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Abstract
Magnetic tunnel junctions (MTJs) attract considerable attention in the field of
spintronics since they show large tunnel magneto-resistance (TMR), which is important for application in devices such as hard disks, magnetic RAM, and magnetic sensors. Here, a novel way of characterizing tunnel junctions and materials
used in MTJs is investigated: current-in-plane-tunneling (CIPT). This technique
allows the use of unpatterned junctions. Moreover, since these measurements are
local in nature, the effect of varying a junction parameter (for example barrier
thickness) can be investigated in one single sample.
In this thesis, a dedicated CIPT setup, able to measure (magnetic field dependent) sheet resistances with micron-sized probes, is designed and built. Then
a number of different experiments are performed to demonstrate the successful
characterization of various materials like NiO, MgO, and AlOx. We also report
a direct observation of TMR using such materials.
For applications in industry, micro-structured MTJs are used. When the sample
area gets smaller, a deviation in the measured sheet resistance is observed. Using theoretical considerations, we show that these CIPT measurements can be
corrected for these deviations.
We believe that this CIPT setup presents new opportunities to explore new avenues in the field of spintronics.
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Chapter 1
Introduction
Virtually anyone reading this thesis uses (maybe unconsciously) magnetic sensors
and magnetic data storage systems every day. A hard disk is probably whizzing
in the personal audio player in your pocket, the hard disk recorder on top of your
television, and the computer on your lap or desk (not to mention in the servers
of the websites you visit daily). A small magnetic sensor is used to read all the
information (bits) on them. The car you drive is using a lot of magnetic sensors
to keep you safe, tell you where to go as well as check whether it is functioning
correctly. In your pocket at least one piece of plastic will have a magnetic strip
with which you can get money from your bank account, gain access to restricted
areas, borrow books from the library, and so on. These are merely examples of
the vast amount of these devices in daily life, the amount of which is bound to
increase considering our ever increasing need for information and luxury.
Most of these magnetic sensors are beautiful examples from the emerging field
of ‘spintronics’, an exciting field of science in which not only the charge but also
the spin of electrons is used [1]. The intrinsic spins of electrons cause them to have
a magnetic moment in addition to their electrical charge. In spintronics, magnetic
fields are used to manipulate these magnetic moments (spins) of electrons, in
addition to electric fields used to transport them. Such a control of both spin
and charge can be used to provide additional functionality to existing electronic
devices, and it opens up possibilities for new device designs as well. This thesis
finds itself in this field of research: we will look at a way to characterize devices
and materials directly relevant to applications in spintronics.

1.1

Giant magneto-resistance

The very birth of spintronics came with the discovery of the giant magnetoresistance (GMR) effect, demonstrating the ability to utilize the electron spin
in electronic devices. Many of the hard drive read heads and other magnetic
sensors rely on this GMR effect. The discovery of this effect by Fert [2] and
3
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Figure 1.1: (a) A simple GMR stack consisting of a ‘normal’ metallic layer (NM) sandwiched between two ferromagnetic electrodes (FM). The magnetization of the bottom
electrode is fixed, the magnetization of the top electrode can switch when a magnetic
field is applied to it. (b) Switching of the magnetization direction of the free electrode
affecting the measured resistance. When the magnetizations of both electrodes are parallel (left side of the graph), the resistance is low. An applied magnetic field can switch the
top electrode, and a high resistance is observed (right hand side). Data taken from [5].

Grünberg [3] in 1988 earned them the recent Nobel Prize in Physics. While
announcing the prize, the Nobel Prize committee noted that “the discovery of
giant magnetoresistance immediately opened the door to a wealth of new scientific
and technological possibilities, including a tremendous influence on the technique
of data storage and magnetic sensors” [4].
GMR causes a three-layered structure to change its electrical resistance dependent on the magnetic field it feels. Figure 1.1a shows a schematic picture
of such a GMR stack. Two ferromagnetic electrodes are separated by a (nonmagnetic) metallic spacer layer. The magnetization of the bottom layer is fixed
(‘pinned’), whereas the top electrode is able to switch the direction of magnetization by following an externally applied field. When the magnetization of the
top layer is parallel to the magnetization of the bottom electrode, the resistance
of this stack is low. When the magnetizations of both electrodes are pointing in
opposite directions, the resistance of the device is high. By means of an applied
field, the magnetization of the top electrode can be changed, which results in a
change in resistance as shown in figure 1.2b. As one can see, the switch from low
to high resistance occurs at a different field than the switch back from high to low.
This is due to the well-known magnetic hysteresis in ferromagnetic materials.
Intuitively this difference in resistance can be explained as shown in figure 1.2.
Electrons going from the bottom electrode to the top one will have their magnetic moments aligned with the magnetization of this electrode (they are spin
polarized ). When the top electrode is magnetized against magnetic moments of
the electrons (figure 1.2a), the electrons arriving at the top electrode will get

1.2 Tunnel magneto-resistance

5

Figure 1.2: (a) Spin polarized electrons from the bottom electrode scatter upon entering the top electrode when the electrodes have antiparallel magnetizations, and the
current experiences a high resistance. (b) When the magnetizations of both electrodes
are parallel, the electrons do not get scattered when arriving at the top electrode, and
the resistance is low.

reflected (scattered). This results in a high resistance for the device. This is not
the case when both electrodes have parallel magnetizations (figure 1.2b). The
electrons are now allowed to go through the top electrode without reflection and
the resistance is low. A more in-depth discussion of GMR can be found in for
example [6].
The magnitude of this GMR effect is often given as the relative increase in
resistance between the low and the high resistive states of the device:
GMR =

Rhigh − Rlow
Rhigh
=
− 1,
Rlow
Rlow

(1.1)

and is usually expressed in percents. In general, the GMR effect is around 10 %
in magnitude.

1.2

Tunnel magneto-resistance

A magnetic tunnel junction (MTJ) is a device which looks exactly the same as a
GMR stack, except that the conducting spacer layer between the ferromagnetic
layers is replaced by an insulating layer as is shown in figure 1.3. Classically, the
electrons should be unable to go through this insulator, but if this layer is made
sufficiently thin, quantum mechanics allow the electrons to ‘tunnel’ through the
insulator to the other electrode. Therefore, this insulating layer is called the
‘tunnel barrier’. Just like GMR stacks, the resistance of the MTJ depends on the
relative orientation of the magnetizations of both electrodes. The relative change
in resistance is calculated in the same way as in equation 1.1, only it is called
TMR now. This TMR can be much larger than the GMR, and can get as high
as 500 % at room temperature [7].
It is worth noting that these MTJs can serve not only as magnetic sensors,
but also as a magnetic memory elements, since the free top electrode keeps its
magnetic orientation when no magnetic field is applied (as shown by the hysteresis
loop in figure 1.1b). Let us define the low-resistive state of the TMR stack as
a ‘0’, and the high-resistive state as a ‘1’. A magnetic field pulse can be used
to switch the memory element between its high and low resistive state to write

6
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Figure 1.3: In a tunnel junction current can move from one electrode to the other by
tunneling through a barrier. The direction of the measurement current is shown by the
arrow. the total area through which the current tunnels through the barrier is called A.

a ‘0’ or a ‘1’. The element will ‘remember’ this bit now, and by measuring its
resistance it can be read again. This is the concept of magnetic random access
memory (MRAM), holding high promises for use as non-volatile RAM memory.
It could mean lower power consumption as well as an ‘instant-boot’ behaviour of
your computer – which would save you from having to look at your Microsoftr
Windowsr boot screen for several minutes.
For technological applications not only the size of the TMR effect is important,
but also the base resistance of a tunnel junction, since it affects the noise level and
thus the operating frequency (readout time in the case of a hard disk read head)
of the device. For convenience, the resistance of a tunnel junction is usually
expressed as a RA product. This RA product is obtained by multiplying the
resistance of the junction by the total area over which the current tunnels (A in
figure 1.3), and is commonly given down in Ω µm2 . For use in hard disk read
heads for example, researchers are aiming for low RA products around or below
∼4 Ω µm2 [8].
For the TMR effect, the barrier material is of crucial importance. Insulators like aluminium oxide and magnesium oxide are common barrier materials,
with the latter exhibiting a much higher TMR due to its crystalline structure.
Today, the search for novel barrier materials showing high TMR, or add new
functionalities to spintronic devices is a significant area of research. In this thesis
we will describe a measurement technique which allows electrical and magnetic
characterization of new materials for use in MTJs.

1.3

CIPT method

In conventional measurements, MTJs are fabricated in special geometries (figure 1.3 shows the ‘cross’ geometry). The structuring of the junctions is a process
which is complicated and time consuming. In the current-in-plane tunneling

1.3 CIPT method
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Figure 1.4: Schematic view of the CIPT method. Four probes (I + , V + , V − and I − ) are
placed onto one of the ferromagnetic electrodes. A current is put through the sample by
I + and I − , the curved current paths are guide-to-the-eyes only. (a) Top view. (b) Side
view, the top and bottom layers (FM) are the ferromagnetic electrodes, the middle layer
(INS) is the tunnel barrier.

(CIPT) method [9], it is not necessary to make these structured MTJs. Instead,
a full planar tunnel junction is measured as is shown in figure 1.4: four tiny
probes are placed on the top electrode of the MTJ, a current is sent through
the sample by two of these probes (I + and I − ), and the potential difference between the other two probes (V + and V − ) is measured. A part of the current
may flow through the bottom electrode but to do so it has to tunnel through the
barrier. When the magnetizations of the electrodes switch between parallel and
antiparallel alignment, the resistance of the junction, and therefore the measured
potential difference between the two voltage probes will be different . From these
resistance measurements the characteristic properties of the junction (RA, TMR,
etc.) can be extracted.
One can imagine, that the RA product of the barrier as well as the resistances
of the electrodes determine whether the current tunnels through the barrier or
not. Therefore, these values specify a certain range in which the CIPT method
is applicable. The measurable range for the setup described in this thesis is
shown as a gray area in figure 1.5. The RA products typically desired for use
in read heads and MRAM are shown for comparison with the capabilities of the
technique. One notices a large overlap between the measurable range and the
areas for these devices, indicating the usefulness of the CIPT setup. The region
in which the experiments described in this thesis are to be placed is shown as
well. We will get back to this figure in chapter 4.
As we will see in the next chapters, the CIPT measurements are local in
nature because of the small probe spacing. This is a great advantage, since
this means that if an essential property of the junction changes gradually over a
large sample, it can be monitored by conducting measurements in different spots
on the junction. This can be used to check full wafer-sized tunnel junction for
inhomogeneities. More importantly for this thesis, if the barrier thickness is varied
over the sample, the barrier can be characterized over a range of thicknesses in one
single sample. In this way, one sample can replace a whole series of individually
patterned junctions. Moreover, if the probe spacing is made very small, junctions
with a low RA product can be investigated.

8

Chapter 1 Introduction
6

10

5

10

MRAM

in this thesis

4

10

3

RA product [

Experiments

2

m ]

10

2

10

1

10

0

Read heads

10

-1

10

0.1

1

10

Average electrode sheet resistance [

100
/

]

Figure 1.5: Measurable range for our CIPT setup. Dark gray is optimally measurable,
light gray is harder to measure. RA products needed for read heads [10] and MRAM [11]
are indicated. The oval roughly indicates where the experiments in this thesis should be
placed.

1.4

This thesis

The aim of this thesis was to built a new CIPT setup from scratch, and subsequently perform measurements characterizing novel barrier materials for use in
MTJs. To begin with, we will discuss the theory behind the CIPT method for a
broad understanding, later some new theoretical work on the CIPT method will
be presented. Based on this theoretical background, a number of experiments on
different types of tunnel junctions will be described.
However, the theoretical and experimental parts are not grouped under separate chapters in the conventional way. Instead, each of the experimental sections
comes directly after the relevant theoretical concepts applicable to that particular
experiment. We feel that in this way the theoretical and experimental sections
not only complement each other, but also give a richer view of the physics involved. Moreover, on the basis of the theory, the experimental sections allow
highlighting new aspects in the data measured. Nonetheless, the theoretical sections alone form a consistent story, and it is hoped that these sections can serve as
a thorough introduction to the CIPT method for future students on the subject.
The thesis is now built up as follows. First a description of the new CIPT
setup is given in chapter 2, and the sample fabrication and characterization will
be discussed. After that, chapter 3 explains the concept of sheet resistance and
describes how to measure the resistance of thin conducting films with the CIPT
setup. The last part of this chapter focuses on the effects of finite sample sizes,
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both theoretically and experimentally. Chapter 4 is devoted to tunnel junctions
and how to characterize them using the CIPT method. We will show a number of
experimental investigations of (magnetic) tunnel junctions with different barrier
materials. At the end of this chapter we will describe the influence of the size of
the sample. The last chapter gives a summary of the whole thesis.

Chapter 2
CIPT setup & experimental
techniques
In this chapter we will first describe the new CIPT setup and the measurement
technique involved. In the second part of this chapter the processes used to fabricate the samples will be described. In the last part an additional experimental
technique for magnetically characterizing layers, will be explained together with
its setup.

2.1

CIPT setup

In CIPT measurements, one needs to measure (magnetic field dependent) sheet
resistances1 of (multi-layered) samples. Figure 2.1 gives a schematic view of the
setup built for this. A set of probes is placed collinearly on a sample. Two probes
are used to sent a current through the sample, and from the voltage drop between
two other probes the resistance of the sample can be determined. To be of any
use in the CIPT method, these probes need to be placed very close together, on
the order of microns apart (the reason for this will be explained in chapter 4).
As a result, the measurement current and the measured voltage are very small
and a DC measurement has too high a noise level for a reliable measurement.
Therefore an AC current is used, and a lock-in amplifier is used to measure the
voltage drop.
The current source is formed by connecting the sinus generator of the lock-in
to the two current probes through a resistor R. This resistor should have a value
that is much larger than the contact resistances between probes and sample, to
make sure the injected current is virtually independent of these variable contacts.
A 100 kΩ resistor is used here to drown typical contact resistances of ∼100 Ω. A
1

In the next chapter we will get back to sheet resistances. In the meantime, consider it
simply as the resistance of a conducting film.
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Figure 2.1: Schematic representation of the CIPT set-up. The internal oscillator of a
lock-in amplifier and a large resistor are used to send an alternating current through a
sample via two probes. The magnitude of this current is calculated from the measured
voltage drop over the resistor. The lock-in measures the voltage drop between two other
probes while the applied magnetic field can be varied. A matrix of relays selects how the
probes are connected. One is able to monitor the probe positioning on the sample by a
microscope camera.

voltmeter measures the voltage drop over the resistor to provide feedback about
the actual amount of current flowing through the sample.
2.1.1

Micro Multi Point Probes

The probes used are microscopic multi point probes (MMPPs) manufactured at
Capres A/S [12]. These probes have a row of micron-sized cantilevers extending
from a silicon chip (see figure 2.2a), which are coated with a gold layer to provide
electrical contact to a sample. The fabrication process and properties of these
probes are discussed in [13,14]. Microscopic four point probes (M4PPs) have four
equidistantly spaced cantilevers, while microscopic twelve point probes (M12PPs)
have twelve of them at different spacings (listed in appendix A). When the probe
is brought in contact with a sample, the contact area between probe finger and
sample is claimed to be around 100 nm in diameter.
The MMPPs are very carefully landed on a sample by means of a piezo actuator; the descent is monitored by the microscope camera and touchdown is
detected electrically. It is very important that the multi point probes are aligned
parallel to the sample surface. Figure 2.2 shows what happens if this is not the
case: the first probe finger (the rightmost in this example) will touch the sample
long before the last one does (the left one here). When the last probe touches the
sample as well, the first probe will have had a considerable overdrive and will be
pressed to the sample with a larger force. This will degrade the lifetime of this
probe considerably. For this reason, the MMPP needs to be aligned with an ac-

2.1 CIPT setup
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(a)

(b)
M4PP

Reflection
10

m

Figure 2.2: (a) SEM picture of a M12PP showing the individual probe fingers. The
innermost probe fingers are 1.5 µm apart. Adapted from [12]. (b) Microscope image of
a M4PP almost touching the sample. The upper black area is the probe, with the probe
fingers extending from it, the lower black area is the reflection of the probe in the sample
surface. The probe is misaligned, as can be seen from the dashed white lines drawn over
the edge of the silicon chip.

curacy of roughly 0.1 ◦ . Up till now, the probe was aligned by removing the piezo
actuator and the probe from the setup, adjusting the probe holder and placing
the assembly back in. This process is time consuming and risky, since one has
to handle the very fragile piezo element and MMPP multiple times. Therefore,
plans have been made to include a second piezo actuator which can rotate the
probe to align it to the sample.
In industry, these MMPPs can be put into contact with samples for about
700 times [15] (depending on the dwell time per measurement) before the gold
layer on the probes wears out. Until now, our probes have had at most ∼140
touchdowns, which is significantly less (although for some measurements we used
a rather long dwell time). This is probably due to vibrations in the setup. Though
the setup has already been placed on air cushions for damping, we might still need
improvement in vibration reduction.
During a large part of this work, a measurement current of 1 µARMS was used,
as suggested by Petersen in his thesis on the creation of the MMPP [13], to avoid
damaging the probes. After most of the measurements were finished, it appeared
that the probes should be able to handle currents up to 500 µA [15]. During
later experiments, a current up to 50 µA was used, significantly improving the
signal-to-noise ratio.
2.1.2

Probe configurations & CIPT scans

In this thesis, we often talk about a ‘probe configuration’ or a ‘CIPT scan’. In
this section we will define these two concepts.
The individual probe fingers are connected to a matrix of relays, which selects
which of the fingers to connect to the current source or the lock-in. A certain setting of this matrix (for example connecting the first probe to the current source,
the fourth probe to ground, and the second and third probe to the lock-in am-

14

Chapter 2 CIPT setup & experimental techniques

plifier) will from now on be called a ‘probe configuration’. For a four-point probe
only a few useful configurations can be found (see section 3.2.1), but for a twelvepoint probe this number is considerably higher. All the probe configurations used
for the experiments described in this thesis are listed in appendix A.
Between two different probe configurations for the M12PPs, different probe
fingers are used to send the current through the sample and to measure the
voltage. One can imagine that the spacing between the probe fingers in use will
be different as well. If the sheet resistance of a sample is measured as a function
of probe spacing, we will call this a ‘CIPT scan’.
2.1.3

Magnetic field

The sample is placed on a sample holder between the poles of an electromagnet,
to enable measuring resistances as a function of magnetic field. With the current
power supply, this magnet can provide a field slightly larger then 0.5 T, which
is strong enough for virtually all our experiments with MTJs. A magnetic field
probe (LakeShore 421 Gaussmeter) is placed between the magnet poles to keep
track of the actual magnetic field.
2.1.4

Use as a probe station

This CIPT setup can also be transformed into a regular probe station, in which
the MMPP is replaced by four sharp tungsten needles. Each of these needles is
held by a separate clamp and is individually positionable by adjusting a set of
micrometers. Being able to position each needle individually makes this set-up
ideal for contacting samples with new geometries (so there is no need for new
sample holders/connectors for each new type of sample). However, the minimum
spacing between two needles is limited to approximately 40 µm, and landing a
needle (with a tip diameter of ∼1 µm) will damage the surface of the sample,
so special contact pads on the sample are often needed. For most measurements
with this probe station a direct current is used, fir which a DC current source and
a voltmeter (combined in a Keithley 2601 SourceMeter) are used instead of the
lock-in, resistor and relay matrix. The probe station is described in more detail
in [16].

2.2

Sample fabrication

All samples used for the experiments described in the next chapters are a (stack
of) nano-layer(s) deposited in the EUFORAC (Eindhoven University nano-Film
depOsition Research and Analysis Center). Among other UHV chambers, EUFORAC contains a sputter chamber, an oxidation chamber, and a transport
chamber connecting them together. The different processes used to create the
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samples will be described below. These descriptions will be rather short, for a
more thorough description the reader is referred to [17].
To pin the direction of magnetization of the bottom electrodes of our MTJs as
described in the previous chapter, an antiferromagnetic layer is deposited below
the electrode. At the interface between the antiferromagnetic layer and the ferromagnetic electrode, spins will couple through the exchange interaction, giving
the electrode a preferred direction of magnetization. This method of pinning an
electrode is therefore called exchange-biasing. To establish this effect, the sample
needs to be annealed in the presence of a magnetic field (the annealing process
will be described in one of the next sections).
Many sample stacks require a capping layer to protect the sample from oxidation when it is removed from the vacuum system. In order to allow the micro
point probes to contact the samples, the capping layer should be conducting
after exposure to air. Either a capping layer which does not oxidize (like gold
or platinum) or one which forms a conductive oxide (ruthenium for example) is
therefore needed. The samples described in this thesis have a Pt capping layer.
2.2.1

Sputter deposition

In sputter deposition, ions from a plasma knock (clusters of) atoms out of a slab
of material, and these are ejected towards a substrate (see figure 2.3a). A magnet
just behind the plate of source material (a little confusing, this plate is called the
sputter target) confines the plasma to a region close to the target, increasing the
ion flux to the target, and gives this technique the name ‘magnetron sputtering’.
Our sputter facility has a base pressure of ∼10−8 mbar or lower when baked.
Six sputter ‘guns’ are available, so up to six different materials can be sputtered
at a time. The sample can be placed under the desired sputter gun by rotating
the table on which it is situated. Argon is let in through a filter (providing an
argon purity of 9N) to a pressure of ∼ 10−3 –10−2 mbar. A negative DC voltage
is then applied to the sputter target, creating a plasma below it. A shutter
(metal plate, shown in dashes) is placed between the sample and the target, and
by temporarily removing it a film of target material is ‘grown’ on the sample.
The thickness of the film is controlled by the duration of the deposition, typical
deposition times are tens of seconds to tens of minutes.
To sputter insulating materials (like a MgO barrier) DC sputtering can not be
used, as no current can flow through the target to sustain the plasma. For these
materials RF sputtering is used, in which the DC power supply is exchanged for
a radio frequency AC power supply.
To deposit on only a part of the sample, shadow-masking can be used. A
metal plate with some shapes cut out of it (the mask) is suspended just above
the sample to prevent the incident (clusters of) atoms from reaching a part of the
substrate, while material is deposited through the holes. In this way structures
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Figure 2.3: (a) Schematic representation of the sputter process. Ions in the plasma
eject material from the target, which is deposited on the sample. A shutter blocks the
incoming particles before and after deposition.(b) A wedge mask keeps material from
reaching a part of the sample. By moving this mask sideways, a wedge can be deposited.

like rectangular electrodes or circular contact pads can be deposited. By pulling a
special wedge mask slowly over the sample during sputtering, a wedge of a certain
material can be deposited (figure 2.3b). Typically the thickness of the wedged
layer increases/decreases linearly with a few nm over a length of 15-20 mm.
2.2.2

Plasma oxidation

Aluminium oxide barriers in our samples are made by sputter depositing a layer
of aluminium, and exposing it to an oxygen plasma to turn it into the desired
aluminium oxide. A separate vacuum chamber (with a base pressure ∼10−9 mbar)
is used for this oxidation process.
Typically, an aluminium oxide barrier is created as follows. After deposition
of the aluminium, the sputter clock is pumped down and the sample is transported to the oxidation chamber through the UHV transport chamber. Oxygen
is introduced to a pressure of 10−1 mbar, and the plasma is immediately ignited
by a DC voltage over two electrodes above the sample. After a certain time of
oxidizing (tens of seconds to a few minutes depending on the thickness of the
film) the oxygen is pumped out and the power supply is switched off.
Critical control of the oxidation time is needed, as too long a time will cause
the bottom electrode to become partly oxidized (over-oxidation), whereas too
short a time will leave the aluminium partly unoxidized (under-oxidation). In
both cases the TMR is suppressed [18]. More details about plasma oxidation in
general and our oxidation process specifically can be found in [19].
2.2.3

Annealing

Many of the samples are annealed to improve the obtained TMR [18], and to pin
the exchange biased electrode (in this case a magnetic field = 0.3 T is applied
while annealing). Samples are put into an oven and are heated to a specified
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temperature for a certain amount of time in an inert environment, in our case
an argon atmosphere (argon annealing) or ultra high vacuum (UHV annealing,
pressure during annealing is ∼ 10−7 mbar). Unlike the oxidation chamber, both
the argon anneal set-up and the UHV anneal set-up are not connected to the
sputter system, and samples have to be transported through the air to get to the
anneal set-up.
An unexpected problem with annealed samples turned up as we tried to land a
M4PP on a sample after annealing it. Establishing electrical contact on annealed
samples proved to be hard or even impossible on some samples, while they were
easily contacted before annealing. This happened on samples with both ruthenium and platinum capping layers, and with UHV annealed samples as well as
argon annealed ones. However, this effect seemed less severe on UHV annealed
samples with a Pt capping layer, as on these samples a (sometimes unstable)
contact could be made. A quick AFM scan showed no difference in roughness
between unannealed and annealed samples, but a thorough investigation has not
been conducted. A hint is found in the observation that the silvery sample got
a goldish glare to it, which was not there before annealing. The colour change
was less profound in the case of UHV annealing as compared to argon annealing.
To get around this problem, some of the samples are capped twice. After UHV
annealing of a platinum capped sample, it is returned to the sputter machine and
a second (thin) layer of platinum is deposited on top.

2.2.4

Electron beam lithography

In section 3.5, experiments are done on small samples with dimensions down to
80 µm. To achieve these small dimensions with sub-micron resolution, Electron
Beam Lithography (EBL) is used. In EBL, an electron beam is used to ‘write’ a
structure in a layer of electron sensitive resist. The additional steps in the sample
fabrication proces are shown in figure 2.4 and will be described shortly.
First, two layers of resist (PMMA-495 and PMMA-950, polymers commonly
known as perspex) are spin-coated onto a substrate, and are hardened by baking.
A Raith 150 EBL machine is then used to expose certain areas to an electron
beam, breaking the polymer chains in those spots (figure 2.4a). A developer solution washes away the exposed resist, leaving holes in the resist layer (figure 2.4b).
After development, the substrate is placed in the sputter system and the desired
layers are deposited (figure 2.4c). The last step is to dissolve the rest of the resist,
washing away the excess deposit (also known as a ‘lift-off’ process, figure 2.4d).
The desired structure is left behind.
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Figure 2.4: Schematic view of the fabrication of our small samples. (a) A structure is
written in resist by a focused electron beam. (b) Exposed resist is dissolved. (c) Deposition of desired layer(s). (d) Lift-off of the excess deposited material.

2.3

MOKE

In chapter 4 we will make use of the magneto-optical Kerr effect (MOKE) to look
at switching behaviour of thin magnetic films. MOKE is an effect which causes
a (small) change in the polarization of light reflecting of a magnetic material2 .
This change in polarization is directly related to the direction of magnetization
of the magnetic material. Therefore, one can observe local changes in the magnetization of a sample by shining light on it and monitoring its polarization. More
information on MOKE can be found in for example [20].
Our MOKE setup is schematically shown in figure 2.5. A helium-neon laser
is used as the light source, and the laser beam is polarized by the first polarizer.
A photo-elastic modulator (PEM) modulates the polarization of the light with a
certain frequency. The beam is focused on the sample by a set of lenses and mirrors (not shown in the figure). The reflected beam (with an altered polarization)
passes through a second polarizer (the analyzer) before it falls on a detector. The
detector signal is led to a lock-in amplifier, which can be set to measure either the
first or the second harmonic of the signal. The first harmonic corresponds to the
elipticity of the polarization, the second harmonic corresponds to the rotation,
both of which are a measure for the magnetization of the sample. By changing
the angles of the applied field and the beam incidence (and with it, the angle
of beam reflection) the MOKE can be made sensitive to in-plane or out-of-plane
magnetization of the sample. In this way, one is able to locally measure the magnetization of sample, since the size of the laser spot determines how much of the
sample is probed. Our spot is estimated to be ∼150 µm in diameter. Note that
the laser light can only penetrate the sample for about a few tens of nm, so we
are only sensitive to the top part of a sample. This is fine for the very thin films
investigated in this thesis.

2

This is similar to the Faraday effect, where the polarization of light passing through a layer
of magnetic material is changed.
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Figure 2.5: Schematic representation of our MOKE setup. A laser beam is passing
through a polarizer, and a PEM modulates its polarization. The reflected light is passing
through a second polarizer (called analyzer) and is then collected by a detector. A lock-in
amplifier is used to obtain the ellipticity or rotation of the signal (by locking in to the
first or second harmonic respectively). The graph on the right is showing the behaviour
of the MOKE signal when the magnetization of the sample is changed by an applied
magnetic field.

Chapter 3
Sheet resistances of single
conducting layers
Before moving on to tunnel junction stacks, we will step back a little and look at
a single conducting layer first in this chapter. We explain the concept of sheet
resistance and how to measure it with the CIPT setup. The last part of this
chapter focuses on the influence of a smaller and smaller sample area.

3.1

Sheet resistance

Throughout this report the phrase ‘sheet resistance’ occurs many times. As many
of the readers will not be familiar with this concept, we will briefly review it here.
Consider a piece of conductive wire, through which an electrical current flows
(figure 3.1a). The wire material has a specific resistivity ρ from which the resistance R of the bar can be calculated using
l
R=ρ ,
A
where l is the length of the wire, A the area of its cross-section. Now we flatten this wire into a thin film with thickness t and width w (figure 3.1b), and
l
. If we would cut this thin film in a numits total resistance will be R = ρ wt
ber of smaller parts, each of them might have a different resistance, because wl
changes. However, the ratio ρt remains constant, and is called ‘sheet resistance’
or ‘resistance-per-square’. It is a characteristic property of the film, denoted as
R2 , and is, as said before, defined as
ρ
R2 = .
t
It could be regarded as the two-dimensional equivalent of the specific resistivity ρ.
Now the resistance depends on the lateral dimensions of the film in the following
21
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Figure 3.1: (a) A conducting wire with length l, and cross-sectional area A. (b) A
thin conducting film with length l, width w, and thickness t. The dots show the number
of squares that can be fitted on the sample.

way:
l
R = R2 ,
w
or the number of squares that can be fitted on the film (Nsquares , shown in dots in
figure 3.1b): R = R2 Nsquares – hence the term ‘resistance-per-square’. Note that
the size of the squares does not matter.
Strictly speaking the unit of sheet resistance is Ω (Ohms), but to avoid confusion between sheet resistance and the ‘regular’ resistance of a resistor, it is often
measured in Ω/2 (Ohms-per-square). Please note that speaking about a sheet
resistance only makes sense if the film is uniform, and if the current is flowing
in-plane.

3.2

Sheet resistance of a single layer

To actually measure the sheet resistance of a conducting film, it is common to do
a four-point measurement1 : put four probes onto the film, send a current through
the sample using two of them and measure the voltage drop between the other
two [22] as was shown in figure 2.1 on page 12 (as well as in figure 1.4a on page 7).
In figure 3.2 the current distribution in the sample during these measurements
is visualized, this picture was calculated using the model described below. As
one would expect from such a current source-sink pair, the pattern resembles a
dipole flow pattern. Other aspects of this figure will be referred to later in this
section, in which we will explain how to extract the sheet resistance from such a
1

Other ways of measuring sheet resistance are the van der Pauw method [21] or simply
contacting the front and the back end of the sample in figure 3.1b to measure its resistance.
However, these methods will be useless for the tunnel junctions in the next chapter, so we will
not look into them here.
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Figure 3.2: (a) Current density in a conducting film induced by a current source-sink
pair, normalized to the current put in, the thickness of the film and the source-sink
distance. The current source is located at (0,0), the current sink at (3,0). Note that
the peaks should go to infinity, but are ‘cut off’ in this picture. (b) Normalized current
density as in figure a (colour) and current direction (arrows).

measurement. Along the way, a number of assumptions will be made (these will
be justified at the end of this section):
i. The film is infinitesimally thin.
ii. The film should be infinitely large (in the lateral directions).
iii. The conductive layer is homogeneous in terms of thickness and conductivity.
iv. The probes can be regarded as ‘point contacts’ (the contact area between
probe and sample is infinitesimally small).
Consider an infinitely large (assumption ii) thin film sample and place one
probe (I + ) onto it (figure 3.3). If we would put a current I into the sample, it
can be expected to flow radially outwards from the probe, provided the sample
is homogeneous (assumption iii). Assuming the current to be evenly spread over
the thickness of the layer (assumption i) and the probe’s contact area to be
infinitely small (assumption iv), applying current conservation in a disc with
radius r around the probe gives
I = 2πrtJ

→

J=

I
.
2πrt

Here J is the current density flowing radially outwards and t is the thickness
of the layer. In figure 3.2 it can be seen that close to the current source, the
current is flowing radially outwards and decays rapidly with distance from the
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Figure 3.3: A single conducting layer. (a) Current flowing radially away from the
current source I + . A cylinder with radius r around the source is shown to provide a
volume in which to apply current conservation. (b) The four probes are placed arbitrarily
on the surface of the sample. The distances between the current source I + and the voltage
probes V + and V − are called a and b respectively, the distances between the current
sink I − and the voltage probes are called c and d.

probe. The current induces an electrical field E in the film, pointing radially
outwards, along the current direction. Using Ohm’s law E = ρJ = R2 Jt we get
an expression for this electric field:
E=

IR2
.
2πr

(3.1)

Next, imagine two voltage probes (V + and V − ) are placed on the film surface
at distances a and b from the current source (figure 3.3b). Integrating equation
3.1 from V + (r = a) to the current source (r = 0) and subtracting the integration
result from V − (r = b) to the current source, the voltage drop between V + and
V − induced by the current source is
µ ¶
Z 0
Z 0
Z b
b
IR2
Vsource =
Edr −
Edr =
Edr =
ln
.
(3.2)
2π
a
a
b
a
Now we remove all probes and restart by placing a current sink I − on the sample
surface. Treating the current sink as a negative current source with a current
magnitude of −I the calculation is redone to obtain a voltage induced by the
current sink. The distances between the sink and the voltage probes are called c
and d. Superimposing the contributions from the source and the sink, the total
potential difference between V + and V − can be obtained. This voltage is the
voltage measured by this configuration of the four point-probes and is given by:
µ ¶
µ ¶
µ ¶
b
d
bc
IR2
IR2
IR2
ln
ln
ln
V4p = Vsource + Vsink =
−
=
, (3.3)
2π
a
2π
c
2π
ad
which can be rewritten to obtain the sheet resistance of a single conducting layer:
R2 =

2πV4p
¡ bc ¢ .
I ln ad

(3.4)
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Equation 3.4 is used for measuring the sheet resistance of a single isolated layer,
and by conducting measurements at different spots on this layer some information
about its homogeneity can be gained.
Our main interest is in the special case when the four probes are placed
equidistantly on a line (as shown in figure 1.4), which sets b = 2a and c = 2d.
In figure 3.2 one can envision this as adding the two probes on the green ‘bridge’
between the two current carrying probes. In this case, equation 3.4 simplifies to
R2 =

π V4p
,
ln 2 I

(3.5)

which is independent of the distances between the probes.
The distances between each of the probes and its nearest neighbour may not
turn up in equation 3.5, but one has to be careful here, as this is slightly misleading. If one of the probes is slightly misplaced, the individual probe distances
will be affected, and the measured resistance will be governed by equation 3.4
again. This would lead to an error in our measurement, something we will get
back to in section 3.2.1. Moreover, the (mean) probe spacing plays an important
role in validating the approximations described at the start of this section, as will
become clear in a moment.
We assumed the layer to be infinitely thin (assumption i). If the layer has
a finite thickness, the current put into the layer by the current source is not
spreading over the whole thickness of the layer. The current needs a small volume
around the source to divide itself over the full layer, after which it flows nicely
radially outwards. When the layer is very thin, this volume is very small, but
when the layer is very thick, the current will still not have spread out when it
reaches the next probe. As a rule of thumb, a sample can be approximated as
thin when its thickness is over five times smaller than the distance between the
probes [23].
In reality, the contacts between the probes and the sample are not point contacts (assumption iv), but have a finite size. This may influence the current
distribution in the sample, especially if the size of the contact area becomes comparable to the probe spacing. For this effect to be negligible, one can calculate
that the diameter of the contact area between the probe and sample should be
smaller than a tenth of the distance between the probes2 as shown by Swartzendruber [24].
In general the sample can be considered to be infinitely large (assumption ii)
when the sample size is over 40 times larger than the probe spacing [25]. In short
one can say that in an infinite sample, the current spreads out over quite a large
area, whereas in a smaller sample the current cannot spread out as far, causing
a higher current density in the sample and a higher measured voltage. Before
2

Actually, this is about the inner two probes. The outer probes are less critical
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we get back to this in section 3.4, we will first look at a method to make more
accurate measurements.
3.2.1

Correction for deviations in probe positions

When a micro four-point probe is placed on a sample, each of the contact points
may be dislocated a bit as the probe fingers might bend sideways or its gold layer
might be slightly worn out. This may cause the relative probe positions to be
different for each touchdown, which may in turn induce an error in the measured
sheet resistance of a sample (see equation 3.4). In this section, we will describe
a method proposed by D.C. Worledge [26] to compensate for these errors. The
‘trick’ is to swap two of the probe connections and conduct a second measurement
which can be used to construct a more reliable result.
Consider figure 3.3b again. Imagine we swap two probes; let us say we interchange I − and I + . The same voltage drop will be measured between V + and
V − , only it is negative this time. Therefore, these two configurations are linearly
dependent on each other and do not provide additional information. There are
4! = 24 different ways we can connect the four probes, of which only six remain
after we leave out the permutations involving only sign changes. If both voltage
probes are swapped for current probes and vice versa, the reciprocity theorem
states that the measured voltage should stay the same3 , reducing the number of
relevant probe configurations to three. These three different configurations are
shown in figure 3.4 (introducing distances e and f ). They differ from each other
in the number of voltage probes located in between the current probes. In one
case, the voltage probes are both placed between the current probes, in the next
case only one is placed between the current probes, and in the last case none are
placed between the current probes. Let us call these configurations A, B and C,
and let us call the voltages measured in each of these situations VA , VB and VC .
Looking back at equation 3.3, we can calculate these voltages to be
VA =

IR2 bc
IR2 ef
IR2 ef
ln , VB =
ln , and VC =
ln .
2π
ad
2π
ad
2π
bc

(3.6)

It now turns out that these voltages are still not independent measurements, since
VB − VA = VC :
VB − VA =

IR2 ef
IR2 bc
IR2 ef
ln
−
ln
=
ln
= VC .
2π
ad
2π
ad
2π
bc

Thus, we end up with only two independent measurements.
3

This well-known reciprocity theorem states that if in an electrical system a voltage drop in
spot x induces a current in spot y, setting this voltage drop in spot y should result in the same
current in spot x. This only holds for linear (ohmic) systems, which is fine for the conducting
layers we are considering here.
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Figure 3.4: Probe configurations A, B, and C, with the distances a-f between the
probes.

Figure 3.5: Linearly independent probe configurations A and B from figure 3.4 adapted
for an in-line probe. The distances between the current source I + and the other probes
are shown as a, b, and e, and the x and y-directions are defined.

We will show that these two independent measurements can be combined to
get a more accurate reading of the sheet resistance. For mathematical simplicity,
the following derivation will be done for the situation where the four probes are
placed in-line only (as will be the case in our measurements), although a similar
derivation should be possible for the general case described before. Configurations
A and B (figure 3.4) will be used, for an in-line probe these translate to the
configurations shown in figure 3.5. The voltages measured for these configurations
are given by
µ
¶
µ
¶
IR2
b(e − a)
e(b − a)
IR2
VA =
ln
and VB =
ln
.
(3.7)
2π
a(e − b)
2π
a(e − b)
We now combine VA and VB into a ‘corrected voltage’ Q = VA − αVB , where
α is a constant that will be chosen in such a way that Q is – to first order –
independent of probe positioning errors. A small displacement of a probe in the
y direction would lead to a second order perturbation of the distances between the
probes4 , so we will only look at displacements along the x-axis. As Q = Q(a, b, e),
Q is independent of probe positioning errors if
∆Q =
4

∂Q
∂Q
∂Q
∆a +
∆b +
∆e = 0,
∂a
∂b
∂e

A Taylor expansion of distance r around y = 0 yields r =
³
´
2
x 1 + xy 2 + O(y 4 ) , which is second order in y.

q
x2 + y 2 = x 1 +

p

y2
x2

≈
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which would lead to

∂Q
∂Q
∂Q
=
=
=0
∂a
∂b
∂e
if it needs to hold for all ∆a, ∆b, and ∆e. This gives us an expression in α:
∂VA
∂VB
∂Q
=
−α
=0
∂a
∂a
∂a

⇒

α=

∂VA /∂a
,
∂VB /∂a

and using equation 3.7 α is calculated to be
α=

e(b − a)
.
b(e − a)

(3.8)

Putting it all together gives an expression which will be used to calculate the
sheet resistance from VA and VB :
½ µ
¶
µ
¶¾
IR2
b(e − a)
e(b − a)
Q = VA − αVB =
ln
− α ln
, or
2π
a(e − b)
a(e − b)
R2 =

2π
VA − αVB
³
´
³
´.
I ln b(e−a) − α ln e(b−a)
a(e−b)

(3.9)

a(e−b)

For an equidistantly spaced four-point probe b = 2a and e = 3a, so we can
simplify equation 3.9 for this special case:
R2 =

2π VA − 34 VB
.
I ln 4 − 34 ln 3

(3.10)

This is what we were looking for: a way to measure R2 , while eliminating
(to first order) errors in probe positions. It holds for small displacements of
the probes, and for single conducting layers only (we will get back to this in
section 4.2.1). Note that two voltages need to be measured, and that the four
probes have to be connected in a different configuration for each of them.

3.3

Resistance of a platinum wedge

In this section we will show an example of a test measurement in which the sheet
resistance of a metal layer with varying thickness is determined. A platinum
wedge is deposited here (section 2.2.1) as shown in the left inset in figure 3.6. A
M4PP (with a probe spacing of 15 µm) is landed on this wedge, and the local
sheet resistance of the sample is measured at each spot as described before: a
current is sent through the sample by the outer two probes, and the voltage drop
between the inner two probes is measured. By landing and measuring in different
spots on the wedge, the sheet resistance of this platinum layer is measured as a
function of its thickness.

3.3 Resistance of a platinum wedge
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Figure 3.6: Apparent resistivity ρapparent of platinum as a function of platinum thickness. Right inset: Measured sheet resistance at different Pt thicknesses from which the
apparent resistivity is calculated. Left inset: The sample used for this experiment is a
single platinum wedge.

In the right inset of figure 3.6 the measured sheet resistance is plotted against
platinum thickness. At first glance, this shows an intuitive behaviour: the resistance is low when the film is thick, and increases rapidly when the film gets
thinner. When one calculates the apparent resistivity of the platinum for this
film (ρapparent = R2 t), one gets to the main graph in figure 3.6. If the film would
show bulk behaviour, the resistivity should be constant (at 0.11 µΩ m [27]). The
measured resistivity is clearly not constant in this measurement, indicating that,
rather obviously, such a thin film can not be considered bulk. Possible explanations for this deviation are given by Fuchs [28]. In bulk, the influence of the
sample surfaces are negligible, but when the sample gets thinner, the surfaces
start to play an important role. When the sample thickness becomes of the same
order of magnitude as the scattering length of its electrons (which happens to
be about 10 nm [29]), the electrons scatter more often at the surfaces, adding
to the resistance. It might also be that the film undergoes structural changes
when it gets thinner. Nonetheless, this measurement shows that we can indeed
measure the sheet resistance of a material as a function of its thickness in a single
wedge-shaped sample.
In the next section we will turn our attention to the effects of a finite size of
the sample area on sheet resistance measurements.
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Figure 3.7: (a) A large conducting layer, the measurement current ‘uses’ the whole
sample (current paths are guide-to-the-eye only). (b) A smaller sample confines the
current, leading to a higher current density under the voltage probes (current paths are
guide-to-the-eye only).

3.4

Non-infinitely large samples

In section 3.2 we assumed that the layer is infinitely large. In reality, samples
are of finite size. In this section we will explain how this affects measurements
and how one can use correction factors to obtain the sheet resistance of a small
sample. A way to accurately calculate these correction factors will be presented.
In the next section, we will show that the correction factors calculated here can
be successfully applied to experimental data.
Mathematically speaking, in a four-point probe measurement the current put
into the sample spreads over the full layer, which is schematically shown in figure
3.7a, and was shown before in figure 3.2. Confining the current to a sample of
finite size (figure 3.7b) will lead to a higher current density, and a higher voltage
difference will be measured between the voltage probes (check the derivation of
equation 3.1). In other words, one would measure a higher resistance. However,
the actual sheet resistance should be independent of the lateral dimensions of
the sample (it is defined by the specific resistivity and the film thickness only).
Therefore, one notices that this deviation in the measured sheet resistance is
systematic, so it can be corrected for. Here we will define a correction factor C
to change the measured sheet resistance (Rm , obtained by using equation 3.4)
into the actual sheet resistance:
R2 =

Rm
.
C

Correction factors have been calculated and tabulated for various geometries
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in the past [22, 23, 25]5 . For these calculations, it is generally assumed that the
probes are equidistantly spaced, which is not the case for many probe combinations on our micro-twelve-point-probe (the micro-four-point-probes are evenly
spaced though). For measurements with the M12PPs on small samples we will
need to calculate our own correction factors, the model used for this will be
described in the remainder of this section.
A current source which is placed on a semi-infinite sample close to an impenetrable wall (edge of the sample) can be modeled by placing an identical (virtual)
current source on the other side of the wall, as shown in figure 3.8a. ‘Reflection’
of a source is a well known method in fluid dynamics [30]. The current contributions of both sources are superimposed, and the result is that no current flows
through the wall. A sample which is non-infinite in all directions can be modeled
by introducing more walls and more mirror sources, which usually leads to an
infinite number of current sources. The (infinite) system of sources and sinks
for a rectangular sample is shown in figure 3.8b. Every source or sink will add
a contribution to the measured voltage as given by equation 3.2, which yields a
two-dimensional sum over an infinite amount of contributions. The further away
a source-sink pair is from the voltage probes, the smaller its contribution to the
voltage drop, so we can truncate the infinite series and only sum over a grid of
n × n mirror samples6 . C can be calculated by dividing the voltage on the small
sample (Vsmall ) by the voltage for an infinitely large layer (V∞ ):
C=

Vsmall
.
V∞

By increasing n, one can increase the accuracy in the calculated C. For the work
described here, C was determined to an accuracy better than 0.5h7 .
As an example C was calculated in this way for the geometry shown in the
inset in figure 3.9: an equidistantly spaced probe with probe spacing x placed
centrally on a square sample with length and width w. The curve in figure 3.9
shows the calculated correction factor for varying probe spacing. As expected, C
is large when the sample is small or the probe spacing large, and when the probe
spacing is much smaller than the sample size, the sample can be approximated
as being infinitely large (the dashed line indicates the correction factor for an
infinitely large sample: C = 1). At x/w = 0.025 (the sample is 40 times larger
than the probe spacing) the correction would be less than 0.5%, and below this
5

These articles were among the first papers on four-point probe correction factors, more
followed for different geometries. Many different definitions of the correction factor C are used
among the different articles.
6
A different way of summing is used in [23, 25]. Here a closed form expression is used for an
infinite row of sources. This works well for single layers described here, but this will not work
for the small magnetic tunnel junctions in the next chapter.
7
This is an arbitrary choice. A higher precision can be obtained at the cost of calculation
time. For the present purposes a higher accuracy is unnecessary.
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Figure 3.8: (a) Current flowing out of a source I + close to a wall can be modeled by
adding a second virtual source I +∗ . No current flows through the wall. Current paths
are guide-to-the-eye only. (b) To model a four-point probe on a small sample (with four
‘walls’) an infinite grid of current sources and sinks is needed.

the sample is generally assumed infinitely large. The circles represent results
obtained by Smits [25], which are in perfect agreement with our calculations.
In the same way correction factors can be obtained for other geometries (sample shape, probe positioning etc.), and sometimes special shapes can be solved
for in a different way. For example, the case of a circular sample is much easier,
as one can use Milne-Thomson’s theorem [30]8 , in which case only two mirror
sources are needed to calculate C. However, this will only hold for a single layer,
not for a tunnel junction towards which we are working, so we will not look into
it here.

3.5

Sheet resistance of small Pt films

Next we will demonstrate that the model described in the previous section can be
successfully applied to experimental data, measured on microstructured samples.
We would like to emphasize that such a demonstration has not been reported
before for such small probe distances. We fabricated small square samples of
either 80×80 µm2 or 200×200 µm2 with a 10 nm thick film of platinum deposited
on top. A M12PP was placed on each of them (shown in figure 3.10c), and
the resistance was measured for various probe configurations. Note that the
probes are not equidistantly spaced for many of these probe configurations (see
appendix A), the consequences of which are discussed in this section.
The line in figure 3.10a shows the calculated resistance expected for a 200 µm
sample if the probes would be equidistantly spaced and placed at the center of
8

In the same book an explanation of conformal mapping is given, which can be used to
calculate correction factors for various other shapes of samples.
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Figure 3.9: Correction factor as a function of relative sample size as calculated with
the model described in this section. Circles indicating results of a slightly different
calculation by F.M. Smits [25] show perfect agreement.

the sample. This line is calculated by scaling the curve in figure 3.9 with the
expected sheet resistance for these Pt films. We will return to this calculated line
later.
The measured data for the 200 × 200 µm2 samples is shown as black squares
(¥) in figure 3.10a. Multiple measurements on four identical samples are shown,
so that the spread between them may be taken as a measure of the uncertainty.
It is immediately seen that, although the individual measurements fall on top of
each other, many of the measured points deviate from the calculated line. This
deviation is not an experimental error, and can be readily explained upon closer
inspection of the probe configurations used (appendix A). As mentioned earlier,
not all of the probe configurations have equal probe spacings, or are centered on
the sample, as was assumed for the calculation of the line, which results in the
observed deviation.
Given the sheet resistance of the film, the model described in the previous
section can be used to take these issues into account. It allows to calculate the
expected resistance for each of the probe configurations used. These calculated
points are shown as open circles (#) in the graph. They fall right on top of the
measured data, showing that the model can be used to accurately predict the
resistances observed for a given probe configuration.
Just like in the previous section, the correction factors for the actual (unequal)
probe positions can be calculated. To obtain the correct sheet resistance of
the film, the measured data is divided by these correction factors. The sheet
resistance obtained in this way is shown in the inset in figure 3.10a. It is clear
that the sheet resistance is independent of the probe configuration used, which
is exactly what one would expect for a homogeneous film. The sheet resistance
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Figure 3.10: Sheet resistance measurements on square samples using M12PPs (¥),
and simulated points for each probe configuration (#). The line shows the predicted
resistance for an equidistant probe placed in the center of the sample. In the insets
the corrected sheet resistance is visualized. (a) For a wide probe on a 200 µm sample.
(b) For a standard M12PP on a 80 µm sample. (c) Microscope image of the wide probe
just before landing on the sample. The upper black area is the M12PP, with the probe
fingers extending from it, the lower black area is its reflection in the sample. The bright
area under the probe fingers is the Pt film.

is found to be 30.1 ± 0.3 Ω/2.
In figure 3.10b the same measurements are repeated on four samples of smaller
size (80 µm2 ) using a smaller (standard) M12PP. Again, the measured values (¥)
and those predicted by the model (#) agree with each other. Here too, the
measured sheet resistance (inset) is independent of probe spacing.
Most importantly, irrespective of the sample size, the values for the corrected
sheet resistance seen in both the insets show the same values, 30.1 ± 0.2 Ω/2.
This consistency shows that one is able to reliably measure sheet resistances
regardless of sample size or unequal probe spacing, on the basis of these correction
factors.
One could also note that in figure 3.10b, the data points at the largest and the
smallest probe spacings show a comparatively larger spread between the individual measurements with respect to the points at intermediate probe spacing. At
small spacings, this is mainly due to uncertainty in relative probe spacing, which
could be caused by a slight displacement of one of the probes as has been discussed before. For the largest probe spacings the absolute position of the probes
with respect to the sample edges becomes very important. Only a slight displacement will significantly alter the distance between the probes and the sample
edge, which induces a bigger spread.
To summarize this chapter, not only have we measured the sheet resistance
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of a single conducting film, but also demonstrated the use of correction factors
needed in the case of microstructured samples.

Chapter 4
Current-In-Plane-Tunneling
We have shown how one can measure the sheet resistances of a single conducting
layer using the CIPT setup. In this chapter, we will show how one can characterize
tunnel junctions by measuring their sheet resistances. An in-depth analysis of the
application of the CIPT technique to tunnel junctions is provided. A significant
part of this chapter is devoted to a set of experiments on different barrier materials
which demonstrate the use of the CIPT technique. At the end of this chapter we
will present our (theoretical) research on how sample sizes affect sheet resistance
measurements on tunnel junctions and how these deviations can be corrected for.

4.1

Application of CIPT to tunnel junctions

In CIPT measurements, four probes are placed on top of a tunnel junction (look
back at figure 1.4 on page 7), and the sheet resistance of the stack is measured
as described before. The key to CIPT measurements is that the sheet resistance
which is measured will depend on the distance between the probes. When the
probes are placed very close together (see figure 4.1a), one can imagine the top
layer ‘short-circuiting’ the junction, all of the current will flow through the top
layer. In this case, the sheet resistance which will be measured is the sheet
resistance of the top layer. When the inter-probe distance becomes very large
on the other hand (see figure 4.1b), the current can spread out over a large area
over which it can tunnel to the other electrode. The current will divide itself over
both electrodes now, and the sheet resistance of the junction becomes equal to
the parallel combination of the sheet resistances of the bottom and top layer.
The definition of ‘close together’ and ‘far apart’ now comes from comparing
the distance between the probes x to a characteristic length λ. This λ is the key
parameter in CIPT measurements and is a characteristic of each tunnel junction.
It is defined as
r
RA
,
(4.1)
λ=
RT + RB
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Figure 4.1: (a) When the probes are placed very close together, (almost) all current
will flow through the top layer. (b) When the probes are placed very far apart, the
current will divide itself over the top and bottom electrode. (c) Sheet resistance as a
function of relative probe spacing. At very small probe spacings, the sheet resistance of
the stack appears to be equal to the sheet resistance of the top layer RT , at very large
spacings it becomes equal to R// , the sheet resistances of both electrodes in parallel.

where RA is the resistance-area product of the junction, and RT and RB are the
sheet resistances of the top and bottom electrode, respectively. One could think
of λ as a measure for the distance a current injected in one of the electrodes needs
to travel in order to divide itself between the top and bottom electrode.
Figure 4.1c now shows the sheet resistance of a tunnel junction as a function
of the relative probe spacing x/λ, as calculated from equation 4.11, which is
discussed later in this section. Three different regions are to be seen. When x
is very small compared to λ (the probes are very close together, figure 4.1a), the
sheet resistance of the tunnel junction is equal to the sheet resistance of the top
layer. When x is much larger than λ (the probes are far apart, figure 4.1b), the
sheet resistance becomes equal to the parallel sheet resistance of both electrodes
RB
). Around x = λ there is a transition between these regimes. As
(R// = RRTT+R
B
we will see later on, by measuring the sheet resistance of a junction for different
probe spacings (by conducting a CIPT scan) the junction can be characterized.
To be able to fit a curve like the one shown in figure 4.1c through such a set
of measurements, the data set needs to contain enough information. This means
that data points should be measured for both low and high x/λ values, and for
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points in between. As a rule of thumb, one needs to have data points at probe
spacings ranging from x = λ/2 to x = 4λ for a good measurement (from which
one can extract RT , RB and RA in one go). If one has already some information
about the junction at hands (for example, the electrode resistances are already
known from a different experiment), the demands on the probe spacings become
less stringent. In such cases, the junction is measurable when one has data
points at x ≈ λ and below, or when x ≈ 2λ and higher. However, one is not able
to choose the probe spacing freely, one is limited to the probe spacings of the
commercially available M12PPs (see appendix A). Therefore, the minimum and
maximum probe spacings of the M12PPs determine a range of λ-values available
to fully characterize a junction. In figure 1.5 on page 8, this measurable range is
shown as the grey area.

4.2

Quantitative analysis for tunnel junctions

One can imagine, that the current distribution in a sheet resistance measurement
on a tunnel junction is more intricate than that for a single layer (which was
shown in figure 3.2). Here we will show the current distributions in each layer of
the tunnel junction, these are calculated from the model described later in this
section. In figure 4.2a and b the current density in the top layer is shown. The
current density is concentrated around and between the current source and sink,
and is flowing in a dipole-like fashion1 from the one to the other. Figure 4.2c and d
show the density of the current tunneling through the barrier. In a broad region
around the current source, the current tunnels down to the bottom electrode,
whereas around the current sink the current tunnels up again. The current density
in the bottom electrode is shown in figure 4.2e and f, and is mostly concentrated
in the region between the current source and sink.
Now let us look in more detail to how we got to these current densities, and
how the sheet resistance of a tunnel junction comes about. The basic idea is the
same as in section 3.1, we will put a current source onto the sample, obtain an
equation for the electric field in the top layer, integrate it to find a potential drop
over two voltage probes, and add a contribution of a current sink to obtain the
total voltage difference measured. The same assumptions are made, although we
add two new ones, and refine two others:
i. Both electrodes are infinitesimally thin.
ii. The film should be infinitely large (in the lateral directions).
iii. The electrodes and the barrier are homogeneous in thickness and resistance.
1

It does not resemble a dipole flow pattern exactly, which was the case in a single layer.
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Figure 4.2: Normalized current densities in the three layers of a tunnel junction, for
x = λ and RT = RB . On the right hand side, the direction of the current in the electrodes
is indicated in arrows. (a–b) For the top electrode, the current is flowing in-plane. The
two spires actually go to infinity and are cut short. (c–d) For the barrier, the current
is tunneling perpendicular to the plane of the junction. In the left half of the graph the
current tunnels down to the bottom electrode, in the right half the current tunnels back
up. The two spires actually go to infinity and are cut short again. (e–f ) For the bottom
electrode, the current is flowing in-plane again.

4.2 Quantitative analysis for tunnel junctions
(a)

(b)
I+

41

I+

dr
r
r

Figure 4.3: (a) In a ring of radius r and thickness dr placed in the top electrode
around the current source, the current either flows on radially outwards or tunnels down
through the barrier. The bottom electrode of the tunnel junction is not shown here.
(b) A cylinder with radius r around the current source for use as a current-conservation
volume. In the top and bottom electrode, the current is flowing radially outwards.

iv. The probes can be regarded as ‘point contacts’ (infinitesimally small contact
area between probe and sample).
v. The current tunneling through the barrier is assumed to do so perpendicular
to the sample surface.
vi. The barrier can be approximated as a (high-) ohmic layer, with a constant
RA product.
We restart by placing a single current source on the sample surface, from
which a current is flowing radially outwards. Consider a small cylindrical volume
(figure 4.3a) in the top electrode around this source, with a radius r and thickness
dr. The current in this volume should be conserved, so the current flowing into
the volume from the center will either flow out by staying in the electrode or by
tunneling through the barrier. This leads to
2πrtT JT (r) = 2πrdrJz (r) + 2π (r + dr) tT JT (r + dr), or
JT (r + dr)
JT (r + dr) − JT (r)
+ tT
= 0,
(4.2)
dr
r
where tT is the thickness of the top layer, Jz (r) the tunnel current density flowing
from the top to the bottom electrode and JT (r) the current density in the top
layer flowing radially outwards. In the limit dr → 0 equation 4.2 becomes
Jz (r) + tT

Jz (r) + tT

dJT (r)
JT (r)
+ tT
= 0.
dr
r

(4.3)
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Figure 4.4: (a) An infinitesimal small loop with length dr at a distance r from the
current source. The voltage drop around the loop is set to 0. (b) In a tiny cylinder
extending through the top layer the current either flows radially out or tunnels through
the barrier. The radius r of this cylinder is taken to be infinitesimally small to get a
boundary condition to equation 4.6.

Though a part of the current might be leaving the top electrode, the total
current in the whole stack should be conserved again. Applying current conservation on a cylinder extending through both the top and bottom layer (figure 4.3b)
leads to
I = 2πrtT JT (r) + 2πrtB JB (r),
(4.4)
where tB is the thickness of the bottom layer, JB (r) the current density in the
bottom layer flowing radially outwards. This basically means that the current
put in by the probe has to leave the cylinder through either the top layer or the
bottom layer. The tunnel current does not count here since it is not flowing in
the radial direction (assumption v).
Having two equations (equations 4.3 and 4.4) for three unknowns (Jz (r), JT (r)
and JB (r)) one more equation is needed. This equation we can get by applying
Kirchhoff’s second law on an infinitesimal small loop as shown in figure 4.4a.
Going through the loop starting at the upper right corner and setting the total
voltage drop to zero we get
− tT RT JT (r)dr + Jz (r)RA + tB RB JB (r)dr − Jz (r + dr)RA = 0, or
tT RT JT (r) − tB RB JB (r) +

dJz (r)
RA = 0.
dr

(4.5)

We are now able to calculate the current density in the top layer (JT (r)) by
combining equations 4.3, 4.4 and 4.5:
µ
JT (r)RT tT −RB

¶
µ
¶
I
d2 JT (r) tT dJT (r) tT
− tT JT (r) +RA −tT
−
+ 2 JT (r) = 0.
2πr
dr2
r dr
r
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Rearranging and introducing the electric field in the top layer ET (r) = RT tT JT (r)
(Ohm’s law) this becomes
µ
¶
RA d2 ET (r)
RB
RA dET (r)
RA
RB I
−
−
+ 1+
+
ET (r) −
= 0.
2
2
RT dr
RT r dr
RT
RT r
2πr
q
Next, we introduce the characteristic length λ, defined before as λ = RTRA
.
+RB
By scaling the distance r with λ, we change to a new coordinate z = r/λ. This
will result in our final differential equation in JT (r)
µ
¶
d2 ET (z) 1 dET (z)
1
δ
+
− 1 + 2 ET (z) + = 0,
(4.6)
2
dz
z dz
z
z
RT RB I
after rearranging and introducing δ = 2πλ(R
. We will proceed by solving
T +RB )
this differential equation.
Equation 4.6 is known as the modified Bessel differential equation of the first
order2 , and the general solution is given by

δ
ET (z) = AI1 (z) + BK1 (z) + ,
z
where A and B are constants, and I1 (z) and K1 (z) are the modified Bessel functions of order one of the first (I1 (z)) and second (K1 (z)) kind. These modified
Bessel functions are shown (along with a couple of their relatives) in figure 4.5.
Boundary conditions will have to be found in order to fill in the constants
A and B. Obviously, the electric field at z → ∞ (r → ∞) should go to zero
and this conveniently kills the option of I1 (z) being part of it, and therefore
A = 0. The second boundary condition can be found by noting that the current
is initially injected in the top electrode. Looking at figure 4.4, and applying
current conservation to the infinitesimally small cylinder in the top layer with
radius r, we get to
I = 2πrtT JT (r) + πr2 Jz (r), r → 0.
Combining this with equation 4.3 and rearranging gives
I = πrtT JT (r) − πr2 tT

dJT (r)
, r → 0.
dr

Recalling the expressions for z and ET (z) this boundary condition boils down to
dET (z)
IRT
= zET (z) − z 2
, z → 0.
πλ
dz
2

Actually the modified Bessel differential equation of the first order is defined as
¡
¢
1 dQ(z)
1
δ
z dz − 1 + z 2 Q(z) = 0, but substituting ET (z) = Q(z) + z does the job.

d2 Q(z)
dz 2

+
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Figure 4.5: Modified Bessel functions of the first (I) and second (K) kind of the orders
0, 1, and 2.

Plugging in ET (z) = BK1 (z) +

δ
z

gives3 :

IRT
= 2δ + z 2 BK2 (z), z → 0,
πλ
where K2 (z) is the modified Bessel equation of the second kind of order two.
Taking the limit4 z → 0 (r → 0) is the last step
µ
¶
(RT + RB )
RT
2δ
− 1 = 2B ⇒ B =
δ
RB
RB
to reach the solution for the electrical field in the top layer:
ET (z) = δ

RT
δ
K1 (z) + .
RB
z

(4.7)

In analogy to the derivation of equation 3.2, we will place two voltage probes
on the sample (look back at figure 3.3b on page 24). The voltage between these
probes as induced by the current source is calculated by integrating5 the electric
field in the top layer:
Z 0
Z 0
Z b
Z b/λ
Vsource =
ET (r)dr −
ET (r)dr =
ET (r)dr = λ
ET (z)dz
a
b
a
a/λ
(4.8)
·
½ ³ ´
µ ¶¾
µ ¶¸
RT
a
b
b
= λδ
K0
− K0
+ ln
.
RB
λ
λ
a
3 dK1 (z)
= z1 K1 (z) − K2 (z)
dz
2
lim z K2 (z) = 2
z→0
R
5
K1 (z)dz = −K0 (z)
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Figure 4.6: (a) Sheet resistance of the tunnel junction as function of x/λ as predicted
by the CIPT theory for an in-line probe. (b) MRCIPT as a function of x/λlow for a MTJ
with MR = 30% using different ratios of RT /RB .

Redoing this calculation for a current sink and invoking the superposition principle, the total voltage drop is given by
·
µ ¶¸
½ ³ ´
µ ¶
µ ¶¾
³c´
RT
bc
b
d
a
V4p = λδ
− K0
− K0
+ K0
+ ln
.
K0
RB
λ
λ
λ
λ
ad
(4.9)
In the case of the four probes placed in-line with a spacing x = a = b/2 =
c/2 = d, the general result of equation 4.9 simplifies to
·
µ ¶¾
¸
½ ³ ´
2x
RT RB I RT
x
− K0
V4p =
+ ln (2)
(4.10)
K0
RT + RB π RB
λ
λ
after reinserting the definitions of λ and δ. The sheet resistance of the tunnel
junction is calculated from this by using equation 3.5:
·
½ ³ ´
µ ¶¾¸
RT RB
RT
x
2x
R2 =
1+
K0
− K0
.
(4.11)
RT + RB
ln(2)RB
λ
λ
In figure 4.6a the measured sheet resistance as predicted by the CIPT model
is shown as a function of x/λ again. As discussed before, three different regions
are to be seen. When x is very small compared to λ (the probes are very close
together) the sheet resistance of the tunnel junction just becomes the same as
the sheet resistance of the top layer. This can be seen as the top layer ‘shortcircuiting’ the tunnel junction, all current will flow through the top layer (see
figure 4.1a). At very large inter-probe distances the sheet resistance converges
to the parallel combination of the sheet resistances of the bottom and top layer.
Due to the very large area over which the electrons can ‘choose’ to tunnel, the
barrier resistance is very small in this case (figure 4.1b). Around x = λ there is
a transition between these regimes.
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A similar behaviour can be seen in the TMRCIPT of a MTJ plotted as a
function of x (figure 4.6b). When the probes are very close together, no current
will tunnel, so it makes no difference if the barrier resistance changes and the
measured TMRCIPT is equal to zero. At very large inter-probe distances the
current will divide between the top and bottom electrode anyway and again no
TMRCIPT will be measured. In between, when x is of the same order of magnitude
as λ a substantial TMRCIPT will be measured.
Figure 4.6b also shows that the ratio RT /RB is important. If the resistance of
the bottom layer is much higher than that of the top layer, the current ‘does not
want’ to flow through the bottom layer and will not take the effort of tunneling
down, suppressing the measured MRCIPT . If RT is much higher than RB however,
the situation is reversed, a larger portion of the current will tunnel to flow through
the ‘easy-going’ bottom electrode6 . Engineering the relative sheet resistance of
both electrodes is therefore crucial for the CIPT method to have any success.
By fitting experimental R2 /x curves for both the high-resistive as well as the
low-resistive state to formula 4.11 the values for RT , RB , RAhigh and RAlow can
be extracted. From the RA values the TMR can be calculated in the usual way.
Section 4.2.2 deals with this fitting procedure.
4.2.1

A note on position correction

In section 3.2.1 we discussed an algorithm to reduce measurement errors due
to probe displacements, for the case of a single conducting layer. Here, one
of the current probes is swapped with a voltage probe to obtain two linearly
independent measurements, which can be combined to obtain a more precise
measurement. However, this is not applicable to a multi-layered tunnel junction
stack. The reason for this lies at the very heart of the current-in-plane tunneling
method: the closer the probes are placed together, the less the current ‘uses’ the
bottom electrode, causing a higher voltage to be measured. When switching from
configuration A to configuration B (figure 3.5) the distance between the current
source and sink changes, causing a different ‘sheet resistance’ to be measured,
contrary to the measurement on a single layer, where the sheet resistance did not
change as a function of probe spacing.
However, the position correction algorithm can still be useful in the two limiting cases shown in figure 4.1. When the probes are very far apart (x À λ) and the
current nicely divides itself over both the electrodes, the system can effectively
be regarded as a single conductive layer (with a sheet resistance equal to the
individual electrode resistances in parallel), and position correction can be used
again. We should be careful though, as at large probe spacings probe misplacement may not be the biggest contributor to the measurement uncertainty. When
the probes are very close together (x ¿ λ) and the current is flowing through the
6

Please note that changing RT /RB also shifts the maximum of the observed TMR.
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top electrode only, the system behaves like a single conductive layer again (with
a sheet resistance equal to the top electrode’s resistance), legitimating the use of
the position correction algorithm. This may prove useful as at (very) small probe
spacings, errors in probe placement may cause a large measurement error [26].
4.2.2

Fitting data to the CIPT model

In the experiments presented in the next sections, CIPT scans are fitted to the
theory presented above. To extract the sample parameters RT , RB and RA from
a CIPT scan, we will fit our measured CIPT scans using this formula (derived
from equation 4.11):
 







RT RB 1  RT
x
 − K0  q 2x  + ln 2 .
R2 =
K0  q

RA
RA
RT + RB ln 2 RB 
RT +RB

RT +RB

(4.12)
In some cases fitting a data set using equation 4.12 might produce a ‘run-away’
(caused by a bad initialization of the fit parameters). In such cases it might be
RB
, the
helpful to use different fit parameters, like the parallel resistance p = RRTT+R
B
RT
ratio between top and bottom electrode resistance q = RB , and the characteristic
length λ:
· ½ ³ ´
¸
µ ¶¾
p
x
2x
R2 =
q K0
− K0
+ ln 2 .
(4.13)
ln 2
λ
λ
From p, q and λ it is easy to calculate RT , RB and RA, and these values can be
used as initial values for the fit using equation 4.12.
A major part of the remainder of this chapter is devoted to experimental work
on different materials used in tunnel junctions. MgO, NiO, and AlOx barriers
are probed, and the use of the CIPT method to provide evidence of tunneling
and to characterize these tunnel barrier is provided.

4.3

MgO based tunnel junction

Let us apply the CIPT theory of the previous section to a measurement on a real
tunnel junction. As a test case, tunneling through a magnesium oxide barrier7
was investigated for varying barrier thickness. The barrier was wedge-shaped
(see section 2.2.1) to enable measurements at different MgO thicknesses, utilizing
the fact that the CIPT measurements are local in nature. For simplicity, we
started out with a non-magnetic tunnel junction (we will turn to magnetic tunnel
7

MgO based MTJs are known exhibit a very high TMR [31]. Note that, for reasons described
in appendix B, our MgO samples are not annealed.
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junctions in section 4.6). The MgO barrier was sandwiched between two platinum
electrodes as shown in the inset in figure 4.7b. To get a good contrast between the
the resistance of the top electrode only (when x ¿ λ) and the parallel resistance
of the top and bottom electrode (when x À λ), the top electrode was made much
thinner (to have a much higher resistance) than the bottom one. A M12PP was
landed at different MgO thicknesses, and in each spot the local sheet resistance
of the sample was determined. By using different probe configurations the mean
probe spacing was varied (probe configurations for this experiment are listed in
table A.2 in appendix A).
For different MgO thicknesses, figure 4.7a shows the sheet resistance as a
function of mean probe spacing (CIPT scans), the measurement uncertainty in
each point is less than 1 % of its value. Each data set is fitted to theory, these fits
are shown as lines. Assuming the sheet resistances of both electrodes are uniform
over the whole sample, in the fitting procedure the values of the sheet resistances
of both electrodes are shared between the different data sets (they are fitted as
common variables). The CIPT scans can be compared to figure 4.6a on page 458 .
From the measured data, a number of things are apparent:
• At small probe spacings in the data sets at 4.4–5.6 nm of MgO, the sheet
resistance of the sample is high. The current is mostly unable to tunnel
through the barrier, and one mainly measures the resistance of the top
electrode here.
• For large probe spacings, the resistance falls off to a lower resistance in the
same way as shown in figure 4.6a. The current can ‘use’ a large area to
tunnel, and one mostly measures the parallel resistance of both electrodes.
• For all probe spacings, the measured resistance at 2.4 nm of MgO is very
low (equal to the parallel resistance of both electrodes), indicating that the
barrier resistance is too low to measure here.
• On the other hand, at a MgO thickness of 7.3 nm the resistance stays high
(close to the value of the top electrode resistance) for all of the probe
spacings, indicating a very high barrier resistance.
• Between the different data sets, the sheet resistance of the sample increases
for increasing MgO thickness, because a smaller and smaller part of the
current is able to tunnel through the barrier.
The experimental data along with the theoretical fits clearly show that the
current is tunneling through the MgO when the probe spacing is large or the
8

Keep in mind that these graphs show the resistance as a functionqof x/λ, whereas in the
RA
RT +RB is governed by

measurements here the resistance is measured as a function of x. λ =
the thickness of the barrier.
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Figure 4.7: (a) CIPT scans on a Pt/MgO/Pt junction for different MgO thicknesses,
with fits to theory. (b) Sheet resistance of this junction for varying MgO thickness, as
measured using a 25 µm M4PP. The line is a guide to the eye. Inset: the sample stack
used for these experiments is (numbers are thicknesses in nm) Pt 30/MgO 0–10/Pt 5,
where the MgO layer is a wedge.

barrier is thin. However, one can als notice that the fits are not perfect. For
example, in the scan at 7.3 nm of MgO, the resistance around a probe spacing of
10 µm is higher than that at smaller probe spacings. Moreover, at the smallest
probe spacing the experimental data for different MgO thicknesses also seem to
‘want’ to go to different resistances. These two observations indicate that the
resistance of the top electrode is fluctuating over the sample.
There is another way to visualize whether the current tunnels through the
MgO barrier. In figure 4.7b the measured sheet resistance is plotted as a function
of barrier thickness, while the probe spacing was kept fixed at 25 µm (a M4PP
was used instead of a M12PP). A low resistance is observed when the MgO
layer is thin, which crosses over to a high resistance when the barrier is thicker.
This again shows that with decreasing barrier thickness the current increasingly
tunnels through the barrier . However, one would expect a monotonous increase
in resistance with increasing barrier thickness. This is clearly not the case here,
a ‘dip’ in the resistance is observed around 6.5 nm of MgO. It seems that at this
spot, the barrier is much thinner than expected. An identical sample (deposited
in the same batch) showed such a dip at a different spot, indicating that the
growth of our MgO layer is not as uniform as desired. In addition to that, the
current seems to tunnel at MgO thicknesses around 5–8 nm, which is too high.
This might point out that the calibration of the deposition rate of our MgO is
off.
Both experiments clearly show that one can indeed measure current tunneling
through a barrier with the CIPT method. However, it is also evident that our
MgO barriers are not as uniformly deposited as desired. This probably also
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induces the non-uniformity in the top electrode resistance. A glancing incidence
X-ray diffraction measurement on one of our ∼30 nm thick MgO layers showed
a excessive roughness of about 3 nm. This roughness might be the cause for our
difficulties in calibrating the growth rate. Careful optimization of our magnesium
oxide barriers would take a long time [32], and will not be pursued here. In the
remainder of this report, we will not use MgO as a barrier material.

4.4

NiO tunnel barrier

In the previous section, we showed that the MgO barriers created in our sputter
system are not very reliable. In this section we therefore turn to an alternative
barrier material, nickel oxide9 . The experimental approach, as well as the experimental goal (to provide evidence of a tunnel current) remain the same as for the
MgO barrier. In the inset in figure 4.8b the sample stack is shown. This sample
was originally deposited for a different experiment [35], and is therefore quite an
intricate multilayer. The exact details of this stack are not important for the
CIPT measurements presented here. We will regard this junction as a stack with
a bottom electrode, a wedge-shaped NiO barrier and a top electrode. A M12PP
is landed on the wedge at different thicknesses, and a CIPT scan is conducted
at each of these spots to characterize the barrier as a function of its thickness.
To achieve a better signal to noise ratio, a current of 10–50 µA is used for this
measurement.
Figure 4.8a shows the individual CIPT scans at different NiO thicknesses,
together with fits to theory. Assuming the sheet resistances of both electrodes to
be constant over the whole sample, they are shared as common variables between
the different data sets in the fitting procedure. Just as in the case of MgO,
these measurements provide clear evidence for tunneling through the NiO barrier.
Between the different data sets, it is seen that the sheet resistance decreases with
NiO thickness. Even at 1.2 nm of NiO, although the sheet resistance seems to be
almost constant for all probe spacings, one definitively observes a clear upturn
in the sheet resistance at the smallest probe spacing, which indicates tunneling
behaviour (see inset in figure 4.8a). For all these data points, the measurement
error is smaller than the symbol size10 . From the fits through the CIPT scans,
the RA product can be extracted for different NiO thicknesses.
The RA products obtained from the fits in figure 4.8a are plotted on a semilog
scale against NiO thickness in figure 4.8b. A linear fit through this data shows
that RA is exponentially dependent on the barrier thickness, one of the key
9

NiO has been used in tunnel junctions [33] and single electron transistors [34] before. Our
choice for NiO is for practical reasons though.
10
This is verified by repeating the measurement multiple times.
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Figure 4.8: (a) CIPT scans on a tunnel junction with a wedge-shaped NiO barrier.
Each scan is taken at a different thickness of NiO. The lines are fits to theory. Inset: Zoom in for smaller probe spacings, showing a clear (albeit small) upturn at the
smallest probe spacing even for 1.2 nm of NiO. (b) RA product obtained from the
fits in figure a. Inset: Junction stack used for this experiment (thicknesses in nm):
Pt 10/[Co 0.4/Pt 0.7/]4 /Co 0.4/NiO x/[Co 0.4/Pt 0.7/]4 Co 0.4/Pt 2 with a wedge in
the NiO [35].

characteristics of electrical transport across a tunnel barrier11 . This, together
with the satisfactory fits in figure 4.8a, provides a strong indication of the NiO
being a tunnel barrier.
One may notice that, when the NiO gets thinner, the fitted RA values show a
larger error compared to the data points at thicker NiO. This can be explained by
looking back at the inset in figure 4.8a: here, the CIPT scans for NiO thicknesses
below 1.35 nm show a low sheet resistance for all probe spacings, with just a small
upturn at the smallest probe spacings. The error in this small upturn (which is
in the case of 1.2 nm of NiO only the first data point) mainly determines the
error in the RA obtained from the fit. Alternatively, one could
qsay that, at these
RA
NiO thicknesses, the λ-values for the tunnel junction (λ =
∼ 0.3 µm
RT +RB
at 1.2 nm of NiO) are small compared to the minimal probe spacing (1.5 µm)
of our probes. This in turn results in a relatively larger error for these points.
Note that this could have been avoided if the sheet resistances of both electrodes
would have been engineered for CIPT measurements. However, this sample was
primarily intended for optical experiments, and not for CIPT.
To conclude this section, once again this measurement shows that the CIPT
method can be employed to demonstrate tunneling through a barrier. We would
like to emphasize that, by varying the barrier thickness in one single sample, the
11

Simmons
´[36] predicts (from a WKB approach) that the tunnel resistance scales with
³√
8mφ
t
, where φ is the barrier height which is assumed to be constant over the NiO
t exp
~
layer, m is the electron mass, ~ is the reduced Planck constant, and t is the thickness of the
NiO. From this measurement φ is calculated to be ∼0.5 eV.
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RA product can be determined over many orders of magnitude. Moreover, the
observed exponential scaling of the resistance with the barrier thickness gives a
strong complementary proof of the reliability of the developed experimental tool.

4.5

Towards a thin AlOx barrier

In section 4.3 we showed that the MgO barriers created in our sputter system
are not very reliable. Therefore, we turned our attention to aluminium oxide as
a tunnel barrier, which has shown a reliable behaviour before [17,19]. In contrast
to MgO barriers which are sputtered directly, AlOx barriers are fabricated by
sputtering a layer of metallic aluminium and subsequently oxidizing it with an
oxygen plasma (see section 2.2.2 for more details). However, our standard AlOx
barriers12 have a RA-product which is much too large to measure with our CIPT
setup (>MΩ µm2 ). We will need thinner barriers here, and we will have to
optimize the oxidation time for such an Al layer to prevent over- or underoxidation
of our barrier. Therefore, the purpose of this section is to find an optimally
oxidized AlOx barrier, which will be used to create a MTJ in the next section.
In [37–39] an easy way of finding an optimum oxidation time for a given layer
of aluminium is described. Here the magnetic properties of a very thin (∼0.6 nm)
cobalt layer are used to measure the degree of oxidation of an aluminium layer.
The cobalt layer is deposited on top of a platinum seed layer to give it an outof-plane magnetization (induced by the Pt/Co interface). When an Al layer is
put on top of the Co (figure 4.9c), it will turn the magnetization in-plane, for
reasons not relevant here. Optimal oxidation of the aluminium layer will return
the out-of-plane magnetization of the cobalt, but oxidizing for too long will result
in the formation of cobalt oxide, resulting in a loss of magnetization again. Thus,
such a sample is very sensitive to over- or underoxidation of the aluminium layer,
and measuring the out-of-plane anisotropy of the cobalt should therefore give a
fairly good idea about whether the aluminium layer is optimally oxidized or not.
We used this concept to determine the optimal oxidation time necessary to
form a barrier measurable with our CIPT setup. As shown in figure 4.9c, an
aluminium wedge was deposited on top of the Pt/Co bilayer. The sample was then
oxidized for 45 s13 , and a capping layer was added to prevent further oxidation
in air. Since the full wedge of aluminium was oxidized for the same time, one
expects to see overoxidation at small Al thicknesses, underoxidation at the thick
side and an optimally oxidized barrier in between.
With our MOKE setup (see section 2.3) out-of-plane magnetization loops were
12

In our regular (patterned) junctions, 2.3 nm of aluminium is oxidized for 200 seconds. With
cobalt electrodes, these junctions typically show a RA of ∼108 Ω µm2 and a TMR around 40 %.
13
For a barrier with a RA-product around 50 kΩ µm2 (which should be well within the
measurable range of our setup), about 1.3–1.5 nm of aluminium should be oxidized [18]. From
previous experiments an oxidation time of about 45 s can be estimated.
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Figure 4.9: (a) Out-of-plane coercive field of a Pt/Co bilayer with a wedge of aluminium
on top. (b) An example of the MOKE loops from which the coercive field in figure a is
obtained. This example represents the unoxidized sample at 0.36 nm of aluminium and
shows a coercive field of 36 mT. (c) Sample stack used for these measurements (numbers
are layer thicknesses in nm): Pt 10/Co 0.6/Al 0-2/Pt 3. One of the samples is oxidized
after deposition of the aluminium wedge. (d) RA of the oxidized sample, measured with
the CIPT method. The line is a guide to the eye. (e) Three of the CIPT-scans from
which the RA in figure d is extracted, with fits. The other CIPT scans are left out for a
better readability of the figure.
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measured in different spots on the wedge. In figure 4.9b one of these MOKE-loops
is shown. From these loops, the coercive field of the cobalt layer was determined.
In figure 4.9a the coercive field of the oxidized sample is plotted against aluminium thickness. Where the aluminium is thin, no discernable MOKE loops
are observed, so no coercive field is found. This indicates oxidation of the Co
layer, implying overoxidization of the aluminium. Between 1.1 and 1.3 nm of Al
an out-of-plane anisotropy arises, which is the region of interest. Where the aluminium gets thicker than 1.3 nm, the magnetization turns in-plane. Attributed to
an interface between cobalt and an unoxidized layer of aluminium, this indicated
underoxidation. It is worth noting that the difference in aluminium thickness
between the onset and the maximum of the out-of-plane magnetization is about
the same thickness as one monolayer of aluminium.
In order for the barrier to be suited for use in a MTJ which is measurable by
CIPT, the RA product of the barrier should fall within a certain range. To check
whether the barrier resistance is measurable, CIPT scans were conducted for different positions on the wedge. These CIPT scans have been carried out on that
portion of the wedge where the peak in the coercive field is observed. In figure 4.9e
a number of CIPT scans are shown along with their fits. In this experiment, one
does not expect the resistance of the bottom electrode to be constant over the
whole sample, since the amount of unoxidized material in the bottom electrode
is likely to increase with increasing aluminium thickness. Therefore in the fitting
procedure only the value for the resistance of the top electrode was shared between the different data-sets. From the fits the RA-product of the sample can be
determined, which in figure 4.9d is plotted against aluminium thickness. It can
be seen that the RA-product of the junction undergoes a steep increase around
the peak in the coercive field, and seems to level off at ∼110 kΩ µm2 . This could
be a sign of underoxidation. The additional aluminium does not get oxidized
anymore, otherwise the RA-product would have continued to rise steeply.
The MOKE measurements showed that the oxidized sample gets its out-ofplane magnetization between 1.1 and 1.3 nm. However, from previous experiments 1.3 nm of aluminium already seems to be on the thin side. Therefore, in
the next section we will attempt to make a MTJ with an aluminium thickness of
1.3 nm before oxidation.

4.6

CIPT on a MTJ

In this section we report the observation of a TMR measurement on an AlOx
MTJ using CIPT. Recall that this was the original objective of building up this
setup.
In the previous section we determined that oxidizing a 1.3 nm Al layer for
45 s should result in a suitable barrier for an MTJ. Therefore, the stack for this
experiment (shown in figure 4.10e) uses such a barrier. It consists of an exchange
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biased bottom electrode (Pt/IrMn/Co), the AlOx barrier, a free top electrode
(Co) and a capping layer (Pt). By applying a magnetic field we should be able
to switch the MTJ from a situation where both electrodes have a parallel magnetization to one where their magnetizations are antiparallel. The sheet resistance
can then be measured for different mean probe spacings in a CIPT scan for each
of these states to extract the properties of the MTJ.
Before one is able to do CIPT scans for both the high-resistive and the lowresistive state of the MTJ, one needs to know at which fields the MTJ switches
to its parallel or antiparallel state. These switching fields were measured with
CIPT and compared to MOKE measurements. In the CIPT measurements, the
sheet resistance of the sample was measured using a fixed probe distance, while
sweeping the applied magnetic field. A minor MR loop measured like this is shown
in figure 4.10c, demonstrating the switching behaviour of the top electrode. This
electrode does not switch symmetrically around zero field, indicating that it is
magnetically coupled to the exchange-biased bottom electrode. In other words,
it is not a completely free electrode. In figure 4.10d the MOKE measurements
confirm the switching behaviour and switching fields already obtained with CIPT.
From both measurements one can easily pinpoint which magnetic fields one needs
to apply to bring the MTJ in its high or low-resistive state.
After the switching fields were determined, the sheet resistance of the MTJ
for both the high-resistive and the low-resistive state was measured for different
mean probe spacings. These two CIPT scans are plotted in figure 4.10a, together
with fits to theory. Between the two fits, the values for the resistances of both the
top and bottom electrode are shared again. It is immediately seen that the scan
for antiparallel electrode magnetization shows a higher sheet resistance than the
scan for the parallel electrode magnetization. In other words the junction shows
a measurable TMR. This is a key result which shows the first measurement of
TMR with our new CIPT setup.
Although the data fits to the theory very well, one could also observe that the
data points at a probe spacing of 3 µm are further off from the fit than all other
data points at larger probe spacing. One could also notice that for this small
probe spacing the measured sheet resistance is very close to the resistance of the
top electrode. This is because most of the current flows through the top electrode
only. As argued in section 4.2.1, position correction (section 3.2.1) can therefore
be applied in this case. The inset in figure 4.10a shows that the fit is even better
when position correction is applied to the data at 3 µm probe spacing.
For each of the probe spacings used in figure 4.10a, the relative change in resistance between the parallel and the antiparallel state of the MTJ can be calculated.
R
−Rlow
), this
The obtained TMRCIPT is shown in figure 4.10b (TMRCIPT = high
Rlow
should be compared with figure 4.6b. Note that the noise level in the TMRCIPT
is considerably larger than in the individual CIPT scans. This is due to the fact
that we subtract two measured quantities of comparable magnitude in the calcu-
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Figure 4.10: (a) Sheet resistance of a MTJ stack versus increasing mean probe spacing
for both the parallel (low-resistive, ¤) and the antiparallel (high-resistive, #) state. The
lines are fits to theory. Inset: Position correction can be used on the data point at
3 µm spacing. (b) Measured TMRCIPT with fit, both extracted from figure a. Position
correction is applied to the first data point. Note that this measured TMRCIPT is different
from the actual junction TMR, which from the measured data is calculated to be 18%.
(c) Minor MR loop measured using 39 µm probe spacing, showing the switching of the
free (top) electrode. (d) Minor MOKE loop, showing the same switching for the top
electrode. (e) The junction stack used for these measurements. Numbers indicate the
thickness of the layer in nm, note that the thickness of the AlOx layer actually is the
deposited Al thickness prior to oxidation.

4.7 Small tunnel junctions

57

lation of TMRCIPT . The line signifies the relative difference between the two fits
in figure 4.10a.
From the fits in figure 4.10a, the TMR of the junction is calculated to be
18 ± 1 %, with a RA product of 103 ± 2 kΩ µm2 . The sheet resistances of the
electrodes are found to be RT = 47.1 ± 0.2 Ω/2 and RB = 26.6 ± 0.6 Ω/2.
Figure 4.10a and b unambiguously prove that with two CIPT scans one can
probe the vital parameters (RT , RB , RA as well as TMR) of a MTJ. However,
the TMR of this junction (18%) is lower than the ∼40% of comparable junctions
(with a thicker barrier) previously measured in our group. This indicates that
we may not yet have found the optimally oxidized barrier we were looking for in
the experiment in the previous section. To refine the optimal combination of aluminium thickness and oxidation time, one could make a full junction stack with
a wedge in the aluminium oxide, say between 1 and 1.5 nm (before oxidation).
With the CIPT method, the TMR can then be measured as a function of aluminium thickness, and the spot with the highest TMR has the best thickness of
aluminium for the oxidation time used14 . However, thorough optimization of this
AlOx barrier has not been carried out, and is beyond the scope of this project.

4.7

Small tunnel junctions

Up till now, it has been assumed that the MTJ stack is infinitely large in the
lateral directions (assumption ii on page 39). In general, this is not the case, especially when devices get smaller and smaller. However, the theoretical concepts
needed to apply the CIPT method to these small junctions have not, to our best
knowledge, been developed. In analogy to section 3.4 we will calculate correction
factors to correct for the finiteness of the sample. We know that the use of the
correction factors for a single conducting layer, as presented before, will not work
here, since the current distribution in the top electrode of a tunnel junction is
different from the current distribution in a single layer15 . Therefore, we will here
investigate the influence of the size of the junction on the measured sheet resistance, and we will calculate correction factors applicable to these measurements.
This investigation will be purely theoretical though, time limitations prevented
experimental verification of the results obtained in this section.
Unfortunately, simple methods like Milne-Thomson’s theorem or conformal
mapping do not work for a tunnel junction, since these methods rely on ‘mass
14

This might get tricky when the two cobalt layers get closer together at smaller aluminium
thickness. The two electrodes may have stronger coupling which could make it impossible to
get their magnetizations antiparallel, disabling the high resistive state of the MTJ and killing
the TMR. Moreover, the RA at either side of the wedge may become too low or too high to
measure.
15
As we will see later on, the correction factors of a single layer might in some cases be used
as crude approximations to the factors for a tunnel junction.
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conservation’, or current conservation. In the tunnel junction as a whole the
current is conserved, but it is not conserved in each of the separate electrodes,
since the current can tunnel from the one to the other. Therefore correction
factors are calculated using the approach presented in section 3.4. Let us shortly
recall this approach: the sample boundaries are simulated by ‘reflecting’ the
source and sink in the walls (see figure 3.8a on page 32). This results in an
infinite grid of sources and sinks (see figure 3.8b), which is truncated to n ‘shells’
around the small sample. The voltage between the inner probes is calculated by
summing over the contributions of all the (mirror) sources and sinks, and C is
obtained by normalizing this voltage to the calculated voltage for an infinitely
large sample (C = Vsmall
).
V∞
For a tunnel junction, this is more complicated than that for a single layer,
since there are a few extra parameters to take into account. The correction factor
depends not only on the ratio between the sample size and the interprobe distance
(w/x, the sample geometry is shown in the inset in figure 4.1116 ), but also on
the properties of the tunnel junction itself. For instance from equation 4.11, one
can see that the relative electrode resistance RT /RB and the ratio between the
interprobe distance and the characteristic length λ (x/λ) will be influencing the
correction factor17 . We therefore calculated C for varying values of all three of
these parameters.
To visualize such a four dimensional parameter space in one plot is hard,
so we will show a number of cross-sections here. In section 4.1 it was shown
that for a good CIPT measurement on a MTJ one would like to have x ≈ λ
and RT & RB , so for the moment we set x = λ and RT = RB . In figure 4.11
the calculated correction factor for a tunnel junction is shown for varying w/x.
When compared to the values for a single layer (in dashes), it is immediately seen
that C decays faster for a tunnel junction than for a single layer. This is easily
explained by looking back at the single current source on the sample surface.
In a tunnel junction, the current density in the top layer will decay faster with
increasing distance from the probe, because some current will tunnel down to the
other electrode18 . This wi of course not the case for the single film, where all of
the current stays in the same layer.
Let us zoom in on the point were the correction factor is the highest (w/x = 3,
the outer two probes are on the edge of the sample), and see how varying RT /RB
and x/λ will influence the value of C in this point. When w/x = 3 and x/λ = 1,
C is dependent on the relative electrode resistances as shown in figure 4.12b.
For comparison the correction factor for a single conducting layer (C = 1.844) is
shown in dashes. From this figure, one notices that the value of the correction
16

For simplicity, the probes are assumed to be equidistantly spaced.
Of course w/λ could also be used instead, but we feel that using w/x and x/λ is more
consistent with the story so far.
18
This is beautifully seen when comparing figure 4.2a and b with figure 3.2. In the case of a
tunnel junction the blue and green areas are much smaller, indicating a lower current density.
17
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Figure 4.11: Correction factor C as a function of the ratio of the sample size w and the
probe spacing x, for a tunnel junction (with x/λ = RT /RB = 1) and a single conducting
film. Both show a high C-value for small samples which falls off to 1 as the sample
becomes larger, but the steepness of the decay as well as the value at the smallest probe
spacing (w/x = 3) differ considerably. Inset: sample geometry.

factor for the tunnel junction is close to the one for the single layer when RT /RB
is small, and deviates when RT /RB increases. This is logical, because a top
electrode which is much lower in resistance than the bottom electrode will more
or less shunt out the barrier. The current mainly flows through the top electrode
in this case, so the sample can be approximated as a single layer here. When the
top electrode resistance gets larger in comparison to the bottom electrode, the
current increasingly ‘sees’ the bottom electrode and the correction factor deviates
from the single layer case.
In figure 4.12c RT is set equal to RB again, and x/λ is varied. Here it can
be seen that C is close to the value for a single layer when x ¿ λ or x À λ
and deviates in between. This can again be explained in an intuitive way by
looking at the two limiting cases already shown in figure 4.1. When x is much
smaller than λ the current mainly flows through the top electrode, so one mainly
measures the top electrode resistance. When x is much larger than λ the current
nicely divides itself over both the electrodes, so the measured resistance will be
close to the parallel resistance of both electrodes. In both cases, the sample can
be approximated as a single layer.
Both these plots come together in figure 4.12a, where C is shown as a function
of both RT /RB and x/λ. This graph shows even more clearly that the correction
factor for the tunnel junction is close to the correction factor for the single layer
if x ¿ λ, x À λ and/or RT ¿ RB . More importantly, for x ≈ λ and when RT &
RB , which is precisely the region which is interesting for CIPT measurements on
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Figure 4.12: (a) Correction factor C for a small tunnel junction (w/x = 3) versus x/λ
and RT /RB . Colour indicates the value of C. Around x = λ and when RT & RB , C
deviates considerably from the value for a single layer (C = 1.844). (b) Cross-section
of plot a along the horizontal white dashed line (RT = RB ). At large or small values
of x/λ, C becomes the same as the value for a single layer. (c) Cross-section along the
vertical line (x = λ) in figure a. At small RT /RB -values C starts out at the same value
as for a single layer, but C deviates at higher values.

a MTJ, C deviates considerably.
Figures 4.11 and 4.12 show the importance of correcting measured resistances
on small tunnel junctions: in many cases the difference in the correction factor
for a single layer and a tunnel junction is around 10% or even larger. To conduct
reliable CIPT measurements on a small tunnel junction, one therefore needs to
use correction factors like these19 .
Recall that in section 3.5 we measured the resistance of small single conducting
films. These experiments showed excellent agreement with the correction factors
calculated in section 3.4, endorsing the theory. It would be interesting to also
conduct such an experiment on small tunnel junctions. At the time of writing
this report such an experiment has not been conducted yet, but we hope to start
on this in the near future.

19

In a real experiment the probes are not always equidistantly spaced as was assumed in this
section. This is easily incorporated in the model, by giving in the actual probe spacings.

Chapter 5
Summary
Magnetic tunnel junctions (MTJs) have a promising future in (for example) hard
disks, in magnetic sensors, and in magnetic RAM. Therefore, they attract a lot
of attention in the scientific field of spintronics. Research around MTJs strives
to advance and improve upon their properties, preparation techniques, junction
structures, and the use of new materials. This thesis describes a way to easily
characterize such tunnel junctions: current-in-plane-tunneling (CIPT). In CIPT
measurements, it is not needed to make structured tunnel junctions. Instead, the
sheet resistance of an unpatterned tunnel junction stack is measured by probes
(spaced only microns apart) on the top electrode of the junction.
In chapter 2, the experimental setup built during this thesis is described.
This setup is able to measure sheet resistance using micron sized probes. Four
of these small probes are used for such measurements, the outer probes send an
AC current through the sample, and the inner probes pick up a voltage which is
measured with a lock-in amplifier.
Chapter 3 described the concept of sheet resistance, together with the procedure to correctly extract sheet resistances of conducting films from the measurements performed with our CIPT setup. As an example, the sheet resistance of a
platinum wedge was measured as a function of its thickness. In the second part of
this chapter we showed that when the samples are miniaturized, the current distribution in the sample will change and the measured voltage will be larger than
for an infinitely large sample. This causes a systematic deviation of the measured
sheet resistance, which needs to be corrected for. Correction factors have been
modeled accordingly. An experimental investigation of the sheet resistance of
micron sized square films, unreported before, showed remarkable agreement with
the theory and demonstrated the usefulness of these correction factors.
In chapter 4 the current-in-plane tunneling method was discussed. When
measuring the sheet resistance of a tunnel junction, the distance between the
measurement probes with respect to a characteristic length λ is important. λ
is dependent on the resistance-area (RA) product of the junction and the sheet
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resistances of its top and bottom electrodes. It is a measure of how far the
current needs to travel from the current source in order to divide itself between
the top and bottom electrode. When the probe distance is much smaller than
this λ, most of the current flows through the top electrode only, and the measured
sheet resistance is that of the top electrode. When the probe spacing is much
larger than λ, the current divides itself over the top and bottom electrode, and
a sheet resistance equal to the parallel resistance of both electrodes is observed.
For intermediate probe spacings a transition in the measured resistance is found.
By measuring the sheet resistance for different probe spacings, the junction can
be characterized. CIPT measurements are local in nature, which means that
if a property of the junction changes gradually over a large sample this can be
monitored by conducting measurements at different spots on the junction. The
investigation of a sample with a varying barrier thickness (a wedge-shaped barrier
for example) can replace a whole series measurements on individually patterned
junctions in this way.
In sections 4.3-4.6 multiple junctions with different barrier materials were
characterized using CIPT. In all of these experiments, clear evidence of tunneling was established, confirming that the barrier material investigated was indeed
a tunnel barrier. It was shown that by conducting measurements on junctions
with a wedge-shaped layer one can monitor the characteristics of the junction as
a function of the thickness of this layer in one single sample. More specifically,
from these measurements we showed that our MgO barriers are not of optimal
quality. Investigation of NiO exhibited a tunnel barrier behaviour for RA products ranging over several orders of magnitude. In the last of these sections, a
magnetic field dependent tunnel junction was investigated. This AlOx based
MTJ showed a clear difference in resistance upon switching of the magnetization
of its top electrode. The tunnel magneto-resistance (TMR) of this MTJ has been
successfully measured.
Since MTJs are increasingly miniaturized, it is important to know how a small
junction size will affect CIPT measurements. However, research in this direction
has not been reported before. At the end of chapter 4, we have shown how one
can calculate correction factors for the case of the junction size being comparable
to the distance between the measurement probes. It turned out that these correction factors are particularly important for junctions measurable by CIPT (λ
comparable to the probe spacing, sheet resistance of the bottom electrode comparable to or lower than that of the top electrode). The experimental verification
of these correction factors will be embarked upon in the near future.
To conclude, in this report the application of the current-in-plane-tunneling
method has been explored. We have shown that the newly developed CIPT setup
is ready for research on new materials for tunnel junctions and to contribute to
the exciting field of spintronics.

Bibliography
[1] C. Chappert, A. Fert, and F. Nguyen. The emergence of spin electronics in
data storage. Nature Mater., 6:813, 2007.
[2] M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff,
P. Eitenne, G. Creuzet, A. Friederich, and J. Chazelas. Giant magnetoresistance of (001)Fe/(001)Cr magnetic superlattices. Phys. Rev. Lett.,
61(21):2472, 1988.
[3] G. Binasch, P. Grünberg, F. Saurenbach, and W. Zinn. Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer
exchange. Phys. Rev. B, 39(7):4828, 1989.
[4] Class for Physics of the Royal Swedish Academy of Sciences. Scientific background on the nobel prize in physics 2007, 2007.
[5] P. Janssen. Unpublished. Eindhoven University of Technology, 2007.
[6] R. Coehoorn. Giant magnetoresistance and magnetic interactions in
exchange-biased spin-valves for magnetic sensors. Handbook of Magnetic
Materials, (15), 2003.
[7] Y.M. Lee, J. Hayakawa, S. Ikeda, F. Matsukura, and H. Ohno. Giant tunnel magnetoresistance and high annealing stability in CoFeB/MgO/CoFeB
magnetic tunnel junctions with synthetic pinned layer. Applied Physics Letters, 89(042506), 2006.
[8] Koji Tsunekawa, David D. Djayaprawira, Motonobu Nagai, Hiroki Maehara, Shinji Yamagata, Naoki Watanabe, Shinji Yuasa, Yoshishige Suzuki,
and Koji Ando. Giant tunneling magnetoresistance effect in low-resistance
CoFeB/MgO(001)/CoFeB magnetic tunnel junctions for read-head applications. Applied Physics Letters, 87(7):072503, 2005.
[9] D.C. Worledge and P.L. Trouilloud. Magnetoresistance measurement of unpatterned magnetic tunnel junction wafers by current-in-plane tunneling.
Appl. Phys. Lett., 83(1):84, 2003.
63

64

BIBLIOGRAPHY

[10] Y. Nagamine, H. Maehara, K. Tsunekawa, D.D. Djayaprawira, N. Watanabe,
S. Yuasa, and K. Ando. Ultralow resistance-area product of 0.4 Ω µm2 and
high magnetoresistance above 50 % in CoFeB/MgO/CoFeB magnetic tunnel
junctions. Applied Physics Letters, 89:162507, 2006.
[11] S. Yuasa, T. Nagahama, A. Fukushima, Y. Suzuki, and K. Ando. Giant
room-temperature magnetoresistance in single-crystal Fe-MgO-Fe magnetic
tunnel junctions. Nat. Mat., 3(868), 2004.
[12] www.capres.com.
[13] C.L. Petersen. Microscopic four-point probes. PhD thesis, Technical University of Denmark DTU, 1999.
[14] C.L. Petersen, P. Hansen, P. Bøggild, A. Boisen, O. Hansen, T. Hassenkam,
and F. Grey. Scanning microscopic four-point conductivity probes. Sensors
and Actuators A, 96:53, 2002.
[15] SmartTip B.V. Private communication, 2007.
[16] D.X.E. Rozendaal. Het probe station (in Dutch). Eindhoven University of
Technology, 2007.
[17] P.R. LeClair. Fundamental aspects of spin-polarized tunneling. PhD thesis,
Eindhoven University of Technology, 2002.
[18] H.J.M. Swagten. Spin-dependent tunneling in magnetic junctions, Handbook
of Magnetic Materials, volume 17. 2007.
[19] C.A.M Knechten. Plasma oxidation for magnetic tunnel junctions. PhD
thesis, Eindhoven University of Technology, 2004.
[20] M. van Kampen. Ultrafast spin dynamics. PhD thesis, Eindhoven University
of Technology, 2003.
[21] L.J. van der Pauw. A method of measuring specific resistivity and hall effect
of discs of arbitrary shape. Philips Res. Repts, 13:1, 1958.
[22] L.B. Valdes. Resistivity measurements on germanium for transistors. Proc.
I.R.E, 42:420, 1954.
[23] A. Uhlir, Jr. The potentials of infinite systems of sources and numerical
solutions of problems in semiconductor engineering. Bell Syst. Tech. J.,
34:105, 1955.
[24] L.J. Swartzendruber. Four-point probe measurement of non-uniformities in
semiconductor sheet resistivity. Solid-State Electron., 7:413, 1964.

BIBLIOGRAPHY

65

[25] F.M. Smits. Measurement of sheet resistivities with the four-point probe.
Bell Syst. Tech. J., 37:711, 1958.
[26] D.C. Worledge. Reduction of positional errors in a four-point probe resistance measurement. Appl. Phys. Lett., 84:1697, 2004.
[27] D.R. Lide, editor. Electrical resistivity of pure metals in CRC Handbook of
Chemistry and Physics, volume 88, chapter 12, page 39. CRC Press/Taylor
and Francis, Boca Raton, FL, 2008.
[28] K. Fuchs. The conductivity of thin metallic films according to the electron
theory of metals. Proc. Cambr. Phil. Soc., 34:100, 1938.
[29] G. Fischer, H. Hoffmann, and J. Vancea. Mean free path and density of
conductance electrons in platinum determined by the size effect in extremely
thin films. Phys. Rev. B, 22:6065, 1980.
[30] L.M. Milne-Thomson. Theoretical Hydrodynamics. London: MacMillan, 5th
edition, 1968.
[31] Y. M. Lee, J. Hayakawa, S. Ikeda, F. Matsukura, and H. Ohno. Effect
of electrode composition on the tunnel magnetoresistance of pseudo-spinvalve magnetic tunnel junction with a MgO tunnel barrier. Applied Physics
Letters, 90(21):212507, 2007.
[32] R. Lavrijsen. MgO based magnetic tunnel junctions. Master’s thesis, Eindhoven University of Technology, 2006.
[33] S. Maekawa and U. Gafvert. Electron tunneling between ferromagnetic films.
IEEE Transactions on Magnetics, 18:707, 1982.
[34] Shimada H. Ono, K. and and Y. Ootuka. Ferromagnetic single electron
transistor. Solid-State Electronics, 42:1407, 1998.
[35] G. Malinowski. Unpublished. Eindhoven University of Technology, 2007.
[36] J.G. Simmons. Generalized formula for the electric tunnel effect between
similar electrodes separated by a thin insulating film. Journal of Applied
Physics, 34:1793, 1963.
[37] S. Monso, B. Rodmacq, S. Auffret, G. Casali, F. Fettar, B. Gilles, B. Dieny, and P. Boyer. Crossover from in-plane to perpendicular anisotropy
in Pt/CoFe/AlOx sandwiches as a function of al oxidation: A very accurate control of the oxidation of tunnel barriers. Applied Physics Letters,
80(22):4157, 2002.

66

BIBLIOGRAPHY

[38] B. Rodmacq, S. Auffret, B. Dieny, S. Monso, and P. Boyer. Crossovers
from in-plane to perpendicular anisotropy in magnetic tunnel junctions as
a function of the barrier degree of oxidation. Journal of Applied Physics,
93(10):7513, 2003.
[39] D. Lacour, M. Hehn, M. Alnot, F. Montaigne, F. Greullet, G. Lengaigne,
O. Lenoble, S. Robert, and A. Schuhl. Magnetic properties of postoxidized
Pt/Co/Al layers with perpendicular anisotropy. Applied Physics Letters,
90(19), 2007.

Appendix A
Probe configurations
In the experimental sections, often a M12PP is used to contact the sample. We
used two different types of M12PPs: wide and standard. These M12Ps have
12 probe fingers, numbered 1 to 12 (see figure A.1). The distances between the
individual probes are listed in table A.1 for the wide M12PPs, and in table A.3 for
the standard M12PP. As described before, only 4 out of the 12 available probes
are used for each sheet resistance measurement, two to send a current through
the sample (I + and I − ), and two to measure the voltage drop (V + and V − ). A
certain way of connecting them is called a probe configuration. In tables A.2
and A.4, the probe configurations used in this thesis are listed, for the wide
M12PPs and the standard M12PPs, respectively. The mean probe spacing for
each configuration is given, as well as which probes are connected to I + , I − , V + ,
and V − . The distances between the probes connected to I + , I − , V + , and V −
(called x1 , x2 and x3 respectively, see figure A.1) are also listed. An asterisk (∗ )
indicates that x1 , x2 and x3 are not equal to each other. A correction factor C,
needed to correct for the unequal probe spacing (assuming an infinitely large,
single conducting layer) is given as well.

Figure A.1: Schematic representation of a M12PP. Each probe finger is numbered, four
of them are connected to I + , I − , V + , and V − to set a probe configuration. The distance
between I + and V + is labeled x1 , the distance between V + and V − is called x2 , and
V − and I − are separated by distance x3 .
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Probe
1 2 3 4 5 6 7 8 9 10 11 12
Distance [µm] 60 24 15 6 3 3 3 3 9 12 39
Table A.1: Distances between each of the probe fingers and its nearest neighbours for
a wide M12PP.

Mean x [µm] I +
3
6
9
13∗
22∗
26∗
39
59∗

5
4
4
4
2
2
2
1

V+
x1 [µm]
3
6
9
12
24
24
39
60

6
5
6
7
3
3
4
2

V−
x2 [µm]
3
6
9
15
21
27
39
57

7
7
9
10
5
7
11
9

x3 [µm]
3
6
9
12
21
27
39
60

I+

C

8
9
10
11
10
11
12
12

1
1
1
1.170
0.953
1.044
1
0.963

Table A.2: Probe configurations (combinations of four probe fingers) used during experiments with the wide M12PP. The table shows which of the probes is connected to the
current source and the lock-in, as well as the distance between each of them. An asterisk
(∗ ) indicates that the probe configuration uses unequal probe spacing, a correction factor
C is provided to correct for this.

Probe
Distance [µm]

1 2 3 4 5 6 7 8 9 10 11
12
9.6 9.3 4.5 3.0 1.5 1.5 1.5 1.5 5.0 5.7 12.4

Table A.3: Distances between each of the probe fingers and its nearest neighbours for
a standard M12PP.

Mean x [µm] I +
1.5
3.0
4.5
7.1∗
9.3∗
12.2∗
15.3∗
18.5∗

5
4
3
2
1
3
2
1

V+
x1 [µm]
1.5
3.0
4.5
9.3
9.6
12.0
13.8
18.9

6
5
4
3
2
8
4
3

V−
x2 [µm]
1.5
3.0
4.5
4.5
9.3
12.2
14.0
18.5

7
7
6
4
3
11
10
10

x3 [µm]
1.5
3.0
4.5
7.5
9.0
12.4
18.1
18.1

I+

C

8
9
9
8
6
12
12
12

1
1
1
0.624
1.001
1.000
0.919
1.000

Table A.4: Probe configurations used during experiments with the standard M12PP.
An asterisk (∗ ) indicates that the probe configuration uses unequal probe spacing.

Appendix B
Blackened samples after
annealing
In section 4.3, the MgO junctions were not annealed. In most applications, the
MgO junctions are annealed to crystallize the barrier, improving its qualities for
use in a MTJ. However, a puzzling observation was made during UHV annealing
of these Pt/MgO/Pt samples at 375 ◦ C: a part of the sample turned dark/dull.
Only the region without MgO (where the top and bottom Pt electrodes were
deposited straight on top of each other) and the thin part of the MgO wedge
were affected. In the thicker part of the wedge, the colour of the sample did not
change appreciably in comparison to before annealing (this part stayed silverlike). The transition between the blackened part and the unaffected part seemed
to be very sharp. The blackened area could not be contacted with a M4PP, while
the other part could. Repetitive annealing of this sample (even at an elevated
temperature of 475 ◦ C) did not seem to change the area of the blackened region.
Annealing an identical sample and another sample with a steeper MgO wedge
both showed the same blackening. Curiously, the area of the blackened part on
the steeper wedge was smaller than on the others, so that all samples seemed to be
blackened up to the same thickness of the MgO barrier (around ∼2.5 nm). What
exactly caused this blackening is still unknown. It seems to originate from the
the samples themselves though, as the annealing of many other kinds of samples
in the same oven never showed any such blackening.
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