5.3.2. Next,
using the method discussed in section 5.3.1, the full 5 nm Ta capping layer is structured
at −50 ◦C in a SF6/O2 plasma. The resulting mask structure is depicted in figure 5.2(e).

In the search for noncorrosive gas mixtures for dry etching magnetic material, CO
seemed to be a promising alternative, because of the formation of volatile carbonyl com-
pounds. However, chemically assisted etching with CO resulted in reduced etch rates
and increased redeposition, due to the formation of carbides on the sample surface [94].
Nakatani et al., reported about etching Fe-Ni alloys at a rate of 350 Å/minute in a CO/NH3

reactive ion plasma. The NH3 in the gas mixture suppressed the dissociation of CO mole-
cules, through which the formation of carbides is prevented [95]. The etch rate of NiFe and
NiFeCo in a CO/NH3 process was studied by Jung et al. [96]. The results revealed that
the etch rate increased with ICP source power and substrate temperature. Furthermore,
the rate showed an optimum as function of the CO versus NH3 ratio. If the percentage
CO is too high carbonaceous material is redeposited. A Fischer-Tropsch related processes
underlies the etching of magnetic materials in CO/NH3 plasma. In the Fischer-Tropsch
processes, the CO and H in the plasma are converted into formamide (HCONH2) in the
presence of a Co, Fe or Ni catalyst, through the formation of volatile transition metal
formamides instead of volatile carbonyls [97]. Therefore, the etch mechanism in a high
density CO/NH3 plasma still has a strong physical component, only because the sputtered
magnetic material reacts with the CO redeposition is prevented.

The difference in the etch rates between the Co90Fe10 of the free layer and the AlOx
of the barrier is not significant, due to this strong physical component. Accordingly, to
determine the etch time of the 5 nm thick Co90Fe10, c-AFM multilayer samples that are
marked with a resist pen are etched at a pressure of 10 µbar for various periods of time
in a CO/NH3 plasma. We used the Alcatel MET system with an ICP source to etch the
free layer of the nanoscale MTJs in a high-ion density CO/NH3 plasma. The values of the
ICP source, the rf chuck power, and the temperature, are adjusted to the highest possible
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configuration of the system, namely, 1000 W, −200 V, and 200 ◦C, respectively. The
CO : NH3 ratio is varied to determine the optimale flow rates that appeared to be 15 sccm
for CO and 35 sccm for NH3. The etch depth is measured with AFM after removal of the
resist marker. In figure 5.12 the etch depth is plotted as a function of time.
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Figure 5.12: Graph of the etch depth as function of time for
a c-AFM multilayer stack sample etched in a high-ion density
CO/NH3 plasma, in case the sample is not treated with a Ar
plasma (•), and in case the sample is treated with 5 s of Ar
plasma sputtering (◦)

The data points that are represented with the black circle (•) are randomly scattered
and show no trend. This can be explained by the formation of a native oxide layer in
the 10 to 15 s that the sample is exposed to air during the transportation of the c-AFM
sample from the Alcatel AMS 100 etcher to the the Alcatel MET system. To avoid the
oxide problem, the c-AFM multilayer stack is first treated with an Ar plasma for 5 s,
before repeating the experiment of the etch depth as a function of time. The flow rate of
the Ar gas is set at 50 sccm and the configuration of the Alcatel MET system is the same
as for the CO/NH3 plasma. The results of the measured etch depth as a function of time
when the sample is treated with an Ar plasma are plotted as open circles (◦) in figure
5.12. Although, the trend is more distinct, still only a rough estimate for the etch time
of the Co90Fe10 free layer can be given. However, taking sample to sample variation into
account, a satisfactory success rate is feasible when three batches are etched in a CO/NH3

plasma after a 5 s plasma treatment. Therefore, c-AFM samples are etched for 45, 60,
and 75 s, respectively. After etching, the bilayer resist is removed by rinsing the sample
in an ultrasonic batch for 2 minutes in methylisobutylketon (MIBK). A schematic of the
resulting sample is shown in figure 5.2(f).

After annealing the samples at 300◦C in a magnetic field along the major axis of the
MTJs for 5 minutes, and cooling down to room temperature in a applied field, the samples
are characterized by c-AFM.



Chapter 6

Magnetic Properties of
Nanometer Scale Elements

In the previous chapter we described the fabrication procedure of large arrays of nanoscale
MTJs, that were produced to investigate the magnetic properties. Nanofabrication con-
cerns multiple delicate process steps and is therefore a challenging and time consuming
procedure. Therefore, the spectrum of samples remained limited and the magnetic prop-
erties could only be investigated for a restricted number of parameters. In this chapter,
we present the experiments and results of the investigation of the magnetic properties. To
make this investigation more transparent, the introduction offers a step-by-step descrip-
tion of the subjects that will be discussed.

First, the magnetic characterization techniques are discussed that are used to measure
the magnetic properties of the nanoscale elements analyzed in this Thesis. Therefore,
we describe the Superconducting Quantum Interference Device (SQUID) magnetometer
and the Magneto-Optical Kerr Effect (MOKE) magnetometer. Hereafter, we describe
the samples under investigation and outline the experimental procedures to measure the
magnetic properties. Next, the results of the magnetization reversal of arrays of Co dots
as a function of the size and shape will be elaborated upon. Clear deviations of the
Stoner-Wohlfarth behavior are observed and will be discussed in term of interdot coupling
and edge roughness. Likewise, the magnetic switching behavior of arrays of sub -µm
MTJs is discussed. We unambiguously demonstrate that the interdot coupling has a
major influence on the magnetic switching behavior of ultra-high areal density arrays of
nanoscale magnetic elements. In addition to the switching behavior, we also characterize
the interlayer coupling effects of the sub -µm MTJs. Finally, a conclusion will be provided.

6.1 Magnetic Characterization Techniques

Normally, hysteresis loops of the magnetic moment as a function of an applied field are
measured for the characterization of magnetic samples. In order to measure hysteresis
loops, a variety of magnetometers are available. The two magnetometers used in this
thesis are the SQUID magnetometer and the MOKE magnetometer. In the next sections,
both magnetometers will be described in more detail. The specific application of the
SQUID and MOKE magnetometer will be discussed in section 6.2.2

59
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6.1.1 SQUID Magnetometer

In figure 6.1 a schematic representation is given of an rf -type SQUID magnetometer.
With a SQUID magnetometer the magnitude of the magnetic moment can be determined
quantitatively, so that the magnitude of the moment can be used as a control parameter
for the indication of a successful nanofabrication proces. Therefore, the SQUID is used
for measuring the switching of arrays of nanoscale Co dots. In order to perform a SQUID
measurement, a magnetic sample is positioned in the center of a second order gradiome-
ter. This gradiometer consists of two pairs of superconducting pick-up rings, which are
wound end-to-end in such a manner that no net flux is induced by a magnetic field with
a constant gradient [98].
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Figure 6.1: Schematic representation an rf-type SQUID magne-
tometer.

When the magnetic sample is moved through the gradiometer, a supercurrent IP will
flow through the pick-up rings to compensate for the flux originating from the sample,
as a consequence of flux-quantization through superconducting rings. Via a coil with
inductance LP, this supercurrent is coupled to another superconducting loop with induc-
tance L in which a single Josephson junction is inserted. This superconducting loop with
the Josephson junction is in fact the SQUID [99]. Introducing the mutual inductance
MP ∝ √

LPL, we can represent the proportionality of the external flux Φe through the
SQUID and the supercurrent IP as:

Φe = MPIP . (6.1)

The flux Φe induces a circulating supercurrent I that is determined by the Josephson junc-
tion and opposes the external flux. Moreover, if we use the relation between the external
flux and the phase difference over the Josephson junction, then the total flux Φ through
the SQUID is given by [100]:

Φ = Φe − LI = Φe − LIc sin

(

2eΦ

~

)

, (6.2)

with e the electron charge, ~ Planck’s constant divided by 2π, and Ic the critical current
for which a voltage appears across the Josephson junction. The SQUID is coupled by
a mutual inductance MT to a circuit of inductance LT, capacitance CT, and resistance
RT. The circuit is rf excited near the resonance frequency ω0 = 1/

√
LTCT by a current
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Irf sin(ωt). The coupling between the SQUID and circuit results in a voltage Vrf (t) over
the circuit, which is linearly proportional to the external flux Φe generated by the move-
ment of the magnetic sample through the gradiometer [101].

6.1.2 MOKE Magnetometer

The magnetic switching behavior of arrays of sub -µm MTJs is examined with a MOKE
magnetometer, because the magnetization can be measured locally with the MOKE tech-
nique. The MOKE technique exploits the change in optical polarization of light that is
undergoing a reflection from a magnetic surface. Figure 6.2 depicts a home-built MOKE
magnetometer that is used in the longitudinal configuration to investigate the switching
of ultra-high areal density arrays with nanoscale MTJs of different sizes and aspect ratios.

Light from a 3 mW HeNe laser with a wavelength of λ = 632.8 nm passes through a
lenses system, a polarizer and a photo-elastic modulator (PEM), which is operating at a
frequency of 50 kHz. The modulation axis of the PEM is set at 45◦ relative to the linear
polarization of the laser light. As a consequence, the light is modulated into alternating
left- and right-handed circularly polarized light.

The laser light is focused on the sample with the lenses system to a spot diameter of
about 50 µm, and is reflected from the surface. The complex Fresnel reflection coefficients
for right circularly polarized light r̃+ and left circularly polarized light r̃− described as
[102]:

r̃+ = r+ exp(iφ+) r̃− = r− exp(iφ−) , (6.3)

with r± the amplitude, and φ± the phase of the circularly polarized light. Linearly po-
larized light that is undergoing a reflection from the surface of a magnetic material is
characterized by a change in the phase and the amplitude of the light. Linearly polarized
light can be represented as a superposition of two circularly polarized components, of equal
amplitude and opposite direction. A relative change in the phase of the two components
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Figure 6.2: Home-built Magneto-Optical Kerr Effect (MOKE)
magnetometer.
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will leave their resultant linearly polarized, but rotated with respect to the original direc-
tion. This so called Kerr rotation can by formulated by:

ϑ =
1

2
(φ+ − φ−) . (6.4)

Conversely, a relative change in the amplitude of the components will result in an elliptical
superposition, since the magnitude of the sum varies and the line of the resultant rotates
in time. This elliptical superposition, named Kerr ellipticity, can be defined as:

ε =
r+ − r−
r+ + r−

. (6.5)

The reflected light is led through an analyzer with the optical axis kept under an angle
of 0◦ in reference to the initial polarization of the laser light. The laser light is detected
with a silicon photodiode that is connected to a lock-in amplifier, which is receiving the
reference signal from the PEM. A computer system records the output of the lock-in am-
plifier, which is proportional to the change in polarization of the reflected light from the
surface that has to be analyzed. The Kerr rotation, which is typically a few mdeg, will
induce a 2f -modulation of the intensity, while Kerr ellipticity induces an f -modulation,
with f the modulation frequency.

The hysteresis loops are measured with the MOKE magnetometer in the longitudi-
nal configuration at room temperature. The maximum attainable field is approximately
400 kA/m and during the field sweep a Hall probe is used to measure the magnitude of
the applied field.

6.2 Sample Description and Experimental Procedure

In chapter 1 we described the configuration of the magnetically engineered MTJ multilayer
stack for MRAM application that we have studied in this Thesis. The top-down nanostruc-
turing techniques used to fabricate large arrays of sub -µm MTJs for the characterization
of the magnetic properties are discussed in chapter 5. In section 6.1 of this chapter, the
SQUID and MOKE magnetic characterization techniques are explained. In the following,
we give a description of the composition and the layout of the different samples that are
investigated. Furthermore, information is provided about how the SQUID and MOKE
techniques are utilized to characterize arrays of nanometer scale magnetic elements.

6.2.1 Composition and Layout of the Samples

The configuration of the magnetically engineered MTJ multilayer stack that are studied
in this Thesis is depicted in figure 6.3(a). The MTJ multilayer stack that is built up of a
buffer layer to promote smooth layer growth, an antiferromagnetic (AF) layer, an artificial
antiferromagnet (AAF), and the actual MTJ that is comprised of a sandwich of the fixed
layer of the AAF and a free ferromagnetic (FM) layer with an Al2O3 in between. The
AAF that consists of a two identical FM layers separated by a Ru spacer. The bottom
FM layer is pinned to the an adjacent AF layer. We have produced two different types of
multilayer stacks, one for the the magnetic characterization and one to characterize the
electrical properties. The compositions of the multilayer stacks are described in section
3.1.1.

With a nanofabrication procedure, including electron beam lithography and Ar+ ion
beam milling, large arrays of sub -µm MTJs are produced to investigate the magnetic
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Figure 6.3: Schematic of the composition of the unstructured
samples (a) and the layout of the structured samples (b). A
residual sample consists of a cut off piece of a structured sample
(c). The zoom-in of the area comprising arrays of nanoscale
MTJ pillars shows the rounded rectangles and the elliptical
shaped elements (d). Unstructured (e) and structured (f) 5 nm
thick Co reference samples.

properties. The layout of the samples with large arrays of sub -µm MTJs is presented
in figure 6.3(b). Only a part of about 16 mm2 of the sample area contains on average
approximately 108 MTJ pillars, which is indicated with a black rectangle in the top view
of the sample. The gray part of the sample comprises the residual layers. Figure 6.3(c)
shows a residual sample, which is a cut off piece of a structured sample.

The area indicated with a black rectangle contains arrays of nanoscale MTJ pillars
with a width w ranging from 50 to 300 nm, and a length to width aspect ratios of 1.5 to
2.5. The zoom-in of figure 6.3(d) indicates the arrangement of the on average 108 MTJs.
Figure 6.3(d) also shows a more detailed schematic of the MTJs location on a rectangular
lattice with a spacing of 2w along the minor axis and (l + w) along the major axis. The
spacings are defined as the distance between the centers of the MTJs. The MTJs with
a width w > 150 nm are rounded rectangles and the MTJs width w < 150 nm have an
elliptical shape, as shown in figure 6.3(d). The elliptical MTJs are patterned with the
high-speed electron beam writing strategy, and the rectangular MTJs are patterned in a

( a ) ( b )

Figure 6.4: SEM images of 160× 360 nm2 rounded rectangles
as an example of the rectangular dots (a), and an example of
80× 140 nm2 elliptical shapes.
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conventional manner. In addition, figure 6.4 shows scanning electron microscopy (SEM)
images as examples of the rectangular and elliptical MTJs, respectively.

We have also studied the switching behavior of arrays with 5 nm thick polycrystalline
Co dots, in order to disentangle the geometry effects from the coupling effects on the
switching of the free layer of the MTJ. The layout of the Co dot samples is the same as
that of the samples with arrays of sub -µm MTJs, as can be seen in figure 6.3(e) and (f).

6.2.2 Application of Magnetometry Measurements

The SQUID magnetometer and the MOKE techniques are used to measure the magnetic
properties of the nanoscale elements characterized in this Thesis. The SQUID magne-
tometer is suitable for a quantitative determination of the magnetic moment of a sample
as a function of an applied magnetic field and temperature. In contrast to the SQUID
magnetometer, obtaining quantitative information on the magnitude of the magnetization
is not possible with the MOKE technique. However, the MOKE technique is particularly
useful for measuring the magnetization of a sample locally. This section provides insight
into the utilization of the typical characteristics of the SQUID and MOKE technique for
measuring the nanoscale magnetic elements.

The demands on stable magnetic switching behavior of sub -µm MTJs require a mag-
netically engineered multilayer stack. The multilayer stack is a complex magnetic sys-
tem, due to the different interlayer coupling phenomena. Therefore, understanding of the
switching behavior of the unstructured multilayer stack is important. For the application
of MTJs as memory cells, it is essential to comprehend the difference beween the effect of
the interlayer coupling and the coupling due to the stray fields fringing from the nanoscale
magnetic elements. In order to analyze the pure interlayer coupling, SQUID measurements
are performed of an unstructured samples, like depicted in figure 6.3(a).
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Figure 6.5: A graph of a SQUID measurement of an unstruc-
tured MTJ multilayer sample. The arrows indicate the switch-
ing of the four magnetic layers that are colored white in the
schematic of the sample.

Figure 6.5 shows a graph of a typical SQUID measurement of an unstructured sample.
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The hysteresis loop exhibits the characteristics corresponding to a typical magnetically
engineered MTJ stack, which are described in literature [103]. The arrows indicate the
switching of the four magnetic layers that are colored white in the schematic of the sample.
The magnetic moments are saturated at a high positive field. When the applied field is
reduced, the magnetic moments of the fixed layer start to rotate at about 160 kA/m. At
approximately 20 kA/m the plateau with an antiparallel alignment of the artificial antifer-
romagnet is reached. The free layer switches around zero field and the switch of the buffer
layer is observed at approximately -35 kA/m. Finally, also all the magnetic moments of
the pinned layer have rotated before the sample is saturated in the negative direction.

0 2 0 0 4 0 0 3 0 0 0 4 0 0 0
- 1 5
- 1 0
- 5
0
5

1 0
1 5
2 0

A p p l i e d  f i e l d  ( k A / m ) 

 u n s t r u c t u r e d
 1 3  m i n u t e s  @  2 0 o  +  2  m i n u t e s  @  7 5 o

 

 

Mo
me

nt/A
rea

 (ar
b.u

.)

f r e e
p i n n e db u f f e r

f i x e d d
( a )

( b )

Figure 6.6: SQUID measurements of an unstructured magne-
tometry MTJ multilayer sample (a) and a residual sample (b)
to determine the Ar+ ion milling depth.

With the SQUID magnetometer the magnetic moment of the entire sample is mea-
sured. Accordingly, both the residual layers and the MTJ pillars, which are presented in
figure 6.3(b), contribute to the SQUID output signal. However, we are interested in the
magnetic switching behavior of the free layer of the sub -µm MTJs. The contribution of
the background signal due to the residual layers could not be determined properly, because
the Ar+ ion milling depth could not exactly be resolved with AFM measurements, due
to resist remains. Therefore, we measured the magnetic moment of a cut off piece of a
structured sample displayed in 6.3(c), in order to judge if the magnetic contribution of the
sub -µm MTJ pillars could be extracted from the magnetic contribution of the residual
layers.

In order to determine the depth after 15 minutes of Ar+ ion milling, in figure 6.6 the
SQUID measurement of an unstructured sample, which is shown in inset (a), is compared
with that of a residual sample that is illustrated in inset (b). The magnetic moments
are scaled to the sample areas. SQUID measurements revealed values for the saturation
magnetization of the free Co60Fe20B20 layer, MCoFeB = 1324 kA/m, and the Co buffer
and AAF layers, MCo = 1129 kA/m. The difference in the measured magnetic moment
per areas between of the unstructured and the residual sample, indicated that the milling
was terminated in the fixed layer. Inset (b) of Figure 6.6 specifies the thickness δ of the
remaining fixed layer that is expected to be only a few nanometers.
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X-ray photoelectron spectroscopy (XPS) measurements of the Ru-3d5/2 spectrum of
the residual sample displayed a peak at the binding energy of Ru (280.2 eV), confirming
that the Ar+ ion milling was terminated in the fixed layer.

Due to the magnetic moment of the residual layers, it is difficult to unravel the magnetic
switching behavior of the sub -µm MTJs. Therefore, the MOKE technique is used to
locally probe the magnetic properties of the residual layers and the part containing the
MTJ pillars. Figure 6.7 shows an example of the measured Kerr rotation versus applied
field loop of a sample with MTJs with a surface area of 60× 100 nm2.

The top graph of figure 6.7 shows the measurement with the laser spot focussed on
the part containing the MTJ pillars, which is schematically presented as a white circle on
the black rectangle. The field is applied along the major axis of the MTJs. As expected,
the coercive field Hc = 9 kA/m is increased in comparison to the coercive field of the
unstructured sample (≤ 1 kA/m).

To distinguish between the magnetic properties of the nanoscale MTJs and of the
residual layers, also a hysteresis loop is measured with the laser spot focussed on the
residual part of the sample, indicated with a white circle on the gray rectangle. The
measurement is plotted in the bottom graph and shows only the exchange biased switch
of the buffer layer. By comparing the loop corresponding to the MTJ pillars with the
loop of the residual layers, the magnetic properties of the arrays of sub -µm MTJs can be
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Figure 6.7: MOKE measurements of a sample with a patterned
part consisting of an array of MTJs with a surface area of
60× 100 nm2. The top graph shows the measurement with the
laser spot focussed on the patterned part, which is schematically
presented as a white circle on the black rectangle. The mea-
surement with the laser spot focussed on the residual part of the
sample, indicated with a white circle on the gray, is plotted in
the bottom graph.
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disentangled from the contribution of the signal due to the residual layers.

6.3 Magnetization Reversal of Arrays of Co Dots

After covering the experimental procedures in more detail, and highlighting the problems
of characterizing the samples with nanoscale magnetic elements, we present a selection
of SQUID measurements that are used to investigate the switching of arrays of 5 nm
thick polycrystalline Co dots. The analysis of the switching of the Co dots contributes
to a better understanding of the effect of the geometry and interlayer coupling on the
switching behavior of the arrays of sub -µm MTJs.

6.3.1 Overview of the SQUID Measurements

The investigated arrays consist on average 108 polycrystalline Co dots with a width w
ranging from 50 to 300 nm, and a length to width aspect ratios of 1.5 to 2.5. The compo-
sition of the samples is depicted in figure 6.3(f). The dots are arranged on a rectangular
lattice according to the layout schematically shown in figure 6.3(d).
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Figure 6.8 shows an overview of the SQUID measurements performed to examine the
magnetization reversal of the nanoscale Co dots as a function of the size and shape. In
the overview of figure 6.8 hysteresis loops are shown of arrays of elliptical and rectangular
Co dots of different sizes and length to width aspect ratios. All the loops are measured
with the field applied in-plane along the major axis of the dots. The various hysteresis
loops have different shapes and the overview does not demonstrate a distinct dominant
trend. Nevertheless, figure 6.8 displays some interesting aspects that are worthwhile con-
sidering in more detail. For example, what is the reason behind the difference in shape
of the hysteresis loops. Furthermore, which factors influence the magnetization reversal
processes, can we understand the reduction of the switching field, and what is the effect
of the geometry of the nanoscale Co dots.

In the following, aspects as the shape of the hysteresis loops, mechanisms that con-
tribute to the magnetization reversal processes, and the geometry effect on the switching
behavior will be examined in more detail, in order to get a better understanding of the
complex magnetization reversal processes.

6.3.2 Shape of the Hysteresis Loops

For 5 nm thin polycrystalline Co dots the magnetization is assumed not to vary throughout
the thickness direction. Furthermore, the Co dots are approximated by a flat ellipsoid
and the magnetization is constrained to rotate in plane of the film during reversal. The
Stoner-Wohlfarth model that is described in section 2.2, is generally used in literature to
describe the magnetization reversal processes of thin nanoscale magnetic elements. The
magnetization as function of an applied field along the major axis of the element will
exhibit a rectangular hysteresis loop, according to the Stoner-Wohlfarth model.
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Figure 6.9: Hysteresis loop of array of 50× 65 nm2 Co dots.

The bottom-left, the middle-left, and the bottom-middle hysteresis loops of figure 6.8
have rounded rectangular shape like the hysteresis loop depicted in figure 6.9. The com-
mon property of those Co dots is that the length to width aspect ratio is ≤ 2. The loop
in figure 6.9 of an array of 50× 65 nm2 elliptical Co dots, shows that the coercive field is
increased to approximately 9 kA/m, in comparison to the measured coercive field of an
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unstructured sample of about 1 kA/m. Although the remanence of the 50× 65 nm2 Co
dots is only about 77 %, the rectangular hysteresis loop could be an indication of a Stoner-
Wohlfarth resembling switching behavior, presuming that the rounding of the hysteresis
loop is caused by a distribution of switching field due to early switching of individual Co
dots, the early switching can be a consequence of a higher effective field that the dots
experience as a consequence of the additional interdot field, described in section 2.3.2. We
relate the early switching to the interdot field, because the conducted OOMMF simulation
of the switching of a single dot revealed a remanence of 100 %. The lower remanence of
the experimental data indicates that part of the dots of the array already switched the
magnetization before zero field.

On the other hand, the rounding of the hysteresis loop could also be an indication
for a magnetization reversal according to the Buckling mode. Starting from high applied
magnetic field, during reversal in the Buckling mode the magnetic moments relax causing
a rounding of the hysteresis loop. Under a reversed field, the relaxation of the moments
continues, until the Buckling instability occurs and a sharp switch can be observed. Per-
haps due to the distribution of switching field of individual Co dots, figure 6.9 does not
show a sharp switch. Therefore, relating the shape of the hysteresis loop to a magneti-
zation reversal corresponding to the Buckling mode is also possible. However, because
figure 6.9 displays the collective switching behavior of the array of Co dots, no decisive
demonstration could be given for the mode of magnetization reversal.

Figure 6.8 shows that not all the hysteresis loops of the nanoscale Co dots have a
shape like the loop depicted in figure 6.9. The shape of the hysteresis loops in figure 6.10
is similar to the shape of the top-left and the top-middle loops of the Co dots that also
have an aspect ratio of ≤ 2. Figure 6.10 displays the hysteresis loops of arrays of Co dots
width lateral dimensions of 120× 160 nm2 and 160× 320 nm2. Both these hysteresis loops
of the 120× 160 nm2 and 160× 320 nm2 Co dots show that the magnetic moments already
begin to rotate at about 20 kA/m. At zero field, the 120× 160 nm2 dots have a remanence
of 71 %, whereas the 160× 320 nm2 dots have a remanence of 66 %. The outcome for
the remanence of OOMMF simulation was 99 % for the 120× 160 nm2 dots and 90 % for
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Figure 6.10: Hysteresis loops of array of elliptical Co dots with
dimensions of 120× 160 nm2 and 160× 320 nm2.
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the 160× 320 nm2. Therefore, we once more state that the early switching of individual
Co dots is due to an additional interdot field, and we emphasize the large influence of the
interdot field on the magnetic switching behavior of ultra-high areal density arrays.

The hysteresis loops of the 120× 160 nm2 and 160× 320 nm2 Co dots are dented in the
middle as is illustrated in figure 6.10. At approximately -1 kA/m part of the array of the
120× 160 nm2 Co dots switches the magnetization, while the magnetic moments of the
array of the 160× 320 nm2 dots are assumed to still reverse by rotation. Just before reach-
ing zero magnetization, at about -4.5 kA/m, a few 160× 320 nm2 dots of the array switch
the magnetization. After the switch, the dots of both samples proceed to reorientate the
magnetic moments along the applied magnetic field until the sample is saturated. The
sudden simultaneous switching of part of the array could indicate a Buckling instability
inducing the reversal mode schematically depicted in figure 2.6.

Hysteresis loops comparable to the shapes shown in figure 6.10 resulted from an in-
vestigation of the switching behavior of individual Co particles [104]. Wernsdorfer et al.
proposed an interpretation to explain the characteristics of the shape of the hysteresis loop
and suggested that the magnetization reversal is occurring by incoherent rotation. Figure
6.11 shows a schematic of the proposed magnetization reversal, which is not consistent
with figure 2.6. Therefore, the magnetization reversal is not according to the Buckling
mode.

Nevertheless, the shapes of the loops in figure 6.10 can be interpreted as follows. Start-
ing from a saturated state, magnetization reversal begins with the formation of transversely
magnetized edge domains which are gradually growing. The edge domains structure at
zero field, is based on micromagnetic principles that was introduced by Van den Berg
[105]. After reversing the field a domain wall nucleates and divides the Co dot into two
equal domains, which is illustrated in figure 6.11(a). Figure 6.11(b) shows that when the
field is further reduced the domain wall is pushed to the border of the dot. Finally, the
domain wall annihilates and the dot becomes single domain again, as can be seen in figure
6.11(c).

H a p p

( a ) ( b ) ( c )

Figure 6.11: Schematic of the magnetization reversal that starts
with the nucleation of transversely magnetized edge domains and
the formation of a domain wall when the applied field is reversed
(a). The magnetization reversal proceeds by pushing the domain
wall to the border of the dot (b). The reversal ends with anni-
hilation of the domain wall and saturation of the dot (c).

By analyzing the different hysteresis loop shapes we tried to account for the mode of
magnetization reversal of the nanoscale Co dots. By comparing OOMMF remanence data
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with the experimental data, we were able to unambiguously relate the early switching of
the individual Co dots to the interdot field. Nevertheless, due to the contribution of the
interdot field, no conclusive reversal mode of the Co dots could be given. To get a better
understanding of the reversal, below the factors that contribute to the magnetization
reversal processes will be examined.

6.3.3 Contributions to the Magnetization Reversal Process

As discussed in section 6.3.2, most of the hysteresis loops of Co dots with an aspect ratio of
1.5 displayed a rectangular shape, indicating a Stoner-Wohlfarth resembling magnetization
reversal or switching by the Buckling reversal mode. Although the Stoner-Wohlfarth model
gives an overestimation of the switching fields [46], the model can be used to estimate the
values of the coercive fields. Therefore, the thickness of the Co dots is taking as the
third axis of the ellipsoid and the demagnetization factors are determined with figure 2.3.
Furthermore, the crystalline anisotropy is neglected supposing no average anisotropy for
polycrystalline Co. Instead of the bulk value, the measured saturation magnetization of
Co is used for calculating the Stoner-Wohlfarth switching fields.
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Figure 6.12: Plot of the calculated Stoner-Wohlfarth switching
fields and the experimental data of Co dots with a width ranging
from 50 to 300 nm, and a length to width aspect ratios of about
1.5.

The calculated Stoner-Wohlfarth switching fields are compared with the experimental
results of dots with a width w ranging from 50 to 300 nm, and a length to width aspect
ratio of about 1.5 in figure 6.12. The experimental data are lower than the calculated
switching fields. This is anticipated, because the Stoner-Wohlfarth model gives an upper
bound. However, the measured value of the 50× 65 nm2 Co dots is only 20 % of the
calculated Stoner-Wohlfarth switching field. The Buckling instability mode is proved to
be the easiest nucleation mode [45]. Therefore, the considerable lowering of the switching
field could point out that the magnetization reverses in the Buckling mode. However, it is
not clear to what extent the Buckling magnetization reversal mode gives rise to a lowering
of the switching field.
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To approximate the Buckling reversal mode, Yuan et al. developed a modified Buckling
model. For a fixed aspect ratio, the model predicts that the single domain coercive field
is roughly inversely proportional to the width of the particle. This proportionality was
approximately followed for NiFe and Co with a width of 40 to 100 nm and an aspect ratio
ranging from 3.75 to 20, and distances between the dots of 50 to 100 nm [106]. However,
figure 6.16 shows a poor inverse dependency of the coercive field with the width for the
arrays of Co with an aspect ratio of 1.5.

In order to interpret the discrepancy between the results, consider the differences in
the arrays of thin nanoscale magnetic dots under investigation. The width of the NiFe and
Co dots and the distances between the dots examined by Kirk et al. are comparable with
those of our experimental data. However, Kirk et al. investigated dots with an aspect
ratio of > 3.75, whereas the Co dots in figure 6.12 have an aspect ratios of 1.5. Figure 6.8
shows that the loop shapes of the Co dots width an aspect ratios of 1.5 deviates from that
of the Co dots having an aspect ratio of 2.5. As described in section 6.3.2, discrepancies
in the shape of the hysteresis loops indicate various magnetization reversal modes, leading
to different switching fields. Therefore, the lower aspect ratios could be the reason for the
weak dependency.

Also a weak inverse dependency of the coercive field with the width, similar to our re-
sults was reported by Girgis et al. for Co dots of width ranging between 100 and 600 nm,
and aspect ratios of 1.5, 2, 3, and 4. An MFM image at zero field showed that, even
though a vast majority of the dots were already in the flux closure state, there was still a
percentage in the single domain state [107]. Girgis et al. concluded that the switching of
nanoscale particles is a random process that is governed by sample defects, such as edge
roughnesses, interface roughnesses, impurities, etcetera. Concluding from the discussion
in section 2.3.2, we will add to this, that also the interdot coupling has a substantial influ-
ence on the switching behavior. Experimental results of arrays of nanoscale Ni dots, which
were separated less than 50 nm, revealed that approximate flux closure in a cluster of dots
induced collective rotation due the interdot coupling [108]. How to take into account the
combination of the effects on the magnetization reversal is not obvious. Therefore, in the
following we will only qualitatively describe the effects of the afore mentioned contribu-
tions to the magnetization reversal processes.

As stated before, magnetization reversal starts with the formation of edge domains.
The different edge domain configurations induce a switching field distribution. As a conse-
quence, at zero field part of the dots can already have reversed the magnetization. Jonson
et al. confirmed this statement experimentally by presenting an MFM image at zero field
of elliptical permalloy dots that were all in the single domain state but had different po-
larities [109].

Edge domains formed to reduce the magnetostatic energy, play an important role in
the magnetization reversal [110]. Edge roughness encourages the nucleation of domains,
because the exchange coupling at the edge of a dot is diminished. A reduction of the
switching field of about 40 % was found by Gadbois et al. if edge roughnesses were intro-
duced into the simulations [111]. If edge roughness could promote a Buckling instability,
then the discrepancy between the experimental data and the calculated Stoner-Wohlfarth
data can partially be explained by the existence of edge roughness.

Beside the significant influence of edge roughnesses, other mechanisms also have a con-
siderable contribution to the lowering of the switching field. In section 2.3.2 interdot fields
of arrays of closely spaced Co dots were calculated and insight into the approximate flux
closure was given. The calculations and the approximate flux closure demonstrated the
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significant effect of interdot coupling on the magnetic switching behavior of high areal
density arrays with nanoscale elements.

Consider figure 6.13 that shows the hysteresis loops for ellipses of major axis l = 400 nm
and minor axis w = 160 nm, measured by sweeping an in-plane field along the major
axis (◦) and along the minor axis (•). Although the measured loop with the field ap-
plied along the minor axis of the elliptical polycrystalline dots displays a lower remanence
than the loop with the field applied along the major axis, the coercive field of both loops
more or less coincides. For polycrystalline Co the crystalline anisotropy can be neglected
and for ellipses with an aspect ratio of 2.5 the main anisotropy contribution is the shape
anisotropy. Therefore, the equal values of the coercive fields is surprising, because with the
field applied along the minor axis a more slanting hysteresis loop is expected. Although
the OOMMF hysteresis loop computations in figure 2.10 showed that the interdot coupling
strongly influences the coercive field, the equal values of the coercive fields could not yet be
explained by the interdot coupling. However, we could think about a possible contribution
of the interdot coupling to the coercive fields for applied fields along the major axis and
along the minor axis, respectively.
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Figure 6.13: Hysteresis loops along the major and minor axis
for 160× 400 nm2 dots.

We suggest that the interdot coupling, which induces an approximate flux closure
between individual dots of the array, facilitates the magnetization reversal and thereby
influences the switching field. As stated before, neighboring Co dots can form clusters
of approximate flux closure interdot coupling. Suppose that the clusters act as pseudo-
particles that grow in size and gradually rotate the average magnetic moment of the cluster
while the applied field is reduced. The rotation of the clusters is energetically more fa-
vorable, because the total energy is reduced by flux closure through the neighboring cells
[112]. Therefore, the interdot coupling can facilitate the magnetization reversal and coun-
teract the shape anisotropy of the individual dots. Our suggestion is confirmed by the
outcome of OOMMF simulations of the switching of a single dot, which revealed a higher
remanence than the experimental data. The lower remanence indicates that part of the
Co dots of the array reverses the magnetization before zero field.
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6.3.4 Geometry Effect on the Switching Behavior

After providing insight into the magnetization reversal modes and the mechanisms that
contribute to a lowering of the switching field, the correlation between the results will be
analyzed. First, notice that the data points in figure 6.12 for Co dots of w > 150 nm with
the rectangular shape are rather scattered. This scattering cannot be due to sample to
sample variation, because the samples are processed on the same substrate. However, as
stated before, variations in size and shape of individual dots can produce a considerable
distribution of switching fields.
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Figure 6.14: Outcome of OOMMF simulation to investigate the
geometry effect of the individual Co dots on the switching be-
havior.

Another striking feature that is observable in figure 6.12 is sort of a step in the data
of the coercive field at the transition between elliptical Co dots of width w < 150 nm
and the rectangular dots of width w > 150 nm. The difference in shape might cause this
decrease. The shape dependency is investigated with OOMMF simulations [44]. For the
simulations of rounded rectangles and ellipses we used Co as material with saturation
magnetization Ms = 1400 kA/m and exchange stiffness A = 30 pJ/m. The ellipses and
rounded rectangles are divided into two-dimensional grids of 5× 5 nm2 cells. The outcome
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of the simulations is plotted in figure 6.14.
First, figure 6.14 shows an artificial fluctuating coercive field caused by the subdivision

of ellipses in square cells inducing an unrealistic edge roughness, which is not so pro-
nounced for the rounded rectangles. For a width w > 150 nm the shape effect is of minor
influence, and the coercive field is smoothly varying with the width. Moreover, there is
no step at 150 nm. Nevertheless, opposed to the experimental data, figure 6.14 shows
that for w < 150 nm the elliptical dots have a higher switching field than the rounded
rectangles. This can be explained by the fact that the Buckling instability proceeds easier
for the rectangular dots with s-state magnetization configuration than for elliptical dots,
because of the higher amplitude of the Buckling wave. Furthermore, the influence of the
shape effect decreases with decreasing ratio, and is not significant for an aspect ratio of
1.7 due to a symmetry increase of the dots. All in all, the shape effect cannot explain the
decrease of the coercivity.

However, as stated before edge roughness can have an effect on the reduction of the
switching field. Bryan et al. demonstrated that the edge roughness can be reduced by
using a higher electron beam exposure dose [113]. Considering that we used an exposure
dose ranging from 400 to 500 µC/cm2 for the rectangular dots, and only a dose between
60 and 100 µC/cm2 for the elliptical dots, an edge roughnesses induced decrease of the
coercive field is presumable.

Concluding this section, the magnetization reversal of arrays of polycrystalline Co dots
was investigated using SQUID measurements. The measurements demonstrated various
shaped hysteresis loops and revealed no distinct dominant trend. On the basis of the shape
of the hysteresis loops the switching mode was analyzed. Furthermore, we discussed the
contribution of edge roughness and interdot coupling to a lowering of the switching field.
Finally, we suppose that edge roughnesses induced a decrease of the coercive field for el-
liptical Co dots in comparison to the rectangular dots. Therefore, in the next section the
analysis of the free layer switching of arrays of MTJs, the arrays of MTJ with a width
w > 150 nm are treated separately from the arrays of MTJs with a width of w < 150 nm.

6.4 Free Layer Switching of Sub - µm MTJs

In this section, we discuss the free layer switching of arrays of sub -µm MTJs illustrated
in figure 6.3(b). The layout of the samples is the same as that of the samples with arrays
of 5 nm thick polycrystalline rectangular and elliptical Co dots of section 6.3. The MOKE
technique is used to measure hysteresis loops locally at the residual part and at the part
containing the sub -µm MTJ pillars of the sample, as explained in section 6.2.2. By
comparing the loop of the patterned part with the loop of the residual part, the magnetic
switching of the free layer of sub -µm MTJs is investigated as a function of the size and
length to width aspect ratio. As is mentioned in section 6.3 of this chapter, we discuss the
magnetic properties of the elliptical MTJs separately from the rectangular MTJs.

The coercive field as a function of the width of the rectangular MTJs is plotted in
figure 6.15. For clarity, the error bars are not included in the graph, and are of the order
of about 1 kA/m. The coercive field shows a faint decrease as function of the width and,
although not so pronounced for the wider MTJs, on average the coercive field increases
with increasing aspect ratio. This increase is anticipated, taking into account that the
magnetization reversal begins at edge domains that gradually grow and nucleate to form
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Figure 6.15: Plot of the coercive field as function of the width
of the rectangular MTJs for different aspect ratios.

5 0 6 0 7 0 8 0 9 0 1 0 0 1 1 0 1 2 00
2
4
6
8

1 0
1 2
1 4
1 6
1 8    a s p e c t  r a t i o :

 2
 1 . 7  ±  0 . 1
 1 . 5  ±  0 . 1

 

 

Co
erc

ive
 fie

ld (
kA

/m)

W i d t h  ( n m )
Figure 6.16: Plot of the coercive field as function of the width
of the elliptical MTJs for different aspect ratios.

a flux closure within an individual dot.
Figure 6.16, in which the coercive field is plotted as function of the width for el-

liptical MTJs, also shows an increase of the coercive field with increasing aspect ratio.
Furthermore, the coercivity is sharply increasing with decreasing MTJ width. However,
the coercive fields are moderate inversely proportional to the width of the MTJs, corre-
sponding to the data of the Co dots in figure 6.12 and the results reported by Girgis et
al..

After discussing the size dependency of the free layer switching of sub -µm MTJs,
we now describe the magnetic switching as function of the length to width aspect ratio.
Therefore, the measured coercive fields of w = 60 and 80 nm elliptical MTJs are plotted as
function of the aspect ratio in the two top graphs of figure 6.17, and the data of w = 160
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and 240 nm rectangular MTJs are plotted in the bottom graphs of figure 6.17. Note that
the experimental data with an aspect ratio of 1.5, 1.7, and 2, respectively, were already
plotted as a function of the width of the MTJs in figure 6.15 and 6.16. The dotted lines
in figure 6.17 are lines to guide the eye. The figure shows for the elliptical as well as for
the rectangular MTJs, the coercive field first increases as function of increasing ratio, and
after reaching a maximum decreases again.
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Figure 6.17: Graphs of the coercive field as function of the aspect
ratio for w = 60 and 80 nm elliptical MTJs, and for w = 160
and 240 nm rectangular MTJs.

In contrast to the results of the coercive field presented by Kirk et al. for ratios be-
tween 3.75 and 20, we do observe an effect of the switching field for sub -µm MTJs with
a moderate length to width aspect ratio 1.5≤ l : w ≤ 2.5. In MTJs with moderate
aspect ratios just above 1 vortices that initiate the magnetization reversal nucleate easier,
therefore, the initial increase can be explained. The decrease after reaching the maximum
is more difficult to understand. As stated before, the increase of the interdot field with
the aspect ratio, shown in figure 2.9, could provide a contribution. However, the ratio
increase also induces a higher switching field due to the shape anisotropy.

Probably, the decrease of the coercive field with aspect ratio originates from the com-
petition between the configurational array anisotropy and the shape anisotropy, which for
our specific geometry of the array and MTJs produces a decrease. Thereby, confirming
that the interdot coupling causes the deviance from the inverse dependency of the coercive
field as function of the width, stressing again the importance of the interdot coupling on
the magnetic switching behavior is.

In addition to the switching characteristics, the analysis of the hysteresis loops revealed
a shift of the loop corresponding to the free layer, which seemed to increase slightly with
decreasing width of the sub -µm MTJs. Resistance versus applied field measurements of
MTJs ranging from 30 nm to 1 µm with aspect ratios from 1 to 7 that were investigated
with a c-AFM by Kubota et al., also showed a shift [114]. The shift is a consequence of the
competition between the ferromagnetic Néel coupling through the interface roughness and
the stray field coupling from the edges of the MTJs. Assume a uniform magnetized MTJ
of width w and length l, that has a fixed Co top layer of the artificial antiferromagnet
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Figure 6.18: Graphs of measured and with equation 6.6 calcu-
lated loop shifts as function of the width for aspect ratios of 1.5,
1.7, and 2.

(AAF) of thickness dfix = 4 nm, and a measured magnetization Mfix = 1129 kA/m. Then,
the stray field coupling strength over the AlOx barrier of thickness dbar = 1.1 nm can be
approximated by [115]:

HD =
2Mfixwldfix

(l2 + 4d 2
bar

)
√

l2 + 4d 2
bar

. (6.6)

With the Néel coupling field HN = 766 A/m derived from the hysteresis loop of an un-
structured sample, the net shift of the loop is given by ∆H = HD−HN. Figure 6.18 shows
the measured loop shift and the loop shift calculated with equation 6.6 as function of the
width for aspect ratios of 1.5, 1.7, and 2. Apart from a few data points, the calculated
and measured shifts show a fairly good general agreement. The measured shifts of aspect
ratios 1.7 and 2 follow the trend of the calculated shifts and increase slightly with decreas-
ing width. The measured data deviate from the calculated data for MTJs with a width
w < 100 nm and aspect ratio 1.5. Supposedly, this deviation is caused by a nonuniform
magnetization in the MTJs, because at remanent state small aspect ratios MTJ easily
form vortices and MTJs with a flux closing vortex state do not generate a stray field.
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6.5 Conclusion

In conclusion, a SQUID magnetometer was used to investigate the magnetization rever-
sal of dense arrays of polycrystalline nanoscale Co dots. Although the Stoner-Wohlfarth
model gives an upper bound for the switching fields of quasi-single domain elements, the
results of the polycrystalline Co dots that were studied in this Thesis were much to low
compared to the Stoner-Wohlfarth model. Edge roughnesses considerably contribute to
the lowering of the switching field. Furthermore, by comparing the experimental value of
the remanence with that of OOMMF simulations of the switching of a single Co dot, we
demonstrate that the interdot coupling has a major influence on the magnetic switching
behavior of ultra-high areal density arrays of nanoscale magnetic elements.

The outcome of the analysis of the magnetization reversal of arrays of Co dots was used
to interpret the results of the MOKE experiments of arrays of sub -µm MTJs as function
of the size and length to width aspect ratio. The simplified Buckling model predicts an
inverse proportionality to the width that was not followed by the experimental data. The
simplified Buckling model does not include an arrangement of dots in a lattice. For our
specific arrangement of dots in the array, the deviation originates from the competition
between the configurational array anisotropy and the shape anisotropy.

In addition, the hysteresis loops showed a loop shift, similarly, Kubota et al. found a
shift of the resistance versus applied field loop. Using an approximation to calculate the
magnetic stray field of sub -µm MTJs, the shift could be calculated using the value of the
Neel coupling field strength of an unstructured sample. The calculated values showed a
good agreement with the measured results.
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Chapter 7

Magnetization Losses in
Sub - µm CoFeB Dots

In chapter 5 we discussed several pattern transfer techniques, such as transferring the
pattern by means of high ion density Cl2-based plasmas. A disadvantage of Cl2-based
plasmas is the formation of chlorinated etch residues on the sidewalls of the etched fea-
tures. Jung et al. showed that for etched features with a width of approximately 2 µm,
10 minutes of postetch H2O rinsing in a N2 dry box or in situ cleaning with a H2 or SF6

plasma is effective to prevent corrosion by chlorinated etch residues on the sidewalls [116].
Furthermore, the various postetch procedures showed no significant differences in the long
term magnetization. However, it has not been addressed whether postetch treatments are
still effective for sub - µm elements.

Besides avoiding corrosion, an additional challenge in patterning dense arrays of ele-
ments is mastering mask erosion. During etching, facets form at the side walls of the mask
due to physical sputtering of the mask material. The initially formed facets propagate in
time and after a while the mask facets will intersect with the original surface of the sam-
ple. Eventually, the mask facets propagate laterally, thereby exposing the feature to the
plasma, resulting in sloped sidewalls [117].

In the following sections1, we present investigations on the reduced magnetization of
patterned CoFeB dots with lateral dimensions ranging from 0.3 to 6.4 µm, dry etched
with a Cl2-based plasma and a subsequent postetch H2O rinsing in a N2 dry box. CoFeB
is chosen as the magnetic material, because of the enormous current interest for the high
tunneling spin polarization of CoFeB when combined with Al2O3 or MgO barriers in
MTJs. Superconducting Quantum Interference Device (SQUID) magnetometer measure-
ments and scanning electron microscopy (SEM) studies are performed and qualitatively
analyzed in order to distinguish between the reduction of the magnetic moment due to
chlorinated etch residues and due to faceting of the mask.

7.1 Dry Etching of CoFeB Dots

To study the reduction of the magnetization of CoFeB dots etched in a high ion density
Cl2-based plasma, we have used samples of the following composition: Si(001)/ SiOx//
50 Å Ta/ 155 Å Co24Fe56B20/ 50 Å Ta. The samples are grown in a sputter system with

1Part of this chapter is published in J. Vac Sci. Technol. B, 24, 2627, (2006)

81
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a base pressure of < 10−8 mbar, at a rate of approximately 0.5 Å/s in a ∼ 10−2 mbar
argon gas pressure. A bilayer resist of polymethylmethacrylate (PMMA) and hydrogen
silsesquioxane (HSQ) is patterned by electron beam lithography at 100 kV and an exposure
dose of 500 µC/cm2. To map the size dependency of the magnetic properties, the layout of
the patterns consisted of square CoFeB dots of thickness d = 155 Å and width w ranging
from 0.3 to 6.4 µm. The number of dots in each layout, nw, is chosen such that the total
magnetic volume V = nwdw2 is identical, and equal to that of the unetched reference
sample. Following the electron-beam exposure, the HSQ is developed and the PMMA
layer is etched in a low pressure O2 reactive ion plasma.

After fabricating the mask, a high-ion density Cl2/BCl3/N2 plasma is used for high-
speed dry etching the CoFeB dots. To remove the chlorinated etch residues from the
sidewalls of the etched CoFeB dots, the samples are rinsed in H2O in a N2 dry box for
10 minutes, before being exposed to atmosphere. The magnetic properties of the etched
samples and the unetched reference sample with magnetic volume V , are measured at
room temperature with a SQUID magnetometer.

Figure 7.1 shows the hysteresis loops of the reference sample and the samples with
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Figure 7.1: Hysteresis loops of a unetched reference sample, and
etched samples with dots of width 1 and 0.5 µm. The measure-
ments are performed at room temperature and the direction of
the magnetic field is applied parallel to the sides of the CoFeB
dots.

dots of nominal width of 1.0 and 0.5 µm. The direction of the magnetic field is applied
parallel to the sides of the CoFeB dots. A linear background is subtracted to correct
for the diamagnetic substrate response. As expected for CoFeB dots with decreasing
width, the magnetization is harder to switch, and the coercive field increases [78]. Most
importantly in view of the degradation of the magnetization, figure 7.1 shows that the
magnetic moment of the etched samples is significantly reduced in comparison with the
reference sample. Furthermore, the sample with the 0.5× 0.5 µm2 dots has an even lower
saturation magnetization than that of the sample with the 1.0× 1.0 µm2 dots.
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( a )

( b )

( c )

d

a

Figure 7.2: Scanning electron microscopy pictures of CoFeB
dots etched in a Cl2/BCl3/N2 plasma at 160 ◦C. The cross-
section of 0.5× 0.5 µm2 dots illustrates the erosion of the mask
with faceting angle α (a). The top views of 0.4× 0.4 µm2 dots
(b) and 0.3× 0.3 µm2 dots (c) demonstrate the size effect.
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7.2 Faceting of the Mask

Scanning electron microscopy (SEM) pictures are examined to study the cause of the
reduced magnetization of the sub -µm CoFeB dots. In figure 7.2(a) a SEM picture of the
crosssection of the sample with the 0.5× 0.5 µm2 CoFeB dots is shown. The CoFeB dots
are difficult to distinguish, because the total thickness of the layers is less than 30 nm.
However, the mask on the dots is clearly visible. The crosssection illustrates that etching in
a Cl2-based plasma causes erosion of the mask, resulting in a facet angle α, as is indicated
in figure 7.2(a). As stated before, faceting of the mask leads to sloped sidewalls of the
CoFeB dots. This is confirmed by the top view SEM pictures of the 0.4× 0.4 µm2 dots
and the 0.3× 0.3 µm2 dots in figure 7.2(b) and 7.2(c), respectively. Note that because
of the proximity effect caused by the lithography process the width of the CoFeB dots is
enlarged in comparison to the nominal width w. Furthermore, the SEM pictures in figure
7.2(b) and 7.2(c) show that the dots are in fact truncated square pyramids. The sidewalls
of the pyramids color light gray in the pictures. The top side width (w − 2δ) is confined
by the mask, recognizable from the bright edges due to charging of the resist. The rim
width of the confinement δ is determined using the base and top side circumferences, as
graphically depicted in figure 7.2(b).

w
d

d e

 =      d   +   2
d
2

2 d
2 =      d   +   2

2 d

Figure 7.3: Schematic drawing of a CoFeB dot. The dotted
lines represent the designed dot, and the solid lines depict the
truncated square pyramid with base and top side widths w and
(w − 2δ), respectively. The hatched area represents the top side
of the the truncated pyramid that did not corrode due to the
chlorinated etch residues with a penetration depth ε.

Figure 7.3 shows a schematic drawing to visualize the shape of a CoFeB dot after
etching. The drawing neglects the enlargement of the dot with respect to the nominal
width. The dotted lines represent the designed dot with thickness d and width w. The
contours of the truncated square pyramid with base and top side widths w and (w − 2δ),
respectively, are depicted by the solid lines. As mentioned before, the thickness d and the
total number of dots in each layout nw are known. Therefore, by measuring the rim width
δ the actual geometric volume VG can be calculated by:

VG =
1

3
d

[

w2 + (w − 2δ)2 +
√

w2(w − 2δ)2
]

nw . (7.1)

Due to the different magnifications of the various SEM pictures, only the rim width of the
CoFeB dots with a width ≤2 µm could be resolved. There is a large spread in measured
values, ranging from about 27 nm to approximately 125 nm. The average rim width
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Figure 7.4: Normalized saturation magnetization as a function
of the width of the etched CoFeB dots. The dotted line and
the dashed line are the results of calculations with δ− = 27 nm
and δ+ = 125 nm, respectively.The solid line is the result of the
calculation with the weighted average rim width.

yielded δ̄ = (72 ± 6) nm.

To map the size dependency of the magnetization losses due to the faceting of the mask,
we have plotted the normalized saturation magnetization as a function of the nominal
width of the etched CoFeB dots in figure 7.4, and compared it to that of the reference
sample. In the analysis of the SQUID measurements, the data are corrected for the actual
width of the CoFeB dots. As can be seen in figure 7.4, there is a considerable spread in data
points due to sample to sample variation, which is confirmed by the SEM pictures. The
faceting strongly depends on the exact characteristics of the mask. Variety of the resist
profile due to the development process and etching of the PMMA layer in a O2 plasma
determines how a facet exactly propagates in time. Another explanation of the spread
in data points is the precise conditions during etching, such as the stability, density and
lateral inhomogeneity of the plasma, which can cause differences between dots on various
substrates.

However, in spite of the cloud of scattered data points, the plot of the normalized
saturation magnetization shows a degradation of the magnetic properties of about 20-40%
for the CoFeB dots in the sub -µm regime. To get more insight into the effect of the sloped
sidewalls on the magnetization of the etched dots, we used formula 7.1 normalized by the
volume of the reference sample to calculate the normalized saturation magnetization. The
results of the calculations are plotted as function of the width w for w ≥ 2δ in figure
7.4. If the average rim width from our SEM data is used for the calculation, the solid
line resulted. The solid line is in good agreement with the SQUID data, given the fact
that no fitting is used. For w < 2δ the mask is completely annihilated beyond this value
resulting in the erasure of the CoFeB dots. This implies that the feasibility of measuring
the magnetic properties of etched magnetic elements with a width <0.1 µm in a Cl2-based
plasma using a bilayer resist of PMMA and HSQ is questionable. In order to pattern
dense arrays of magnetic memory elements with sub 0.01 µm2 dimensions, the mask must
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be hard enough and the sidewalls have to be sufficiently steep. To impede mask erosion,
SiO2 can be used as alternative mask material for shallow etching [118], although for
deep etching even harder materials are necessary. For example, a 20 nm thick Ta mask is
applied for hardening mask etching MRAM multilayers using a CO/NH3 gas plasma [80].

7.3 Corrosion by Chlorinated Etch Residues

To illustrate the uncertainty in δ, the upper dotted and lower dashed lines in figure 7.4
are the curves using a rim width of δ− = 27 nm and δ+ = 125 nm, respectively. Most
of the data points are within those limits, which further corroborates the consistency be-
tween the SQUID and SEM data. Nevertheless, note that the values of the SQUID data
appear to be systematically lower than the solid line that is calculated using δ̄. In order to
distinguish between the reduced magnetization due to the chlorinated etch residues and
the faceting of the mask, the effective magnetic volume VM has to be determined using
the SQUID data and correlated with the SEM data. We calculated the effective magnetic
volume by dividing the saturation magnetization of CoFeB by the experimentally deter-
mined magnetic moment of CoFeB. Assuming that the corrosion due to the etch residues
is proportional to the surface area, then the ratio of the surface area of the sidewalls to
the volume of the dot becomes increasingly important for the sub -µm dots, because the
magnetic moment scales with the volume. For all dot sizes the effective magnetic volume is
smaller than the geometric volume, indicating that the CoFeB dots slightly corroded due
to the etch residues. If we suppose that the difference between VG and VM is the volume
that is corroded by the chlorinated etch residues, we can derive a chloride penetration
depth ε. Therefore, consider again figure 7.3. The surface area of one side of the pyramid
is 1

2

√
d2 + δ2 [w + (w − 2δ)], a pyramid has four sides and each sample has nw pyramids.

Accordingly, we can derive the chloride penetration depth ε using:

ε =
VG − VM

4
√

d2 + δ2(w − δ)nw

. (7.2)

We have found a penetration depth of the chloride of less than 10 nm. However, this
chloride penetration depth must be seen as a rough estimate for several reasons. First of
all, the patterning by electron beam lithography causes rounding of the corners due to
the proximity effect, which is not taken into account. As a consequence of this rounding,
which is clearly visible in figure 7.2(c), the geometric volume VG is overestimated. On the
other hand, we disregarded the Ta layers, thereby overestimating the rim width δ leading
to underrating VG. The samples are measured approximately 40 days after etching and
subsequent rinsing. Therefore, as a first approximation, a penetration depth of less than
10 nm implies that 10 minutes of postetch H2O rinsing in a N2 dry box is sufficient to
prevent significant major corrosion of CoFeB dots. Furthermore, for dots with a width
> 1 µm the reduction of the magnetization due to the chlorinated etch residues would be
not more than 1 percent. Accordingly, our results are in accordance with the results of
Jung et al. [116], which showed no significant change in magnetic properties over a period
of 6 months.

7.4 Conclusion

In conclusion, a high ion density Cl2/BCl3/N2 plasma is used for etching CoFeB dots with
a width ranging from 0.3 to 6.4 µm. The magnetic properties are measured with a SQUID
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magnetometer. The hysteresis loops of the etched CoFeB dots show a reduced magneti-
zation. The SEM picture of the crosssection of 0.5× 0.5 µm2 dots shows faceting of the
mask, leading to sloped sidewalls. The actual geometric volume is calculated using the
measured rim widths to determine the reduction of the magnetization due to the faceting
of the mask. The geometric volume derived from the SEM data is in good agreement
with the effective magnetic volume resulting from the SQUID data. The difference be-
tween geometric volume and the effective magnetic volume is used to determine a chloride
penetration depth of less than 10 nm. Therefore, in accordance with the results of Jung
et al. [116], 10 minutes of postetch H2O rinsing in a N2 dry box is sufficient to prevent
considerable corrosion of CoFeB dots.
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Chapter 8

Electrical Characterization of
Sub - µm MTJs

In this chapter, the electrical characteristics of sub -µm MTJs are discussed. The first
experimental results of the I-V response of 1× 1 µm2 MTJs are presented that were mea-
sured as stepping stone for continuing research. The quality of the AlOx barrier is the key
part in the determination of the electrical properties. Therefore, the electrical properties
of a nanometer thin AlOx barrier are investigated by measuring I-V characteristics. Due
to the delicate nanofabrication process of the samples, only 30 % of the measured 32 MTJs
showed a response resembling tunneling. Furthermore, we introduce the scanning force
microscopy (SFM) technique that can be used to investigate the electrical characteristics
of the nanoscale MTJs. However, due to resist remains no reliable contact between tip and
sample could be established. As a consequence, we were not able to measure the electrical
transport properties of the nanoscale MTJ samples.

8.1 I-V Characteristics of Ultra Thin AlOx Barriers

In this section, we present the I-V characteristics of nanometer thin AlOx barriers of
1× 1 µm2 square MTJs. Aside from the barrier thickness, we used a multilayer MTJ
stack, similar to the sequence of which the electrical properties are extensively investi-
gated [24], with the following composition: Si(001)/ SiOx// 50 Å Ta/ 50 Å Co90Fe10/
100 Å FeMn/ 35 Å Co90Fe10/ 11 Å AlOx/ 150 Å Co90Fe10/ 50 Å Ta. The I-V char-
acteristics of the AlOx barriers are determined by 4-point electrical measurements. The
process flow of the sample fabrication is depicted in figure 8.1.

According to the procedure described in section 5.4.2, a high-ion density Cl2-based
plasma is used to etch the bottom electrode with 1 mm2 contact patches and 100 µm wide
leads in the multilayer stack as is shown in figure 8.1(a). MTJ pillars with a square surface
area of 1 µm2 are also etched in a Cl2-based plasma using a trilayer resist mask of poly-
methylmethacrylate (PMMA), propyleneglycol monomethyl ether acetate (PGMA), and
hydrogen silsesquioxane (HSQ). Figure 8.1(b) shows a schematic of an etched MTJ pillar,
which is not to scale. In order to isolate the top electrode from the bottom electrode,
a SiN dielectric material layer is sputter deposited, as illustrated in figure 8.1(c). After
solving the trilayer resist mask in acetone a layer of Ta is sputter deposited, as is indicated
in figure 8.1(d) and (e), respectively. Finally, orthogonal to the bottom electrode, the top
electrode with 1 mm2 contact patches and 100 µm wide leads is etched as is shown in
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( a ) ( b ) ( c )

( d ) ( e ) ( f )

Figure 8.1: The process flow of the 4-point electrical sample
fabrication. With a Cl2-based plasma, a bottom electrode with
1 mm2 contact patches and 100 µm wide leads is etched in the
multilayer stack (a). Using a trilayer resist mask of PMMA,
PGMA, and HSQ, square MTJ pillars with a surface area of
1 µm2 are etched in a Cl2-based plasma (b). A SiN dielectricum
layer is sputter deposited to isolate the top electrode from the
bottom electrode (c). The trilayer resist mask is solved in ace-
tone (d), and a layer of Ta is sputter deposited (e). Finally,
orthogonal to the bottom electrode, a Ta top electrode is etched,
also with 1 mm2 contact patches and 100 µm wide leads (f).

figure 8.1(f).
The I-V characteristics of the nanometer thin AlOx barriers are determined by applying

a voltage over an MTJ pillar on the cross-point of the bottom and top electrode, while
measuring the tunnel current through the barrier. The I-V response of the 1× 1 µm2

MTJs showed in principle three different characteristics. Namely, an ohmic like response,
a response resembling breakdown, and a tunneling response. Figure 8.2 shows examples
of the different type of I-V characteristics. Approximately 30 % of the measured MTJs
showed a response that appeared as tunneling and had a resistance-area product between
approximately 20 and 50 kΩµm2. A typical example is shown in figure 8.3(a), and the
numerical derivative of the I-V response, which is defined as conductance, normalized by
the value at V = 0 V, is plotted in 8.3(b).

In literature most often the experimental I-V response is fitted to the Simmons model,
expressed in equation 2.2. However, the normalized conductance as function of the ap-
plied voltage displays roughly a parabolic behavior. This type of behavior implies an
asymmetrical barrier [119], whereas the Simmons model is derived for a symmetric rec-
tangular barrier. The Brinkman formula 2.3 for trapezoidal barriers is more suitable to
fit our experimental data. During fitting the barrier thickness was constrained between
0.8 and 1.5 nm. The fits to the data for various measurements yielded average barrier
heights between 1.2 and 2.3 eV, and an asymmetry parameter ranging from 0.3 to 0.8 eV,
these barrier parameters and the zero-bias resistance are close to reported observations in
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literature [120].
The parabolic behavior of the conductance validates one of the criteria for tunneling.

The other so-called Rowell criteria for MTJs are an exponential dependence of the conduc-
tance on the barrier thickness, and a weak insulating-like temperature dependence [121].
The exponential dependence on the barrier thickness was not investigated, because we did
not vary the barrier thickness. Besides that, the 1× 1 µm2 MTJs samples are not appro-
priate for temperature dependency measurements. Therefore, no conclusive evidence can
be presented to indicate that tunneling is the dominant transport mechanism.

Resistance measurements as a function of an applied magnetic field yielded no signifi-
cant magnetoresistance for the 1 µm2 MTJs. Roughness at the interfaces of the nanometer
thin AlOx barriers can be the reason for the absence of magnetoresistance, because only
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Figure 8.2: Examples of the different I-V characteristics, show-
ing a tunneling response (a), a response resembling breakdown
(b), and an ohmic like response (c).
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Figure 8.3: Current voltage characteristics of a nanometer thin
AlOx barrier, is fitted with the Brinkman formula (a), and the
normalized conductance (b).

30 % of the measured MTJs showed characteristics of tunneling, and 70 % showed either
an ohmic like or breakdown response, as is shown in figure 8.2 . As discussed in section
2.3.1, the roughness induces a strong Néel coupling through which an independent switch
of the two magnetic layers of the MTJ is hindered, revealing no significant magnetoresis-
tance.

The fabrication process of 4-point electrical samples involves multiple delicate steps
causing a high drop out ratio. Therefore, we designed 3-point electrical samples to char-
acterize the electrical properties of the nanoscale MTJs, such that the number of process
steps could be reduced. The properties of the 3-point electrical nanoscale MTJs can be
measured with a conductive atomic force microscope (c-AFM), which is a special applica-
tion of scanning force microscopy (SFM) techniques.

8.2 Scanning Force Microscopy

In this section, the basic principles of the scanning force microscopy (SFM) technique
are described. More detailed information about SFM can be found in literature [122]. A



8.2. Scanning Force Microscopy 93

schematic representation of the experimental setup for scanning force microscopy (SFM)
measurements is shown in figure 8.4. A sample is placed on an automated approach stage.
The approach stage is placed on an active anti-vibration table, to reduce external vibra-
tions. The lateral position of the sample under the tip can be adjusted by two micrometer
screws. The exact location of the sample and the tip is verified with a camera that is
displaying the image on a monitor.

After the sample approach, the surface of a sample is raster scanned with a tip that is
mounted on a flexible cantilever. Due to the interaction force F between the sample and
the tip, the cantilever is deflected a distance ∆z. The relation between this deflection and
the interaction force is given by Hooke’s law:

F = c∆z , (8.1)

where c is the force constant of the cantilever, which depends on the material and dimen-
sions of the cantilever.

The deflection is measured by focussing a laser beam on the cantilever. Changes in the
orientation of the cantilever are related with changes in the direction of the reflected laser
beam, which is monitored with a position sensitive detector (PSD). The laser intensities
on the four quadrants of the PSD determines the output signal of the PSD. In order to
keep the interaction force constant, the PSD output signal can be used by the feedback
system to control the piezo element that is mounted to the cantilever. For measurement
control and image analysis, the SFM setup is connected to a computer system.
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Figure 8.4: Schematic of the experimental setup for scanning
force microscopy (SFM). The part enclosed in the dashed frame
is the upgrade application module that consists of a pA-amplifier
and a low pass filter.

Depending on the distance between the sample and the tip, the interaction can be
attractive or repulsive as is shown in figure 8.5. In addition, the different scanning mode
regions are indicated in figure 8.5. By providing the setup with a conductive tip and
bringing the tip in direct contact with the sample surface, the SFM technique can be
utilized for electrical measurements. This type of measurements are called conductive
atomic force microscopy (c-AFM).
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Figure 8.5: Interaction potential diagram as a function of dis-
tance between tip and sample, with and without a correction for
the capillary force.

8.2.1 Conductive Atomic Force Microscopy

A conductive atomic force microscopy (c-AFM) setup can be used to measure the local
electrical transport properties of nanoscale MTJs [123]. The 3-point electrical nanoscale
MTJ samples have the following layer sequence: Si(001)/ SiOx// 50 Å Ta/ 25 Å Co90Fe10/
100 Å IrMn/ 40 Å Co90Fe10/ 8 Å Ru/ 40 Å Co90Fe10/ 11 Å AlOx/ 50 Å Co90Fe10/ 50 Å Ta.
After patterning the bottom electrode, the free Co90Fe10 layer of the MTJ stack is etched
in a CO/NH3 plasma using a bilayer resist mask of polymethylmethacrylate (PMMA) and
hydrogen silsesquioxane (HSQ). The bilayer resist is dissolved by exposing the samples for
2 days to a methylisobutylketon (MIBK) vapor bath of 118 ◦C. After that, the samples
are rinsed in an ultrasonic bath for 30 minutes in MIBK.
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Figure 8.6: A schematic (a) and a photograph (b) of a home-
built c-AFM upgrade application module, which is developed for
the Solver P47H SFM.
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In order to perform a c-AFM measurement, a constant bias voltage is applied to the
bottom electrode of the MTJ. The tunnel current through the AlOx barrier is measured
with a conductive tip that has the function of the top electrode of the MTJ. Usable tips
for c-AFM are, for example, commercially available doped diamond tips or PtIr coated Si
tips. Furthermore, the setup is upgraded with a preamplifier and a low pass filter [124],
which is schematically depicted within the dashed frame of figure 8.4. A schematic and a
photograph of the home-built upgrade application module that is developed for the Solver
P47H SFM1, is shown in figure 8.6(a) and (b), respectively.

A CDPT-NCHR conductive diamond coated Si tip with a curvature between 200 and
300 nm, a total resistance of < 3 kΩ, and a force constant of approximately 40 N/m is
used to calibrate the application module. Various resistances ranging from 10 to 107 Ω
are measured, the obtained set of curves exhibited a linear response.

The fitting revealed that the Solver P47H c-AFM with the home-built upgrade ap-
plication module can be applied to measure the electrical properties of nanoscale MTJs.
Nevertheless, no reliable electrical transport measurements of nanoscale MTJ samples
could be preformed, because of several additional factors that may have influenced our
first experiments, such as imaging force, wearing out of the tip, obtaining and maintaining
a stable contact between tip and sample, etcetera. Therefore, we employed an alternative
c-AFM setup that has already proven its merits.

For the electrical measurements of the local transport properties of the 3-point nanoscale
MTJ samples we used a Topometrix EX189902 microscope2 equipped with a commercial
FEMTO upgrade application module. The pA-amplifier of the FEMTO module has an
overall amplification of 5 GV/A, and the low pass filter has a bandwidth of 1 kHz. Fur-
thermore, we used a VEECO conductive 20 nm PtIr/ 3 nm Cr coated Si tip with a force
constant between 1 and 5 N/m for the electrical measurements.

The nanoscale MTJs have a width w ranging from 50 to 300 nm, and a length to width
aspect ratio of 1.5 to 2.5. The MTJs with a width w > 150 nm have a rectangular shape
and the MTJs of width w < 150 nm have an elliptical shape. After locating a nanoscale
MTJ, the scan area is reduced to an area of about 1 nm2 with no irregularities and/or
dust particles on the surface of the MTJ. Subsequently, the VEECO tip is brought into
contact with the nanoscale MTJs by a manual approach procedure, and a constant bias
voltage between −2 and +2 V is applied to the bottom electrode of the MTJ. However,
no significant change in the output values could be observed.

The 4-point electrical measurements already pointed out the delicacy of the fabrica-
tion process, leading to short-circuits or pinholes in the nanometer thin AlOx barriers.
Although identical arguments apply for a failure of the 3-point electrical nanoscale MTJ,
in all occasions some output voltage dependency should be observed for an applied bias
voltage between −2 and +2 V. A reason for the missing bias dependency could be a poor
or unstable contact. However, increasing the force during the manual approach procedure
mostly induces a tip failure. Another possibility is that the amplifying capability of the
FEMTO upgrade application module is not powerful enough. However, the most plausible
reason for measuring no significant bias voltage dependency is no electrical contact due to
resist remains on the nanoscale MTJ samples that are measured at Bielefeld.

1Setup is located at the group Physics of Nanostructures, Department of Applied Physics, Eindhoven
University of Technology, The Netherlands

2Setup is located at the group Thin Films & Nanostructures, Department of Physics, University of
Bielefeld, Germany
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( a ) ( b )

Figure 8.7: An image of the lead of a 3-point nanoscale MTJ
samples (a), and a zoom image to confirm that the visible struc-
ture is induced by resist remains (b).

This assumption is based on several AFM images of the electrical leads and different
nanoscale MTJs samples that displayed a well-defined regular structure. An example of
such an image is shown in figure 8.7. Figure 8.7(a) shows the image of the lead of a 3-point
nanoscale MTJ sample. The substrate of the sample is dark in the image and the wavy
rim of HSQ remains at the edge of the lead is bright due to charging of the HSQ resist.
After a thorough MIBK dissolving procedure we expected that no remains of bilayer resist
could be encountered.

However, the zoom-in image in figure 8.7(b) shows a well-defined visible structure,
which is simply associated with the regular pointillist style of writing a pattern with an
electron beam. Furthermore, the size of the features relates to the used spot diameter and
the periodicity corresponds to the applied beam step size. Therefore, we cannot equiv-
ocate the fact that the nanoscale MTJ samples are still covered with resist remains. As
a consequence, no reliable contact between tip and he nanoscale MTJ could be established.

8.3 Conclusions and Outlook

In conclusion, we presented the I-V characteristics of nanometer thin AlOx barriers by
applying a voltage over a square MTJ pillar with a surface area of 1 µm2 located at the
cross-point of the bottom and top electrode. Although the I-V response of the 1 µm2

MTJs showed different characteristics, approximately 30 % of the measured MTJs showed
characteristics of tunneling, and 70 % showed either an ohmic like or breakdown response.
The conductance showed roughly a parabolic behavior, validating one of the criteria for
tunneling. Although the other so-called Rowell criteria are not systematically investigated,
the barrier parameters that resulted from fitting the data with the Brinkman formula were
close to reported observations in literature. Resistance measurements yielded no signifi-
cant magnetoresistance for the 1 µm2 MTJs. Roughness at the interfaces induces a strong
Néel coupling causing stability decay of the magnetization in the two ferromagnetic layers
of the MTJ.

In order to measure the local electrical transport properties of nanoscale MTJs, the
Solver P47H scanning force microscopy (SFM) setup is adjusted to perform conductive
measurement. The Solver P47H SFM was equipped with a home-built upgrade application
module consisting of a pA-amplifier and a low pass filter. However, no reliable electrical
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transport measurements of nanoscale MTJ samples could be preformed with the Solver
P47H c-AFM. Therefore, as an alternative a Topometrix c-AFM setup was employed for
the electrical characterization nanoscale MTJs. After the tip was brought into contact
with the nanoscale MTJs, and applying a constant bias voltage between −2 and +2 V
to the bottom electrode of the MTJ, no significant change in the output voltage was
observed. From AFM images we concluded that the nanoscale MTJ samples are still
covered with resist remains, and as a result no reliable contact between tip and sample
could be established.

In future, we will attempt to remove the resist remains by mechanical polishing. In
case the attempt will fail, we can remove the resist remains by etching with a focussed
ion beam, while monitoring the proces with a scanning electron microscope to protect the
nanoscale MTJ for over-etching.
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Summary

The rapidly growing field of spintronics has recently attracted much attention. Spintronics
is electronics in which the spin degree of freedom has been added to conventional charge-
based electronic devices. A magnetic tunnel junction (MTJ) is an example of a spintronic
device. MTJs consist of two ferromagnetic layers separated by a thin insulating barrier.
The tunnel current that flows through the barrier depends on the relative alignment of
the magnetization in the ferromagnetic layers. As a consequence of this dependence, the
MTJ exhibits two different resistance values that distinguish a logical ‘0’ and a logical ‘1’,
corresponding to anti-parallel and parallel magnetization.

Due to these two distinct states, the MTJs can be used as magnetic memory elements,
and serve as bits for information storage in magnetic random access memories (MRAMs).
MRAMs can lead to instant-on computers and longer battery lifetimes for mobile devices,
which gives MRAMs the potential to replace the current RAM technologies. However, for
the current RAM technologies to be replaced by MRAMs, the dimensions of the MTJs
have to decrease to sub - 100 nm in order to achieve a high enough areal density and to
match the semiconductor technology. Therefore, the research in this Thesis aims at fab-
ricating sub - 100 nm MTJs and investigating the influence of the reduced dimensions on
the modification of magnetic and electronic properties.

The MTJ is incorporated in an engineered multilayer stack to promote stability and
reproducibility of the magnetic and electric response of the MTJ. For the structuring
of these layers, we have used top-down nanofabrication techniques to produce the sub -
100 nm MTJs. For MTJs with a surface area of less than 0.01 µm2, the Al2O3 barrier has
an approximate thickness of a nanometer to ensure an appropriate tunnel current. There-
fore, we have concentrated on the plasm oxidation of sub - nm thin Al layers to produce
Al2O3 barriers.

We have shown that over-oxidation of sub - nm thin Al2O3 barriers of MTJs can be
observed in real-time using in situ differential ellipsometry measurements. The change
in ellipsometry signal of Al layers grown on CoFe films, is proportional to the amount of
oxidized metallic material. As a result, the derivative of this signal is a direct measure
of the oxidation rate. Further analysis of this oxidation rate allowed us to determine the
onset of the CoFe oxidation. We have found the onset to be proportional to the deposited
Al layer thickness. The amount of CoO determined from in situ X-ray Photoelectron
Spectroscopy data on identical samples is found to be proportional to that obtained from
ellipsometry.

In short, this means that the point in time on which over-oxidation starts can be pre-
cisely determined. This is a critical necessity in producing exact, well-functioning MTJs.

We have used electron beam (EB) lithography to pattern the sub - 100 nm features.
With EB lithography features of only a few nanometer in size can be defined, hence EB

107



108

lithography enables the exploration of the fundamental boundaries of magnetic and elec-
tric scaling properties. For the structuring of large-area samples with ultra-dense arrays
of sub - 100 nm MTJs the throughput is limited because of the sequential writing process.
However, with the developed special high-speed EB writing strategy we could pattern a
sample area of 16 mm2 with ultra-dense arrays of sub - 100 nm elliptical features in 10
minutes. The strategy is employed to define the pattern of hard Ta masks with sub -
100 nm features. The Ta masks are etched at −50 ◦C in a SF6/O2 plasma to an etch
depth that can be controlled with nanometer precision. Ar+ ion beam milling is used to
transfer the pattern and to produce dense arrays of sub -µm MTJs.

Insight in the magnetic switching behavior of nanoscale MTJs as a function of the size,
shape and thickness is vital for MRAM application. Especially, the collective properties of
high areal density arrays of MTJs are of interest, because magnetostatic coupling mecha-
nisms between elements can be a limiting factor for applications. In order to understand
the effects of geometry and coupling mechanisms, the switching of 5 nm thick polycrys-
talline nanoscale Co dots is examined using SQUID measurements and the switching of
sub -µm MTJs is studied with MOKE measurements. An array consists of approximately
108 elements with a width ranging from 50 to 300 nm, and a length to width aspect ratios
of 1.5 to 2.5, arranged on a rectangular lattice.

The measured switching fields of the Co dots and MTJs were low compared to predic-
tions using the Stoner-Wohlfarth model. The deviations of the Stoner-Wohlfarth behavior
could be explained in term of interdot coupling and edge roughness. Comparison with the
outcome of OOMMF simulation of the switching of a single dot revealed that the interdot
coupling has a major influence on the magnetic switching behavior of arrays of nanoscale
magnetic elements. This implies that for the feasibility of ultra-high areal density arrays of
nanoscale MTJs for information storage new strategies are needed. For example, a more
complex toggle MTJ multilayer stacks can be used for the nanostructuring of sub - µm
MTJs.

Faceting of the etch mask due to physical sputtering of the mask material is a problem
during deep etching of ultra-high bit density arrays of sub -µm MTJs for MRAMs. Be-
sides that, chlorinated etch residues can reduce the magnetization of patterning magnetic
materials substantially, and therefore constitutes a considerable concern. To get more
insight into the magnetization losses, CoFeB dots were etched in a high ion density Cl2-
based plasma with a width ranging from 0.3 to 6.4 µm. The magnetic properties of the
CoFeB dots were measured by SQUID magnetometry. The sub-µm CoFeB dots showed
significant magnetization reductions, despite H2O rinsing. Scanning electron microscopy
(SEM) studies revealed that etching in a Cl2-based plasma caused faceting of the masks,
leading to sloped sidewalls. SEM pictures were used to determine the geometric volume
which was compared to the effective magnetic volume resulting from the magnetometry
measurements. The SEM data are in good agreement with the magnetometry data, and a
chloride penetration depth of only a few nanometer could be derived, indicating that the
postetch rinsing is sufficient to prevent considerable corrosion of the CoFeB dots. This
means that the chlorinated etch residues could be removed from the samples, without
severely effecting the magnetic properties.

The I-V characteristics of nanometer thin AlOx barriers are measured by applying a
voltage over a 1× 1 µm2 square MTJ pillar located at the cross-point of the bottom and
top electrode. The I-V response of the MTJs showed in principle three different charac-
teristics, that is an ohmic like response, a response resembling breakdown, and a tunneling
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response. Approximately 30 % of the measured 32 MTJs showed a tunneling response and
had a resistance-area product between approximately 20 and 50 kΩµm2. Furthermore, the
conductance showed roughly a parabolic behavior implying an asymmetrical barrier. As a
consequence, we used the Brinkman formula to fit the experimental data. The fits yielded
average barrier heights between 1.2 and 2.3 eV, and an asymmetry parameter ranging
from 0.3 to 0.8 eV, which are close to reported observations in literature.

Resistance measurements yielded no significant magnetoresistance for the 1 µm2 MTJs.
Probably, as a consequence of interface roughnesses, a strong Néel coupling originates,
through which an independent switching of the two magnetic layers of the MTJ is hin-
dered.

As an alternative electrical characterization technique, the conductive atomic force
microscopy (c-AFM) technique can used to measure the local electrical transport prop-
erties of nanoscale MTJs. We have explored this c-AFM technique and performed I-V
measurements by applying a constant bias voltage to the bottom electrode and measuring
the tunnel current through the barrier. However, due to resist remains no significant bias
voltage dependency was observed.
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Samenvatting

Spintronica is een snelgroeiend onderzoeksgebied en staat hierdoor recentelijk zeer in de be-
langstelling. Spintronica is elektronica waarbij aan de conventionele, op lading gebaseerde
elektronische apparaten, de vrijheidsgraad van de spin is toegevoegd. Wat er dan ontstaat
is een spintronisch apparaat, zoals bijvoorbeeld een magnetische tunneljunctie (MTJ).
Deze MTJs bestaan uit twee ferromagnetische lagen die van elkaar gescheiden zijn door
een dunne, isolerende barrière. De tunnelstroom die door de barrière loopt is afhankelijk
van de relatieve richting van de magnetisatie in de ferromagnetische lagen. Als gevolg van
deze afhankelijkheid heeft een MTJ twee verschillende weerstanden die onderscheid maken
tussen een logische ‘0’ en een logische ‘1’, hetgeen correspondeert met een anti-parallelle
en parallelle magnetisatie.

Door deze twee specifieke toestanden kunnen MTJs gebruikt worden als geheugenele-
menten en daardoor dienen als bits voor informatieopslag in Magnetische Random Access
Memories (MRAMs). MRAMs maken het mogelijk instant-on computers te ontwikkelen
en kunnen daarnaast de levensduur van batterijen voor mobiele apparaten aanzienlijk ver-
lengen. Deze toepassingsmogelijkheden geven MRAMs de potentie om de huidige RAM
technologieën te vervangen. Echter, randvoorwaarde hiervoor is wel dat de dimensies
van de huidige MTJs verkleind moeten worden tot sub - 100 nm, zodat een oppervlak-
tedichtheid bereikt kan worden die hoog genoeg is en om aan te sluiten bij de huidige
halfgeleider technologie. Vandaar dat het onderzoek in dit proefschrift gericht is op het
fabriceren van sub - 100 nm MTJs en het bestuderen van de gevolgen van de gereduceerde
dimensies voor de magnetische en elektrische eigenschappen.

Om de stabiliteit en reproduceerbaarheid van de magnetische en elektrische respons
te promoten, zijn de MTJs in gebed in een stapel van magnetisch geëngineerde MTJ
multilagen. Voor de structurering van deze lagen hebben we top-down nanofabricatietech-
nieken gebruikt om nanometer-schaal MTJs te produceren. MTJs met een oppervlakte
van minder dan 0.01 µm2 moeten een dikte van de Al2O3 barrière hebben van ongeveer
een nanometer, om te zorgen voor een geschikte tunnelstroom. Vandaar dat we ons gericht
hebben op de plasma oxidatie van sub - nm dikke Al lagen voor de productie van Al2O3

barrières. We hebben laten zien dat over-oxidatie van sub - nm dunne Al2O3 barrières van
MTJs in real-time geobserveerd kan worden door gebruik te maken van in situ differentiële
ellipsometrie metingen. De verandering in het ellipsometrie signaal van lagen Al gegroeid
op CoFe lagen, is proportioneel met de hoeveelheid geoxideerd metallisch materiaal. Het
gevolg hiervan is dat de afgeleide van dit signaal een directe maat is voor de oxidatie snel-
heid. Een nadere analyse van de oxidatie snelheid bood ons de gelegenheid om de onset
van de CoFe oxidatie te bepalen. We hebben gevonden dat de onset proportioneel is met
de gedeponeerde dikte van de Al laag. De met in situ X-ray Photoelectron Spectroscopy
bepaalde hoeveelheid CoO van identieke samples bleek evenredig met de hoeveelheid die
verkregen was uit de ellipsometry metingen.
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In het kort betekent dit dat het tijdstip waarop de over-oxidation begint precies bepaald
kan worden. Dit is een essentieel in het produceren van exacte, goed functionerende MTJs.

We hebben elektronen bundel (EB) lithografie gebruikt om sub - 100 nm structuren
te patroneren. Met EB lithografie is het mogelijk om structuren te definiëren van slecht
een paar nanometer, vandaar dat EB lithografie het mogelijk maakt om de fundamentele
grenzen van het schalen voor de magnetische en elektrische eigenschappen te verkennen.
Echter de doorvoer voor de structurering van grootte-oppervlakte samples met ultra hoge
oppervlaktedichtheid matrices met sub - 100 nm MTJs is beperkt door het seriële schrijf
proces. Maar met de speciaal ontwikkelde hoge-snelheid EB schrijf strategie is het mo-
gelijk om een sample oppervlak van 16 mm2 in 10 minutes te patroneren met ultra hoge
oppervlaktedichtheid matrices die sub - 100 nm elliptische structuren bevatten. De strate-
gie is gebruikt om het patroon van het harde Ta masker te definiëren met sub - 100 nm
structuren. De Ta maskers zijn bij −50 ◦C geëtst in een SF6/O2 plasma tot een ets diepte
die op nanometer precisie gecontroleerd kan worden. Middels het frezen met een Ar+ io-
nen bundel is het patroon overgebracht om zodoende hoge oppervlaktedichtheid matrices
met sub - 100 nm MTJ te produceren.

Inzicht in het magnetische switch gedrag van nanometer-schaal MTJs als functie van
de grootte, vorm en dikte is van wezenlijk belang voor MRAM toepassingen. De collec-
tieve eigenschappen van hoge dichtheid matrices van MTJs zijn met name interessant,
omdat magnetostatische koppelingsmechanismen tussen elementen een beperkende factor
kunnen zijn voor toepassingen. Om inzicht te verkrijgen in de effecten van de geometrie
en de koppelingsmechanismen, is het switchen van 5 nm dikke polycrystalline Co dotjes
bestudeerd door SQUID metingen te gebruiken. Het switchen van de sub -µm MTJs is
onderzocht met MOKE metingen. Een matrix bestaat uit ongeveer 108 elementen met
een breedte tussen de 50 en 300 nm, en een lengte tot breedte verhouding variërend van
1.5 tot 2.5, welke gerangschikt zijn op een rechthoekig rooster.

De gemeten switch velden van de Co dotjes en de MTJs waren laag in vergelijking met
de door het Stoner-Wohlfarth model voorspelde waarde. De afwijkingen van het Stoner-
Wohlfarth gedrag konden verklaard worden in termen van de interdot koppeling en rand
ruwheden. Een vergelijking met de resultaten van OOMMF simulaties van het switchen
van een enkele dot toonde aan dat de interdot koppeling een substantiële invloed heeft op
het magnetische switch gedrag van matrices met nanoscale magnetische elementen. Voor
de haalbaarheid van ultra hoge oppervlaktedichtheid matrices met sub -µm MTJs voor
informatieopslag betekent dit dat nieuwe strategieën noodzakelijk zijn.

De verwering van het ets masker als gevolg van het fysisch sputteren van masker mate-
riaal is probleem tijdens het etsen van ultra hoge bit dichtheid matrices van sub - 0.01 µm2

MTJs voor MRAMs. Daarnaast kan de magnetisatie van het gestructureerde magnetis-
che material aanzienlijk gereduceerd worden door gechloreerde ets resten, hetgeen een
behoorlijk probleem kan vormen. Om meer inzicht te krijgen in de afname in magnetisatie
zijn CoFeB dotjes met een breedte variërend van 0.3 tot 6.4 µm geëtst in een hoge ionen
dichtheid Cl2-gebaseerd plasma. De magnetische eigenschappen van de CoFeB dotjes zijn
gemeten met SQUID magnetometry. De sub-µm CoFeB dotjes vertoonde een significante
reductie van de magnetisatie, ondanks het naspoelen met H2O. Een scanning elektronen
microscopy (SEM) studie openbaarde dat het etsen in een Cl2-gebaseerd plasma verwer-
ing van het ets masker veroorzaakte, met hellende zijkanten tot gevolg. SEM afbeeldingen
zijn gebruikt om het geometrische volume te bepalen en deze te vergelijken met het effec-
tieve magnetische volume dat uit de magnetometry metingen naar voren kwam. De SEM



113

data waren in goede overeenstemming met de magnetometry data en een chloride indring
diepte van slechts een paar nanometer kon worden afgeleid, wat wil zeggen dat het spoe-
len met H2O na het etsen voldoende is om aanzienlijke corrosie van de CoFeB dotjes te
voorkomen. Dit betekent dat de gechloreerde ets resten van de samples verwijderd konden
worden, zonder de magnetische eigenschappen ernstig aan te tasten.

De I-V karakteristieken van nanometer dunne AlOx barrières zijn gemeten door een
spanning aan te brengen over een 1× 1 µm2 vierkant MTJ pilaartje, gelocaliseerd op het
kruispunt van de onder- en bovenelektrode. De I-V respons van MTJ vertoonde in principe
drie verschillende karakteristieken, namelijk een ohms-gelijkende response, een respons die
overeenkwam met het kapot gaan van de MTJ, en een tunneling respons. Circa 30 % van
de 32 gemeten MTJs liet een tunneling response zien en had een weerstand-oppervlakte
product ongeveer tussen de 20 and 50 kΩµm2. Verder vertoonde de geleiding ruwweg een
parabolisch gedrag, wat een asymmetrische barrière impliceert. Met als gevolg dat we de
Brinkman formule gebruikt hebben om de experimentele data te fitten. De fits leverde
een gemiddelde barrière hoogte op tussen de 1.2 en 2.3 eV V en een asymmetry parameter
van 0.3 tot 0.8 eV, hetgeen sterk overeenkomt met de observaties in de literatuur.

Weerstand metingen leverde geen significante magnetoweerstand op voor de 1 µm2

vierkante MTJs. Waarschijnlijk ontstaat er als gevolg van interface ruwheden een sterke
Néel koppeling, waardoor het onafhankelijk switchen van de twee ferromagnetische lagen
gehinderd wordt.

De geleidende atomic force microscopy (c-AFM) techniek kan als alternatieve elek-
trische karakteriseringstechniek gebruikt worden om lokaal de elektrische transport eigen-
schappen van de sub-µm MTJs te meten. We hebben de c-AFM technique verkend en
hebben I-V metingen uitgevoerd door een constante bias spanning op de onder elec-
trode aan te brengen en de tunnel stroom door de barrière te meten. Echter, doordat
de sub -µm MTJ samples nog steeds bedekt zijn met resist resten kon geen significante
spanningsafhankelijkheid waargenomen worden.
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Nomenclature

Variables

∆ : amount of oxidized material
φ : angle
ω : angular frequency
K : anisotropy constant
∆φ : asymmetry parameter
φ : barrier height
kB : Boltzmann constant
C : capacitance
A : collisions frequency factor
ñ : complex index of refraction
TC : Curie temperature
I : current
~~N : demagnetizing tensor
ρ(E) : density of states
(αx, αy, αz) : direction cosines of the magnetization
e : electron charge
m : electron mass
Ψ(x) : electron wave function
I : ellipsometry signal
E : energy
Λ : exchange length
A : exchange stiffness
κ : extinction coefficient
α : facet angle
f(E) : Fermi-Dirac distribution function
EF : Fermi level
β : film phase thickness
Φ : flux
f : frequency
r : Fresnel reflection coefficient
t : Fresnel transmission coefficient
κ : imaginary part of the wave vector
i : index number
n : index of refraction
i : integer
j : integer
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L : inductance
l : length
~H : magnetic field
µ : magnetic moment
σS : magnetic surface charge density
ρV : magnetic volume charge density
~M : magnetization
~m : magnetization vector of unit length
ξ : monotonically increasing function of the aspect ratio
M : mutual inductance
n : number
nw : number of dots
N : number of states
τ : onset time of the over oxidation
ε : penetration depth
µ0 : permeability
~ : Planck’s constant divided by 2π
P : polarization
P : probability
R : process rate
R : resistance
δ : rim width
h : roughness height
λ : roughness wavelength
Ms : saturation moment
ΦD : scalar potential of the demagnetizing field
∆x : shifted distance
a ≥ b ≥ c : semi-axes a, b, and c of general ellipsoid
↓ : spin-down
↑ : spin-up
T : temperature
d : thickness
∆d : thickness increase
t : time
R : total reflection coefficient
|M12| : transition matrix element
JV : tunnel current density
~ex : unit vector along the x-axis
~ey : unit vector along the y-axis
V : voltage
V : volume
δxδyδz : volume element
λ : wavelength
~k : wave vector
w : width
φ : work function
x : x -direction
y : y-direction
z : z -direction



117

Acronyms

AMR : anisotropic magnetoresistance
AF : antiferromagnetic
AAF : artificial antiferromagnet
AFM : atomic force microscope
BBS : beam step size
CMOS : complementary metal-oxide-semiconductor
DOS : density of states
EB : electron beam
ES : ellipsometry signal
EB : exchange bias
FM : ferromagnetic
GMR : giant magnetoresistance
HSQ : hydrogen silsesquioxane
ICP : inductively coupled plasma
IPA : isopropyl alcohol
MOKE : Magneto-Optical Kerr Effect
MR : magnetoresistance
MRAM : magnetic random access memory
MTJ : magnetic tunnel junction
OOMMF : Object-Oriented MicroMagnetic Framework
PGMA : propyleneglycol monomethyl ether acetate
PMMA : polymethylmethacrylate
RKKY : Ruderman, Kittel, Kasuya, and Yosida
SEM : scanning electron microscopy
SQUID : Superconducting Quantum Interference Device
TMR : tunnel magnetoresistance
WKB : Wentzel, Kramers, and Brillouin
XPS : x-ray photoelectron spectroscopy
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Elements

Al : Aluminium
Ar : Argon
B : Boron
C : Carbon
Cl : Chlorine
Cr : Chromium
Co : Cobalt
Cu : Copper
F : Fluorine
Ge : Germanium
He : Helium
H : Hydrogen
Fe : Iron
Ir : Iridium
Pb : Lead
Mg : Magnesium
Mn : Manganese
Ni : Nickel
N : Nitrogen
O : Oxygen
Ru : Ruthenium
Si : Silicon
S : Sulfur
Ta : Tantalum
Ti : Titanium
W : Tungsten
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