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Abstract 

 
Over the past two decades spintronics has taken a leap forward with the discovery of the 

giant magnetoresistance effect (GMR) and later on with the discovery of the tunnel 

magnetoresistance effect (TMR). Recently magnesium oxide as a tunnel barrier received 
a lot of attention due to the observation of extremely high TMR values. Up to now only 

deposition from an MgO source and, to some extent, plasma oxidation of a thin Mg 

layer were able to produce high TMR values. However natural oxidation offers the 
unique possibility to tune the oxygen concentration in the barrier which could make it a 

feasible method of producing low-resistive MTJ’s. 

In this project MgO based MTJ’s were fabricated through natural oxidation of a thin Mg 
layer. To pursue this, different aspects of the barrier fabrication process were studied 

separately. The oxidation dynamics were characterized using X-ray photoelectron 

spectroscopy (XPS). Magnetic measurements using the magneto optical Kerr effect 
(MOKE) indicated the presence of pinholes through the barrier. X-ray reflection (XRR) 

measurements revealed the optimum Mg deposition parameters which have lead to a 

reduction in ferromagnetic coupling by 50%. TMR was obtained but the resistance 
change was limited to 2% due to the presence of pinholes in the barrier. In addition to 

the in-house fabricated MTJ’s, also naturally oxidized MgO based MTJ’s from Singulus 

were processed and measured. TMR values up to 195% were measured together with an 
RA product of 16 Ωµm2 indicating that natural oxidation of a thin Mg layer is a feasible 

method of producing low RA, high TMR junctions.  
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1 Introduction 

1.1 General introduction 

 

For nearly sixty years electronics has steadily revolutionized our daily world. Although 
the domain of conventional micro-electronics still rapidly advances, researchers are 
exploring new ways to maintain our rapid progress in computer science and consumer 
electronics. Throughout the years the idea emerged of using the spin property rather than 
only the charge of electrons. This new domain of research, entitled ‘spin-electronics’ or 
simply ‘spintronics’, has taken a leap forward with the discovery of the giant magneto 
resistance effect (GMR) and later on with the discovery of the tunnel magneto resistance 
effect (TMR). 
 
Magnetoresistance (MR) in general refers to a physical phenomenon in which a change 
in resistance is observed upon a change in the applied magnetic field. The huge changes 
in resistance characteristic to GMR and in particular TMR are being exploited for 
various applications such as magnetic field sensors, read heads for hard disks and 
biosensors. Through combining the magnetoresistance effect with the intrinsic hysteresis 
property of the ferromagnetic materials from which the MR devices are built, non-
volatile magnetic random access memories (MRAM) become feasible.  
 

Motivation 

 

Recently another important milestone has been reached in spintronics by the 
demonstration of the current induced magnetization switching effect. Essentially this 
means that it is possible to write the magnetic state of a material by applying a large 
enough spin polarized current through the material. This opens up new ways of MRAM 
scaling and paves the way to new applications such as spin torque oscillators (STO) 
which could be used as RF emitters in telecommunications. These STO’s are being 
studied extensively at IMEC due to their huge technological implications.  In order to 
obtain current induced switching it is indispensable to have both low overall resistance 
and high TMR. To this end it is essential to create TMR devices having both high MR 
and low resistance values.  
Magnesium oxide as a tunnel barrier received a lot of attention due to the observation of 
extremely high TMR values. A high TMR value together with a small barrier height 
makes MgO the ideal candidate to create low resistance-high TMR junctions.  

Moreover natural oxidation makes it possible to carefully control the oxidation rate in 
sub-nanometer barriers which is necessary to create high quality MgO tunnel barriers. 
As compared to Al, Mg oxidizes more rapidly which makes other oxidation methods 
such as UV-light assisted and plasma oxidation to be too rough and insufficiently 
controllable to create tunnel barriers with a thickness of 1 nm or less. In contrast to 
plasma oxidation, no results are yet published on MTJ’s using natural oxidation of an 
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Mg layer, which makes this fabrication method even more challenging. Therefore it was 
chosen to create TMR devices with an MgO tunnel barrier through natural oxidation of a 
thin Mg layer.  
 

1.2 Thesis outline  

 

Chapter 2 of this thesis provides some basic theory on spin polarized current and 
tunneling magnetoresistance.  
In particular, the theory behind tunneling in epitaxial Fe-MgO-Fe junctions, explaining 
the high TMR ratios obtained in MgO based MTJ’s is discussed extensively.  In the last 
section a literature overview of the MgO based MTJ’s is presented. Results obtained 
using different deposition techniques and electrode materials are addressed. Furthermore 
state of the art low resistance MgO based MTJ’s are discussed.  
 
In chapter 3 first the experimental techniques needed to prepare magnetic tunnel 
junctions are discussed followed by an overview of the fabrication process involved.  
In the last part an overview of the experimental techniques and equipment used to 
characterize the MTJ’s are discussed.  
 
In Chapter 4 first Al2O3 based MTJ’s are discussed indicating some physical properties 
from which valuable information concerning the quality of the barrier can be extracted. 
Al2O3 based MTJ’s with a significant TMR value were fabricated showing that our 
sputter deposition – microfabrication strategy works.  
Subsequently the morphology of as-deposited Mg layers will be discussed intensively, 
addressing issues such as the influence of the Ar flow and the Mg deposition rate on 
roughness, wetting and density of the layer. Through extensive XRR measurements, it 
was found that a 30inm Mg layer deposited at 30iW and an argon flow of 10isccm 
resulted in a very smooth layer with a roughness value of less than 2iÅ. 
Next, the oxidation of a thin Mg layer will be studied based upon the results obtained 
from different experimental surface analysis techniques. Through XPS measurements, it 
was found that a 1.5 nm Mg layer was oxidized completely after 8 minutes of oxygen 
exposure at a pressure of 0.1 Torr.  
Finally, MOKE measurements on the MgO based MTJ’s showed a strong ferromagnetic 
coupling through the barrier indicating the presence of pinholes in the barrier. Moreover 
the pinhole density can be decreased by optimizing the Mg deposition parameters. The 
in-house made MTJ’s using natural oxidation of a thin Mg layer exhibited TMR values 
with a maximum of 2%. Naturally oxidized MgO based MTJ’s deposited by ‘Singulus’ 
showed TMR values up to 196% indicating the feasibility of the barrier fabrication 
strategy. In Chapter 5 several conclusions are drawn together with suggestions for 
further work.  
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2 Theory  
 
 
In this chapter an overview is given on magnetoresistive devices and in particular 

magnetic tunnel junctions and their spin dependent tunneling behavior. At first the 
intrinsic design and properties of spin valves and magnetic tunnel junctions are reviewed 

together with some magnetic configuration schemes. Next, different models are 

discussed, explaining the tunnel magneto resistance (TMR) in MTJs solely by the 
intrinsic properties of the ferromagnetic electrodes. However experiments have shown 

that the TMR strongly depends on the choice and structural quality of the tunnel 

barrieri[1]. In particular, theoreticians predicted the possibility of very high TMR values 
using crystalline MgO tunnel barriers which was later on confirmed experimentally by 

various research groups [2]. Therefore the importance and the effect of the insulating 

barrier, based on band structure matching of the electrodes through the oxide, will be 
discussed in section 2.2. 

 

2.1 Magnetoresistance 

 
Magnetoresistance (MR) refers to a physical phenomenon in which a change in 
resistance is observed upon a change in applied magnetic field. Different 

magnetoresistive effects have been observed in the past, each with a different magnitude 

and physical origin.  A normal metal for example shows a change in resistance on the 
order of 0.1% upon the application of a magnetic field originating from the electrons 

traveling in helical orbits due to the Lorentz force. A relatively larger effect in the order 

of a few percent can be observed in ferromagnetic metals and is referred to as 
anisotropic magnetoresistance (AMR) [3]. In these metals the electrical resistance is 

dependent on the angle between the orientation of the magnetization and the direction of 

the applied current. When the current is applied parallel to the magnetization the 
electron scattering probability is higher resulting in a higher electrical resistance. In the 

next two sections the more recently discovered magnetoresistive effects such as Giant 

magnetoresistance (GMR) and tunnel magnetoresistance (TMR) will be discussed. 

2.1.1 Giant magnetoresistance  

 
In 1988 the giant magnetoresistance (GMR) effect was discovered in magnetic 

multilayers exhibiting a resistance change in the order of 10% [4]. A GMR stack, also 
called a spin valve, consists of two ferromagnetic electrodes separated by a thin metal 

spacer layer. The magnetization direction of both ferromagnetic electrodes can be either 

parallel or antiparallel with in the antiparallel configuration a higher resistance as in the 
parallel case. The GMR effect is attributed to spin dependent scattering in ferromagnetic 

metals and relies on the fact that spin up and spin down bands are exchange split in a 
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ferromagnet (see also section 2.2), resulting in different scattering probabilities for spin-
up and spin-down electrons. The spin dependence of the electron transport can be easily 

represented in the two-current model as shown in figure 2.1.a. In this model the current 

is partially carried by spin-up electrons, whereas spin-down electrons provide a second 
current channel. The total electrical resistance is then a parallel connection of the 

resistances of the two channels. The model can be further improved by introducing a 

spin flip resistance R↑↓. The resistance is thus dependent on the relative orientation of 
the magnetizations in the ferromagnet, where the antiparallel state leads to a higher 

resistance. 
 

 

Figure 2.1: schematic representation of the GMR effect and the two-current model for 
GMR, RMAJ  is the resistance for spins parallel to the magnetization, RMIN the resistance 
for spins opposite to the magnetization.  

The GMR effect was first observed in Fe/Cr/Fe multilayer stacks in which the Cr 
thickness was such that the RKKY coupling between the Fe layers becomes 

antiferromagnetic, making it energetically preferable for the magnetizations of adjacent 

layers to align antiparallel [4]. The antiparallel alignment can be overcome through 
applying a large enough magnetic field resulting in a lower overall resistance of the 

multilayer. When the spacer layer thickness is chosen in the order of 3inm the exchange 

coupling becomes negligible which makes it necessary to find a way of switching the 
magnetization of one layer with respect the other. This device can be obtained by using 

an antiferromagnetic layer or two layers with different coercive fields as will be 

explained in section 2.1.3. In a spin valve, the antiparallel state can be obtained after 
applying a relatively small magnetic field which of course is important for various 

applications mentioned previously.  
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2.1.2 Tunnel magnetoresistance 

 

Tunnel magnetoresistance (TMR) is a phenomenon which recently received a lot of 

attention. This can be attributed to the magnitude of the effect which for TMR can be 
significantly larger than for GMR (GMR ≈ 20%, TMR with AlOx ≈ 80%) [5]. TMR can 

be observed in multilayer similar to a spin valve in which the metallic spacer layer is 

replaced by a thin insulating layer. Tunneling is a quantum mechanical effect which 
basically predicts that electrons can tunnel through a sufficiently thin potential barrier 

with a certain probability. TMR is based on spin dependent tunneling which obviously 

implies an imbalance between spin up and spin down electrons tunneling through the 
barrier. Due to the origin of the TMR effect (electrons tunneling through a potential 

barrier) the direction of the current is always perpendicular to the barrier plane (CPP) 

whereas for a spin valve the current can be both in plane with the spacer layer (CIP) or 
perpendicular to the spacer layer (CPP). A schematic of the CIP and CPP geometries are 

shown in figure 2.2 for the parallel and the antiparallel orientation. An overview of spin 

dependent tunneling will be given in section 2.2. 

 

 

 
Figure 2.2: For spin valves both a current in plane (CIP) and a current perpendicular 
to plane (CPP) geometry is viable. For tunnel junctions only a CPP geometry is 
possible. 

 

2.1.3 Magnetic configuration schemes 

In order to observe a large MR effect in magnetic tunnel junctions or spin valves it is 
necessary to switch between parallel and antiparallel alignment using an externally 

applied magnetic field. Therefore it is important that both ferromagnetic layers switch 

independently i.e. switch at a different magnetic field.  This is usually achieved using 
three different strategies which are illustrated in figure 1.3. In this figure the layer stack 

together with its overall magnetization and corresponding magnetoresistance curve is 

depicted for three different biasing methods.   

CIP geometry CPP geometry 

Current Parallel 
orientation 

Antiparallel 
orientation 
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Figure 2.3: A schematic overview of layer structure, magnetization loop and 
corresponding magnetoresistance curve for three different biasing methods. (a) The 
antiparallel state is obtained by using two electrodes with different coercivities. (b) The 
antiparallel state is achieved by pinning one electrode with an antiferromagnetic layer. 
(c) In this configuration the antiferromagnet is replaced with an artificial 
antiferromagnet which consists of two ferromagnetic layers separated by a thin Ru 
layer. 
   

As shown in figure 2.3 (a), the easiest way to obtain an antiparallel alignment is through 
the use of two ferromagnetic electrodes having a different coercivity. When the applied 

magnetic field is high enough, the magnetizations of both ferromagnetic layers are 
aligned with the magnetic field, resulting in a high overall magnetization. However 

when the magnetic field is set in between the coercive fields of both ferromagnetic 

layers, an antiparallel alignment is obtained. The coercivity can be tuned by changing 
the thickness or composition of the material, however the difference in coercivity is 

generally small.  

In figure 2.3 (b) the biasing method consists in pinning one of the two ferromagnetic 
layers using a direct exchange coupling with an adjacent antiferromagnetic layer thereby 

shifting the hysteresis loop of that ferromagnetic layer to a higher value. This method 
generally forms an anti-parallel field plateau in the order of several tens of mT. In this 
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thesis a metallic manganese based IrMn layer is used as an antiferromagnet. In order to 
induce a (001) fcc crystal structure a NiFe or Co seed layer is mostly used. 

A third alternative is the artificial or synthetic antiferromagnetic structure (SAF), which 
consists of two ferromagnetic layers coupled antiferromagnetically via a thin 

nonmagnetic layer (usually a thin Ru layer) using the strong RKKY coupling. This SAF 

is typically pinned by antiferromagnet resulting in a very large antiparallel 
magnetization state. The advantage of using a SAF is the improved magnetic and 

temperature stability ([6] [7]).  

To understand the SAF magnetization curve and its relation with the MR curve in figure 
2.3 (c), we will now take a close look at the spin alignment of the different layers 

constitution a SAF pinned MTJ. This is crucial to understanding the magnetization curve 
and MR curve measured in section 4.3.2. In figure 2.4 a schematic representing a MTJ 

in the antiparallel (high resistance) orientation is shown i.e. the spins of the free layer 

Figure 2.4: Schematic representing the spin alignment of all the layers constituting a 

SAF pin MTJ. 

(FM1) are oriented in the opposite direction to the spins of the hard layer (FM2). The 
Antiferromagnetic layer (AF) causes the spins at the interface with the first 

ferromagnetic layer (FM3) to be aligned antiferromagnetically. As such, the spins of 
FM3 are aligned to the left in figure 2.4. Now the Ru spacer layer comes into play. At a 

specific Ru thickness, the strong RKKY coupling arranges the spins the two 

ferromagnetic layers (FM2 and FM3) in opposite direction forming together a SAF. The 
tunnel barrier allows the spins of the free layer to switch independently to the spins of 

the hard layer.  

Suppose now an external magnetic field is applied to the right side in figure 2.4. At a 
relatively small magnetic field, the free layer (FM1) switches abruptly and hence the 

FM1 

Tunnel barrier 

Ru spacer layer 

AF 

SAF 

FM3 

FM2 
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overall magnetization increases (figure 2.3 (c)). When the magnetic field is increased, 
the bottom ferromagnetic layer constituting the SAF (FM3) starts to switch slowly. This 

slow switch is responsible for the steady increase in magnetization at higher magnetic 

field as shown in figure 2.3(c). The similar holds when an external magnetic field is 
applied to the opposite direction (to the left in figure 2.4). In this case the magnetization 

of the middle layer (FM2) will start to switch slowly at higher magnetic field. The spins 

at the tunnel barrier interface will switch first whereas the spins at the Ru interface will 
only switch at very high magnetic fields due to the strong nature of the RKKY coupling. 

We can now understand the relation between the magnetization curve and the MR curve 

as depicted in figure 2.3(c). In section 2.1.1 it was explained that a high overall 
resistance of the junction is obtained when the spins of the free layer (FM1) and the hard 

layer (FM2) are aligned in antiparallel orientation (and a low overall resistance in 

parallel orientation). This means that the switching of FM3 as found in the 
magnetization curve will not be translated in a resistance change for the MR curve. 

Therefore, when a strong magnetic field is applied to the right side in figure 2.4, the 

overall resistance will be low. When a small magnetic field (< ± 100 mT) is applied to 
left side in figure 2.4, the antiparallel orientation will be maintained resulting in a high 

overall resistance. However, when a strong magnetic field (> ±100imT) is applied to the 

left side in figure 2.4, the hard layer will start to switch, resulting again in a low overall 
resistance. 

 
 

2.2 Spin polarized tunneling 

To understand the physics of spin polarized tunneling, we first need to recapitulate the 

basics of normal quantum mechanical tunneling. When turning to the nanoscale, the 
behavior of devices shifts from classical to quantum mechanical. The theory of quantum 

mechanics provides an accurate description of many of those sometimes extraordinary 

phenomena that will occur at the nanoscale up to the subatomic level. One of these 
extraordinary phenomena is the probability for an electron to tunnel through a potential 

barrier.  Generally, this section is a summary of the reviews of Swagten [5] and Tsymbal 

[8] 

2.2.1 Basics of quantum mechanical tunneling 

Due to their wave character, electrons can penetrate into a potential barrier. When this 
barrier is sufficiently thin, there is chance that this electron will appear at the other side 

of the barrier. Within the Wentzel-Kramers-Brillouin (WKB) approximation, which is 

valid for potentials varying slowly on the scale of the electron’s wavelength, the 
tunneling transmission probability across a potential barrier is in one dimension 

proportional to: 
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with E the electron energy, me the electron mass, and x the direction perpendicular to the 

barrier plane. This equation directly shows the exponential dependence of tunnel 

transmission on the thickness t and energy of the barrier U(x)-E. Therefore the tunnel 

barrier thickness is generally less than a few nanometers, allowing enough electrons to 

tunnel through the barrier.  

We now consider the case of a metal-insulator-metal structure (MIM) which in practice 
can be obtained by oxidizing a metal surface and depositing metal on top. In a metal at 

absolute zero temperature the least tightly bound electrons or valence electrons are 

located at the Fermi level. When no voltage is applied across the MIM structure the 
Fermi level of both electrodes is equal and hence no net current will flow. Essentially 

the current flowing from left to right will be equal to the current flowing from right to 

left. The total current flowing from left to right (right to left) can be written as the 
product of the amount of occupied electron states at the left electrode and the amount of 

empty electron states at the right electrode multiplied by the transmission probability. 

The amount of empty (occupied) electron states can subsequently be written as the 
product of the density of states and the Fermi Dirac factors f(E) and 1-f(E). The current 

flowing from left to right can be written as follows:  

)](1)[(),,,()()()(, EfENtUETeVEfeVENEI RLRL −Φ−−∝→  

With NL and NR are the DOS of the left and right electrode respectively and T(E,U,Φ,t) 
the transmission probability. In case a small voltage is applied, the Fermi level at one 

electrode is altered and electrons are now willing to flow from the occupied states at one 
electrode to the unoccupied states ate the other electrode. Considering the finite 

transmission probability for electrons to tunnel through a thin potential barrier given by 

equation 2.1, a net electric current will flow through the metal insulator metal junction. 
An illustration of the quantum mechanical tunneling event in a MIM junction is given in 

figure 2.5 showing the electron wave function at the Fermi level penetrating into the 

potential barrier U(x) and appearing at the right electrode (from which the Fermi energy 
is lowered by the application of a small bias voltage). The barrier height Φ is defined as 

the height of the barrier above the Fermi level, and t is the barrier thickness.  

(2.1) 

(2.2) 
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Figure 2.5: Schematic of quantum mechanical tunneling in a metal insulator metal 
junction showing the electron wave function at the Fermi level penetrating into the 
potential barrier V(x) and appearing at the right electrode. A positive voltage is applied 
at the right electrode thereby lowering the Fermi level with eV. The barrier height Φ is 
defined as the height of the barrier above the Fermi level, and t is the barrier thickness. 
Schematic from [5] 

Summarizing, the tunnel current will be proportional to the available occupied electron 
states at one electrode and the number of available empty states at the other electrode 

multiplied by the barrier transmission probability. When the available electron states are 

written as the density of states of each electrode multiplied by the Fermi Dirac factors 
f(E) and 1-f(E) to account for the amount of occupied and unoccupied electron states 

respectively, the tunneling current can be written as: 

[ ]∫
+∞

∞−

−−Φ−∝ dEEfeVefENtUETeVENI RL )()()(),,,()(  

For small enough voltages eV<<Φ and low enough temperatures kbT<<eV we can reduce 
equation 2.2 and write the tunnel conductance as: 

),()()(/ tTENENdVdIG FRFL Φ∝≡  

 

2.2.2 Simmons’ and Brinkman model 

 

Current voltage characteristics contain valuable information about barrier thickness and 
barrier height. In this section a small description of the Simmons and Brinkman model 

will be provided which will be used later on to extract information from the current 
voltage measurements. In the former section an equation (equation 2.4) for the tunnel 

conductance was derived which was only valid for very small bias voltages. At moderate 

voltages a non linear current voltage characteristic is observed. For symmetric junctions, 

(2.3) 

(2.4) 

U(x) 
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Simmons has analytically derived the tunneling current using the WKB approximation 
[9]:  
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Where ∗= em24πβ and J0= e/(2πh), ∗
em  is the effective electron mass, t is the barrier 

thickness, Φ  is the average barrier height, A the barrier area and V is the applied bias. 
However, this model cannot be used for asymmetrical barriers, for example when 

different magnetic electrodes are used. In 1970 Brinkman et al. [10] extended the 

Simmons model to account for asymmetrical barriers by introducing an additional 
parameter: ∆Φ=Φ2-Φ1, resulting in the following formula: 
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with R0 the low bias resistance of the junction given by: 
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It should be noted that the Simmons and Brinkman models are based on free electron 
calculations which are to some extent valid for amorphous Al2O3 based tunnel junctions. 

However for crystalline barriers such as MgO the barrier parameters deduced from these 
models can differ significantly from the real values [11]. To compensate for these 

disparities often different values for the effective mass are chosen. The influence of the 

crystalline MgO barrier will be discussed in section 2.3.    

 

2.2.3 The Julliere model: a simple model for TMR 

After this small review on tunneling in normal metal insulator metal junctions we can 
now evaluate the tunnel conductance in a magnetic tunnel junction and come to a first 

simplified theoretical model for the TMR. In a magnetic tunnel junction the normal 

metal electrodes are replaced by ferromagnetic electrodes. Recapitulating the elemental 
quantum theory of magnetism we know that exchange splitting of the DOS is 

responsible for the net magnetization that can be observed in ferromagnetic metals. 

Exchange splitting of the DOS basically means an imbalance between spin up and spin 
down electrons at the Fermi level. Spin up electrons from one ferromagnetic metal will 

tunnel into the spin up band of the other ferromagnet and visa versa, assuming that the 

electron spin is conserved in these processes [12].  This is schematically illustrated in 

(2.5) 

(2.6) 

(2.7) 
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figure 2.6 where the DOS of a ferromagnetic metal is represented by a simple majority 
and minority electron band, shifted in energy due to the exchange interaction.  

 

Figure 2.6: Zero-bias spin-resolved tunneling conductivity G for parallel (top panels) 
and antiparallel magnetization (bottom panels). The tunnel barrier is indicated by the 
grey bar between the spin-up DOS (left panels) or spin-down DOS (right panels) of the 
adjacent ferromagnetic electrodes. The current is proportional to the product of the 
DOS factors at the Fermi level EF which in the parallel orientation is governed by 

)()( 2
min

2
FFmaj ENEN +  and in the antiparallel case by )()(2 min FFmaj ENEN [5]. 

Using equation 2.3 and assuming equal transmission for both spin species, we can write 
the conductance for parallel magnetization as:  

)()( 2
min

2
FFmajP ENENGGG +∝+= ↓↑  

where G↑(↓) is the conductance in the up- (down-) spin channel and Nmaj(EF) (Nmin(EF)) is 
the majority (minority) density of states at EF. When the magnetization direction of one 

ferromagnetic electrode is switched, the majority and minority density of states have 
changed spin orientation. Spin conserved tunneling now corresponds to tunneling from 

majority density of states to minority density of states and hence the tunnel conductance 

in antiparallel state can be written as:  

)()(2 min FFmajAP ENENGGG ∝+= ↓↑  

Comparing equation 2.7 and 2.8 it can be seen that conductances are different for 
parallel and antiparallel magnetizations giving rise to the TMR effect. The TMR effect is 

usually defined as the conductance change normalized by the antiparallel conductance:  

(2.9) 

(2.8) 
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Substituting equation 2.7 and 2.8 into 2.9 the TMR can be written as the well known 
Julliere formula for the magnetoresistance of MTJ’s [13]: 
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where we have introduced the tunneling spin polarization (TSP) of the ferromagnetic 

electrode. The TSP is defined by Julliere as:  

)()(

)()(

min

min

FFmaj

FFmaj
Julliere ENEN

ENEN
P

+

−
=  

and is simply the normalized difference in majority and minority density of states at the 
Fermi level.  

This simple model introduced by Julliere directly relates the magnitude of TMR in terms 
of the spin polarizations of the ferromagnetic electrodes. Although the Julliere model 

provided a simple basis for lots of experimental results, it turned out that it was too 
simple to explain all experimental data. For instance the TSP values for various 

electrodes measured by superconducting tunneling spectroscopy were sometimes 

significantly different than those calculated from the TMR value. Moreover 
improvements in the quality of the aluminum barrier resulted in enhancements of the 

TSP values and recently using MgO barriers TMR values were significantly improved 

yet using the same electrode materials. With specific tunnel barrier interfaces even 
negative TSP values were observed [8]. Last but not least a strong dependence of TMR 

on bias voltage and temperature had been observed. The above observations strongly 

suggest an important contribution of the barrier and the barrier electrode interface to the 
TMR and TSP values. Therefore, a more profound theoretical framework is needed.  We 

will now concentrate on the effect of a highly epitaxial system using a crystalline MgO 

tunnel barrier.  
 
 
 

 

 
 

(2.10) 

(2.11) 

(2.12) 
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2.3 Magnesium oxide as a tunnel barrier  

 

2.3.1 Towards an ideal barrier 

The previous model gives a simple explanation of tunnel magnetoresistance as a 

function of the spin polarization of electrodes. The barrier was represented by a simple 
potential barrier. The theory can, to some extent, explain the TMR values obtained from 

experiments with an amorphous Al2O3 barrier which has no periodic band structure. 

Unfortunately this amorphous nature of the oxide makes a direct calculation of the TMR 
using band structure calculations virtually impossible. Moreover, for a crystalline 

barrier, the simple potential barrier representation fails and the real band structure of the 

insulator needs to be taken into account. The demonstration of an epitaxial Fe/MgO/Fe 
tunnel junction served as the ideal example for theoreticians to perform first principle 

electronic structure techniques to calculate the tunneling conductance and 

magnetoconductance [2][14]. Butler et al used the tight binding approximation to predict 
a huge TMR value of more than 1000%. To understand the theory behind this 

fascinating result we first need to recapitulate some complex physical concepts involved. 

In this section the electronic band structure of the bulk electrode and the MgO barrier 
will be explained. Later on, these band structures will be combined to form a magnetic 

tunnel junction from which the spin filtering property will be explained.  

2.3.1.1 The electronic band structure 

According to the theory of quantum mechanics all electrons constituting a single atom 
are placed in atomic orbitals, which form discrete energy levels. An atomic orbital is 

uniquely defined by a set of three quantum numbers which can only occur in a specific 

combination of values. In figure 2.7 the single s orbital and different p orbitals are 
plotted corresponding with a different magnetic quantum number.  

 

Figure 2.7: s- and p-orbitals of atomic systems. The s-orbital is spherical, and hence 
symmetric along all axes; the p-orbitals are antisymmetric or odd along the direction 
they are oriented 

As seen from figure 2.7, the single s-orbital is fully symmetric whereas the p-orbitals are 

antisymmetric along the direction they are oriented. For the d-orbitals a similar 



 19 

symmetry analysis can be done but we will not go deeper in this matter. These symmetry 
properties of the atomic orbitals are important to understand the symmetry of the Bloch 

states in a crystal as will be explained later on.  

Once we put the atoms in a crystal, the electron wave functions of neighboring atoms 
will overlap and the discrete energy levels of a single atom will go over in an electronic 

band.  Due to the periodicity of the crystal lattice and its corresponding periodicity of the 
potential, the electron wave function can be written as the product of a plane wave 

envelope function multiplied by a periodic function unk(r): 

( ) ( )ruer nk
ikr

nk =ψ  

The electron wave function in a periodic potential is usually referred to as Bloch wave 

or Bloch state.  To put it differently, a specific energy band can be described as a 
solution to the Schrödinger equation for a specific potential and wavevector k. 

Considering the above, it is convenient to convert the crystal lattice into a reciprocal 

lattice wherein the smallest primitive cell is by definition called the Brillouin zone. Due 
to the periodicity in the reciprocal lattice, it is sufficient to consider the wavevectors 

solely inside the first Brillouin zone.  Knowing this, we can now start analyzing the 

electronic band structure of Fe.  

2.3.1.2 Electronic band structure of Fe 

 

The Fe crystal structure is the body-centered-cubic (bcc) lattice. From its corresponding 
Brillouin zone, shown in figure 2.8, the high symmetry properties of the Fe crystal 

lattice becomes apparent. To describe tunneling in an epitaxial Fe-MgO-Fe junction the 
wave vector perpendicular to the barrier plane will be considered. As we will see later 

on the preferred direction of the Fe-MgO-Fe structure is the [001] direction which 

corresponds to the kz direction or the Γ to Η line in the Brillouin zone (∆ axis). The band 
structure of bcc Fe in the ∆ direction is shown in figure 2.9 for the minority and the 

majority channel. By looking more careful into this figure, it can be seen that for the 

majority channel the ∆1 Bloch state is crossing the Fermi level whereas for the minority 
channel this ∆1 Bloch state is situated above the Fermi level. Together with the parabolic 

shape of the ∆1 Bloch state, resembling the free electron (s-like) bands, it is expected 

that the majority charge carriers tunneling from one Fe electrode will be heavily 
reflected when the magnetization of the other electrode is in opposite direction (will be 

discussed in section 2.2.3.) As will be seen later on, this is one of the key properties 

behind the spin filtering property of an epitaxial Fe-MgO-Fe tunnel junction. Note that 
also the ∆5 Bloch state and the ∆2 Bloch state are crossing the Fermi level with much 

flatter bands originating from the localized d- and p-like orbitals.  

(2.12) 
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Figure 2.8: Bcc lattice Brillouin zone showing the high symmetry directions. 

 

 

Figure 2.9: The band structure of bcc Fe in the majority (left) and minority (right) 
channel. The dotted line indicates the Fermi level [15].1 Ry corresponds to 13.6 eV. 

The ∆ direction denotes a high symmetry direction in the Brillouin zone. The suffix 
indicates certain symmetry properties. As explained before, the energy bands in a crystal 

are formed through the interaction of the wave functions of neighboring atoms. The 
energy bands can then be thought of as originating from the atomic orbitals of a single 
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atom in the crystal. To some extent, the symmetry properties of the energy bands can be 
considered as a linear combination of the symmetry properties of the individual orbitals 

constituting the energy band. 

 

2.3.1.3 Electronic band structure of MgO 

 

The crystal structure of MgO is that of rocksalt (NaCl) which consist of two fcc sub-
lattices of Mg and O atoms shifted to each other by half a lattice spacing along the [100] 

direction. A first indication of the insulating property of MgO can be understood through 

the high ionic binding between the Mg and O atoms. The 3s2 valence electrons of Mg 
will be transferred to the O filling up the 2p4 outer shell of O. The fcc lattice Brillouin 

zone, depicted in figure 2.10, shows the high symmetry kz direction or the Γ to X line in 

the Brillouin zone (∆ axis). The calculated band structure of MgO is given in figure 2.11 
for the Γ to L and the Γ to X direction. Since the Γ to X direction is perpendicular to the 

Fe/MgO (001) interface, only the right part of the band structure diagram is important 

here. The Fermi level is located half way the band gap, as is common for insulators. 
Note that above the Fermi level, a ∆1 and ∆2 band is located; bands with ∆5 and ∆1 

symmetry are located below the Fermi level. This will become crucial in understanding 

the TMR ratio as will be seen later on. 

 

Figure 2.10: Bcc lattice Brillouin zone showing the high symmetry directions. 
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Figure 2.11: Band structure of MgO, the Fermi level is located half way the bandgap, 
adapted from [16]. 1 Ry corresponds to 13.6 eV. 

 

2.3.1.4 Epitaxial Fe-MgO-Fe structure 

 

In order to calculate the electronic or magnetic properties of a Fe-MgO-Fe junction, it is 
required to know the epitaxial relation between the MgO and Fe lattice. As stated earlier 

in this text, the crystal structure of MgO is a rocksalt structure and the crystal structure 
of Fe is bcc. To illustrate how the MgO-Fe interface will look like, in figure 2.12 the 

unit cell for both (a) the Fe (bcc) and (b) the MgO (rocksalt) lattice are shown. The 

lattice spacing of Fe[001] as indicated by the black line in figure 2.12 (a) is 0.287inm. 
The lattice spacing of MgO[110] as indicated in Figure 2.12 (b) is 0.297inm. To obtain 

the lowest energy possible it is preferential to pursuit the smallest lattice mismatch. 

Therefore, Fe atoms will grow on top of the O atoms resulting in a lattice mismatch of 
3.5% as indicated in figure 2.12 (c). The barrier plane is oriented perpendicular to the 

[001] direction for both lattices. Since the kz direction corresponds to the [001] direction 

it should now be clear why it was crucial to study the electronic structure in the kz 
direction in the previous section. 
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Figure 2.12: (a) body centered cubic lattice of Fe, (b) rocksalt lattice of MgO forming 
(c) together the epitaxial Fe-MgO-Fe junction. Note that the MgO lattice and the Fe 
lattice are rotated 45° with respect to each other  

2.3.1.5 Tunnel magnetoresistance in a Fe-MgO-Fe system 

In this section the tunnel magnetoresistance will be explained based upon the results 

shown by Butler et al. [2]. They calculated the tunneling conductance by relating the 

conductance to the probability of a Bloch electron in one of the ferromagnetic layers 

being transmitted through the MgO barrier layer to the opposite electrode. In order to 

better understand the conductance first the case for k║=0 (kx=0 and ky=0) is examined 

conformal with our discussion of the electronic structure in section 2.3.1.2 and 2.3.1.3. 

To form a complete picture of the Fe-MgO-Fe system, it is required to relate the decay 

rates of the Fe[100] Bloch states in the MgO barrier to its symmetry properties. The 

dispersion relation ( k(E) relation) in the vicinity of the gap of MgO as calculated by 

Butler et al. is plotted in figure 2.13 for the ∆1, ∆2’ and ∆5 Bloch states. Since for an 

insulator only imaginary bands can exist in the bandgap region, k2 was calculated in 

function of the energy. The energy range for which all k2 values are less than zero is the 

bandgap. Note that in figure 2.13 k is multiplied with the MgO lattice constant ∆z, to 

obtain a dimensionless number.  It can be seen that the states with ∆1 symmetry have the 

slowest decay rate from all. The predicted decay rate for the ∆1 band is exp(-2κ∆z) 

where  

2κ∆z = 47.1)( 2

1
≈∆− ∆ zk  

3.5% lattice mismatch  

O Mg c) Fe 

a) 

Fe 

D=0.287nm 

O 

Mg 

D=0.297nm b) 
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Figure 2.13: Dispersion k2(E) for MgO in the vicinity of the gap along Γ-∆-Χ (100) (see 
figure 2.11). Negative values of k2 determine the exponential decay rates for various 
Bloch states. Ev is top of valence band. Ec is the bottom of the conduction band. One 
hartree, the atomic unit of energy, corresponds to approximately 27.2 eV [4]  

The next slowest decay state is for states with ∆5 symmetry followed by the highest 

decay rate for the ∆2’ symmetry band. Note that the ∆1 band is present both at the 
valence band and the conduction band of MgO whereas the ∆5 band is only present at 

the valence band which is conformal with figure 2.11.  

We are now ready to discuss the complete Fe-MgO-Fe tunnel junction. Butler et al. 
calculated the tunneling DOS (TDOS) for the ∆1, ∆2’ and ∆5 Bloch states as a function of 

layer thickness. The TDOS for the majority and minority charge carriers in the parallel 
and antiparallel alignment is plotted in figure 2.14. Note that the density of states is 

plotted in a logarithmic scale. For clarity, the figure should be interpreted from left to 

right, i.e. the incident Bloch states available in the left Fe electrode will decay in the 
MgO and can then effectively couple into the corresponding right Fe electrode 

dependent on its symmetry.  To explain the TMR effect, each panel will be discussed 

separately: 

• In the upper left panel the majority density of states are shown in the parallel 

alignment of the two Fe electrodes. At the left Fe electrode the ∆1, ∆2’ and ∆5 
Bloch states can be seen which are present at the Fermi level for the majority 

channel (see also figure 2.9). In the MgO barrier region different Bloch states are 

transmitted with a different probability. As indicated in figure 2.13. the ∆2’ state 
decays rapidly since there are no ∆2 states near the Fermi energy in MgO (see 

figure 2.11). The ∆1 Bloch state decays slowly and the remaining electrons can 

Bandgap 
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effectively couple into the ∆1 Bloch state of the adjacent Fe electrode which is 
available in the majority channel.  

• In the upper right panel the minority density of states are shown in the parallel 

alignment. It is different to the previous case in that in the minority channel of Fe 
no ∆1 Bloch states are available.  

In the lower panels the conduction in antiparallel alignment is shown i.e. when the 
magnetization of the right Fe electrode is switched.  Since spin is conserved in the 

tunneling process, tunneling will now occur from the majority (minority) channel in the 

left electrode to the minority (majority) channel in the right electrode. Additional Fe 
layers are included in the lower panels to show the TDOS variation in the Fe. 

• In the lower left panel the TDOS are shown for tunneling from the left majority 
channel into the right minority channel. Since there are no ∆1 Bloch states in the 

minority channel available, the ∆1 Bloch states tunneling from the majority 

channel cannot effectively couple into the right electrode. The result is that the 
TDOS for ∆1 Bloch state will keep on decaying in the right electrode, i.e. they 

are reflected at the second interface.    

• In the lower right panel, the TDOS are shown for tunneling from the minority 
channel in the left electrode to the majority channel in the right electrode. It is 

different to the upper right panel in that in this case for the right electrode there 

are no ∆2 compatible states available. Note that the TDOS already decayed 
strongly in the MgO barrier so the overall conductance does not change much.  
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Figure 2.14: The tunneling density of states as a function of the layer thickness for the 
majority and minority charge carriers in the parallel and antiparallel alignment, 
Additional Fe layers are included in the lower panels to show the TDOS variation in the 
Fe. Each TDOS curve is labeled by the symmetry of the incident Bloch state in the left 
electrode, from [2] 

From the previous discussion we conclude that the conductance in the parallel state is 
high, primarily through the high symmetry ∆1 Bloch states. In the antiparallel state the 

conduction is significantly lower due to the absence of ∆1 Bloch states at the second 

electrode in the minority channel. The above discussion can be generalized by 
introducing another degree of freedom (k║ ≠  0) for the tunneling electrons. Although this 

will not contribute much to the comprehension of the underlying physics involved in this 

matter.  

In summary the high TMR values predicted in Fe-MgO-Fe MTJ’s are based upon two 

physical properties which can described as “orbital filtering”: 

• The presence of the s-like ∆1 Bloch state in the Fe majority channel and the 

absence of the ∆1 Bloch state in the Fe minority channel. 
• The filtering of certain Bloch states in the crystalline MgO barrier: the small 

decay rate of the ∆1 Bloch state and the high decay rates of the remaining Bloch 

states  
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2.3.2  Overview of MgO MTJs in practice 

 

As stated earlier, a correct crystalline orientation of the ferromagnetic electrodes and 

lattice matching at the interfaces is required to obtain high TMR ratios in MgO based 
MTJs. However, it has proven difficult to grown bcc Fe with (001) texture directly by 

any practical physical vapor deposition technique without a single crystal substrate [17]. 

In early experiments only modest TMR ratios were found at low temperatures. This was 
attributed to the polycrystallinity of the electrodes and amorphous nature of the oxide 

[18]. In fully epitaxial Fe-MgO-Fe-Co systems using molecular beam epitaxy in 2003, a 
TMR of 67% has been observed at room temperature, increasing up to 100% at low T 

[19]. The authors attributed this TMR effect, which is still considerably lower than 

theoretical predictions, to the growth-induced difference in topology of the two 
interfaces by which the required symmetric matching of the wave functions is affected. 

Other suggestions for a decrease of the TMR ratio are oxidation of one of the electrodes. 

First principle calculations demonstrated the significant decrease of conduction in 
parallel orientation when a FeO layer was inserted at MgO/Fe interface. A solution to 

this problem was proposed by Tsunekawa et al. by the insertion of an ultrathin (≈4iÅ 

Mg layer) between the bottom CoFeB electrode and the MgO.   

In 2004 Yuasa et al. demonstrated a fully epitaxial MgO based MTJ using Fe electrodes 

in an MBE system exhibiting a TMR ratio of around 180% [20]. The same year, Parkin 
et al. observed TMR values up to 220% at room temperature in exchanged biased CoFe-

MgO-CoFe junctions. These MTJ’s were fabricated through reactive sputter deposition 

of the MgO barrier in an Ar-O2 mixture. The full stack was then subsequently annealed 
at relatively high temperatures (up to 380° C). 

Using first principle calculations, Zhang and Butler have predicted that the 
magnetoresistance can be further enhanced when the Fe electrodes are replaced with bcc 

Co electrodes in MgO. Yuasa et al. demonstrated TMR ratios up to 410% in a Co-MgO-

Co MTJ. This is attributed to the absence of the majority ∆2’ and ∆5 Bloch states at the 
Fermi level, in contrast with bcc Fe [21].  
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Due to the inability of depositing single crystalline layers through magnetron sputtering, 
amorphous CoFeB electrodes are extensively studied as a promising candidate for high 

TMR MTJ’s. A thin MgO layer grown on top of an amorphous (CoFe)80B20 layer can 
readily achieve a well-oriented (001) texture after annealing. Postannealing of the film 

stack at temperatures around 360°C induces crystallization of the two (CoFe)80B20 

layers, which occurs from the two MgO interfaces. In this way, the crystallized CoFeB 
at the barrier interfaces can have a bcc structure well matched with the MgO lattice. The 

crystallization process is found to depend strongly on anneal temperature and 

stoichiometry of the CoFeB layer. To date, TMR ratios up to 500% at room temperature 
are reported [22]. 

In a separate study, Hayakawa et al. have shown from TEM images that annealing of 
Co40Fe40B20-MgO-Co40Fe40B20 junctions at sufficiently high temperatures results in the 

formation of highly oriented crystalline CoFeB electrodes that were initially amorphous 

in the as-deposited state (see figure 2.15)[23]. In a reflection high energy electron 
diffraction study, Yuasa et al. have shown that an MgO layer grown on amorphous 

CoFeB initially has an amorphous structure as well, and begins to crystallize in the (001) 

orientation when tMgO exceeds 5 monolayers [24].  

 

Figure 2.15: Cross-sectional TEM images of CoFeB(3)/MgO(2)/CoFeB(3) interfaces 

for samples (a) as-deposited, (b) after annealing at 270°C, and (c) after annealing at 

375°C. MgO barrier deposited on amorphous CoFeB bottom ferromagnetic layer has 

NaCl structure that is highly (001) oriented. Amorphous CoFeB ferromagnetic 

electrodes are crystallized by post annealing at 375°C, from [24]. 

Besides the high TMR ratios found in MgO based MTJ’s, also a clear dependence of the 

TMR with thickness of the MgO barrier was observed [20]. It was found that the TMR 
increases with the thickness of the MgO and saturates beyond tMgO ≈ 20Å. This in good 

agreement with the theoretical framework described above. When the barrier is thick, 

the conductance is dominated by electrons with momentum vector normal to the barrier 
plane, by which electrons in the highly polarized Fe-∆1 band lead to giant TMR values. 
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For thinner barriers the TMR effect is suppressed by the increasing probability of 
electrons tunneling with off-normal momentum vector [5].  

To date, MgO based MTJ’s exhibiting huge TMR values are primarily made through 
evaporation/sputtering from an MgO source.  Another approach is post-oxidation of an 

as-deposited Mg layer. It was argued that the post-oxidation approach would not work 

properly. This was attributed to the fact that a deposited Mg layer shrinks upon 
oxidation [25]. This is in contrast to an Al layer which expands upon oxidation and 

hence forms a very dense oxide [26]. One can calculate the contraction and the 

expansion of Mg and Al respectively upon oxidation. 1inm of Al will become 1.275inm 
Al2O3 after oxidation and the oxidation of 1inm of Mg will result in 0.80inm MgO. 

Despite the above, Mitani et al. have shown TMR values up to 23% at low temperatures 

using plasma oxidized MgO junctions [27]. Later on, Dimopoulos et al. demonstrated 
plasma oxidized MgO junctions with TMR values up to 60% [28]. However it should be 

noted that the barriers obtained by post oxidation were not textured.  

For barrier thicknesses of 1inm or less, plasma oxidation is considered to be too rough 
and insufficiently controllable. This can be assigned to the higher oxidation speed of a 

Mg layer compared to an Al layer [29]. Therefore, natural oxidation would be a better 
candidate to create devices with a thin tunnel barrier and hence a low overall resistance. 

In contrast to plasma oxidation, no results are yet published on MTJ’s using natural 

oxidation of an Mg layer which makes this fabrication method even more challenging.  

In order to put the overall resistance and TMR values of our devices in perspective, an 

overview of the resistance area (RA) products together with TMR values will be 
discussed in this paragraph. It should be noted that all barriers are fabricated using AC 

sputter deposition from an MgO target. Today’s state of the art low-resistance CoFeB-

MgO-CoFeB MTJ’s show an MR ratio up 138% at RT with a RA of about 2.4iΩ µm2 
[30]. The authors attribute this result to the introduction of an ultrathin Mg metal layer 

with a thickness of 4 Å between the CoFeB bottom electrode and the MgO tunnel 

barrier. In particular in the low RA regime (tMgO < 1 nm) the importance of the metallic 
Mg layer is apparent (see figure 2.16). The authors conclude that the metallic Mg layer 

improves the crystalline orientation of the MgO layer when the MgO layer is very thin.  
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Figure 2.16: (left) MR ratio plotted against RA in CoFeB/Mg (0 or 4 Å)/MgO (7–20 Å) 

/CoFeB MTJs. (right) Dependence of TMR ratio on the MgO layer thickness. Open and 

solid circles represent MTJs with and without Mg layer, respectively. Adapted from [30] 

It was also found that when the MgO layer thickness was increased, the RA value and 
TMR value saturated (figure 2.16).  

 

From this literature review we can conclude: 

• It is possible to realize MgO based MTJ’s with extremely high TMR values 

using both sputter deposition techniques as well as MBE techniques. However all 
high TMR results are obtained with MgO tunnel barriers fabricated from a MgO 

deposition source.  

• Furthermore, it turned out to be possible to obtain MgO based MTJ’s with both a 
low RA value together with a high TMR value. To realize this, the MgO barrier 

thickness should be as small as 1 nm.  The insertion of a thin metallic Mg layer 

between the CoFeB bottom electrode and the MgO layer is reported to improve 
the result.  
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3 Experimental basics and set-ups 
 

3.1 Micro fabrication of tunnel junctions 

3.1.1 Sputter deposition of magnetic materials 

 

Magnetic tunnel junction fabrication requires the formation of a uniform multilayer 

stack consisting of a nanometer-sized tunnel barrier in between several nanometers thick 

ferromagnetic electrodes. Considering the intrinsic working principle of MTJs (section 

2.1.2 and 2.2), uniformity and structural quality of the layer structure is of great 

importance. Sputter deposition is a commonly used (ultra) high-vacuum technique 

capable of producing very thin magnetic layers. All devices discussed in this thesis are 

fabricated with an in-house assembled sputter system.  

 

Figure 3.1: Principle of sputter-deposition, adapted from[31]  

In DC sputtering the deposition source is composed of an electrode to which a large 

negative voltage is applied with on top a disc of the target material.  Before deposition 

Ar gas is injected into the sputter gun. The Ar gas becomes immediately ionized by the 

high electric field, forming a glow discharge plasma. The generated positive Ar ions are 

accelerated by the electric field towards the negatively charged target material thereby 

striking it with a high kinetic energy of several hundred eV. From this energy roughly 

95% heats the deposition source whereas 5% knocks out target atoms by momentum 

transfer. Through multiple collisions with gas atoms, the target atoms are uniformly 

distributed and can condense on the substrate as a thin film. In magnetron sputtering the 
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efficiency is improved by placing a ring of permanent magnets behind the electrode to 

confine the plasma in a region close to the target material. This allows the sputter system 

to run at lower pressure while still maintaining a high plasma density and thus a high 

deposition rate.  

The sputter system at IMEC shown in figure 3.2 contains in total 13 sputter guns and is 

composed of three separate deposition chambers connected through a link chamber and 

a series of vacuum valves. The base pressure is in the range of 10-7 / 10-8 Torr 

maintained by 5 turbo molecular pumps and an equal amount of backing pumps. Two 

chambers are used to deposit metals and metal alloys such as Ta, Al, Cu, IrMn, 

Co90Fe10, Ni80Fe20, Ru, Pt, Mg, Co50Fe50, CoFeB whereas 1 chamber is used to deposit 

SiO2 and perform oxidation of deposited layers. All materials are sputtered using the 

method described above except for SiO2 which, because it is not conductive, uses an RF 

bias voltage. In standard conditions layers are grown at a constant power of 55aW and 

an Ar-pressure of 0.3aTorr, however when very thin layers are required a constant 

current of 30 to 50amA is used depending on the material.  The sputter chamber is 

computer controlled using a labwindows program.  

 

 

 
 

Figure 3.2: A schematic overview of the sputter deposition chamber indicating the 
different chambers 
 

3.1.2 Oxidation of magnesium 

In the past, Al2O3 based MTJs were successfully fabricated using either plasma, UV-

light or ozone assisted oxidation and natural oxidation of Al. In the Ultraviolet assisted 

oxidation, a more reactive environment is created. After placing a UV-lamp, usually a 

low pressure Hg discharge lamp, into the oxidation chamber, the UV-light will start a 
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reaction with the O2 molecules forming oxygen radicals and ozone gas (O3). Since the 

volume of O radicals is relatively small, the diffusion rate of these O radicals is much 

higher compared to the O2 and O3 diffusion rates. Hence, the oxidation rate is increased 

with respect to natural oxidation.  

Another oxidation method used extensively for the fabrication of Al2O3 tunnel barriers is 

plasma oxidation. Recently also MgO based MTJ’s were successfully fabricated using a 

plasma oxidized Mg layer (see section 2.3.2). Different plasma oxidation methods have 

been successfully used in the past, such as a dc glow discharge plasma and RF-plasma 

oxidation. Usually pure O2 or mixed Ar-O2 plasmas are used.  

In order to create devices with a low overall resistance, it is necessary to create thinner 

barriers. For barrier thicknesses of 1inm or less, plasma or UV assisted oxidation is 

considered to be too rough and insufficiently controllable. Therefore, for the fabrication 

of low resistive MgO based MTJs, deposition of metallic Mg followed by natural 

oxidation in a controlled oxygen atmosphere was chosen as a first candidate. Natural 

oxidation can be performed in air in a controlled clean room environment but 

preferentially in situ in a pure oxygen environment. Oxygen pressure and oxidation time 

are the main parameters to be controlled and were adjusted for a specific Mg thickness.  

All MTJs fabricated in this thesis were made by in situ natural oxidation of a thin Mg 

layer. Typical oxygen pressures used were between 0.1 and 150aTorr.  

 

3.1.3 Optical lithography 

The fabrication of MTJs requires a process by which specific patterns can be deposited 

on or removed from the sample.  The process of defining these patterns on the sample is 

known as lithography. Lithography uses resist materials to cover areas on the sample 

that will not be subjected to material deposition or removal. Different types of 

lithography processes were developed in the past, such as e-beam lithography and 

optical lithography. The latter, also called photolithography, is the most well-known and 

uses UV-light to create a pattern on the sample.  

In Figure 3.3 a schematic overview of the photolithographic process is given. The 

surface is first treated with hexamethyldisilizane (HMDS) which offers good adhesion 

of the photoresist with the surface. (a) After the sample is coated by a layer of 

photosensitive material called “resist”, it will contain between 20 and 40% weight 

solvent. The sample is prebaked to remove this excess solvent. (b) An image containing 

the desired pattern is then projected on the sample using a photolithographic mask. 

Exposure to UV light will cause chemical reactions which cause the resist to become 

soluble, (c) and thus dissolve away in a developer liquid, whereas the dark portions of 

the mask remain insoluble. (d) The photoresist pattern now serves as a mask for the 
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subsequent etching step or deposition step. (e) Finally the remaining photoresist is 

removed in ultrasonic acetone. If a layer deposition has taken place, this step is often 

referred to as lift-off.  

 

 
 

Figure 3.3: A schematic overview of the photolithography process using UV light 
 
 

3.1.4 Etching 

Different types of etching techniques are used extensively throughout semiconductor 

industry such as plasma etching, wet chemical etching and ion milling. The latter, as its 

name indicates, makes use of an energetic beam of typically Xe ions to bombard the 

surface thereby etching away substrate material.  In this report we will make use of this 

dry-etch technique for MTJ fabrication. Ion milling is done using an in-house fabricated 

ion mill system capable of milling 200imm wafers uniformly at once. A schematic 

representation of the system is shown in figure 3.4. A small amount of Xe gas is let into 

the chamber which becomes immediately ionized by a filament under large voltage. A 

large electric field then accelerates the Xe ions towards a grid under large negative bias. 

Before hitting the sample, the ion beam is neutralized by a cloud of electrons generated 

by a small argon plasma. When the Xe atoms carry a large enough momentum they will 

knock out atoms from the sample. The etch rate is material dependent and furthermore 

its intrinsic working principle makes it a very directional etching method. 
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Figure 3.4: A schematic representation of ion beam etching 
 
 

3.1.5 Full process overview 

 
 
Micrometer-sized magnetic tunnel junctions were created using an optical lithography 

based self aligned lift-off process originally developed by Boeve [32]. The self aligned 

lift-off process utilizes five process steps and is therefore easier and faster to use than a 

full etch or polishing scheme which adopts 6 to 8 process steps. A tunnel junction mask 

was designed by Boeve with a four point cross strip configuration to circumvent contact 

resistances which are detrimental for determining TMR values. The MTJs had a 

rectangular or square geometry with dimensions ranging from 1x1iµm2 up to 

105x105iµm2. The process scheme is outlined in figure 3.5.  

 

After (a) the magnetic multilayer stack was deposited (b) a first photolithography step 

followed by Xe ion-milling was performed to define the bottom electrode structures. (c) 

Using a second lithography - ion milling step the µm-sized MTJs were defined. To avoid 

electrostatic coupling across the tunnel barrier and redeposition of barrier material it is 

preferred to stop this ion mill step just after the removal of the tunnel barrier. Under-

etching obviously results in a shortcut between bottom and top contacts. Consequently 

this ion mill step needs an accurate time-calibration. After the junction ion milling the 

photoresist stays on the sample during (d) room temperature 25inm SiO2 passivation. (e) 

By removing the resist in ultrasonic acetone, a self aligned lift-off of the SiO2 was 

performed, opening up the top and bottom contacts. In order to get a high yield, a long 

lift-off was necessary which was usually done during the night. (f) The device is 

completed after depositing Ti/Au (10/150inm) contacts with lift-off. Note that 

underneath the bottom contacts the tunnel barrier is still present. However, since the 

dimensions of the bottom contacts are much larger than the tunnel junction itself, the 

resistance of the tunnel junction is much higher than the resistance of the bottom 
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contacts. When the optical resist is heated during the process, it dissolves more difficult 

in the acetone. To obtain a high yield in working devices after lift-off, it is necessary to 

minimize the temperature budget of the photoresist during ion milling. To pursue this, 

first longer breaks between ion mill cycles were used and later on, active substrate 

cooling was installed in the ion mill system. Another way to increase the yield is by 

using a double layer resist pattern consisting of a resist that etches isotropically after 

exposure and a normal positive resist. Like this an under etch is created which facilitates 

the lift-off.  

 

 

 

  

 

Figure 3.5: A schematic of the successive processing steps for MTJ fabrication. 
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3.2 Characterization 

3.2.1 MR and IV measurements 

 
The MR effect and IV characteristic are measured using an in house built 4-point 

measurement setup. Two of the probes are used to send a constant current through the 

device and the other two probes are used to measure the voltage across the device. This 

way, measurement errors due to the probe resistance and the contact resistance between 

each probe and the sample material are eliminated. In practice four contacts are 

integrated into the device structure, a probe station is then used to manually contact the 

device using an optical microscope. To apply a magnetic field during the measurement, 

a set-up with electromagnets was available. The applied magnetic field can be measured 

with a Hall sensor located between the poles of the magnet. The setup allows for MR 

measurements in fields up to 170imT. The setup was fully automated and computer 

controlled.  

 

3.2.2 Magneto Optical Kerr Effect (MOKE) 

 
The Magneto Optical Kerr effect (MOKE) refers to a small change in polarization of a 

linearly polarized beam of light upon reflection on a magnetized medium. This 

phenomenon is named after Reverend Kerr who discovered the effect in the 19th century.  

A schematic of the experimental setup built at IMEC is shown in figure 3.6. A laser 

beam is first linearly polarized. After reflecting on the sample the light passes through 

another cross-polarized filter thereby fading out the incident beam that underwent no 

Kerr rotation. The intensity of the light measured by the detector (photodiode) is 

therefore a direct measure of the Kerr rotation. A lens is often used to focus the light into 

the detector. This makes alignment of the setup much easier. Since the relation between 

the Kerr rotation and magnetization for the materials used in this thesis is close to linear, 

the detector output for a single layer can be identified as the magnetization in arbitrary 

units. Since the light intensity decreases by penetrating into the film, for a MTJ the 

intensity of the light originating from the bottom electrode will be smaller than the light 

coming from the top electrode. Throughout this work MOKE was frequently used to 

measure the magnetic behavior and more specifically the hysteresis loops of magnetic 

multilayer stacks. To change the magnetization of the sample a magnetic field sweep 

parallel to the easy axis of the sample was applied as shown in figure 3.e. Note that due 

to the limited penetration depth of light on a metal surface, only the magnetization of the 

top 20 to 30inm can be measured. Therefore only bottom pinned MTJs can be 

characterized with MOKE. 
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Figure 3.6: A schematic of the MOKE setup at IMEC  

 
 

3.2.3 Rutherford backscattering and elastic recoil detection (RBS 
and ERD) 

 
Rutherford back scattering (RBS) is an analytical technique capable of providing 

information about the concentration of various elements of a sample as well as depth 

distributions. In a RBS experiment, high energy ions, usually (2 to 4iMeV) He ions are 

directed onto a sample and the energy and yield of the backscattered He ions after 

colliding with atoms at the near surface region is recorded. Through conservation of 

energy and momentum, the energy of the backscattered He ions can be related to the 

mass of the atoms constituting the substrate.  

When the incident ion collides with an atom deeper inside the sample, it will loose 

energy as it passes through the sample.  Therefore it is possible to obtain quantitative 

depth profiles from the RBS spectra. Obviously the number of backscattering events for 

a given element is dependent on the effective size of its nucleus. Consequently, the 

sensitivity for light masses is relatively poor.   

 
A technique more suitable for providing quantitative information on light elements such 

as magnesium and oxygen is elastic recoil detection (ERD).  In ERD, in contrast with 

RBS, not the backscattering of the incident beam but the energy and yield of atoms 

elastically ejected from the substrate is measured. To facilitate the ejection process, the 

incident ion beam consists of an element heavier than He (except for the detection of 

hydrogen). In the IMEC system a 6iMeV Chlorine beam is used. For the detection of the 

recoils usually a time-of-flight detector is used. A schematic of the ERD experiment is 

shown in figure 3.7.  

 
 

Detector 

Laser 

Polarizers 
Lens 

Sample 

Magnet coils 



 39 

 
 
Figure 3.7: A schematic of the ERD experiment showing the incident beam, the sample 
and the recoils measured by the detector.  
 
 

3.2.4 X-ray photo-electron spectroscopy (XPS) 

 
X-ray photoelectron spectroscopy (XPS) is a surface analytical technique, capable of 

providing quantitative and qualitative information about the topmost 2inm below the 

surface of the sample. It is therefore extremely suitable for providing information about 

oxidation dynamics and impurity concentration of our deposited Magnesium layers. The 

principle of XPS is based upon the photoelectric effect, discovered in 1887 by Heinrich 

Hertz [33].  When electromagnetic radiation (X-rays in case of XPS) is directed to the 

sample it interacts with the electrons of the atoms, leading to the ejection of an electron 

out of its shell with a kinetic energy characteristic for the particular atom [29]. In figure 

3.8, the photoelectric process is shown for an electron from a 2s level. Via the 

conservation of energy, the binding energy of the electron can be calculated using the 

Einstein relationship: 

 

Skinbinding EhE Φ−−= ν  

 

with hν the energy of the X-ray radiation, Ekin the kinetic energy of the electron 

measured by the detector, Ebinding the binding energy of the electron and ΦS the 

spectrometer work function, a value depending both on the spectrometer as well as on 

the material under investigation [29]. Consequently the kinetic energy spectrum 

measured by the spectrometer resembles the spectrum of the atomic levels.  
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Figure 3.8: schematic of the XPS measurement technique and the photoelectric effect, 
from [7]. 
 

Although X-rays have the potential to penetrate into the sample for several micrometers, 

only photoelectrons coming from the first few nanometers will manage to escape from 

the sample due to energy loss through inelastic interactions. This explains the surface 

sensitivity of XPS. Moreover inelastic scattering and the resulting loss of kinetic energy 

of electrons generated in the first few angstroms below the surface gives rise to 

background intensity in the kinetic energy spectrum.  Tougaard and co-workers 

developed a method for the removal of the background intensity [34]. In figure 3.9 a part 

of the XPS spectrum of a clean 100iÅ magnesium layer deposited on a silicon substrate 

is shown. The spectrum is conveniently plotted as a function of binding energy using 

equation 3.1. The core electron of an element has a unique binding energy, therefore 

almost all elements except for hydrogen and helium can be identified via measuring the 

binding energy of its core electron. The electronic configuration of magnesium is 1s2 2s2 

2p6 3s2. The part of the spectrum shown includes the 2p level at 49ieV and the 2s level 

at 89ieV. Next to the Mg 2p core line, some additional peaks are visible. The peaks left 

to the main level originate from photoelectrons that have lost part of their energy to 

excite a collective oscillation of the conduction electrons. The energy quantum of such 

an oscillation is referred to as a Plasmon.  

 

X-rays are produced through accelerating electrons onto an anode material. The X-ray 

energies are characteristic to the anode material, typically Mg or Al is used. Usually the 

Kα line is filtered from the X-ray spectrum. However a small amount of photons coming 

from a different spectral line will also pass through. These photons are responsible for 

the small peak located at the right side of the main level. These peaks are referred to as 

satellites.    
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Figure 3.9: XPS spectra of metallic Mg and plasma oxidized Mg. The spectrum was 
taken after the top 2inm of the magnesium film was oxidized by exposure to an oxygen 
plasma. For clarity reasons the spectrum is artificially shifted in intensity, from [35].  
 

The binding energy of a core electron is also very sensitive to the chemical environment 

of the atom. Consequently chemical information can be extracted from the shift in 

binding energy of a certain core line, typically in the order of 0.1ieV to 10ieV [33]. This 

so called chemical shift is illustrated in figure 3.9 for a plasma oxidized Mg surface: A 

core level electron of a Mg atom in Mg metal (Mg0) has a lower binding energy than a 

core level electron of Mg in MgO (Mg2+). This is because the highly ionic kind of 

binding in MgO pulls away the valence electrons from the Mg atom and due to the lower 

electron charge density the positive electric field of the nucleus is shielded less by the 

remaining electrons and thus the attraction of the inner shell electrons to the nucleus 

enhances [29]. 

 

Since the number of photoelectrons of an element is dependent upon the atomic 

concentration of that element in the sample, not only the chemical state but also the 

stoichiometry of a compound can be studied by XPS. After the value of integrated peak 

intensity (the peak area after background removal) is obtained, the atomic concentration 

of an element, Ci, can be expressed as: 

 

∑
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where Ii is the peak intensity for element i, and Si is the sensitivity factor for the peak i.  

In order to gain chemical information about insulating compounds, such as oxidized 

magnesium, surface charging should be taken into account. Once the photoelectrons are 
emitted out of the sample, the surface gets positively charged and the binding energy 

will be lowered by a constant C.   

(3.2) 
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In order to compensate for surface charging effects, the binding energy needs to be 

calibrated using a reference peak. Typically the impurity C-1s peak is used as the 
reference for calibration. Also a low energy electron flood gun can be used to 

compensate the surface charging during measurement. 
 

Auger process 

 

A secondary process initiated after the creation of a core hole in the XPS experiment is 
called the Auger process. A schematic of the Auger process is shown in figure 3.10. 

When a core electron is emitted from the surface, an empty state is left behind. The 

ionized atom that remains after the removal of a core electron is in an excited state and a 
second electron from a higher shell will fill the inner shell vacancy. In some cases, the 

energy liberated in this process is transferred to a third electron, the Auger electron, 

which will be emitted from the sample and can be measured by the detector.  Another 
possibility is the emission of a characteristic X-ray photon at that energy [33].  
 

 
 
Figure 3.10: Schematic representation of the Auger process showing the atomic orbitals 
and the different steps involved in the Auger process [36].   
 

The auger process is named after the three main steps involved: ionization, relaxation 

and emission.  In particular, the name of the initial level the core electron is excited 

from, followed by the level from which the second electron decays and finally the 

(3.3) 
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electron shell the third electron is emitted from. In figure 3.10, for example, the auger 

electron can be labeled by L1M23M23. Note that due to its intrinsic origin the auger 

emission is independent of the exciting radiation. For example, if the X-ray source is 

changed from Mg-Kα to Al-Kα all photoelectrons peaks increase in kinetic energy by 

233ieV whilst the Auger peaks remain unmoved [33].    

A chemical shift in the photoelectron lines as explained above will obviously produce a 

chemical shift in the auger lines. The magnitude of the Auger chemical shift is however 

often significantly greater than that of the photoelectron chemical shift [33]. Wagner and 
Biljoen [37] found in an early study that the difference between the Auger- and 

photoelectron chemical shifts for Mg and its oxide was five fold.  Sometimes charging 

problems and/or small photoelectron binding energy shifts can make the identification of 
the different chemical states of an element very difficult. To counter this issue, Wagner 

defined the Auger parameter, the difference between the kinetic energy of the sharpest 

Auger peak and the kinetic energy of the most intense photoelectron peak from the same 
element [38]. This parameter, usually denoted as α, is independent of both reference 

level and static charge corrections.  
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3.2.5 Transmission electron microscopy (TEM) 

 
Transmission Electron Microscopy (TEM) is an imaging technique capable of revealing 

details at the atomic scale with spatial resolution. Since the wavelength of electrons is 

much smaller than those of visible light, the resolution attainable for TEM images is 
many orders of magnitude better than that of a normal light microscope. TEM, as its 

name implies, involves the measurement of electrons that are transmitted through the 

sample. To this end, samples must be prepared to thicknesses which allow the 
transmission of electrons, typically around 100inm. A high contrast image is derived by 

blocking electrons scattered from atoms in the material by placing an aperture in the 

objective lens that will stop all those electrons that have deviated from the optical path. 
When a TEM is equipped with the ability to turn the sample holder, electrons diffracted 

at a specific angle can be viewed yielding crystallographic information. In figure 3.11 an 

example of a TEM image is shown on an MgO based MTJ using CoFeB electrodes with 
two different compositions. From the figure it can be seen that that different CoFeB 

compositions give rise to changes in the crystallization process [22].  
 

 
 

Figure 3.11: (a) Cross-sectional HRTEM image of a sample with 75% Co composition, 
i.e., Ta(5)/ Ru(20)/ Ta(5)/ (CoxFe100−x)80B20(3)/ MgO(1.5)/ (CoxFe100−x)80B20(10)/ Ta(3) 
with x=75% and thickness in nm. (b) Image of a sample having 25% Co electrodes in a 
structure otherwise the same as the one shown in (a). Both samples were annealed at 
450°C for 1ih. Bottom CoFeB electrode was fully crystallized to bcc (001) both in (a) 
and (b), whereas the two samples show different features in the top 10inm CoFeB 
electrodes [22]. 
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3.2.6 X-ray reflection (XRR) 

 
 
X-ray reflectivity, a technique related to X-ray diffraction, is a powerful tool that reveals 

detailed information about the surface roughness and thickness of thin layers. It is 

different to XRD in that for XRR a small angle of incidence (grazing angle) is used. 
Furthermore, X-ray reflectivity relies on the interference of X-rays reflected at different 

interfaces, while x-ray diffraction results from the interference of X-rays diffracted from 

periodic lattice planes. The configuration for a XRR measurement is shown in figure 
3.11. 
 

 
 

Figure 3.11: Schematic of XRR configuration showing the Source, sample (P) and 
Detector (D) and the corresponding geometry angles ω, θ and 2 θ 
 
 
A monochromatic x-ray beam of wavelength λ irradiates a sample (P) at a grazing angle 

ω and the reflected intensity at an angle 2 θ is recorded. When the detector rotates at 

twice the speed of the sample, the condition incoming angle is equal to outgoing angle 
(ω = θ) is satisfied.  

The reflection at the surface and interface is due to the difference in reflective index 

which originates from the difference in electron densities for the different films. Below a 
critical angle θc total external reflection occurs. Above θc, the X-ray beam penetrates 

inside the film and reflection will occur at the top and bottom surfaces of the film. The 

critical angle θc can be used to identify the density of the layer:  
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The interference between the rays reflected from the top and bottom surfaces will result 

in interference fringes. This can be described by Bragg’s law which relates the angle of 
constructive and destructive interference to the layer thickness. In figure 3.12 an 

example of a XRR measurement on a Ta film deposited on SiO2 is shown. The thickness 

of the layer can be determined from the period of oscillations:  

 

As roughness gives rise to diffuse scattering, the angle at which the oscillations 
extinguish gives a measure of the roughness. The experimental results can be compared 

with simulated data using GIXA (glancing incidence X-ray analysis) which is used to 

estimate the layer thickness and gives an indication for the roughness of the sample. The 
application of XRD is typically limited to films of 10-100inm, for thinner films the 

oscillation period in the reflected intensity is too long to obtain a good measure, and for 

very thick films the resolution is insufficient to discriminate the oscillations. XRR will 
be used throughout this thesis as an indication of the roughness of the sputter-deposited 

magnesium layers. 
 

 

 
 

Figure 3.12: Intensity as function of 2 θ for a Ta layer deposited for 800 s at 20 W 
DC plasma parameters and 10 sccm Ar gas flow on a SiO2 substrate. 
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3.2.7 Atomic force microscopy (AFM) 

 
When designing MTJs with a tunnel barrier as thin as one nanometer one can imagine 

that material roughness is of vast importance. Atomic force microscopy was used 
throughout this thesis to determine the roughness of sputter-deposited layers, for 

example after using different seed layers.  

AFM is a technique capable of producing images of the topography of a sample by 
measuring repulsive or attractive forces between an extremely small (1-2inm) moving 

tip and the sample surface. In contact mode ionic repulsion is sensed whereas in the non-

contact mode (tapping mode) attractive forces such as electrostatic or “Van Der Waals” 
forces are measured.   

The basic structure of an AFM consists of a stylus mounted on a cantilever spring whose 

xyz-position is controlled by a piëzo electric transducer. The vertical deflection of the 
cantilever is then detected by reflecting a laser beam onto a 2-segment photodiode. This 

signal is then used to adjust the z-position thereby controlling the force between the 

stylus and the sample within some tens of a Pico-Newton.  In this thesis non-contact 
mode AFM was used to measure the topography of a sample surface.  
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4 Results and discussion 
 
To fabricate and characterize MgO based MTJ’s through natural oxidation of a 

deposited Mg layer, many processes needed to be optimized. Different experimental 

techniques were used in order to deal with different issues in the fabrication process. In 

the beginning, to gain skills and to test the fabrication process, MTJ’s were fabricated 

using a naturally oxidized Al2O3 tunnel barrier.  

 

Next, attempts were made to replace the Al2O3 tunnel barrier with a MgO barrier. To 

pursue this, different aspects of the barrier fabrication process were studied separately. 

Moreover, MgO based MTJ’s made by natural oxidation of a deposited Mg layer were 

processed and characterized at IMEC within the framework of a collaboration. These 

MTJ’s gave an indication about the boundary conditions necessary to obtain low 

resistive high TMR junctions.  

 

In section 4.1 Al2O3 based MTJ’s are discussed indicating some physical properties 

from which valuable information concerning the quality of the barrier can be extracted. 

In section 4.2 the morphology of as-deposited Mg layers will be discussed intensively, 

addressing issues such as the influence of the Ar flow and the Mg deposition rate on 

roughness, wetting and density of the layer. In section 4.3 the oxidation of a thin Mg 

layer will be studied based upon the results obtained from different experimental surface 

analysis techniques. Finally in section 4.4 the MgO based MTJ’s are structurally, 

magnetically and electrically characterized.  

 
 

4.1 Al2O3 reference MTJ 

4.1.1 Fabrication  

 
Al2O3 based MTJ’s are made through natural oxidation of a thin Al layer. All junctions 

fabricated in this thesis are made with an exchanged biased bottom electrode, which are 

usually referred to as bottom-pinned MTJ’s (see section 2.1.3). The used bottom 

electrode is as follows: Ta(5inm)/ NiFe(3inm)/ IrMn(10inm)/ Co90Fe10(5inm). A 

magnetic field of 2imT was applied during magnetic layer deposition to induce the easy 

axis. The NiFe layer is inserted as a seed layer for the IrMn layer to induce the fcc (001) 

crystal structure which is necessary to become an antiferromagnet.  After the bottom 

contact was deposited, a 1.0inm thick Al layer was deposited. Since the Co90Fe10 layer 

provides an excellent wetting for the Al layer, it turned out not necessary to optimize Al 

deposition parameters. The natural oxidation time for 1inm of Al was optimized by 

J.Das [26] and set to be 15ihours. After the Al2O3 layer was made, a Co90Fe10 (5nm) top 

contact electrode followed by a Ta capping layer was deposited. Afterwards, annealing 
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at 250°C in a N2 atmosphere was performed in a magnetic field of 80imT. Before 

patterning the layer stack in a four point cross strip configuration (as explained in 

section 3.1.5), the layer stack is first magnetically characterized using MOKE from 

which interesting properties of the layer structure are revealed. 

 

4.1.2 Magnetic coupling through the barrier 

 
 

Since the patterning procedure is a time consuming process, it is helpful to analyze the 

junctions preceding the patterning procedure. More specifically we would like to gain 

information on the quality of the tunnel barrier and the magnetic switching of the 

electrodes. MOKE measurements provide a relatively fast way of magnetically 

characterizing the layer structure. In figure 4.1, a MOKE measurement of an Al2O3 

based MTJ is shown. The complete layer stack was composed of: Ta(5inm)/ 

NiFe(3inm)/ IrMn(10inm)/ Co90Fe10(5inm)/ Al2O3(1.3inm)/ Co90Fe10(5inm)/ Ta(10inm). 

In the figure the soft layer (top electrode) and hard layer (bottom electrode) are 

indicated. The bottom electrode is exchange biased with an exchange bias field of 

around 25imT. The relative Kerr rotation coming from the buried bottom electrode is 

much smaller due to signal loss as the light passes through the top electrode material 

(see section 3.2.2). The small peak on top of the soft layer hysteresis loop (indicated by 

a circle in figure 4.1) is due to measurement artifacts of the MOKE. The most interesting 

property that can be extracted from the MOKE measurements is the (ferromagnetic) 

coupling across the tunnel barrier. On the inset an enlarged picture of the soft layer is 

shown. From this it becomes clear that the soft layer is not completely centered around 

zero but shifted about 1imT towards the hard layer.  

There are generally three types of coupling fields between two ferromagnetic layers 

separated by a nonmagnetic layer [39]: (I) the oscillatory indirect exchange coupling; 

(II) the magnetostatic fringe field coupling from the edges; and (III) the interface 

coupling. It is believed that there is little exchange coupling between the two 

ferromagnetic layers separated by an insulating barrier at low voltage regime because 

the tail of the wavefunction penetrating through the barrier is very small. The fringe 

field coupling becomes important when the layers are patterned and when the lateral size 

of the devices becomes small and/or the ferromagnetic layers are thick. For an 

unpatterned sample, the fringe field coupling becomes negligible. Therefore, the 

dominant coupling mechanism is interface coupling which could include pinhole 

coupling, Neel wall coupling, and Neel coupling. Neel wall coupling occurs when the 

magnetizations of neighboring ferromagnetic layers switch together by wall motion of 

Neel type. However, in our MTJ stack one of the ferromagnetic electrodes is pinned 

with an antiferromagnetic layer which means that the two ferromagnetic layers never 

switch together. Therefore Neel wall coupling can be disregarded.  
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A pinhole is a path of relatively high conduction between the two electrodes, through the 

barrier layer. A pinhole can occur due to inhomogeneous oxidation or due to 

inhomogeneous deposition of the layer prior to oxidation. The observation of a sharp 

increase in coupling between the two electrodes, as the barrier thickness is decreased, is 

often considered as the onset of pinhole formation. Moreover, in case of pinholes 

through the barrier, the largest part of the current through the junction will run via a 

normal metallic contact instead of proper spin-dependent tunneling. This will 

significantly decrease the TMR ratio and will result in an almost linear IV-curve. 

However the non-linearity of the IV-curve suggests that pinholes are not a big factor 

(figure 4.3) (see also end of section 4.1.4). Therefore Neel coupling or “orange peel” 

coupling is the dominant coupling mechanism in our unpatterned samples with possibly 

a minor contribution of pinhole coupling.  
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Figure 4.1: MOKE measurement of a bottom pinned Al2O3 based MTJ along the easy 
axis showing the soft layer and the hard layer. On the inset the soft layer is enlarged to 
show the offset of the soft hysteresis loop indicating a coupling of 1imT between the 
layers.  
 
 

4.1.3 Magnetoresistance measurement 

 
After the four-point cross strip µm-sized tunnel junctions are defined in the magnetic 

multilayer, the magnetoresistance value can be measured. The maximum TMR obtained 

using a naturally oxidized Al layer in combination with Co90Fe10 electrodes was 18%. In 

figure 4.2 a TMR measurement is shown on a MTJ with an area size of 16iµm2 and a 

TMR value of 17%. This substantial TMR value clearly shows that the MTJ fabrication 

process works. However the yield of working devices was still considerably low 

(roughly 10%). This problem was attributed to heating of the photoresist during ion 

milling (see section 3.1.5). By using longer breaks between ion mill steps and active He 

Soft layer  

Hard layer 
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cooling, the heating of the resist can be reduced and the yield was improved 

significantly. This technique was later on used for the fabrication of MgO based MTJ’s.   

Note in figure 4.2 the high coercivity of the free and hard layer as compared to the 

coercivity of the layers measured with MOKE (figure 4.1). This substantial increase in 

coercivity (from 2 mT to 6 mT) is likely to be induced by shape anisotropy [40] since 

the MOKE measurement was performed on bulk sample and the TMR measurement on 

a micrometer sized junction.  
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Figure 4.2: MR measurement on an Al2O3 based MTJ showing a TMR ratio of 17%. The 
complete layer stack was: Ta(5inm) /Py(3inm) /IrMn(10inm) /Co90Fe10(5inm) 
/Al2O3(1.3inm) /Co90Fe10(5inm) /Ta(5inm). 

 
 

4.1.4 IV characteristics 

 
 
To provide additional support for tunneling as the dominant transport mechanism, the 

current voltage (IV) characteristics are measured. From the IV-measurements, the 

differential conductance G can be calculated: G=dI/dV. The IV-measurement and 

differential conductance for an Al2O3 based MTJ is shown in figure 4.3. This particular 

MTJ had an area size of 100x100iµm2 and a TMR ratio of 7%. From figure 4.3 the non 

linearity of the IV characteristic becomes clear which corresponds to an almost parabolic 

shape in the differential conductance also shown in figure 4.3. By fitting the IV-curves 

using Brinkman’s formula (formula 2.6), the barrier thickness, height and asymmetry 

can be extracted. Using an effective mass of 0.4ime, a barrier thickness of 1.5inm, a 

barrier height of 4ieV and an asymmetry of -0.3ieV is found. The modeled barrier 

thickness comes close to the actual barrier thickness which was set to be 1.35inm (1inm 

of Al corresponds to 1.35inm Al2O3 after oxidation). The barrier height was considered 

high, compared to the barrier height found by Das (± 2 eV) [26]. The barrier asymmetry 

TMR=17% 
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was in good agreement with the asymmetry found by Das (± 0.4 eV). Note that the 

Brinkman model assumes parabolic free electronic bands and can therefore only give a 

rough estimate of the real barrier height and thickness. Note also that in this particular 

IV-measurement, the voltage ranged from -1iV to 1iV whereas the voltage range for 

which the Brinkman model is to be valid in the range from -0.4iV to 0.4iV. This will 

slightly change the outcome of the fit parameters.  
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Figure 4.3: IV-measurement and derived differential conductance of an Al2O3 based 
MTJ for the antiparallel state. The IV curve is fitted using the Brinkman formula from 
which an estimated barrier thickness, height and asymmetry is extracted. The extracted 
parameters are: Barrier thickness: 1.5inm, Barrier height: 3ieV, Asymmetry: -0.3ieV 
 
It should be noted that while a non- linear IV-curve together with a substantial MR value 
suggests that tunneling is the dominant transport mechanism, only the temperature-
dependent conductivity is found to be a solid criterion [41]. Zhang et al. [42] 
demonstrated that even when as much as 88% of the current flows through a pinhole 
short, there is still enough tunneling current to give a good fit to the Simmons model. 
Therefore, to rule out the possibility of pinholes, temperature dependent conduction 
measurements are to be performed. However, within the timeframe of this thesis, no 
temperature-dependent measurements were performed. The strong ferromagnetic 
coupling through the barrier was used as a criterion to verify the presence of pinholes 
(see section 4.1.2).  

 

4.2 Fabrication of MgO based MTJ’s 

4.2.1 Morphology of as-deposited Mg layers 

 
In order to fabricate an MgO tunnel barrier through natural oxidation of a thin Mg layer, 
it is necessary to optimize the morphology and quality of the as-deposited Mg layers. It 
is reasonable to think that thickness, roughness and impurity concentration in the Mg 
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layer are of great importance to create a smooth pinhole-free MgO tunnel barrier. A 
lower density of the Mg film can possibly enhance the oxidation rate considerably. 
Furthermore roughness induced in the bottom contacts will be continued up to the 
electrode-barrier interface. Therefore it is also necessary to monitor the roughness 
induced in the layers preceding the MgO tunnel barrier. A technique suitable to give an 
indication of thickness, roughness and density of the layer is X-ray reflection (see 
section 3.2.6). For an exact measure of the roughness AFM (see section 3.2.7) is the 
appropriate technique.  
 
For the deposition of thin, smooth Mg layers, the adatom mobility of the Mg atoms after 
they reached the substrate plays a significant role. The adatom mobility is both 
dependent on the kinetic energy of the Mg atoms and the wetting with the underlying 
layer.  When the adatom mobility is very large, the chance of island formation will be 
increased. Obviously this will result in an increased roughness of the layer. On the other 
hand when the adatom mobility is very short, not all vacancies will be filled with Mg 
atoms possibly resulting in a low density Mg layer. Also the flux of incoming atoms or 
the growth rate is important. When the growth rate is too large, the atoms don’t have the 
chance to reorganize on the surface even when the mean free path is large enough. On 
the other hand, a small growth rate increases the chance of incorporating impurity atoms 
in the layer.  
 
In DC sputter deposition, different deposition parameters can be controlled and 
optimized in order to tune multiple properties such as thickness, roughness, impurity 
concentration and density of the deposited layer. All parameters are material dependent. 
For example for heavy elements such as Ta the collision kinetics with Ar atoms in the 
plasma are different to that of light elements such as Mg. Therefore the kinetic energy 
and hence the adatom mobility of the atoms condensing on the surface of the sample 
will be different.  
All parameters are also system dependent. For example, the strength of the magnetic 
field confining the plasma and the volume of the sputter chamber will change the 
optimum Ar flux. The most important control parameters in the sputter system at IMEC 
are the argon flux and deposition power. In order to optimize the deposition parameters 
first the Ar flux was varied while keeping the power constant. Later on in another 
experiment, the power was varied at a constant Ar flow. In each experiment four 
samples were prepared and subsequently analyzed using XRR. As stated earlier the 
wetting with the underlying layer is important for the growth. Ultimately for the MTJ’s 
the goal is to homogeneously deposit a thin Mg layer on a CoFeB bottom electrode. 
Therefore for the XRR experiments it was chosen to deposit the Mg layers on a 5 nm 
thick CoFeB seed layer. In figure 4.4 the XRR measurements at a different argon flow 
are shown. The thin CoFeB seed layer corresponds with a very large period of 
oscillation (equation 3.5). The first oscillation minimum of the CoFeB seed layer can be 
found at 2θ = 3.5 deg. Superimposed on the CoFeB oscillation, the interference 
oscillations of the thicker (≈20 nm) Mg layer are clearly visible.  The actual data were 
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simulated in order to extract properties such as thickness, roughness and density of the 
deposited layer.  
In table 4.1 the estimated thickness, roughness and density of the Mg layer for various 
Ar flows are given. From the table it becomes clear that 10isccm of Ar flow corresponds 
to the lowest roughness value together with a density which equals the value of pure Mg. 
For the case of 60isccm Ar flux, the roughness of the layer was such that a correct 
simulation of the data was merely impossible. From the table it can be seen that for 
higher argon flow, the deposition rate of the layer decreases. Increasing the argon flow 
reduces the deposition rate in two ways [43]. First, increased argon pressure causes to 
decrease the target bias voltage and hence decreases the amount of Ar atoms with kinetic 
energy high enough to knock out atoms from the target material. Secondly, the mean 
free path of the Ar atoms is decreased upon increasing Ar pressure, thereby decreasing 
the kinetic energy an Ar atom can obtain before hitting the target material.   
 
Table 4.1: Thickness, roughness and density of Mg layers deposited at 50iW for 138 s at 
various Ar flow rates. The numbers are acquired from simulations of the actual XRR 
data. It can be seen that at 10isccm Ar flow the roughness is lowest while the density is 
exactly equal to that of pure Mg. Therefore, 10isccm Ar flow is considered the optimum 
value for the deposition of Mg.  
 
Input power Argon flux Thickness Roughness Density 
50iW 5 sccm 293 Å 6 Å 1.550 g/cm3 
50iW 10 sccm 202 Å 5 Å 1.740 g/cm3 
50iW 20 sccm 122 Å 5 Å 1.800 g/cm3 
50iW 60 sccm 120 Å >25 Å 0.700 g/cm3 
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Figure 4.4: XRR measurements of a Mg film grown at a different argon flow rates on 
top of CoFeB. The data are simulated in order to extract properties such as thickness, 
roughness and density of the layer. From the figure it can be seen clearly that the layer 
deposited at 60isccm shows no fringes indicating a considerable roughness of the layer.  
The graphs are shifted in vertical direction for comparison. 
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In figure 4.5, the Mg deposition power was varied at a constant Ar flow of 10isccm. A 
series of 4 samples were prepared and subsequently analyzed using XRR. From figure 
4.5 it can be seen that the angle at which the Mg interference oscillations are still visible 
is clearly higher for the 30iW case as compared to the 6iW case. This suggests that the 
latter corresponds to a much rougher layer compared to the first (30 W) layer.  The data 
were simulated from which roughness, thickness and density of the layer can be 
approximated. In table 4.2 the extracted properties are tabulated. It can be seen clearly 
that the roughness is considerable in case of 6iW input power. The roughness then 
decreases and becomes almost zero for 30iW input power after which it increases 
rapidly again. We will see later on in section 4.3.1 that a naturally oxidized Mg tunnel 
barrier deposited at 20iW contains a smaller amount of pinholes compared to a barrier 
deposited at 6iW. 
 
 
Table 4.2: Thickness, roughness and density of Mg layers deposited at different 
deposition power and 10isccm Ar flow. The numbers are acquired from simulations of 
the actual XRR data. It can be seen that the roughness is lowest at 30iW.  
 
Input power Argon flux Thickness Roughness Density 
6 W 10 sccm 168 Å 9 Å 1.600 g/cm3 
20 W 10 sccm 176 Å 4 Å 1.500 g/cm3 
30 W 10 sccm 259 Å <2 Å 1.650 g/cm3 
50 W 10 sccm 202 Å 5 Å 1.740 g/cm3 
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Figure 4.5: XRR measurements of a Mg film grown at different Mg deposition power on 
top of CoFeB. The data are simulated in order to extract properties such as thickness, 
roughness and density of the layer. From the figure it can be seen clearly that the layer 
deposited at 30iW shows the best fringes indicating the smallest roughness of the layer. 
The graphs are shifted in vertical direction for comparison.  
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Another way of decreasing the mean free path of the Mg atoms on the substrate material 

is by cooling down the substrate to low temperatures. This feature however is not 

available at the IMEC sputter system. In order to prepare samples for in-situ XPS 

measurements at Eindhoven University of Technology, the Mg deposition rate was 

calibrated. Difficulties with the calibration through XRR suggested cooling down the 

substrate material to liquid nitrogen temperatures. This technique can significantly 

reduce the adatom mobility of the Mg atoms on the substrate material. Upon reaching 

the substrate material, the kinetic energy of the Mg atoms is directly transferred to the 

cooled substrate thereby reducing the adatom mobility of the Mg atoms. In figure 4.6 the 

XRR measurement at different substrate temperatures is shown. It can be seen that the 

angle at which the oscillations are still visible increases at lower substrate temperature. 

This indicates that the roughness decreases with decreasing substrate temperature. This 

could be a useful technique to further decrease the roughness of a deposited layer after 

the optimization of the deposition power and argon flux.  
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Figure 4.6: XRR measurement on stack: substrate/Ta(2inm)/Mg(35inm)/Ta(2inm) at 
different substrate temperatures. At lower deposition temperatures the angle at which 
the oscillations are still visible is higher, indicating that the roughness decreases with 
decreasing substrate temperature. The flat part at the left side of the measurement is 
where the detector is in saturation. The graphs are shifted in vertical direction for 
comparison. 
 

In order to fabricate a smooth MgO tunnel barrier, the roughness induced in the bottom 

electrode needs to be extremely small. Roughness of tunnel oxide layer generated from 
seed layer roughness reduces TMR ratio as well as RA product owing to locally reduced 

oxide layer thickness. 

As a start, AFM tests have proven the necessity of extensive cleaning and immediate use 
of the SiO2 substrates after cleaning. To verify the smoothness of the bottom contacts an 

AFM image of the complete bottom layer stack was taken (shown in figure 4.7). The 

bottom layer stack was composed of Ta(3inm)/ Ru(10inm)/ Ta(3inm)/ NiFe(3inm)/ 
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IrMn(10inm)/ CoFeB(5inm). The Ru layer was inserted to smear out roughness induced 
by the SiO2 substrate. The measured RMS value was 0.43inm. 

 

 
 

Figure 4.7: 100iµm2 AFM image of a Ta(3inm)/ Ru(10inm)/ Ta(3inm)/ Py(3inm)/ 
IrMn(10inm)/ CoFeB(5inm) bottom electrode. The measured RMS value was 0.43inm 
together with a grain density of 0.11/µm2. 

4.2.2 Oxidation dynamics of thin Mg layers 

 
Next to the deposition of a thin Mg layer it is necessary to characterize and optimize the 

oxidation of the thin Mg layer in terms of stoichiometry of the resulting MgO layer. 
Furthermore it is important to prevent over- and under-oxidation of the Mg layer as it 

will decrease the TMR significantly due to spin-flip scattering. It should be noticed that 

since we are dealing with extremely thin Mg layers it is a major challenge to measure 
the oxidation dynamics directly. Instead of the time consuming technique of processing 

the layer stack, measuring the TMR and use the TMR as a feedback for the oxidation 

time, various physical techniques have been explored to optimize the oxidation time and 
pressure.  

 As a first indication of the O concentration after the oxidation of a thin Mg layer, a 

Rutherford backscattering experiment (RBS) was performed. This technique could then 
be used to optimize the Mg thickness, the oxidation time and oxidation pressure in order 

to obtain a fully oxidized Mg layer. In figure 4.8 an RBS measurement and simulation of 

a thin oxidized Mg layer deposited on a thick Ta layer is shown. The complete layer 
stack is composed of:  SiO2 (substrate) / Ta(500inm)/ Co50Fe50(3inm)/ Mg(4inm) + 

oxidation(19ih, 180iTorr)/ Pt(10inm). A Pt cap was chosen to prevent further oxidation 

of the Mg layer. During a collision the total energy and momentum of both atoms are 
conserved. As a result, the energy of a backscattered ion depends only on the mass of the 

atoms with which it collides. In principle, each target has its specific line. However, the 

incoming and backscattered ions loose energy when they travel through a material. This 
results in a signal shift for a buried layer to lower energy.  
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Figure 4.8: RBS measurement and simulation of a thin oxidized Mg layer deposited on a 
thick Ta layer. The left panel is drawn on full scale; the right panel on expanded vertical 
scale. The complete layer stack is composed of: SiO2(substrate) / Ta(500inm) / 
Co50Fe50(3inm) / Mg(4inm)+oxidation (19ih,180iTorr) / Pt(10inm). The Ta layer was 
inserted to obtain a background free Mg and O peak as shown in the right panel. 
However these peaks vanish in the background intensity originating from the multiple 
scattering in the Ta layer. In the left panel the complete measurement is shown, 
indicating the small yield of the low mass Mg and O atoms comparing to the high mass 
Ta atoms. 
 
Moreover, when a very thick layer is measured such as in this case the SiO2 substrate 

and the Ta layer, a plateau is formed (see figure 4.8). This can be intuitively understood 
by splitting up the thick layer in many thin layers. The top thin layers cause a shift of the 

buried layers to lower energy. All layer together then form the plateau. Imagine now an 

RBS measurement of a thin MgO layer deposited on top of a (thick) SiO2 substrate. 
Since the Si mass is higher than the Mg and O masses, the O and Mg peaks will be 

superimposed on top of the SiO2 plateau. This would make a direct comparison of the 

Mg and O concentration virtually impossible. Therefore it is necessary to obtain a 
background free Mg and O peak. One solution would be to use a substrate composed of 

a material less heavy than O and Mg. However no such substrates are available. 

Another, more convenient solution to this problem would be to shift the SiO2 plateau to 
lower energy by inserting a thick layer with a higher mass as Si in between the MgO 

layer and the SiO2 substrate. In our measurement a thick Ta layer was inserted in 

between the substrate and the MgO layer. The thickness of the Ta layer causes a 
significant energy loss of the ions originating from a collision with the SiO2 substrate 

atoms and hence will cause a shift of the SiO2 peak to lower energy. A heavy material 

such as Ta was chosen in order to prevent an overlap of the Ta plateau with Mg peak. In 
the RBS simulation (see figure 4.8) it was possible to tune the Ta thickness as such that 

both the Mg and O peaks were background free. However, our experiments (see figure 

4.8) have shown that multiple scattering inside the Ta layer causes a background tail 
behind the plateau which makes the small O and Mg peaks invisible. This indicates that, 

although it seemed possible in simulation, the RBS technique is unsuitable to 

quantitatively study the oxidation of a thin Mg layer.  
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A technique that is potentially more suitable for providing quantitative information on 

light elements such as magnesium and oxygen is elastic recoil detection (ERD) (see 

section 3.2.3). For the ERD measurement the following layer structure was designed: 

SiO2 (substrate)/ CoFeB (50) / Mg (1) / oxidation (8 min, 0.1 Torr) / Pt (5) with 

thickness listed in nm. The thick CoFeB layer was inserted to distinguish the O 

originating from the substrate and the O coming from the MgO layer (same technique as 

for RBS). The raw data (time of flight vs energy) procured from the ERD measurement 

is shown in figure 4.9. The graph shows typical parabolic shaped velocity versus energy 

curves for each specific mass. From this graph, the different elements constituting the 

sample are visible. However it can be seen that the CoFeB layer is not found on figure 

4.9. Apparently the CoFeB layer was not deposited. The log file of the sputter system 

confirms the absence of the CoFeB. Unfortunately due to time constraints and long 

down times of the system it was impossible to perform more experiments (it is an 

experimental setup, not a device tool). Atoms escaping from the sample have a specific 

velocity dependent on the number of collisions they underwent inside the sample. Atoms 

that are directly ejected from the sample are clustered in a high-intensity region at the 

left end of each parabola. The long tails at the right are the result of multiple scattering 

events. For the concentration analysis, only the high-energy/short time-of-flight part is 

used, as indicated by the colored selections on figure 4.9. the resulting depth profile is 

shown in figure 4.10.  

 
Figure 4.9: Raw data procured from the ERD experiment. The data are only used to 
resolve for each specific mass.  
 
From figure 4.10 it can be seen that the Mg is situated at a relatively well defined depth. 
Unlike for the Mg, the O depth concentration shows a tail to larger depth.  This can be 

attributed to the fact that the thick Al layer is not deposited. Therefore the Oxygen atoms 

from the SiO2 substrate material are considered responsible for the tail behind the O 
peak. When the tail behind the O peak could be eliminated, the complete integral could 
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be calculated which could provide a clear indication of the stoichiometry and hence the 
Mg oxidation parameters.  

Figure 4.10: Concentration versus depth profile of the Mg and O atoms. Between the 
red lines the integral is taken from which the relative concentration, as shown on the 
inset, is calculated.  
 
 

XPS measurements 

 
XPS is a surface analytical technique from which valuable information such as 

stoichiometry, impurity concentration and chemical environment of the thin Mg layer 
can be extracted. Since currently no XPS measurement tool is installed at the sputter 

system at IMEC, it was inevitable to take the samples out of the UHV environment to 

the XPS system. In order to prevent further oxidation of the Mg layer, a thin capping 
layer was deposited after the oxidation procedure. However strict requirements are 

posed to the capping layer. First of all, it needs to be homogeneously deposited and thick 

enough to protect the MgO layer from the environment. Secondly, it needs to be thin 
enough such that electrons generated inside the MgO layer can escape the sample. 

Depending on the electron binding energy, this escape depth can range from 5 up to 

roughly 30 monolayers [33]. To comply with both requirements, a capping layer 
thickness of 3inm was chosen. From the XPS point of view, a copper capping layer was 

preferred since it does not show any overlap with the important Mg photoelectron lines.  

However AFM measurements have shown (figure 4.11) the infeasibility of depositing a 
thin Cu capping layer homogeneously on the MgO surface. A clearly pronounced island 

formation was observed (Figure 4.11). Although the XPS measurements indicated the 

presence of unoxidized Al (figure 4.1), we still found a complete oxidation of the Mg 
layer that was not intentionally oxidized in the sputter system.   
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Figure 4.11: AFM image of a thin Cu layer deposited on MgO. A clear island formation 
is observed.  
 

After several attempts, an Al capping layer was selected. To verify the effectiveness of 

the Al capping layer, a sample with non-oxidized Mg was measured. When the Al 
capping layer provides protection of the Mg layer to the environment, no oxidation of 

the Mg layer is expected.  Although the XPS measurements indicated the presence of 

unoxidized Al (figure 4.1), we still found a complete oxidation of the Mg layer that was 
not intentionally oxidized in the sputter chamber.  

 

 
Figure 4.12: Al-2p photo-electron spectrum showing a metallic Al peak and an oxidized 
Al peak at higher binding energy.   
 

Therefore, ex-situ XPS was regarded unsuitable for the characterization of the oxidation 
dynamics of our thin Mg layers. Despite the reproducibility issues (Mg deposition 

parameters, impurity concentration chamber, etc.), the XPS measurements were 

AlOx 
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continued in-situ at Eindhoven University of Technology. In order to obtain a smooth 
Mg layer, the substrate was cooled down to liquid nitrogen temperatures during growth 

(see section 4.2.1). In figure 4.13, a survey spectrum is shown of a 0.9inm thick natural 

oxidized Mg layer deposited on CoFeB. For comparison the spectrum of a metallic Mg 
layer is shown. The spectrum is obtained with Al-Kα (1486.6ieV) X-rays, as the Mg-1s 

core line (1305ieV) cannot be obtained with Mg-Kα (1253.6ieV). The photoelectron 

lines of the upper layer elements, i.e. the Mg-1s and O-1s lines, the Mg-2s, Mg-2p lines 
and Auger lines of Mg, are visible. The Co-2p and Fe-2p peaks are also visible due to 

the limited thickness of the Mg layer on top.  
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Figure 4.13: XPS overview spectrum of a thick metallic Mg layer and a naturally 
oxidized 0.9inm thick Mg layer deposited on CoFeB. The sample was oxidized for 
8iminutes in a pure oxygen environment at 0.1iTorr. The graphs are shifted in vertical 
direction for comparison. Data of metallic Mg acquired from [35] 
 
Upon oxidation, the position of the Mg lines move to higher binding energy due to the 
changed chemical environment (see section 3.2.4). As stated in section 3.2.4, this so 

called chemical shift is most apparent for the Auger lines, resulting in a shift of 5ieV to 

lower kinetic energy (or higher binding energy) on oxidizing the Mg. In figure 4.14, the 
Auger KL23L23 lines are shown for a thick metallic Mg layer and a thick Mg layer after 

plasma oxidation (5imin, 1⋅10-2 mbar O2, and 7.5iW) together with a series of 

measurements on natural oxidation which will be discussed below. Data for the plasma 
oxidized Mg layer and metallic Mg layer are taken from [35]. For the metallic Mg layer 

a pronounced peak at 1185.7ieV is found which can be ascribed to metallic Mg. Two 

smaller peaks at lower kinetic energy (1180.8 and 1175.4ieV) are observed which can be 
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attributed to MgO. As compared to the metallic Mg layer, the plasma oxidized Mg layer 
has a more pronounced MgO peak while it still exhibits a small metallic Mg peak at 

higher kinetic energy. This could indicate either a poorly oxidized Mg layer and/or that 

the thickness of the MgO layer is small compared to the photoelectron escape depth i.e. 
the metallic Mg peak present for the plasma oxidized Mg layer originates from the Mg 

layer underneath the thin MgO layer. To characterize the natural oxidation of an Mg 

layer, a series of samples with different Mg thicknesses (0.9inm, 1.2inm and 1.5inm) 
grown on a (5inm) CoFeB layer are shown in figure 4.14. All samples are oxidized for 8 

minutes in a pure oxygen environment at 0.1iTorr. It was expected that the 1.2inm and 

1.5inm Mg layers were not fully oxidized whereas the 0.9inm Mg layer was expected to 
be fully oxidized. However all Mg layers were found to be completely oxidized after the 

natural oxidation step, i.e. no metallic Mg peak was found and a clearly pronounced 

peak was observed at the kinetic energy of MgO.  
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Figure 4.14: background subtracted Mg-KL23L23 Auger lines of a metallic Mg layer and 
naturally oxidized Mg layers of different thickness oxidized for 8 minutes in a pure 
oxygen environment at 0.1iTorr. The Mg thickness was varied from 0.9inm to 1.5inm. 
For comparison a plasma oxidized Mg layer is shown. The graphs have been shifted 
vertically for comparison. Data for plasma oxidized Mg and metallic Mg are taken from 
[35]  
 
 
To confirm the oxidation state measured by the Mg-KL23L23 Auger lines, we will focus 

on the Mg-2s, Mg-2p and O-1s peaks.  In figure 4.15, the Mg-2p photoelectron spectrum 

is shown for a 0.5 nm naturally oxidized Mg layer deposited on CoFeB. The peak on the 
left side is expected to result from Fe-3p lines and its different oxides. The peak at the 

right side is situated exactly on the binding energy of MgO confirming the previous 

result that the Mg layer is fully oxidized. It was attempted to fit the spectrum with two 
Gaussians but it became clear that (at least) three Gaussians were necessary to curve fit 

the Mg-2p spectrum. The curve fits indicated the presence of Fe and Fe-O, however the 
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exact Fe-O composition cannot be determined. Note that the thicker Mg layer displays a 
similar spectrum with only the expected small change in intensity between the MgO and 

Fe peaks. Note also the small background intensity at the right side of the MgO peak. 

This is probably caused back the background subtraction procedure.  
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Figure 4.15: background subtracted Mg-2p photoelectron lines of a 0.5 nm and a 1.2 
nm Mg layer oxidized for 8 minutes in a pure oxygen environment at 0.1 Torr. In the 
figure the tabulated binding energies for Mg, Fe and its oxides are indicated. It is clear 
that the Mg-2p spectrum is disturbed by the presence of Fe-3p at binding energies 
ranging from 52.8 eV to 55.8 eV as indicated by the red shaded part.  
 

 
Similar to the Mg-2p spectrum, the Mg-2s spectrum was also disturbed in this case by 

the Fe-3s photoelectron lines which are almost equal in binding energy compared to the 

Mg-2p lines. Also the Mg-1s lines showed a small chemical shift upon oxidation.   
 

We will now take a close look at the Fe-2p spectrum in order to determine the Fe 

oxidation state. This could provide important information since over-oxidation of the 
Mg layer severely deteriorates the TMR value. In figure 4.16 the background subtracted, 

normalized Fe-2p spectrum is shown for a series of samples: with 0.5inm, 0.9inm and 

1.5inm of Mg oxidized for 8iminutes at 0.1iTorr. The spectrum was measured with Mg-
Kα X-rays to avoid an overlap with the Co-Auger lines. Upon oxidation, the Fe-2p peak 

would shift to higher binding energy (from 707 to roughly 710ieV, depending on the 

oxide). In figure 4.16 at the right side of the Fe2p3/2 peak, a small shoulder can be 
observed indicating that the Fe is slightly oxidized after 8iminutes of oxygen exposure. 

Note that the shoulder is more pronounced for the thinnest Mg layer (0.5 nm) compared 
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to the 1.5 nm Mg layer after oxygen exposure. A similar spectrum was observed for the 
Co-2p peak from which we can conclude that according to the XPS data the CoFeB 

layer is slightly oxidized after 8iminutes of oxygen exposure at 0.1iTorr. It should be 

noted that Fe oxidizes much faster than Mg. This becomes clear by comparing the 
binary phase diagrams from Fe-O and Mg-O [44]. Fe-O decomposes at a temperature 

less than 1600°C whereas Mg-O decomposes at 2800°C.   
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Figure 4.16: background subtracted Fe-2p photoelectron lines of a 0.5inm and 1.5inm 
Mg layer oxidized for 8iminutes in a pure oxygen environment at 0.1iTorr and a 0.9inm 
Mg layer oxidized for 20iminutes. No chemical shift is observed indicating that the Fe is 
not oxidized.  

 
From the XPS experiments we can conclude the following: 
 

• The oxidation of a thin Mg layer can be seen best in the Mg-KL23L23 Auger 

lines but is also visible in the Mg-2s and Mg-2p spectrum. No metallic Mg was 
found indicating that the (1.5 nm) Mg layer was fully oxidized after 8 minutes 

in 0.1 Torr oxygen. 

• There is a small overlap between the Fe-3p and Mg-2p lines and between the 
Fe-3s lines and Mg-2s lines which makes a quantitative analysis of the peaks 

impossible. This is important if the stoichiometry of the layer is to be 

measured.  
• From the Fe-2p spectrum we can clearly see oxidation of the CoFeB layer and 

hence over-oxidation of the Mg layer. This shows that in order to get a 

perfectly oxidized Mg layer either a shorter oxidation time or a thicker Mg 
layer has to be chosen. However precaution must be taken concerning the 

roughness of the as-deposited layer and its influence on the oxidation 

dynamics.  
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4.3 Characterization of naturally oxidized Mg based MTJ’s 

 

4.3.1 In-house made MTJ’s 

 

Reduction of the magnetic coupling through the barrier 

 
MOKE measurements were used as a powerful and relatively fast tool to investigate the 

quality of the MgO tunnel barrier. As was explained in section 4.1.2, the ferromagnetic 

coupling between the electrodes through the tunnel barrier in a bulk sample can be 

reduced to two coupling mechanisms: pinhole coupling and interface roughness or 

“orange peel” coupling. By varying different barrier fabrication parameters, their effect 

on the coupling and hence the quality of the MgO barrier can be measured. In figure 

4.17, MOKE measurements are  shown on a series of MgO based MTJs with variable 

oxidation times of a 1 nm thick Mg layer deposited at low power (6 W) and standard Ar 

flow (10 sccm). For comparison, a junction was measured with a metallic Mg layer 

without oxidation. It can be seen from figure 4.17 that in case of a metallic Mg buffer 

layer (no oxidation) deposited in between the ferromagnetic electrodes, no decoupling of 

the layers was found. The electrodes magnetically act as one electrode exchanged biased 

with the IrMn antiferromagnetic layer. As the exchange bias field is dependent on the 

thickness of the electrode, i.e. the exchange bias field decreases linearly with increasing 

electrode thickness, the exchange bias is approximately halved in comparison with the 

case of an oxidized Mg layer. It is expected that 1 nm of Mg is oxidized in 8 minutes at 

a pressure above 0.1 Torr (see section 4.2.2). When a 1 nm thick Mg layer was oxidized 

for 7 minutes at 0.1 Torr, a ferromagnetic coupling of 5.5 mT was observed (see inset 

figure 4.17). After doubling the oxidation time to 15 minutes no difference in 

ferromagnetic coupling was found. This suggests that over-oxidation of the Mg layer 

and subsequent oxidation of the CoFeB layer has no effect on the ferromagnetic 

coupling between the electrodes. This can be verified by deleting the Mg layer from the 

complete stack, this way oxidizing the CoFeB layer directly. A similar hysteresis curve 

to the un-oxidized Mg junction was found (see figure 4.17). This can be attributed to the 

fact that upon oxidation of Fe, ferromagnetic Fe2O3 is formed. This experiment shows 

that over-oxidation of the Mg layer cannot be detected with the MOKE measurements. 

Moreover, the cause of the strong ferromagnetic coupling between the electrodes is 

likely induced by pinholes, since only pinhole coupling can explain the strong 

ferromagnetic coupling (see section 4.1.2).   
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Figure 4.17: MOKE measurements on a bottom pinned MgO based MTJ along the 
easy axis at different oxidation times. The complete layer stack was composed of Ta(3 
nm)/ Ru(10 nm)/ Ta(3 nm)/ NiFe(3 nm) /IrMn(10 nm) /CoFeB(5 nm) /Mg(1 
nm)+OXIDATION (0.1 Torr)+ Mg(0.4 nm) /CoFeB(5 nm)/ Ta(5 nm). The Mg layer 
was deposited at 6 W and an Ar flow of 10 sccm.  On the inset the soft layer is 
enlarged to show the offset of the soft hysteresis loop.  
 
It is likely that the homogeneity and roughness of the thin Mg layer has a strong 
influence on the tunnel barrier properties. As quoted in section 4.2.1, to deposit a smooth 
Mg layer, it is beneficial to improve the wetting of the Mg layer with the CoFeB. One 
way of improving the wetting of the Mg layer is by oxidizing the topmost part of the 
CoFeB layer.  Since the binding energy between the oxygen atoms at the surface of the 
CoFeB layer and the incoming Mg atoms is large, the mean free path of the Mg atoms is 
decreased thereby reducing roughness and island formation. Upon annealing it is 
expected that the oxygen atoms will diffuse towards the Mg layer since the binding 
energy between O and CoFeB is lower than between O and Mg. In figure 4.18, MOKE 
measurements are shown for samples with 5 s and 1 min oxidation (at 0.1 Torr) of the 
CoFeB layer before deposition of the Mg layer at 6 W. For comparison, a MOKE 
measurement without oxidation of the CoFeB is shown. It can be seen that the 
ferromagnetic coupling between the electrodes is reduced significantly from 5 mT to 3.5 
mT when the CoFeB layer is slightly oxidized for 5 s. Upon 1 min oxidation of the 
CoFeB layer, the ferromagnetic coupling is further reduced to 2 mT. Since over-
oxidation/ oxidation of the CoFeB of the Mg has no direct influence on the 
ferromagnetic coupling (previous result, figure 4.17), it is expected that the decrease in 
ferromagnetic coupling upon oxidation of the CoFeB layer can be attributed to the 
improved wetting of the Mg atoms on the CoFeB surface.  
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Figure 4.18: MOKE measurements of bottom pinned MgO based MTJ’s at different 
oxidation times of the CoFeB layer before Mg deposition. The measurement is 
performed along the easy axis showing the soft layer and the hard layer. On the inset the 
soft layer is enlarged to show the offset of the soft hysteresis loop.  

 
 

Another way of affecting the roughness of the Mg layer is by varying the Mg deposition 
power. In the previously described magnetic experiments, a deposition power of 6 W 
was used. However it was found through XRR measurements (see section 4.2.1) that a 
higher deposition power of 20 W produced a smoother Mg layer. From figure 4.19, it 
can be seen that this corresponds to a lower ferromagnetic coupling between the 
electrodes. The coupling strength was reduced by 50% (roughly from 5 mT to 2.5 mT), 
solely by changing the Mg deposition power. As a reference, an MgO based MTJ with a 
3.5 nm thick MgO layer made through RF sputtering from an MgO target (data from R. 
Lavrijsen [35]) is shown exhibiting an extremely small ferromagnetic coupling which 
can be attributed to interface roughness (orange peel) coupling.  Note that the reference 
MTJ has a thicker capping layer responsible for the smaller relative Kerr rotation from 
the bottom electrode (hard layer).  
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Figure 4.19: MOKE measurements on bottom pinned naturally oxidized MgO based 
MTJ’s for different Mg deposition powers. Measurement is performed along the easy 
axis showing the soft layer and the hard layer. On the inset the soft layer is enlarged to 
emphasize the offset of the soft hysteresis loop indicating a difference in ferromagnetic 
coupling for different Mg deposition powers. A reference MgO based MTJ is shown with 
a 3.5 nm thick sputter deposited Mg layer [35].  

 
 

 
Finally the effect of annealing on the ferromagnetic coupling between the electrodes was 
studied. Han et al. [45] report on Al2O3 based junctions with an underoxidized Al layer. 
The as-deposited junctions showed a low resistance area (RA) product (820 Ωµm2) and 
a low TMR (0.5%). However after annealing in an external magnetic field of around 
300oOe at 300° C for 1 h, both the RA and TMR increased enormously to 30 kΩµm2 
and 43% respectively. In TEM measurements on samples that were not annealed, 
pinholes with a diameter of a few nm were visible. It was not reported if the pinholes 
were still visible after annealing. In another report [46], the formation of B oxide and the 
reduction of Fe oxide at the bottom interface after thermal annealing near Ta=300°C 
were found to enhance the TMR ratio significantly. It is possible that upon annealing a 
redistribution of oxygen atoms through diffusion can lower the amount of pinholes and 
hence the ferromagnetic coupling through the tunnel barrier. To study the effect of 
annealing, one sample was cleaved into four identical parts that were annealed at 
different anneal temperatures varying from 260°C up to 380°C in a N2 environment for 
half an hour.   
 
From figure 4.20, it can be seen that higher anneal temperatures have only a small 
influence on the ferromagnetic coupling through the tunnel barrier which could point to 
a redistribution of the oxygen atoms in the barrier. The ferromagnetic coupling reduces 
the most after annealing at 380°C. In total a reduction of 1mT was obtained. The 
exchange bias of the hard layer increases up to 300°C after which it reduces again. This 
initial increase in exchange bias can be explained through a better antiferromagnetic 
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alignment of the spins at the interface between the antiferromagnetic and ferromagnetic 
layer. The decrease of exchange bias is not yet clear. It is possible that diffusion 
processes and especially Mn diffusion is responsible for this decrease in exchange bias.   

-100 -50 0 50 100

-1.0

-0.5

0.0

0.5

1.0

-5.5 -5.0 -4.5

270 300 330 360 390

4.5
4.6
4.7
4.8
4.9
5.0
5.1
5.2

 Anneal 260
o
C

 Anneal 275
o
C

 Anneal 300
o
C

 Anneal 350
o
C

 Anneal 380
o
C  

 
R

e
l.
 K

e
rr

 R
o

ta
ti
o

n
 (

a
.u

.)

µ
0
H(mT)

 

 

 

 

 

 

 

 µ
0
H

C
o
u
p

 (
m

T
)

 
Figure 4.20: MOKE measurements on bottom pinned MgO based MTJ’s for different 
anneal temperatures. The measurement is performed along the easy axis showing the 
soft layer and the hard layer. On the inset the soft layer is enlarged to show the offset of 
the soft hysteresis loop.  
 
From the MOKE measurements we can conclude the following: 
 

• The ferromagnetic coupling is not reduced when the oxidation time was doubled 

from 7 minutes to 15 minutes. This complies with the previous conclusion (XPS 
measurements) that the Mg layer is already completely oxidized after 7 minutes 

of oxidation at 0.1 Torr.  

• The Mg deposition parameters play a significant role in the ferromagnetic 
coupling. When the Mg deposition power is increased from 6 W to 20 W, the 

ferromagnetic coupling can be reduced by 50%. This suggests that a smoother 

Mg is formed when deposited at 20 W. The measurements are consistent with the 
XRR data, which showed a clear dependence between the Mg roughness and the 

Mg deposition power (section 4.2.1). 

• Slight oxidation of the CoFeB layer is likely to reduce the adatom mobility of the 
Mg atoms resulting in a smoother Mg layer and hence a decrease in the 

ferromagnetic coupling.  

• A small correlation of the ferromagnetic coupling on the anneal temperature is 
found which could be explained by a redistribution of the O atoms in the barrier 

after annealing at high temperatures (380°C in a N2 environment for half an 

hour). 
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Electrical measurements 

 
 
When the MOKE measurements confirmed an independent magnetic switching of the 

two ferromagnetic electrodes together with a relatively low ferromagnetic coupling 

between the electrodes, the samples were processed using the lithography process 

described in section 3.1.5. The TMR was then measured using a probe station as 

described in section 3.2.1. The in-house made MTJ’s using natural oxidation of a thin 

Mg layer exhibited TMR values with a maximum of 2%. In figure 4.22, a TMR 

measurement is shown on a MTJ with an area size of 1 µm2 exhibiting a TMR value of 

1.6%. An exchange bias of 33mT was observed which is in good agreement with the 

MOKE measurement (see figure 4.19). 
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Figure 4.22: MR measurement on a naturally oxidized MgO based MTJ showing a TMR 
ratio of 1.6%. The complete layer stack was: Ta(3 nm) /Ru(10 nm) /Ta(3 nm)/ Py(3 nm) / 
IrMn(10 nm) /CoFeB(5 nm) / Mg(1 nm)+ oxidation +Mg(0.4 nm) /CoFeB(5 nm) / Ta(5 
nm). The complete layer stack was annealed at 380°C in high field (0.8 T) before 
patterning. The Mg was deposited at 20 W without preceding oxidation of the CoFeB. 

 

A room temperature IV measurement was performed in order to provide additional 

support that tunneling is the dominant transport mechanism. However it was found that 

the non-linearity of the IV curve was small and opposite to the IV characteristic 

expected for an MTJ. On the differential conductance this small non-linearity translates 

into a reversed parabola. This suggests that heating of the MTJ and the corresponding 

increase in resistance is more dominant than the tunnel characteristic [42]. Assuming an 

almost linear dependence of resistance on the temperature, the parabolic behavior can be 

understood qualitatively using the formula for the power dissipated in the device: 

P=U2/R. In figure 4.23, the IV-measurement and corresponding differential conductance 

is shown for an Mg/MgO/Mg tunnel junction with an area size of 6 µm2 as an example 

of the reversed parabola caused by ohmic heating.  

TMR: 1.6% 
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Figure 4.23: IV-measurement and derived differential conductance of an Mg/MgO/Mg 
tunnel junction. For the differential conductance a reversed parabola is found indicating 
a decrease in conductivity at higher voltage which is likely the result of ohmic heating.   
 

 

A similar reversed differential conductance curve was found with the Al2O3 based tunnel 

junctions when the current through the device was increased such that breakdown 

occurred (see figure 4.231). After breakdown, the conductance decreases with the square 

of the bias voltage (second order polynomial fit figure 4.24). In case of breakdown, 

current paths (pinholes) are formed through the oxide which means that ohmic 

conduction (Rshunt) and not tunneling is the dominant transport mechanism. The reversed 

differential conductance curve is then the result of ohmic heating. Schmalhorst et al. 

[47] report on the dielectric breakdown in Co/Al2O3/Co junctions. In their study, a 

differential conductance curve similar to figure 4.24 is shown (see figure 4.25) the 

reversed parabola was explained by heating of the dominating local conducting path. In 

addition to the reversed parabola, Schmalhorst et al. found a linear dependence of the 

TMR signal on the resistance area product after breakdown (A x Rbreakdown) which can be 

expected for a size-independent shunt resistance in a parallel circuit with the remaining 

tunnel resistance (provided that the Rshunt << RT)[47].  

 

 



 73 

-0.09 -0.06 -0.03 0.00 0.03 0.06 0.09

0.430

0.435

0.440

0.445

0.450

0.455

0.460

 data

 parabolic fit

 

D
if
f.
 c

o
n

d
u

c
ta

n
c
e
 (

S
)

Voltage (V)

 
Figure 4.24: Differential conductance of a CoFe/AlOx/CoFe tunnel junction of 1 µm2 
after breakdown of the device occurred. (after 100 mA was forced through the device). 
For the differential conductance a reversed parabola is found indicating a decrease in 
conductivity at higher voltage which is likely the result of ohmic heating.   
 
 
 
 

 
Figure 4.25: (a) TMR signal after dielectric breakdown vs the resistance area for 

different Co/AlOx/Co tunnel junction sizes. (b) A typical differential conductance curve 

after dielectric breakdown [ 47].  

 

For our in-house made MTJ’s no linear dependence (or any other clear correlation) of 

the RA value on the TMR was observed (see figure 4.21). The RA values of our in-

house MTJ’s varied only a little from 18 to 28 Ωµm2 (with one outlier). This makes it 

difficult to find a correlation. However a constant RA product suggests a homogenous 

barrier on the scale of 1 µm2. This implies that we are dealing with a large density of 

pinholes/defects in our device. However more data is required in order to extract an 

exact conclusion.   

(a) (b) 
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Figure 4.21: RA versus TMR dependence of the in-house fabricated MTJs. No clear 

correlation between the RA value and the TMR value can be found.  

 

Another possibility taken into consideration was that GMR and not TMR was the 

physical effect responsible for the 2% resistance increase observed in our devices. To 

disprove this hypothesis layer stack was made without oxidation of the Mg layer. The 

CIP MR value was measured but no MR value (only noise) was found indicating that the 

tunnel current through the oxide was presumably responsible for the MR effect and not 

the metallic/Ohmic current. To account for the low TMR values found in our devices in 

combination with an almost linear IV characteristic, several causes are taken into 

consideration: 

 

• The conductance is dominated by small current channels (pinholes) with possibly 

a minor contribution of tunneling 

• Over or under-oxidation of the barrier will decrease the TMR significantly 

• The conductance is governed by tunneling but the MgO barrier and/or electrodes 

are not crystallized making coherent tunneling impossible.   

 

Low temperature IV measurements can shed light on the first cause. These could not be 

performed within the timeframe of this thesis. The latter can only be verified using TEM 

measurement. Also a combination of all arguments is possible. 

 

 

 

 

 

 

 
 



 75 

Structural characterization 

 

From a high resolution TEM analysis on an in-house made MTJ (figure 4.26), we can 
clearly observe a polycrystalline CoFeB layer whereas features characteristic to a crystal 

structure are only locally observed in the MgO layer. The different interfaces being 

rough and the MgO layer being thin, the crystalline features might come from the 
CoFeB layers above and below the MgO layer. Note that the crystallinity of the CoFeB 

layer can not be seen everywhere in figure 4.26. It can be seen that the CoFeB layers 

appears amorphous at the right side of the figure whereas it looks crystalline at the left 
side (circled part). However, the seemingly amorphous part is in fact crystalline but with 

a different crystal orientation which makes it appear amorphous on the figure. Using 

angle dependent TEM measurements it was found that the CoFeB layer was 
polycrystalline. From figure 4.26 it can also be seen that the MgO layer is not 

homogeneously deposited and the interface is rough. This can result in pinhole and 

orange peel coupling respectively (see section 4.1.2).  
 
 

 

 

 
Figure 4.26: TEM image of in-house MTJ zoomed in on MgO layer and the adjacent 
CoFeB layers. A polycrystalline CoFeB layer can be clearly observed whereas features 
characteristic to a crystal structure are only locally observed in the MgO layer. Note 
also the roughness and in homogeneity of the MgO layer. 
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4.3.2 MTJ’s from external source 

 
In addition to the in-house fabricated MgO based MTJ’s, MgO based MTJ’s deposited 
by “Singulus” were processed and characterized at IMEC in the framework of a 
collaboration. Due to confidentiality reasons some details on the growth cannot be 
revealed. Subsequently these MTJ’s will be referred to as “Singulus MTJ’s”. The MgO 
based MTJ’s were fabricated through natural oxidation of a sputter deposited thin Mg 
layer. The junctions are bottom-pinned using a synthetic antiferromagnetic layer in 
combination with a normal antiferromagnetic PtMn layer. The magnetization loop and 
corresponding magnetoresistance curve was discussed in section 2.1.3. The complete 
layer stack, deposited on a thick 480 nm CVD SiO2 was as follows: Seed/ PtMn(20 nm)/ 
CoFe(2 nm)/ Ru(0.8 nm)/ CoFeB(2 nm)/ MgO(1.3 nm)/ CoFeB(3 nm) /Ta(8 nm). All 
junctions were annealed in vacuum at 380°C for one hour in a magnetic field of 1iT. 

Magnetic coupling through the barrier 

 
In order to gain further understanding on the quality of the MgO barrier, the 
ferromagnetic coupling through the barrier was measured on bulk samples using MOKE. 
The magnetization curve of a Singulus MTJ is shown in figure 4.27. Next to the graph, a 
schematic of the complete layer structure is shown. In case of a combination between an 
antiferromagnetic layer and a synthetic antiferromagnetic (SAF) layer, no abrupt 
switching of the hard layer is visible (FM2 in figure 4.27). The strong coupling through 
the Ru spacer layer characteristic to a SAF causes the hard layer to switch gradually (see 
section 2.1.3).  In addition the gradual switch of the other ferromagnetic layer, part of 
the SAF, is visible (FM3 in figure 4.27). Note that the hard layer shows small signs of 
hysteresis. On the inset the free layer is enlarged to show the offset of the hysteresis 
loop.  It is clear that, in contrast to the in-house fabricated MgO based MTJ’s, the 
ferromagnetic coupling through the barrier is very small (<1 mT). This indicates the 
absence of a large amount of pinholes in the MgO barrier.   
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Figure 4.27: MOKE measurement on a SAF-pinned external MTJ. On the inset the free 
layer is enlarged to show the offset of the soft hysteresis loop. A schematic of the 
complete layer structure is shown for easy of layer specification. 

 

IV-characteristics  

 
In order to provide additional evidence that tunneling is the dominant current transport 

mechanism, the IV characteristic is measured. As can be seen from figure 4.28, the non-
linearity of the IV-curve is not prominent. This is caused both by the low barrier height 

of the MgO layer together with the extremely small thickness of the MgO layer. The 

parabolic shape of the derivative, the differential conductance, confirms that tunneling is 
the dominant transport mechanism. Because the non linearity of the IV curve is so small, 

there is a significant noise on the numerically determined differential conductance. The 

IV curve is fitted using the Brinkman formula (formula 2.6) using an effective mass of 
0.4ime from which an estimated barrier thickness, height and asymmetry is extracted. 

The extracted parameters are: barrier thickness: 1.5 nm, barrier height: 0.4ieV, 

asymmetry: -0.01ieV. A barrier thickness of only 1 nm was expected which will be later 
on confirmed by the TEM measurements (see section 4.3.3). This already shows that the 

Brinkman model is not well adapted for crystalline MgO barriers [48].   Note the small 

barrier height (in good agreement with literature [49]) characteristic to an MgO tunnel 
barrier, which makes it suitable for low resistance MTJ’s for magnetic random access 

memories (MRAM) and spin torque oscillator (STO) fabrication. Note also that in this 

particular IV-measurement, the voltage ranged from -0.12iV to 0.12iV whereas the 
voltage range for which the Brinkman model is considered valid ranges from -0.4iV to 

0.4iV. This will slightly change the outcome of the fit parameters. Due to the small RA 

value, a small voltage range was chosen in order to limit the current and hence prevent 
breakdown of the device.  
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Figure 4.28: IV-measurement and derived differential conductance for an MgO based 
MTJ of 33x33µm2 in the antiparallel state. The IV curve is fitted using the Brinkman 
formula from which an estimated barrier thickness, height and asymmetry is extracted. 
The extracted parameters are: barrier thickness: 1.5inm, barrier height: 0.4ieV, 
asymmetry: -0.01ieV. Due to the small non-linearity of the IV-curve, there is a 
significant noise on the derivative (Diff. conductance).  
 
 
 

Magnetoresistance 

 
Following the patterning procedure into a four-point cross-strip configuration, the TMR 

value can be determined. The highest TMR obtained on the external MTJ’s was 196%, 

shown in figure 4.29 (for a 5 x 15 µm2 device). The average TMR value was 150% 

together with an RA product of 16Ωiµm2. Note that the maximum applied field in our 

setup was insufficient to switch the hard layer in a fully parallel orientation with the free 

layer. This confirms the strong nature of the SAF-biasing method. Note also the 

correlation between the MOKE and the MR measurements (as explained in section 

2.1.3). Only the relative magnetization orientation of the free and hard layer is important 

for the magnetoresistance. When the magnetization orientation of the free and hard layer 

is antiparallel, the overall resistance is high. Therefore, the switching of FM3 in figure 

4.27 is not translated into a resistance change in figure 4.29.  

The high TMR values obtained with the external MTJ’s show that natural oxidation is a 

viable method of producing high TMR-low RA junctions. The magnetic measurements 
clarified that this high TMR value correlates with a small ferromagnetic coupling 

between the layers, indicating the absence of pinholes in the barrier. However, it should 

be noted that a low ferromagnetic coupling does not simply imply a high TMR value. 
Also the crystallization of the CoFeB starting at the MgO interface is crucial to obtain 

high TMR values (see section 2.3.2). The crystallization process of the CoFeB is 

dependent on the seed layer, i.e. the layer the CoFeB is deposited on. In order to induce 
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a crystallization process starting at the MgO interface, it is beneficial to deposit the 
CoFeB on a Ru seed layer [50]. This is an additional advantage of the use of the SAF-

pinned MTJ.   
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Figure 4.29: MR measurement on a naturally oxidized MgO based MTJ showing a TMR 
ratio of 196%. The complete layer stack was: PtMn(20 nm)/ CoFe(2 nm)/ Ru(0.8 nm)/ 
CoFeB(2 nm)/ MgO(1.3 nm)/ CoFeB(3 nm). The complete layer stack was annealed at 
380°C in high field (1 T) before patterning. 
 
 
From figure 4.29 it can be seen that the resistance values are rather small. Therefore it is 
wise to examine if we are dealing with current crowding [51]. Current crowding refers 

to a non-homogeneous distribution of the current density through a tunnel junction. This 

could lead to strange effects such as huge TMR values or a drop in the TMR value [52].  
To this end, the resistance of the bottom electrode is compared with the resistance of the 

tunnel junction. Using a 90 nm thick Ta bottom electrode and a 1 x 1 µm2 tunnel 

junction, the resistance of the bottom electrode beneath the tunnel junction was 
calculated: 

 
This is well below the resistance of the 1 x 1 µm2 tunnel junction (16 Ω). However when 

the device dimensions are increased, the bottom electrode resistance will increase 

whereas the tunnel resistance will decrease. Above a specific junction area (in this case 
11 µm2), the electrode resistance will surpass the junction resistance which could lead to 

current crowding effects. When current crowding occurs, the current is concentrated on 

a specific part of the tunnel junction. This implies that the resistance will increase 
whereas the total surface area of the junction remains the same. Therefore, with current 

crowding, the apparent RA value is expected to increase. The RA values and TMR 

values will depart from the intrinsic values by an amount that will depend on the 
junction area.  

Ω=
⋅

⋅Ω⋅
==

−

5.1
109.0

110135 23

mm

mm

A

l
R

µµ
µµρ

(4.1) 



 80 

Figure 4.30: 1/R versus A curve for the ‘Singulus’ MTJ’s. The data can be fitted with a 

straight line, indicating that current crowding is not a major issue in our devices. 

 

In any case, the measured TMR value will be smaller than the intrinsic value and the 

measured RA value will be higher than the intrinsic value [53]. For the ‘Singulus’ 

junctions the resistance is measured as function of the tunnel junction area (A). In figure 
4.30 the conductivity versus A curve is shown. An increase of the RA for the larger 

junctions would correspond with lower G values. From figure 4.30 it can be seen that 

the conductivity increases linearly with the junction area, suggesting that current 
crowding doe not play a role at these junction areas. Note the offset of the RA curve, 

visible in Fig. 4.30. This can be attributed to area definition errors that occur during the 

photolithographic process. 
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Structural characterization 

 
In figure 4.31 a TEM image on a “Singulus” multilayer is depicted. More specifically 
the MgO barrier and the adjacent CoFeB layers are shown together with the SAF 

structure.  

 
From a TEM analysis of the layer stack it was found that the MgO layer is in fact 

textured, albeit the crystal direction is not the same over the entire layer (a different 

crystal direction can appear amorphous in figure 4.31). Reproducible arrangement 
between the crystal structure of the MgO barrier and the free and reference layer over 

the entire wafer is not found. From the TEM measurements also the thickness variation 

of the layers can be viewed.  
All junctions were prepared through natural oxidation of a 1.3inm thick Mg layer. Upon 

oxidation of a 1.3inm thick Mg layer, the Mg layer shrinks (see section 2.3.2), resulting 

in a 1inm thick MgO layer. From the TEM image it can be seen that the MgO layer is 
indeed approximately 1 nm thick. However at some points the MgO thickness decreases 

down to 0.6inm. Also the 0.8inm thick Ru spacer layer seems not to be deposited 

homogeneously onto the sample. At some points, no Ru spacer layer was found.  
 

Compared to the TEM analysis of the in-house MTJ’s (figure 4.26) it can be seen that 

the MgO layer is more homogenously deposited. This can explain the lower 
ferromagnetic coupling through the barrier (figure 4.27) compared to the in-house made 

MTJ’s (figure 4.20). Furthermore the degree of texture of the MgO layer observed in the 

‘Singulus’ samples is higher as for the in-house made MTJ’s. This high degree of 
texture is crucial for the high TMR values observed in the ‘Singulus’ MTJ’s. 
 

 
 
Figure 4.31: TEM image of an “singulus MTJ” zoomed in on MgO layer and the 
adjacent CoFeB layers. Note the presence of crystallinity in the MgO layer and both the 
CoFeB layers. Note also the different crystal orientations of the different layers. 
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5 Conclusions and future outlook   
 

5.1 Conclusions  

 
The goal of this thesis was to develop and create magnetic tunnel junctions (MTJ’s) with 

a naturally oxidized Mg tunnel barrier and compare the results obtained with other MgO 
barrier fabrication techniques such as plasma oxidation and sputter deposition from an 

MgO target. Natural oxidation makes it possible to tune the oxygen concentration in 

very thin barriers which could make it a feasible method of producing low-resistive 
MTJ’s. at the start of this thesis, MTJ’s were successfully created with an Al2O3 tunnel 

barrier which allowed us to optimize the numerous steps in the complete process flow 

(section 3.1.5). Next it was attempted to replace the Al2O3 by an MgO tunnel barrier. To 
this end it was necessary to optimize the oxidation time and pressure in order to fully 

oxidize the thin Mg layer. First, Rutherford backscattering was performed to obtain the 

oxygen to magnesium concentration. Although it seemed possible in simulation, it 
turned out that multiple scattering inside the Ta layer caused a background tail which 

made the small O and Mg peak invisible. In situ-XPS was foreseen as a better technique 

to quantitatively study the oxidation of a thin Mg layer. For the in-situ XPS 
measurements performed at Eindhoven University of Technology, a series of samples 

were made with an Mg layer of variable thickness deposited on a CoFeB layer and 

oxidized for 8iminutes at 0.1iTorr. From the Mg-KL23L23 Auger lines we can conclude 
that the Mg layer was fully oxidized whereas the Fe-2p and Co-2p photoelectron lines 

indicate a slight over-oxidation. This suggests that 8iminutes at 0.1iTorr already exceeds 

the correct range for oxidizing a 1inm thick Mg layer. However precaution must be 
taken since the morphology of the Mg layer can play a significant role in the oxidation 

dynamics. 

 
MgO based MTJ’s were deposited and magnetically analyzed using MOKE. A strong 

ferromagnetic coupling was observed indicating the presence of pinholes through the 

barrier. Roughness of the Mg layer and more specifically insufficient wetting of the Mg 
layer on the CoFeB was identified as the main source of pinholes through the barrier. 

Further MOKE experiments showed that the wetting can be improved by slightly 

oxidizing the CoFeB surface before depositing the Mg layer. In this way it was possible 
to reduce the ferromagnetic coupling through the barrier by 50%.  
 
The presence of pinholes suggested the necessity of studying the morphology of Mg 

layers while varying important deposition parameters such as deposition power and 
argon flow. X-ray reflection was used as a tool to investigate the influence of deposition 

power and argon flow on the roughness and density of the layer. It was found that the 

roughness was considerable in case of 6iW input power. The roughness then decreases 
and becomes almost zero for 30iW input power after which it increases rapidly again. 
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This result was consistent with the MOKE measurement which indicated a coupling 
reduction of 50% when the Mg layer was deposited at 20iW compared to the case in 

which the layer was deposited at 6iW. In addition the X-ray reflection measurements 

showed that 10isccm Ar flow gave the best results considering roughness and density of 
the Mg layer.  

Subsequent to the patterning procedure, the MR and IV characteristics were measured. 

A correlation between the MR value and the magnetic coupling was observed. However 
no direct correlation between the MR value and the RA product was found. The MTJ’s 

which were developed such that the ferromagnetic coupling was reduced to less than 

3imT exhibited a maximum TMR value of 2% together with an RA value of 20 Ωµm2. 
However, from the IV characteristics it could not be confirmed that tunneling was the 

dominant transport mechanism. Devices with a higher ferromagnetic coupling showed 

no signs of TMR.   
 

In addition to the in-house fabricated MTJ’s, also naturally oxidized MgO based MTJ’s 

from Singulus stacks were processed and measured. The external MTJ’s showed almost 
no ferromagnetic coupling together with a TMR value up to 195% and an RA value of 

16iΩµm2. This indicates that natural oxidation of a thin Mg layer is a feasible method of 

producing low RA high TMR junctions. Moreover the high TMR values show that 
natural oxidation is a superior oxidation method as compared to plasma oxidation (with 

TMR values up to 60% [28]). Furthermore, TEM images revealed a considerable 

roughness at the interface which (surprisingly) was not detrimental for the TMR value. 
However this could be part of the reason why the TMR value is still lower than the 

values obtained with sputter deposition from an MgO target.  

The results mentioned above suggest that for our in-house fabricated devices, the total 
current through the device is composed of a parallel channel of tunnel conductance and 

ohmic conductance through pinholes in the barrier. This could simultaneously explain 

the substantial ferromagnetic coupling together with the low TMR value and the almost 
linear IV characteristic.  However the low degree of texture on our in-house made 

MTJ’s, as observed from the TEM analysis, is also responsible for the low TMR values. 
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5.2 Outlook 

 
In future work, it is eminent to focus the attention on the growth of the Mg layer 
preceding the oxidation step. It is likely that a smoother Mg layer deposited at 30 W will 

further decrease the ferromagnetic coupling through the barrier. Low temperature 

measurements could verify that tunneling is the mechanism responsible for the MR 
value. 

Once the ferromagnetic coupling is reduced significantly, the oxidation dynamics should 

be investigated further using XPS. More specifically, it would be interesting to deposit a 
thicker (>1.5 nm) Mg layer in order to search for the onset of a metallic Mg peak in the 

Mg-KL23L23 Auger spectrum. This could provide additional information for optimizing 

the oxidation time and pressure to create a precisely oxidized Mg layer. Furthermore it 
would be wise to investigate the influence of the Mg quality on the oxidation dynamics. 

It is likely that the difference in growth conditions between the Eindhoven and IMEC 

system and hence the quality of the as-deposited Mg layers leads to a difference in the 
required oxidation parameters.  

Once the ferromagnetic coupling is reduced it could be interesting to develop a SAF-

pinned MTJ layer stack since a Ru seed layer can ease the start of the crystallization 
process at the MgO-CoFeB interface.   
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