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Abstract 

Traditionally an ultra thin (1 - 2 nm) aluminum oxide (Ah03) film is used as insulator 
between two ferromagnets in a so-called magnetic tunneljunction (MTJ). MTJs have recently 
attracted a lot of attention, because of their potential for magnetic field sensors and memory 
devices. We have studied tunnel harriers formed by organic molecules as an alternative for 
the conventional Al2Ü3 harrier. It is expected that an ordered array of organic molecules as 
harrier in a MT J has sharper interfaces and therefore a more homogeneous distribution of 
the tunnel current than an Al2Ü3 harrier. To fabricate the organic tunnel barrier, we evap
orated 6-([2,2';6',2"]Terpyridin-4'-yloxy)-hexanoic acid (terpy) molecules in UHV conditions. 
Initially, a preparation recipe for non-magnetic tunnel junction with organic harriers has been 
designed in this work. Transport measurements indicate that elastic tunneling is the domi
nant conduction mechanism for these junctions. For the organic magnetic tunnel junctions 
evidence of a spin polarized tunneling current has been found: 7% magnetoresistance at 5 K. 
However , the dependence of the junction resistance on both magnetic field and temperature 
are inconsistent with the expected behavior. 
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Chapter 1 

Introduction 

1.1 Conceptual Development and Historica! Background 

Research of electron tunneling in solid state structures has yielded a lot of important discover
ies. Electron tunneling is a quantum phenomenon in which an electric current may pass from 
one conducting electrode through an insulating harrier into another conducting electrode. 
Only if these harriers are sufficiently thin ( typically a few nanometers) there is a significant 
probability for the electrons to tunnel. The most obvious realization of a tunnel structure is 
a metal-insulator-metal (M/I/M) trilayer, commonly called a tunnel junction. 

In 1975 Julliere showed that the tunnel current through a Fe/GeOx/Co ferromagnet
insulator-ferromagnet (FM/I/FM) tunnel junction (magnetic tunnel junction, or MTJ) de
pends on the relative orientation of the magnetization directions of both ferromagnets. In 
case the magnetizations were aligned antiparallel the resistance was 143 higher, then when 
they were parallel [1 J. These two states of magnetization alignments can be set by an external 
magnetic field. This means that the total tunnel current through a MT J can be modulated 
by such a field. The change in resistance relative to the parallel magnetization state is called 
the tunnel magnetoresistance (TMR). Although the results of Julliere were not reproducible 
for other workers, and were observed only at very low temperatures (a few K), they were 
breaking new ground and stimulated much future research. 

The presence of TMR in MTJs is based on three essential features. First of all, the 
tunneling probability of electrons through the insulating layer depends on the density of states 
(DOS) in both electrodes. In order for an electron from one electrode to actually tunnel to 
the second electrode, empty states have to be available. Moreover the electrodes are spin 
polarized, which means that there is a difference in DOS for spin-up and spin-down electrons 
at the Fermi level (as is the case for metallic ferromagnets like Fe and Co). Finally, the spin 
of the electrons is conserved during tunneling. So spin-up electrons from one electrode will 
flow to empty spin-up states in the second electrode and vice versa. 

Over the next decades several workers attempted to realize the anticipated large TMR 
effects with little success. In most cases they observed effects of only 13 of less, present only 
at relatively low temperatures. Looking back, their main obstacle clearly was the production 
of a high quality tunnel harrier, being the most crucial aspect of MT J fabrication. The 
requirements for this layer are severe. Firstly, thickness variations should be limited, to 
prevent current concentrations at single thin spots. Pinholes, spots of direct metallic contact, 
are evidently fatal. Further, the interfaces between the harrier and the ferromagnets have 

1 
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to be abrupt and extremely clean. Finally, the harrier should be free of defect states, which 
could result in leakage current and thereby obscure the TMR effect. 

The breakthrough in MTJ fabrication carne not until 1995, nearly 20 years after the 
original 'discovery' of the TMR effect by Julliere. This proves that it was extremely difficult 
to develop a fair harrier for MTJs. Moodera et al. [2] succeeded in developing a fabrication 
process for good tunnel harriers, and demonstrated reproducible MTJs with over 10% TMR 
at room temperature. They evaporated or sputtered a smooth, homogeneous and completely 
covering Al layer on a ferromagnetic bottom electrode, and oxidized it with an oxygen plasma 
to form an amorphous Ah03 tunnel harrier. Many groups throughout the world have adopted 
this fabrication method for tunnel harriers to prepare MT Js . 

The Al2Ü3 layer sufficiently fulfilled the above requirements of tunnel harriers for MTJs, 
however the control and reproducibility of the tunnel characteristics at this stage can still be 
improved. Moreover, the Al2Ü3 harrier exhibits considerable thickness variations across the 
junction, which leads to an inhomogeneous tunnel current, negating the TMR effect. In order 
to prepare MTJs of higher quality, other preparation techniques and materials for the harrier 
are being investigated. 

1.2 Motivation Behind This Thesis 

In many studies it has been shown that polymers like n-alkenethiols, HS(CH2)nX, where X 
can be varied, form self-assembled monolayers (SAMs) by chemisorption of the sulphur head 
on a variety of metal surfaces. These metals include Cu, Fe and Ni, but by far the most 
studies involve Au [3]. It has been established that deposition of these alkanethiols on noble 
metals, such as Au, results in robust, stable and densely packed assemblies of fully extended 
alkyl chains with a low defect density and a uniform thickness, which can be varied by the 
number n of CH2 groups. 

The ability to form high-quality monolayer (ML) films of alkanethiols with a uniform 
thickness, which may induce a correlated roughness at the interfaces and consequently a 
homogenous tunnel current, has triggered the study of controllable organic spacers as an 
alternative for the conventional Al2Ü3 harriers in MTJs (see Fig. 1.1). The thickness and 
height of organic tunnel harriers can be tuned chemically by varying the length and the 
composition of the molecules. Organic molecules exhibit interesting electrical transport and 
optica! properties, that are used for instance in organic light emitting devices (OLEDs). 

Even though the ordering of organic molecules on noble metals has been studied in great 
detail, only a limited number of studies on more reactive substrates, like metallic ferromagnets, 
have been reported. It is known up to now that deposition of organic molecules, especially 
large molecules (like alkanethiols), on reactive substrates leads to disordered structures and 
in some cases even to molecular break-up at temperatures below room temperature [4]. For 
this reason, self-assembled monolayers of alkanethiols are not suitable as insulating harriers 
in MT Js. Nevertheless, bonding to the substrate and hence the molecular order can be 
infiuenced by changing the type of the molecule, or passivating the substrate by exposing 
it to an appropriate dosage of molecular gas prior to deposition. For example, although 
perylene-(3,4,9,10)-tetracarboxylic-dianhydride (PTCDA, see Sect. 3.2) molecules can not 
form an ordered structure on a clean Ni(lll) surface [5], it has been demonstrated that oxygen 
passivation reduces the bonding to the Ni(lll) surface, allowing the PTCDA to diffuse on 
the surface and form a well ordered structure [6]. 
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(a) (b) 

FM / Alp3 / FM FM / organic spacer / FM 

Figure 1.1: (a) Magnetic tunnel junction with a conventional Al203 insulating harrier. 
The harrier has a non-uniform thickness, resulting in an inhomogeneous tunnel current. 
(b) Magnetic tunnel junction with an organic spacer as insulating harrier. Organic 
spacers have the ahility to form potentially perfect insulating harriers for MTJs 
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Many studies of spin-independent (i.e. non-magnetic) organic tunnel junctions have been 
reported. For instance, Phillip et al. [7] studied Au/organic film/ Au tunnel junctions and 
observed Au cluster formation at the interfaces due to diffusion of the Au electrodes. However, 
for organic MTJs little is known. A first attempt has been reported by Ando et al. [8], which 
showed that many preparation problems have yet to be overcome. They have investigated 
80NiFe/organic film/Co organic MTJs. The organic films were prepared with the Langmuir
Blodgett (LB) technique, which is described in Sect. 3.1. The TMR ratio of these MT Js at 
room temperature was at maximum 4.6%. It should be emphasized that the resistance of 
the LB junctions was very small (in the order of a few Ohm). It has been demonstrated 
by Veerdonk et al. [9] that corrections to the TMR should be applied in the case when the 
junction resistance is smaller or comparable to the resistance of the electrode films. It results 
therefore that Ando et al. measured inflated TMR values and actually no TMR was present 
at room temperature. This is however not surprising if one takes into account the interfacial 
sensitivity of the TMR effect. Therefore deposition of the junctions in an ultra high vacuum 
(UHV) environment is required. 

The main focus of this thesis is to develop a fabrication proces in UHV conditions for 
MT Js with organic spacers as tunnel harriers. In chapter 2 the theory, relevant for the 
interpretation of the experimental work, is discussed. For an excellent, tutorial overview of 
the basic physics behind MTJs we refer to [10]. The deposition of organic layers and the 
actual preparation of organic MTJs (OMTJs) is described in chapter 3. Chapter 4 briefly 
presents the characterization techniques used, whereas the actual experiments are discussed 
in chapter 5. Finally, in chapter 6 the conclusions are drawn and suggestions for further 
research are given. 

1.3 Technology Assessment 

A common point of view, in our contemporary society, is that we live in an information era. 
In such an age there is an ever increasing demand for storage capacity. People continuously 
try to improve storage densities of both optical (e.g. CD, DVD) as well as magnetic recording 
techniques (hard disks, creditcards, etc.). For the latter, magnetic-field sensors (like hard-disk 
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reading heads) have to become more and more sensitive. 
With the discovery of the giant magnetoresistance (GMR) effect [11] in 1988, a new area 

in magnetic field sensing devices has been developed. These devices have a much higher sen
sitivity than the usual anisotropic magnetoresistance (AMR) based devices. Parenthetically, 
AMR is the phenomenon that the resistance of a ferromagnetic layer depends on the relative 
angle between the magnetization direction and the direction of the current. Therefore GMR 
based magnetic sensors are continuously replacing AMR sensors in all kinds of applications 
(e.g. position and speed sensors for the automobile industry). 

Many investigations have been performed on the next generation of magnetic-field sensing 
devices: magnetic tunneljunctions. Their larger sensitivity (compared to GMR devices) allows 
for down-sealing, making higher information densities possible. Apart from that, MT Js are 
especially suitable as storage-elements in non-volatile magnetic Random Access Memories 
(MRAM), as the magnetization is retained when the external field is removed. 

Not only for the basic understanding of organic interfaces and joy of manipulation of 
molecules on nanometer scale but also in view of present and future application it is worthwhile 
to investigate organic MTJs. Organic MTJs may have a higher sensitivity and a longer life 
time at higher working voltages than conventional MTJs. Furthermore, OMTJs have the 
potential to be fabricated highly reproducible and at low cost, which is a clear requirement 
for commercial applications, like MRAMs and hard-disk reading heads for example. 



Chapter 2 

Theory 

2 .1 Tunneling Between Free-Electron Metals 

A tunnel junction consists of two metal layers separated by a thin (typically a few nanometer) 
insulator. When a voltage is applied over the insulator a current starts to flow by tunneling 
of electrons. To understand the tunnel process a model is needed. For the description of 
transport of electrons in a tunnel junction various types of models are available. The models 
differ mainly in the way the electron states in the metal electrodes are described but also in 
the way the barrier is described. Because of the ease of use and the clarity, the so-called free 
electron model is used here to describe the electron states in the electrodes. The description 
of the insulating layer is poorly known, because it has a very complex structure, and therefore 
simple model assumptions have been used (like trapezoidal barriers or vacuum gaps). 

In the free electron model of a metal, the electrons are assumed to be free particles, having 
neither interaction with each other nor with the ion cores of the lattice. The electrons in the 

---+ 
metals can thus be described by one-electron wave functions with a wave vector k and energy 

n,2 ---+ 
E= -lkl2, 

2me 
(2.1) 

---+ 
where me is the electron mass and 1i is Planck's constant. The wave vector k has components 
in the x, fj and z direction. Since the interaction of the electrons with the positive ion cores in 
the lattice is not considered in this model, there is just one continuous energy band without 
gaps. This parabolic energy band is filled with electrons up to the Fermi level. The density 
of states {!is equal to [12]: 

( )

3/2 

{! (E) = 2~ 2~e E1;2 . (2.2) 

In order to get more realistic results with this model, the bare electron mass can be replaced 
by an effective electron mass m:. 

The tunneling between two free-electron metals is regarded from an independent-particle 
point of view. To describe the electron states in a tunnel junction, a fee electron with a 
certain energy is considered, moving in a potential. The tunnel junction is assumed to be 
infinitely large in two dimensions and therefore the potential energy depends only on one 
spatial coordinate, say z. Assuming that only electrons with wave vectors perpendicular 
to the barrier (i.e. kx = ky = 0) contribute to the tunnel current, only one dimension has 

5 



6 CHAPTER 2. THEORY 

harrier 

Figure 2.1: The potential of a tunnel junction. Over the insulating harrier, with thick
ness d, a bias voltage Vi is applied. The potential energy of the harrier is given by V(z). 
The Fermi energy EF is also shown. An incoming electron wave is partially reflected and 
partially transmitted through the harrier. 

to be considered. The potential energy V(z) is displayed in figure 2.1. This potential is 
divided in three regions: the left electrode, the harrier and the right electrode. The harrier 
potential is assumed to be higher than the Fermi level of both electrodes at each position. 
The potentials of both electrodes are flat, whereas the potential of the harrier depends onz. 
The electron-wave function 'ljJ is determined from the time-independent Schrödinger equation: 

(2.3) 

In both electrode regions the wave functions are free electron like, with real wave vectors. 
These waves are matched in amplitude and derivative at the interfaces with the wave function 
in the harrier region, as can be seen in Fig. 2.1. From this, the transmission probability ( also 
called tunnel probability) through the harrier follows, which is used in calculating the tunnel 
current. 

In a normal steady state, electrons will tunnel from the left to the right electrode as well 
as in the inverse direction in equal amount. There is no preferred direction for the tunneling 
electrons if the harrier height is the same for the left and the right electrode. When a bias 
voltage Vi is applied across the junction, one Fermi level will shift by eVi with respect to 
the other and the harrier gets tilted with the same energy eVi (see Fig. 2.1), where e is the 
electron charge. Now there are empty electron states above EF in the right electrode so that 
a net current will flow through the harrier from left to right. The tunnel current density J is 
given by: 

l
+oo 

J(Vi) ex _
00 

dE e1(E)er(E - eVi) IMl2 [f(E) - f(E - eVi)], (2.4) 

where f2L(r) is the density of states for the left (right) electrode. The f (E) is the usual Fermi
Dirac distribution function and IMl2 is the square of a matrix element , which is essentially 
the probability of transmission through the harrier. The term including f ( E) and f ( E - e Vi) 
expresses the requirement that electrons on one side of the harrier must have empty states to 
tunnel into on the other side of the harrier. 
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The transmission probability IMl2 can only be determined exactly for very artificial and 
simplistic barriers, like square barriers (see e.g. [13]). In order to calculate it for more realistic 
barrier potentials, approximations have to be applied. Suppose that the barrier potential V(z) 
varies rather slowly in comparison to the wavelengths of the tunneling electrons. Then the so
called WKB approximation [13] can be applied to calculate the tunnel probability. According 
to the WKB approximation the matrix element IMl2 is given by 

IMl2 ex exp (-~ fod J2m; [V(z', Vi) - E] dz'), (2 .5) 

where d is the barrier thickness and V(z, Vi) is the barrier height at the bias voltage Vi and 
the position z in the barrier. 

Simmons [14] used the WKB approximation to obtain the matrix elements IMl2 for an 
arbitrary barrier of average height rp above the common Fermi level Ep. He then calculated 
the tunnel current density from Eq. (2.4), approximating the Fermi-Dirac functions as step 
functions (i.e. T = 0) and using equation (2.2) for Ql,r· His well-known result is: 

(2.6) 

where Jo= e2 /27rh = 6.166 · 1010 Acm-2A2v-1 and a = -41f~/h = -1.025 v-0·5A-1
. 

The resulting current density J is in Acm-2 . The expected exponential dependence of the 
tunnel current on barrier thickness and the square root of the barrier height are correctly 
recovered. For Vi « rp/e, it is easily seen that the J(Vi) is linear, while for larger voltages 
it becomes rapidly nonlinear. At moderate voltages , Simmons showed that J "' ,B(Vi + 
,v1n, which leads to one of the key-characteristics of tunneling: a parabolic dependence 
of conductance ( G = dl/ dVi) on voltage, which is frequently observed for tunnel junctions 
with non-magnetic electrodes. This formula (2 .6) is aften used to fit experimental J(Vi) 
characteristics to obtain effective barrier heights and thicknesses. 

For a tunnel junction with different electrode materials, the difference in barrier height at 
both metal-insulator interfaces makes the barrier oblique, resulting in an asymmetrie current 
voltage behavior. Upon closer examination of Simmons' equation (2.6), however, it becomes 
clear that the predicted transport characteristics are always symmetrie in voltage. The Sim
mons model fails to capture this fundamental asymmetry. Brinkman et al. [15] have addressed 
this problem by assuming a trapezoidal barrier, ceteris paribus, introducing an additional, 
asymmetry parameter Lep= 'Pl - 'Pr to account for the tilted barrier. 

In the approaches of both Simmons [14] and Brinkman [15], the transport characteristics 
are independent of the electronic density of states in the electrodes, a direct result of the 
oversimplified model used. An overview of the subtle role of the density of states in solid 
state tunneling is given in [10]. 

2.2 Julliere's Model for Tunneling Between Ferromagnets 

Consider a junction with two equal ferromagnetic electrodes separated by an insulating bar
rier. Julliere proposed a simple model to understand the TMR-effect in such a junction. He 
assumed that the spin of an electron was conserved during tunneling, so he neglected so called 
spin-flip processes. This implies that spin up electrons only tunnel to and from spin up states, 



8 CHAPTER 2. THEORY 

(a) Parallel: Î Î 
Gt 

(b) Anti-Parallel: Î l 

Energy 

~ 
Density of States 

Figure 2.2: Schematic spin split density of states vs. energy for two identical ferromag
netic electrodes with ( a) parallel magnetizations and (b) anti-parallel magnetizations. 
The tunnel conductance G, through an insulating layer, that separates the two electrodes, 
is proportional to the product of the density of states at the Fermi level of both electrodes. 

and vice versa. Further Julliere assumed that the tunnel conductance G was proportional 
to the product of the density of states at the Fermi level of the different spin states of the 
electrodes. Figure 2.2a shows that the conductance for parallel magnetizations Gp is then 
given by: 

Gp = Gr + G ! ex e'?naj + e'?nin, (2. 7) 

where Gr(!) is the conductance in the up- (down-) spin channel and emaj(min) is the majority 
(minority) density of states at the Fermi level. In a similar manner, the conductance for the 
antiparallel magnetizations Gap of the two electrodes can be determined (Fig. 2.2b). Tunneling 
between equal spin orientations now implies tunneling from a majority to a minority band, 
and vice versa. The conductance for anti-parallel alignment is then given by: 

Gap= Gr + G! ex emaj{!min + eminemaj = 2emaj{!min· (2.8) 

It can be easily verified that Gap ::; Gp, giving rise to a magnetoresistance. The tunnel 
magnetoresistance at zero bias is then defined as: 

TMR = Gp - Gap =Rap - Rp = 2P
2 

Gap Rp 1-P2 

where P is the polarization of the density of states at the fermi level: 

p = emaj - {!min . 

emaj + {!min 

In general, fora MTJ with non-identical electrodes, 

TMR = 2PbPt 
1 - PbPt' 

(2.9) 

(2.10) 

(2.11) 

where Pb(t) is the spin polarization of the bottom (top) electrode. It should be noted that 
the formulas (2.9) and (2.11) are only a good first-order approach for the magnitude of the 
TMR-effect at zero bias. For example, the Julliere model predicts a TMR of over 40% for 
a Co/ Al2Ü3/Co tunnel junction (P = 42%) , which is in agreement with experimentally 
observed values of 37% at low temperatures. 
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Figure 2.3: Magnetization of the top (bottom) electrode Mr(B) and the junction resis
tance R1 of a MT J as a function of magnetic field H, schematically, for the case of ( a) two 
ferromagnetic electrodes with different coercive fields (indicated with dashed lines) and 
(b) the bottom electrode (indicated with a short arrow) coup led antiferromagnetically 
to an extra ferromagnetic layer (indicated with a long arrow) . 

2.3 Field Dependence of the Magnetoresistance 

9 

The simple model of Julliere for the TMR effect, as treated above, describes the difference 
in conductance (resistance), of a MTJ, for parallel and antiparallel alignment of the magne
tization of the two ferromagnetic electrodes . Now, a parallel and anti-parallel magnetization 
alignment has to be realized experimentally. The magnetization of both electrodes is con
trolled with an external, in-plane magnetic field. However if both magnetic electrodes are 
similar, they will be magnetized in equal direction by the external field, which implies that 
no antiparallel state can be obtained. 

One way to realize experimentally both a parallel and an antiparallel magnetization align
ment of the magnetizations of the two electrodes, is to use two ferromagnetic electrodes with 
different coercive fields. This can be done e.g. by using ferromagnetic electrodes of differ
ent composition and/ or thickness. The magnetization of the two layers switches at different 
magnetic fields, thereby creating a field region where the magnetizations are anti-parallel. At 
magnetic field regions higher than both coercive fields of the electrodes, the magnetizations 
become parallel. Figure 2.3a shows both the magnetization of the top (bottom) electrode 
Mr(B) and the resulting resistance R1 of the MT J versus the in-plane, external magnetic 
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0 

Magnetic field 

---

Figure 2.4: Theoretical magnetization curve of two AF-coupled ferromagnetic layers, 
having different layer thicknesses and in-plane magnetization orientation. The arrows 
indicate the magnetization directions of these layers schematically. 

field H. 
Another way to create both a parallel and an antiparallel magnetization alignment of 

the ferromagnetic electrodes during a field sweep is to use an antiferromagnetically coupled 
bottom electrode. Magnetic coupling has been discovered to exist between ferromagnetic 
layers across non magnetic interlayers. Experimental studies revealed that this interlayer 
coupling exhibited an oscillatory behavior. The coupling between the ferromagnetic layers 
is alternatingly ferromagnetic (FM) and antiferromagnetic (AF) with increasing thickness of 
the interlayer. A detailed discussion of interlayer coupling is beyond the scope of this thesis, 
and has been given in [16]. 

AF-coupling was observed between two Co layers with thicknesses of ti = 120 A and 
t2 = 40 A, separated by a 6 A Ru layer [16]. In Fig. 2.4 the theoretical, in-plane magnetiza
tion as a function of applied field for such a system is displayed. The loop is characterized 
by three different regions. Firstly, the plateau at low fields corresponds to an antiparallel 
alignment of the Co magnetizations due to the AF-coupling. The magnetization direction of 
the thinnest layer points opposite to the field direction. Further, the plateau is followed by a 
gradual increase of the magnetization corresponding to a rotation process in which both Co 
layers participate. The fields H 1 and H 2 at which the rotation of the layer magnetizations 
commences and ends, respectively, are given by [16]: 

µ0H1 = -2Jc (-
1

- - -
1
-) , 

tiMs1 t2Ms2 
(2.12) 

µ0H2 = -2Jc ( Ml + Ml ) , 
ti sl t2 s2 

(2.13) 

where Je denotes the coupling strength, µo the magnetic permeability of vacuum and Msl(2) 

the saturation magnetization of layer 1 (2). Finally, at sufficiently large applied fields (> H2) 
the AF-coupling is broken and the magnetization of both Co layers is parallel to the field. 

Consider a MT J with an AF-coupled bottom electrode and a magnetically 'free' (i.e. un
coupled) top electrode. The theoretical behavior of such a MTJ is shown in Fig. 2.3b. The 
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upper graph shows the magnetization of the (uncoupled) top electrode. The magnetization 
of only the bottom electrode is displayed in the middle graph and indicated with the small 
arrow. The bottom electrode is AF-coupled to an additional ferromagnetic layer, for which 
the magnetization direction is indicated with the larger arrow. The resulting resistance of 
the MT J is illustrated in the lower graph. The resistance is high when the top and bottom 
electrode magnetizations are anti-parallel and low when they are parallel. 

2.4 Temperature Dependence of the Junction Resistance 

At zero temperature and in the limit of zero bias voltage, only elastic tunnel processes con
tribute to the conduction in MTJs. This implies that both the energy and the spin of the 
conduction electrons are conserved. Under these conditions, each incoming electron state has 
a single corresponding transmitted electron state to tunnel into. Also only the electrons with 
energies at the Fermi level will contribute to the tunnel current, since only for those electrons 
empty states are available in the counter electrode to tunnel into. 

At elevated temperatures (or at non-zero bias voltages), these assumptions may not be 
completely valid. The obvious effect of the increase of the temperature will be thermal 
smearing of the electron states in the energy range of a few kBT (kB is Boltzmann's constant) 
around the Fermi level, and a decrease of the magnetization of the electrodes [17]. Further, 
at finite temperatures, inelastic tunneling processes become possible, for which the initia! 
and final energy of the tunneling electrons are not equal. The energy difference is released 
by excitation of phonons (lattice vibrations) and/or magnons (spin-waves), or gained by 
their absorption. As phonon excitations conserve spin, the resulting additional conductance 
will not have a large influence on the TMR. Magnon excitation, on the other hand, leads 
to spin flip and thereby reduces the TMR. An additional transport mechanism, for both 
non-magnetic and magnetic tunnel junctions, is hopping conduction. Hopping conduction 
is spin-independent indirect (inelastic) tunneling via localized impurity and/or defect states 
inside the harrier. 

The temperature dependence of the TMR and the conductivity for tunnel junctions is 
explained within a simple model by Shang et al. [17]. The conductance G of a tunnel junction 
is assumed to consist of two independent conduction channels: a contribution Ge due to elastic 
tunneling and a contribution Gi due to inelastic tunneling. The latter contribution is assumed 
to be thermally activated and is therefore absent at T = 0 K. It is assumed that only the elastic 
contribution depends on the angle (} between the magnetic moments of the two electrodes. 
Thus the conductance is written as: 

(2.14) 

with 

(2.15) 

where Pb(t) denote the effective tunneling electron spin polarizations of the bottom (top) 
ferromagnet, while Gris the prefactor for direct elastic tunneling. Notice that all the variables 
in Eqs. (2.14) and (2.15) depend on temperature. 

Simmons [18] derived a model for the temperature dependence of the direct elastic tun
neling conductance Gr at small bias voltages. Using Fermi-Dirac statistics, a free electron 



12 CHAPTER 2. THEORY 

model and the WKB-approximation for the tunnel probability he obtained: 

Gr(T) 
Gr(O) 

cT 

sin(cT)' 
(2.16) 

where R1(T) is the elastic junction resistance as a function of temperature and the constant 
cis given by c = 0.1387 · l0-3d/q}12 , with the barrier width d in Á and the average barrier 
height rp in eV. At sufficiently low temperatures, the inelastic tunnel contributions are small 
and only the elastic contributions prevail. Thus the barrier parameters obtained from fits 
of Eq. (2.6) to J - Vi measurements at low temperatures can be used to predict the elastic 
junction resistance R1 at elevated temperatures for nonmagnetic tunnel junctions. 



Chapter 3 

Growth of Organic Magnetic 
Tunnel J unctions 

3.1 Preparation Methods for Well-Ordered Organic Layers 

In this section, different methods for the preparation of molecular films are presented. One of 
the widely used methods, which has lead to the formation of highly ordered organic layers is 
the so-called Langmuir-Blodgett (LB) technique. This method allows for the deposition of a 
defined number of oriented monolayers of certain molecules onto solid surfaces. The molecules 
are compressed on a water surface and transferred onto the substrate at the moment that a 
maximal compression is reached. The quality of the monolayers can be very high when inert 
substrates are used. However this method has the disadvantage that only certain molecules 
can be employed, and that the ordering and the cleanliness of the films are limited when 
more reactive substrates are used, making the deposition of electrical top contacts difficult 
[7, 8, 19]. 

Preparing organic self assembled monolayers from solution is an alternative method. Ei
ther by chemica! reaction with the surface or by self-organization on an inert substrate, the 
organic molecules form a self-assembled monolayer (SAM). In genera!, SAMs are ordered 
molecular assemblies formed by the adsorption of an active surfactant on a solid surface. A 
chemica! bonding occurs for instance, if molecules with a thiol end group react with an Au 
substrate [20]. Well ordered monolayers of organic molecules are obtained in this way. For 
this method, equivalent limitations as for the LB technique must be taken into account. 

Another method for preparing ordered organic films is ultra high vacuum (UHV) growth, 
sometimes referred to as organic molecular beam deposition (OMBD) [21]. The use of UHV 
allows for monolayer control over the growth of organic thin films with extremely high chemica! 
purity and structural precision. Moreover, UHV conditions render possible the application of 
powerful surface characterization techniques which are not possible in air. The most common 
means for the OMBD growth of organic thin films is to use an UHV apparatus. We used a 
home-built, dedicated UHV chamber for the growth of the organic layers (described in due 
time, see Sect. 3.3.3). Typically, growth occurs by the evaporation in a background vacuum 
of a highly purified powder of the organic source material from a temperature controlled 
Knudsen-cell (K-cell). The evaporant is collimated by passing through a series of orifices, 
after which it is deposited on a substrate held perpendicular to the beam approximately 
10 cm from the source. The flux is controlled by the temperature of the K-cell (which is 
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Figure 3.1: Schematic illustration of commensurate (epitaxial) and incommensurate (co
incident epitaxial) growth modes. Employing the transformation matrix C, epitaxy in 
general can be classified in four principal growth modes. 

maintained somewhat above the sublimation temperature of the molecules and well below 
the chemical decomposition temperature of the molecules). 

Normally the as received powder from Aldrich company has a purity of typically 98%, 
which is generally not sufficient for obtaining high quality pinhole free layers. For this reason 
the powder has to be further purified by gradient sublimation. The as received powder is 
inserted in a glass tube together with some extra glass sleeves and pumped down to a pressure 
of 10-6 mbar. The glass tube is inserted into a temperature gradient oven and further heated 
up to a temperature close to the melting point. The pure material is going to be condensed on 
one of the sleeves. The impurities contained in the original material will condense on different 
sleeves in the glass tube. When approximately all the powder is evaporated, the glass sleeve, 
in which the most material is situated, is removed. This procedure is normally repeated three 
times, resulting in a high purity material. 

For OMTJs an ordered spacer of organic molecules is required to obtain a high-quality and 
pinhole-free insulating harrier. It is well known that the ordering of the first layer is decisive 
for the success of true epitaxial growth of organic molecules on inorganic substrates. To form 
an ordered layer of organic molecules on a substrate, the interaction between the molecules and 
the substrate is crucial. If the interaction is too large the molecules are not able to diffuse on 
the surface and thereby form an ordered structure. For this reason organic molecules generally 
do not form ordered structures on reactive substrates like the ferromagnetic transition metals. 
On the other hand the interaction may not be too small either, as the molecules do not stick 
to the substrate then. 

For the growth of organic thin films with OMBD, small lattice mismatch to the substrate 
is not necessarily required. Depending on the relative strength of the bond interactions 
within a film, or between the film and substrate, the resulting film lattices are commensurate 
(i.e. epitaxial or van der Waals epitaxial (vdWE)) or incommensurate (i.e. quasi epitaxial 
(QE)) with the substrate. Epitaxial films are bonded to the surface by a combination of van 
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Figure 3.2: ( a) Perylene-tetracarboxylic-dianhydride (PTCDA) molecule (b) 6-
([2,2';6' ,2"]Terpyridin-4'-yloxy)-hexanoic acid (terpy) molecule 
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der Waals (vdW) and electrostatic forces, whereas vdWE film binding is primarily via only 
the vdW force. Typical conditions leading to epitaxial or vdWE growth are low growth rates 
( < 0.001 - 0.01 ML/s) and high substrate temperatures (""' 100 - 200°C, depending on the 
sublimation temperature of the organic molecule). These conditions result in the growth of 
equilibrium thin film structures, where the incident molecules have sufficient thermal energy 
to arrange themselves into their minimum energy configuration. For example, although the 
growth mode of PTCDA on metal substrates depends sensitively on the conditions used, 
epitaxial growth of PTCDA was observed on a Ag(llO) substrate at a growth rate of 0.007 
ML/s [21]. 

Coïncident or quasi epitaxial growth on the other hand is a kinetically controlled non
equilibrium process, resulting in structures which can be significantly distorted from the bulk. 
The conditions leading to kinetically controlled growth are high deposition rates and low sub
strate temperatures. In spite of the incommensurability of QE films, they can nevertheless 
exhibit long-range order and have an unique orientational relationship with the substrate 
lattice. The mismatch between overlayer and substrate symmetries commonly leads to coïn
cident epitaxy in which some of the overlayer lattice points do not reside on substrate lattice 
points. When every lattice point lies at least on one primitive lattice line of the substrate, the 
growth mode is called "point-in-line" coincidence (see Fig. 3.1). E.g. for PTCDA on HOPG 
two coïncident lattices are found relative to the (0001) graphite surface [21]. 

3.2 Choice of the Organic Molecules 

lt is generally a difficult task to make the right choice for the tunnel harrier material, having 
in mind the wide class of molecules that organic chemistry offers. Once the choice has been 
made, it is also hard to predict the configuration the molecules would adopt on a certain 
substrate. Apart from the conformational properties, the molecules should also form a harrier 
in between two ferromagnetic metallic electrodes. As already pointed out in section 2.1, the 
tunneling current is exponentially dependent on the harrier thickness and the square root of 
the harrier height. One might think of one molecule for which the electrical properties are 
semiconducting-like in the form of a thin film (i.e. smaller harrier height) allowing therefore the 
deposition of a thicker layer. Such a molecule might be for instance the archetype PTCDA 
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Figure 3.3: Schematic illustration of the perpendicular orientation of terperidine 
molecules on a substrate. 

(Perylene-tetracarboxylic-dianhydride, see Fig. 3.3a). The molecule consists of a perylene 
core (5 benzene rings) and four carboxylic groups. The electrons within the benzene rings are 
delocalized. The size of the molecule, determined by the Van der Waals radius, is 14 Á x 9.2 
Á. Further, the transport gap in a PTCDA thin film of a few MLs is determined by Hill et 
al. [22] and it corresponds to about 3.2 eV. 

One might also think of a certain class of oligomers which can become insulator-like in 
the form of a thin film. Such a group can be the alkanes. lt is however known that mostly 
alkanes have a tendency to adopt an orientation with the molecular plane parallel to the 
substrate. One might attach such a group to another molecule that has the tendency to 
align perpendicular to the substrate. Terpyridines are one of these molecules for which it has 
been demonstrated that they self assemble from a solution in a perpendicular orientation on 
a Au(lll) substrate [23]. This configuration has been attributed to the strong interaction of 
the N atoms with the substrate (see Fig. 3.3). 6-([2,2';6',2"]Terpyridin-4'-yloxy)-hexanoic acid 
(terpy, illustrated in figure 3.2b) is such a combination of a terpyridine and an hexananoic 
acid chain. If one assumes that such a molecule would adopt an upright orientation on a 
substrate, one can imagine that electrons which have to travel from one side of the molecule 
to the other, have to encounter a higher harrier due to the alkyl chain. 

The 'terpy' molecules have been designed in the Macromolecular Chemistry and N anoscience 
group of prof. Schubert at the Eindhoven University of Technology. The molecules are stable 
and have a melting point of 180°C, which makes evaporation in vacuum possible. Further
more, due to the presence of the carboxyl group ( COOH) within the molecule, one can imagine 
that the diffusion of the atoms from the top electrode might be avoided because of the high 
reactivity of the COOH group. However this is just a speculative idea, further research should 
be done in order to confirm it. 
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Si substrate 

Figure 3.4: Photograph of the sample-plate. 

3.3 Fabrication Techniques: Details and Setups 

3.3.1 Substrate Preparation 

The substrates used were glass (amorphous Si02) or Si(OOl) with a native oxide layer, with 
dimensions of about 10 x 14 mm. The substrates were cleaned respectively with ammonia in 
an ultrasonic bath and dried in an isopropanol boiler. A sample-holder, on which the substrate 
is glued with conducting silver paint, can be fixed to the sample-plate by two metallic leaf 
springs (see figure 3.4). 

The sample-plate is then loaded in the sputter chamber of the UHV system via the load
lock. Before any layers are deposited in the sputter chamber, the sample plate is transported 
in situ via a rail system to a separate, dedicated plasma chamber, where the substrate was 
exposed for approximately ten minutes to an oxygen plasma, at relatively high power (""' 
10-15 W). As the most important characteristics of organic MT Js are measured electrically, 
the substrate may not be conductive. The thin native oxide layer is generally not sufficient 
isolation, so the plasma oxidation is used to thicken the surface oxide layer. 

3.3.2 Sputtering 

The key idea of sputtering is that a target of the material to be deposited is bombarded by 
high energy particles. The target particles, 'knocked loose' by the high energy particles, are 
ejected into the volume of the deposition chamber, where they coat any object present. The 
energy of the target particles is typically about 1 - 10 e V for sputtering, which is a factor 
10 to 100 higher than for Molecular Beam Epitaxy (MBE). MBE is the combined process of 
thermal evaporation of a material from a source and the condensation onto a substrate to 
form a thin film. 

All the layers of the organic (magnetic) tunnel junctions, except the organic one, were 
deposited in a Kurt J. Lesker, UHV sputter-chamber with a base pressure < 3 · 10-8 mbar. 
Inside this chamber 6 targets of different materials were present. The sample, which was put 
on a stage, could be rotated into position under each individual target . Around each of these 
targets an Argon-plasma could be created, by placing the target at a high negative potential. 
The targets were sputtered by the high energy Ar ions of the plasma. The target atoms form 
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a thin layer on the substrate with a typical rate of the order of 0.5 Á per second. In general, 
many parameters must be controlled, including sputtering power, Ar gas flow, distance to 
source and temperature. In this thesis, all layers are sputtered at ambient temperature with 
a source to substrate distance of 95 mm. 

lt is also possible to sputter wedge-shaped layers. To growth a wedge, a knife-edge mask 
in near contact with the sample is translated at a constant speed across the substrate during 
growth. With a known growth rate and a very stable translation speed (0.01 to> 10 mm/s), 
the resulting layer has a thickness which varies linearly across the sample. 

3.3.3 The Deposition Chamber for Organic Layers 

Samples could be transported in situ from the sputter chamber via transport rails to a home
built, separate chamber for deposition of organic layers (see Fig. 3.5), with a base pressure 
< 10-10 mbar when baked. The chamber could be separated completely from the UHV system 
by a valve, which is not drawn in Fig. 3.5. The chamber was pumped by an air-cooled turbo 
molecular pump (ultimate pressure < 8 · 10-9 mbar), with a rotary pump (ultimate pressure 
2 · 10-3 mbar) connected at the forevacuum side. In addition, an ion pump (operating from 
10-6 mbar to 10-11 mbar and below) is attached to the organic chamber in order to obtain a 
better vacuum. To measure the pressure in the organic chamber, a hot ion combi gauge and 
an ionization gauge are used. 

The sample is transferred from the sample-plate into the organic chamber in a sample
holder, fixed to a transport stick. The transport stick can be moved along 25 mm in both 
y and z directions and 450 mm along the x-direction. Further, the sample-holder can be 
rotated 360° in the yz-plane. The sample stage can be cooled down to about 100 K by liquid 
N2 and heated up to 600 K by heat radiation. The temperature is measured with K-type 
thermocouples, attached close to the sample. To start (stop) depositing an organic layer, the 
sample was turned 180° into (out of) the molecular flux (see Fig. 3.5). 

The organic films were grown by evaporation of a powder of the organic source material 
(terpy) from a home-built , temperature controlled evaporation-cell. The flux is controlled by 
the temperature of the evaporation cell. The temperature for depositing terpy was typically 
,....., 180 °. The thickness of the deposited layers are determined with a differential ellipsometer 
(indicated schematically with a laser and a detector in Fig. 3.5) attached to the organic growth 
chamber. 
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Figure 3.5: Picture (top) and schematic illustration (bottom) of the deposition chamber 
for organic layers. The laser and detector indicate the differential ellipsometry set-up. 
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(a) (b) 

Figure 3.6: (a) Schematic illustration (top view) of the shadow mask through which 
the layers are sputtered. (b) Schematic of the resulting organic magnetic tunnel junction 
layout. 

3.4 Design and Lay-out of Organic Magnetic Tunnel J unctions 

After the substrate has been cleaned, loaded in the UHV system and plasma oxidized, the 
magnetic tunnel junctions can be grown on it. In this section, the basic organic MT J structure 
is described. The first step in designing the OMT J is to choose the bottom electrode. The 
bottom electrode is required to be extremely flat in order that a closed and pinhole-free organic 
barrier can be deposited on it. From growth mode and surface energy considerations [10], it 
follows that most metals (including Al and Co) do not grow very well on oxidic surfaces. Thus 
simply growing them on the substrate would result in an extremely rough surface unsuitable 
for MTJs. However, some metals (like Ru and Ta for example) have exhibited relatively 
smooth growth on Si02 substrates. Therefore a thin (35 Á) Ru layer was used as a buffer to 
promote flat growth of the bottom electrode. For MTJs, the switching of the magnetizations 
of bath the top and the bottom electrode is required to be independent. A Co 120 Á/Ru 6 
Á/Co 40 A trilayer system was used to pin the magnetization of the bottom electrode of the 
organic MTJs, as described in section 2.3. Co grows well on Ru (and even better on Ta) , so 
a Co layer grown on Ru is relatively flat. 

The typical junction structure, studied in this work, are made by depositing material 
through shadow masks (junction masks). The junction mask is a flat, thin plate, with lines of 
,...., 0.25 mm width (see Fig. 3.6a), forming junctions with areas of about ,...., 6 · 10-4 cm2. The 
shadow mask is placed inside a mask plate, which is sustained by a holder. The mask can 
be manipulated in situ by a magnetically coupled stick. Firstly, the mask is automatically 
positioned on the sample, such that the six stripes are directly above the substrate, nearly in 
contact with it. The bottom magnetic subsytem (Ru 35 Á/Co 120 Á/Ru 6 Á/Co 40 Á) is naw 
sputtered through these lines. When the bottom magnetic subsystem is finished, the sample 
is transported to the organic growth chamber, where the organic barrier is grown either on a 
room temperature or on a liquid N2 temperature substrate. 

On top of the organic layer a Co electrode is naw sputtered through the long stripe of the 
mask, which is positioned on the sample perpendicular to the six bottom electrode stripes. 
The top Co electrode was basically sputtered at a higher Ar gas flow rate than the bottom 
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Table 3.1: Typical MTJ stack used along with growth parameters 

layer d PAr power rate 
(Á) (seem) (W) (Á/s) 

Ru 35 7 10 0.338 
Co 120 7 20 0.541 
Ru 6 7 10 0.338 
Co 40 7 20 0.541 
terpy 600 n/a n/a 0.17 
Co 200 15 20 0.17 

glass 

Figure 3. 7: Schematic of the typical junction stack, as described in the text 

Co electrode, because then the energy of the sputtered Co particles, coating the terpy layer, 
is reduced and the terpy layer is trusted to be less damaged. At the intersections of the 
bottom electrodes and the top electrode six tunnel junctions are created on the sample, as 
shown in figure 3.6b. As the sputtered layers are very thin, their electrical resistance is not 
negligible. The electrode films have typical resistances (lead resistances) varying from 50 to 
400 n. Further, it must be mentioned that most of the prepared junctions were not stable in 
ambient atmosphere and the top electrode can be damaged by oxidation, as will be described 
in chapter 5. The top electrode has to be protected from oxidation in air, which is achieved 
by capping it with a thin (,..., 30 Á) Al layer. The result of the above design, the basic junction 
structure used throughout this thesis, is displayed in Table 3.1 and Fig. 3.7. 
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Chapter 4 

Characterization Techniques 

4.1 Differential Ellipsometry 

In general, ellipsometry is a non-destructive technique to characterize layers (in particular 
layer thicknesses and optical constants). We have used this technique to quantify organic 
layer thicknesses (for determination of the growth rate). This technique utilizes the fact that 
light changes its state of polarization upon refiection from each interface between layers . In 
the set-up, shown schematically in Fig. 4.1, light from a 2.5 mW He-Ne laser().= 632.8 nm) 
is polarized at a certain angle a ( with respect to the plane of incidence on the sample) and is 
aimed through a view-port into the organic chamber at the sample under an angle of about 
45° (see also Fig. 3.5). 

The laser light was focused to a spot of approximately 100 µm on the sample. The 
sample introduces a refiection, which is different for light polarized perpendicular (s-polarized) 
and parallel (p-polarized) to the plane of incidence. The polarization of the light was then 
modulated along one of its axes at a frequency f of 50 kHz using a photo-elastic modulator 
(PEM). After passing through a second polarizer ( analyzer), the light was focused on the 
detector with a lens. The modulated intensity, as measured by the detector, can be divided 
in a DC, a lf (50 kHz) and a 2f (100 kHz) part, neglecting the higher order terms [24]. 
These 3 parts of the intensity can be separately detected using a loek in technique. The 
PEM, which is modulated at 50 kHz, gives a reference signal at the same frequency to two 

1 sample 1 

PEM ~ ~~ laser 

~M ["~ "mirror lens~'.- polarizer ·-...... / 1 
.N analyzer ~ 
~ mirror 

detector 

Figure 4.1: Schematic drawing of the in-situ differential ellipsometry set-up. 
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Figure 4.2: X-ray reflection intensity of a Ru layer on a SiOx substrate. 

different Loek-in amplifiers, which are then able to filter the components at 50 kHz (IJ) and 
100 kHz (2!) out. The DC component is converted by an ADC-port of a Loek-in amplifier, 
after the signa! is amplified and filtered. The signals are read by a computer, which stores 
the data for later analysis. 

4.2 X-ray Reflectivity 

X-ray refiectivity is mainly used to quantify film thickness (for growth rate determination) 
and roughness. X-ray Refiectivity involves measuring the refiection of x-rays of a sample 
at very low incident angles (8 ,.._, 0.5 - 10°) . This technique is based on the difference in 
refiection of x-rays at the interface between different materials (i.e. materials with different 
indices of refraction). Consider x-rays incident on a film of a certain thickness on a substrate. 
A part of the x-rays will be refiected at the film substrate interface as well as the film air 
interface. Because of interference between x-rays reflected at these interfaces , fringes are seen 
at the specular reflection spectrum. A typical specular reflection spectrum is displayed in 
figure 4.2. The film thickness is naturally related to the period of these fringes and can thus 
be determined by measuring the specular reflection spectrum. When the thickness of a film 
gets larger, the period of the x-ray reflectivity fringes gets smaller. In the case of finite film 
or film/substrate roughness, the thickness is locally different, and destructive interference 
between reflections from different sample regions can occur. This has the consequence that 
the greater the film roughness, the faster these fringes decay as a function of (), and the 
envelope of the reflectivity versus () thus gives information on surface roughness. At higher 
incident angles of the x-rays (() > 10°), Bragg reflection at parallel lattice planes can occur 
[12], and therefore x-ray reflectivity fringes are no langer observed. 

4.3 Magneto-Optical Kerr Effect 

For the magnetic characterization of thin layers (e.g. the electrodes in a OMTJ), the Magneto
Optical Kerr Effect (MOKE) technique can be applied. The MOKE technique exploits the 
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change in optical polarization of light reflected from a magnetic surface. Essentially, a focused 
laser spot (rv 50 µm) is reflected from the surface to be analyzed, and the change in polar
ization of the reflected light, relative to the incident light is then analyzed. The measured 
change in polarization of the light can either be a change in rotation about the polarization 
axis (Kerr rotation) or a change from linear to elliptical polarization (Kerr ellipticity) . This 
change in polarization is proportional to the magnetization of the sample being measured. 
Nevertheless quantitative information on the magnitude of the magnetization is generally not 
possible. 

The set-up of the MOKE magnetometer used in this thesis to measure magnetization 
vs. field loops at 300 K in field of ±0.5 T is discussed extensively in [25], we will briefly 
describe it here. Linearly polarized light from a He-Ne laser (.X = 632.8 nm) was modulated 
between right- and left-polarized light using a photo-elastic modulator. The modulated light 
is then focused on the sample with two lenses. The sampling depth of a MOKE experiment 
is governed by the penetration depth of the laser used, meaning that typically only layers 
within a few tens of nm of the sample surface can be measured. The sample could be moved 
automatically, allowing for measuring magnetization loops at different positions on the sample. 
After passing through a polarizer (analyzer), the reflected light was focused on a detector. 
The PEM gives a reference signal at the same frequency to two different Loek-in amplifiers, 
by which both the Kerr rotation (2J component) and Kerr ellipticity (Ij-component) can be 
filtered out [25]. The whole set-up is computer controlled. 

4.4 Transport Measurements 

The most basic characterization of organic magnetic tunnel junctions is the measurement of 
transport properties, like the TMR effect. The techniques used to measure the transport 
characteristics of MTJs are quite standard and well known. For this reason, they will only 
be discussed very briefly here. All transport measurements described in this thesis were 
performed with a home-built set-up, which is equipped with a 1.2-400 K variable temperature 
helium flow cryostat and a 1.35 T magnet. Several custom probes are available for insertion 
into the cryostat, allowing the measurement of 6 junctions per run with a magnetic field 
parallel to the plane of the layers. The set-up is current based, this means that a current 
could be varied and voltage measured. The entire system is computer controlled, allowing 
programmed temperature, current, or field sweeps during a measurement . 

When we want to measure the junction resistance R1, problems occur if R1 is very low 
( < 2 kD). If we would use a two-point method (see Fig. 4.3a) for measuring R1, the lead 
resistances RL (which are between"" 50-400 n, See Sect. 3.4) would be superimposed on the 
measured junction resistance. For this reason, the two-point measurement is not suitable for 
measuring very low junction resistances (i.e. R1 is of the order of RL). In order to circumvent 
this problem, a four-point method (see Fig. 4.3b) is used for measuring R1. As the impedance 
of the used voltmeter is about 1 Gn, a negligible current flows to the voltage leads and the 
voltage drop over the junction can be measured directly. 

The cross-bar geometry, used for the junctions in this thesis, can lead to another mea
surement artifacts, called the current distribution effect [9]. The current through a junction 
must first flow laterally through one electrode, then vertically through the harrier and again 
laterally through the other electrode. It is easy to imagine qualitatively that if the junction 
resistance is comparable to the lead resistances of the electrodes, the current will flow mainly 
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Figure 4.3: Schematic illustration of the (a) two-point measurement of the junction 
resistance (b) four-point measurement of the junction resistance. 

through the corners of the junction. That is, the current takes the shortest path (i.e. the 
lowest resistance). Since the voltage drop is measured at the opposite corners of the junction, 
the measured voltage drop in this case is anomalously low. This leads to very low or even 
negative apparent resistances, and inflated TMR values. To avoid these current distribution 
effects, a tunneling resistance, which is larger (at least 5 times) than the electrode resistance, 
is required. 

Further it must be mentioned that it is difficult to measure junction resistances higher 
than 10 Mn in this set-up. The reason for this is that the smallest current that the current 
source can put is 1 nA. Hence, to get a 1 mV resolution, generally desirable for MTJs, the 
highest junction resistance can only be 1 Mn. One way to circumvent this problem is to do 
a two-point probe measurement with a reference resistance in series of the junction. 

In addition to V(I) measurements, dVi/dI(I) and d2Vi/d2 I(I) could be measured simul
taneously on this set-up. For a derivative measurement, in addition to a de current, a small, 
constant ac current ólac was applied. This current causes a voltage Vi over the junction: 
Vi(t) = Vi(Idc + ólac cos(27r ft)). By performing a Taylor expansion about Idc, it follows that 
the resulting ac voltage at the frequency lf (i .e. VIJ) is proportional to dVi/dI, and the signal 
at 2/ (i.e. V21) is proportional to d2Vi/ d2 I. In order for this expansion to be valid, the ac 
excitation 8Iac should be kept small (i.e. 8Iac « Idc)· The signals ViJ and ViJ can be filtered 
out with the use of two Loek-in amplifiers. 
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Results and Discussion 

5.1 Calibration of the Evaporation Rate 

5.1.1 In-situ Differential Ellipsometry 

Differential ellipsometry measurements were performed to estimate the growth rate of the 
terpy layer. The differential ellipsometry setup is discussed in section 4.1. When changes in 
the sample structure are introduced (e.g. by evaporation of organic molecules) , the reflection 
coefficients for s and p polarized light will change, and the lf and 2f signal will vary, as 
discussed in section 4.1. The changes in intensities in those signals can be calculated using 
a simulation program, which determines the reflection coefficients for both s and p polarized 
light for idealized structures. The reflection coefficients of s and p polarized light at the 
top interface of the stack are obtained by solving the Maxwell equations in each layer and 
matching the Ë and Ë vectors at each interface [24]. The lf and 2f signals can then be 
calculated using the Jones Formalism [26] for all optica! components [24]. It follows from this 
program that the lf signal varies much stronger than the 2f signal fora change in thickness 
of the organic layer when a Siûx was chosen. For this reason the lf signal was chosen to be 
measured. Further, it was experimentally discovered that dividing the lf signal by the de 
signal resulted in a more reproducible signal, that is independent of the laser intensity. 

In figure 5.1 an example of an ellipsometry measurement of the terpy deposition on a 
Siüx substrate is shown. In this figure both the temperature of the evaporation cell and 
the ellipsometry signal are plotted as a function of time. At time zero the temperature of 
the evaporation cell was set to 180°C. After 10 minutes, the cell practically reached this 
temperature and the Vit /VDc signal started to change. This indicates that terpy molecules 
were being deposited on the substrate. The evaporation cell was set back to 90°C at 75 
minutes and the signal started to level off, indicating that no organic molecules were deposited 
anymore. After 145 minutes, the molecules were evaporated from the substrate by heating 
the sample up to 250°C. The lf signal then decreased rapidly to its original value, as can be 
seen in Fig. 5.1. With the simulation program a growth rate of 10 Á/min was determined 
at a temperature of 180°C of the evaporation cell. The growth rate of the organic layer (10 
Á/min) is a bit lower than the typical growth rate for sputtering (15 Á/min, see Sect. 3.3.2). 

27 
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Figure 5.1: In situ differential ellipsometry measurement of the deposition of terpy on 
a Siüx substrate. After 145 minutes, the molecules were evaporated from the substrate 
by annealing the sample to 250°C. 

5.1.2 X-ray Reflectivity 

In addition to the differential ellipsometry technique, X-ray reflectivity was used to quan
tify the thickness (for growth rate determination) and roughness of the organic layers, (see 
Sect. 4.2). However, no fringes were observed for terpy layers. This indicates that the terpy 
layer has a too large roughness to calibrate the deposition rate with this technique. It can 
also be that the electron density in the organic layer is close to the one of the substrate, so 
that there is a to low 'optical' contrast, and therefore no fringes can be observed. 



5.2. NON-MAGNETIC ORGANIC TUNNEL JUNCTIONS 

Table 5.1: Growth parameters for the typical organic non-magnetic tunnel junctions 
used. All layers were grown at ambient temperature. 

layer PAr power rate 
(seem) (W) (Á/s) 

Ru 7 10 0.338 
Al 5 20 0.50 
terpy n/a n/a 0.17 
Al 5 20 0.50 

5.2 Non-Magnetic Organic Tunnel Junctions 

29 

Before attempting to develop a fabrication process for organic MTJs, we focused on non
magnetic tunnel junctions, with organic harriers. The latter junctions are more elementary 
structures than MTJs and are investigated to gain more insight in organic tunnel harriers in 
general. In particular, junctions with a terpy layer, grown on aroom temperature substrate, 
sandwiched between two Al electrodes were prepared with the process described in chapter 
3. The bottom Al electrode of these junctions was grown on a Ru buffer layer, to promote 
flat growth (see Sect. 3.4). Table 5.1 displays the growth parameters used to prepare these 
spin-independent organic tunnel junctions. Junction current and resistance were measured 
using transport chatacterization techniques, as described in Sect. 4.4. 

Ru 50 Á/ Al 150 Á/terpy 120 Á/ Al 150 A junctions were prepared on a glass substrate. 
The junction resistances were 0.1-10 n, i.e. smaller than the lead resistances of the electrodes 
(typically 50- 400 0) . Thus current distribution effects are in principle present, as described 
in section 4.4. Figure 5.2 shows the measurement of dl/ dVi as a function of the bias voltage 
Vi for a junction of this sample. The shape of the curve is reasonably parabolic, in agreement 
with electron tunneling being the main source of conduction, as described in section 2.1. The 
inset of figure 5.2 shows the corresponding l - Vi characteristic. lt should be mentioned 
however that because of the too low junction resistances, data interpretation is not trivial 
and it was not possible to measure at higher bias voltages. Moreover, it should be remarked 
that only one particular junction of this sample exhibited tunneling behavior. In order to 
get a more reliable prove that tunneling is the major conduction process, higher junction 
resistances are required. 

Subsequently, a glass/Ru 50 Á/ Al 150 Á/terpy 300 Á/ Al 150 A organic tunnel junction, 
with a thicker terpy film than the above junction, was investigated. No current distribution 
effects are expected for this junction, because the resistance was ,....., 0.6 MO. A direct mea
surement of dl/ dVi was not possible on this set-up, because the junction resistance was too 
high (see Sect. 4.4). The current density J as a function of bias voltage was measured at 5 
K, as can be seen in figure 5.3a. This curve shows a typical, non-linear shape. The junction 
resistance is Ohmic at small applied bias voltages, while at larger bias the current density 
increases exponentially. As mentioned in section 2.1, the influence on a tunnel junction of 
an applied bias voltage is that the potential energy of the harrier changes, which alters the 
tunnel probability, and that one Fermi level shifts with respect to the other (see fig. 2.1). 
Consequently, the energy range of the electrons, tunneling from the high Fermi level to the 
low Fermi level, increases. This energy interval is proportional to the bias voltage. For small 
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Figure 5.2: Conductance (dI/dVi) as a function of bias voltage fora Ru 50 Á/Al 150 
Á/terpy 120 Á/ Al 150 Á junction at room temperature. Inset: Corresponding current
voltage curve. 

bias voltages (i.e. Vi « rp/e), the tunnel probability is essentially constant and the tunnel 
current is proportional to the bias voltage (Ohmic behavior). However, by increasing the bias 
voltage further, also the change in tunnel probability becomes important, leading to an ex
ponential increasing tunnel current. Both regions are clearly visible in the curves of Fig. 5.3. 

Although similar top and bottom electrodes were used for this junction, the measured J 
vs. Vi curve was not symmetrie in voltage and also it showed a small offset at zero bias. As a 
fit to Brinkman's trapezoidal barrier model (see Sect. 2.1) failed to capture this asymmetry, 
the experimental data were fit to the symmetrie equation of Simmons (2 .6). To obtain a better 
fit of the experimental data to Simmons' equation, the measured curve was made symmetric1 

by processing the raw data as follows. Firstly, an interpolated curve was made from the raw 
data. This curve consisted of current density values Ji, interpolated between the original J 
values at a specified number of bias voltages Vi, which were equally spaced on a symmetrie 
interval around zero bias. Subsequently, for each couple of opposite bias voltages + Vi and 
- Vi the mean current density J was calculated: 

J = Ji[+Vi] - Ji[-Vi] 
2 ' 

(5.1) 

in which Ji[Vi] represents the value of the interpolated current density at the particular bias 
voltage Vi. For all values of Vi, the set of points ± [Vi , J] generates a symmetrie J - Vi 
curve. The J - Vi curve for both the raw and the symmetrized data of the above junction 
are displayed in Fig. 5.3a. 

The symmetrized J-Vi data were fitted to Simmons' equation (2.6) , as shown in Fig. 5.3b. 
The fitted barrier height and thickness were 1.19 eV and 26.8 A. It should be noted that 
the extracted barrier parameters should be interpreted with caution and that they differ as 
the voltage range used in the fit of the J - Vi measurement gets smaller, see table 5.2. The 
barrier height determined from the fit (1.19 eV) is in agreement with typical barrier heights 

1 Strictly speaking, the curve was made mathematically anti-symmetrie: J ( - Vi) = -J (Vi) 
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Figure 5.3: Current density vs. bias voltage fora Ru 50 Á/ Al 150 Á/terpy 300 Á/ Al 150 
Á organic tunnel junction at 5 K. (a) The raw (dotted curve) and the symmetrized data 
(solid curve) . (b) The symmetrized data (solid curve) fitted to the Simmons' equation 
(2.6, dashed curve). 

Table 5.2: Fit parameters to Simmons' equation (2.6) for different fit ranges of the J 
versus Vi curve, displayed in figure 5.3. 

fit range c.p d 
(V) (eV) (Á) 

[-0.68 : 0.68] 1.19 26.8 
[-0.50 : 0.50 l 0.97 30.0 
[-0.40: 0.40] 0.80 33.3 
[-0.30 : 0.30 l 0.67 36.4 
[-0.10: 0.10] 0.60 38.4 

..., 
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Figure 5.4: (a) Resistance as a function of temperature fora Ru 50 Á/Al 150 Á/terpy 
300 A /Al 150 A organic tunnel junction measured at a constant current of 10 nA (solid 
line). The dashed line is the theoretica! curve, calculated for this junction with equation 
(2.16), and the dotted line is fit to the measured data. (b) Symmetrized J vs. Vi charac
teristic measured at 5 K (solid), fitted to Simmons' equation (2.6, dashed). For both the 
theoretica! and the fitted curve, RJ(O) was pinned to the measured resistance at 5 K, to 
ease the comparison. 

of conventional Al203 tunnel junctions (1 - 3 eV) . The fitted harrier thickness is an order of 
magnitude smaller than the expected value of 300 A, based on the growth rate. This is an 
indication that the organic harrier had an extreme thickness variation and that the tunneling 
current was concentrated at a few thin spots, which have a thickness roughly corresponding 
with the fitted thickness. Generally, the J - Vi curve does not refl.ect an average thickness, 
but rather an effective thickness. 

As can be seen in figure 5.3, Simmons' curve deviates slightly from the experimental 
current density vs. voltage curve. This phenomenon was observed for organic as well as for 
conventional Al2Ü3 tunneljunctions [27] . Extensions of Simmons' model [15, 28] , introducing 
additional degrees of freedom, failed to capture this deficiency for the organic tunneljunctions. 
These simple models neglect hopping conduction (i.e. tunneling via interface states or impurity 
states in the harrier) and inelastic tunneling, see Sect. 2.4. Inelastic tunneling will give rise 
to an increase of the conductance, and depending on the density and energy distribution of 
impurity states, the J - Vi curve will be different. 

The solid line in figure 5.4a shows the resistance as a function of temperature for another 
Ru 50 Á/ Al 150 Á/terpy 300 Á/ Al 150 A junction. This curve was smoothened by averaging 
of adjacent data points. The resistance is measured with a constant current of 10 nA. A 
theoretica! dependence of RJ on temperature has been derived by Simmons (see Sect. 2.4) . 
The theoretica! RJ - T curve of Simmons is shown by the dashed line in figure 5.4a and 
is calculated from equation (2.16) with the harrier parameters: d = 32.8 A and cp = 0.76 
eV. These parameters are extracted from the current density versus bias voltage curve of this 
junction, displayed in Fig. 5.4b. In addition, the measured junction resistance vs. temperature 
curve was fitted to Simmons' RJ -T formula (2.16). It can be clearly seen in figure 5.4a that 
the experimental data hardly fit to this formula. Therefore the fitted harrier thickness and 
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Figure 5.5: Current density vs. bias voltage for a Ru 50 Á/ Al 150 Á/terpy 300 Á/ Al 
300 Á organic tunnel junction both at 100 K (dashed) and room temperature (solid). 
The curves were made symmetrie. 
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height of respectively 71.1 A and 1.90 eV, as determined from the R1 - T curve, should be 
interpreted with caution, and are only given to demonstrate the dependence of the theoretica! 
curve on these parameters. It can be seen in Fig. 5.4a that the theoretica! curves are more or 
less in qualitative agreement with the measured data. However the measured curve depends 
somewhat stronger on temperature than the theoretica! curve. The reason for this can be 
that the total tunnel current fl.ows through a few thin spots in the harrier. These spots then 
have an elevated temperature (which is higher than the actually measured temperature) due 
to the large amount of current fl.owing through them. Recapitulating, bath the J - Vi and 
the R1 -T measurements support that elastic tunneling is the dominant conduction process 
in Ru/ Al/terpy /Al tunnel junctions. 

In figure 5.5 the symmetrized J - Vi characteristics at bath 100 K and room temperature 
of a glass/Ru 50 Á/ Al 150 Á/terpy 300 Á/ Al 300 A junction, with a resistance of,...., 8 MD, 
are shown. To prevent breaking of the top electrode in the ambient atmosphere, it was grown 
thicker than the bottom electrode. It can be clearly seen that the low temperature curve has 
a more extended linear range around zero than the room temperature curve, as expected for 
tunneling transport in such a junction. At high temperatures, more states will be occupied 
above the main Fermi level, with a higher tunnel probability, increasing the current density. 

Besides junctions with a terpy layer sandwiched between two Al electrodes, glass/Ru 50 
Á/ Al 150 Á/terpy 150 Á/Co 150 A junctions were investigated. The Co top electrode was 
not stable in ambient atmosphere and broke down. Cracks in the Co electrode were clearly 
visible and the junctions could not be measured. Subsequently, glass/Ru 50 Á/ Al 150 Á/terpy 
250 Á/Co 200 A junctions with an Al cap on the Co top electrode were examined. These 
junctions were all shorted and could not be measured either. Moreover the top electrode of 
some of these junctions broke down as well. Therefore we conjecture that Co reacts with 
the terpy molecules, resulting in a complex structure. Furthermore it is possible that the Co 
electrodes diffuse into the harrier, resulting in shorted junctions. Thus for tunneling transport 
in junctions with terpy /Co interfaces, even thicker terpy and Co layers seem to be required. 
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5.3 Organic Magnetic Tunnel J unctions 

5.3.1 Magnetic Characterization 

Julliere's simple model for the TMR effect was discussed previously in Sect. 2.2, with the result 
that the conductance (resistance) of a MTJ is lower (higher) when the magnetizations of the 
two ferromagnetic electrodes are anti-parallel. Once said, one must experimentally realize 
both a parallel and an anti-parallel magnetization alignment. Therefore we have chosen for 
a Ru 35 Á/Co 120 Á/Ru 6 Á/Co 40 Á/terpy 600 Á/Co 200 A MTJ, i.e. a MTJ with an 
AF coupled bottom electrode and a magnetically 'free' top electrode (see Sect. 2.3). The 
magnetic behavior of both the bottom and the top electrode of such a MT J was investigated 
with the MOKE technique. Firstly, the magnetic behavior of the bottom magnetic subsystem 
of the above MT J structure was probed by performing longitudinal MOKE measurements on 
a Siüx/Ta 30 Á/Co 120 Á/Ru 6 Á/Co 40 Á sample. Parenthetically we remark that this 
sample was capped with a thin Al layer and that the Ta base layer was grown with a rate of 
0.648 Á/s at a plasma power of 20 Wand an Ar gas flow of 10 seem, while the other layers 
were grown as specified in table 3.1. 

Consider the above sample with the magnetizations of the Co layers in the xy-plane and 
laser light incident in a plane parallel to the yz-plane on this sample, schematically displayed 
in figure 5.6. The magnetic field H is applied in the y-direction. The lower 120 Á Co layer is 
represented by layer 1 and the upper 40 Á Co layer is represented by layer 2 in this figure. 
Longitudinal MOKE measures the projection of the magnetization on the y-axis. For a system 

x 
y 

Figure 5.6: Schematic illustration of the longitudinal MOKE technique. The arrows 
indicate the magnetization directions of the two Co layers. The laser light is incident in 
the yz-plane. 

with two magnetic layers, the measured change in ellipticity E and rotation 'ljJ of the reflected 
light can be written as: 

E = e1My1 + e2My2 

'ljJ r1My1 + r2My2 

(5.2) 

(5.3) 

with en and rn being constants and My1(2) the projection of the magnetization on the y-axis 
of the lower (upper) Co layer. In general, e1 -:/= e2, r1 -:/= r2 and also en -:/= rn, which can be seen 
in figure 5.7a, where both an ellipticity and a rotation measurement on the above SiOx/Ta 30 
Á/Co 120 Á/Ru 6 Á/Co 40 A sample are shown. As described in Sect. 2.3, at small fields the 
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Figure 5.7: (a) Measurement of both the ellipticity é and the rotation 'ljJ of an anti
ferromagnetically coupled Co 120 Á/Ru 6 Á/Co 40 Á structure as a function of external 
magnetic field. (b) Projection of the magnetization of both magnetic layers on the y-axis 
in arbitrary units as a function of magnetic field. ( c) The angle between the magnetization 
direction and the x-axis vs. applied magnetic field for both Co layers. ( d) The relative 
angle of the magnetization directions of the two layers vs. applied field. Insets show the 
corresponding magnetization directions of both layers at different field values. 
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Figure 5.8: MOKE measurement of the top electrode of a Co 40 Á/terpy 600 Á/Co 
200 Á MTJ. The inset shows the position on the junction where the measurement was 
performed. 

magnetization direction of these layers is expected to be anti-parallel, with the magnetization 
direction of the thinner layer (2) pointing opposite to the field direction. Whereas at large 
fields the magnetization of the Co layers are both parallel to the field. In the intermediate 
region both layers are rotating in the xy-plane. The ratio of the fields H 1 and H 2 at which the 
rotation of the magnetization of the two Co layers commences and ends, can be theoretically 
calculated from Eqs. (2.12) and (2.13), with t1 = 120 A, t2 = 40 A and Ms1 = Ms2· The 
theoretica! value of Hi/ H2 = 1/2 is in agreement with the values determined from Fig. 5.7a: 
H1 ~ 0.09 T and H2 ~ 0.18 T . From Fig. 5.7a it becomes also clear that the ellipticity 
measurement is most sensitive to the thin Co layer (2), evidenced by the non-monotonous 
jump around zero field. Whereas the rotation measurement most strongly probes the thick 
Co layer (1), since the measurement changes monotonically with field. 

Assuming for the two Co layers a single magnetic domain structure and a completely 
anti-parallel magnetization alignment for low fields ( < 0.05 T) and a parallel magnetization 
alignment for high fields (> 0.30 T), the coefficients en and rn of equations (5.2) and (5.3) can 
be calculated from Fig. 5.7a. Then, by combining the ellipticity and rotation measurements, 
My1 and My2 can be separated, as shown in figure 5. 7b. Notice that My 1,2 are the projection 
of the magnetization on the y-axis in arbitrary units . Notice that the behavior of My2 is 
in agreement with the expected behavior of the magnetization of the bottom electrode MB 
in Fig. 2.3 of Sect. 2.3. In Fig. 5.7c the same information is shown as in Fig. 5.7b, but 
then transformed to an angle with respect to the x-axis by taking the arccos of Myl ,2· This 
enhances features near 90°, but also enlarges small sealing errors and noise resulting in the 
more than 90° values. It was assumed that the total magnetization remains constant, while 
it rotates. At rv 0.1 T a spin flip transition occurs, suddenly rotating the thick layer (1) rv 25 
degrees away from the field direction. The relative angle of the magnetization directions of 
the two layers is displayed in figure 5.7d. 

Next, the magnetic behavior of the top Co electrode of a Ru 35 Á/Co 120 Á/Ru 6 Á/Co 
40 Á/terpy 600 Á/Co 200 A OMT J was investigated with longitudinal MOKE. In Fig. 5.8 
the hysteresis loop of the Co top layer is shown, where the arrow indicates the position on 
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the junction where the measurement was performed. From this figure a coercivity of,....., 0.02 
T is observed for the magnetically free Co layer, whereas for Co on Ah03 typical values of 
1 - 2 mT are observed. This is an indication that a Co layer grown on terpy is different from 
a Co layer grown on Al2Ü3. 

5.3.2 Transport Characterization 

The experimental results of transport measurements on magnetic tunnel junctions with or
ganic barriers are presented in this section. These junctions were fabricated with the process 
described in chapter 3. In figure 5.9d the TMR as a function of applied magnetic field at 
5 K of a Ru 35 Á/Co 120 Á/Ru 6 Á/Co 40 Á/terpy 600 Á/Co 200 Á OMTJ is displayed. 
Notice that this organic magnetic tunnel junction has an AF coupled bottom electrode and a 
magnetically 'free' top electrode, to realize bath a parallel and an anti-parallel magnetization 
alignment (see Sect. 2.3). The junction was grown on a glass substrate and capped with a 
thin Al layer to protect it from ambient conditions. The junction was prepared, using the 
standard growth parameters of table 3.1 and the terpy layer was grown on a 100 K substrate. 
The resistance of this junction was,....., 14 Mf! and therefore the transport characteristics were 
measured with the two-point method (see Sect. 4.4) at a current of 1 nA. It can be seen 
in figure 5.9d that this OMTJ has a maximum TMR of over 73, which indicates that the 
tunneling current through the OMTJ is spin polarized. 

In figure 5.9c the TMR curve, that is expected from the magnetic behavior of the elec
trodes, is displayed (see Fig. 2.3). The expected TMR curve is obtained in arbitrary units by 
multiplication of the magnetization of the AF-coupled bottom Co electrode (Fig. 5.9b and 
Fig. 5.7b) and the magnetically 'free' top Co electrode (Fig. 5.9a and Fig. 5.8) . From the 
expected TMR curve in arbitrary units, the normalized TMR curve (Fig. 5.9c) can be con
structed. The expected TMR vs. field curve is not in agreement with the actually measured 
TMR vs. field curve. The latter (measured) curve (Fig. 5.9d) only switches at positive fields 
to high TMR values for ascending field and at negative fields for descending field, whereas 
the expected TMR curve (Fig. 5.9c) switches for bath sweep directions of the field bath at 
negative and positive fields. The measured TMR curve resembled the TMR curve of a MT J 
with uncoupled electrodes of different coercive fields (Fig. 2.3a). It is clear that the bottom 
Co electrode of the measured junction is not AF-coupled. Further, it can be seen in Fig. 5.9d 
that the TMR makes a small jump around zero field (indicated with the dotted lines) for 
descending field. 

It must be noted that the switching fields of the TMR vs. field curve differ randomly 
each time the measurement is repeated, as can be seen in figure 5.lüa. This phenomenon has 
never been observed for traditional Ah03 tunnel junctions, as far as we know. Furthermore 
it must be noticed that the height of the plateaus in the TMR curve is different for bath 
sweep directions of the magnetic field (see Fig. 5.9d) . This phenomenon is also observed for 
regular Co/ Al203/NiFe tunnel junctions at 10 K in reference [28]. They attribute it to an 
antiferromagnetic NiFe-oxide layer on top of the upper electrode, formed during fabrication 
of the junctions. At low temperatures this oxide-layer becomes antiferromagnetic, resulting 
in an exchange bias effect . This means that the presence of an exchange interaction at the 
interface of a ferromagnet (NiFe) and an antiferromagnet (NiFe-oxide at low temperatures) 
shifts the entire magnetization-field loop of the ferromagnet away from zero field . 

In figure 5.lüb the measured TMR (squares) as a function of bias voltage of the above 
junction is shown, together wit an exponential fit (solid line). The TMR of the OMTJ exhibits 
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Figure 5.9: (a) Magnetization of the top electrode of a Ru 35 Á/Co 120 Á/Ru 6 Á/Co 
40 Á/terpy 600 Á/Co 200 A MTJ measured with MOKE (From Sect. 5.3.1). {b) Mag
netization of a SiOx/Ta 30 Á/Co 120 Á/Ru 6 Á/Co 40 A sample measured with MOKE 
(From Sect. 5.3.1). (c) Expected TMR as a function of magnetic field, obtained by mul
tiplication of the hysteresis loops of (a) and (b). (d) TMR vs. field of a Ru 35 Á/Co 120 
Á/Ru 6 Á/Co 40 Á/terpy 600 Á/Co 200 A, measured at 5 K, a bias voltage of 14 mV 
and a current of 1 nA. 
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Figure 5.10: (a) The switching fields of the TMR curve change randomly for two sub
sequent measurements. (b) TMR as a function of applied bias voltage at 5 K for a Ru 
35 Á/Co 120 Á/Ru 6 Á/Co 40 Á/terpy 600 Á/Co 200 Á organic MTJ. 
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an exceptionally strong dependence on bias voltage. At an applied bias of 50 m V the TMR 
was already reduced to only 1 %. Several groups have fabricated Al2Ü3 MT Js for which the 
TMR is reduced only by a factor of two at bias voltages > 500 m V. Although not accounted 
for by the simple model of Julliere (see section 2.2), experimental observations indicated that 
the dependence of the TMR on bias voltage was an intrinsic effect. In general, the bias 
voltage dependence is diffi.cult to understand. Apart from lowering of the effective harrier 
height at increased bias, the TMR dependence on bias voltage can be explained by inelastic 
processes. A magnon can be created in the tunneling process if a hot electron which tunnels 
from one electrode to the other has to lose some of its energy to reach the Fermi-level of 
the electrode it tunnels into. Creation and absorption of magnons leads to spin-flip of the 
tunneled electron, resulting in creation of extra conduction channels, which causes a lowering 
of the TMR. Additionally, at high bias voltages also the dependence of the density of states 
on E plays a role (see Sect. 2.1) . 

Current-Voltage measurements were performed on the above Ru 35 Á/Co 120 Á/Ru 6 
Á/Co 40 Á/terpy 600 Á/Co 200 A junction at zero magnetic field . Figure 5.lla shows the 
J - Vb measurement at a temperatures of 5 K. The curve was made symmetrie, as described 
in Sect. 5.2. The J vs. Vb measurements show the same curved characteristics as also seen in 
the measurements on the nonmagnetic junctions described in section 5.2. Barrier parameters 
were extracted by a fit to Simmons' equation (2.6). The parameters are a harrier width of 
17.5 A and a harrier height of 2.87 eV. It must be noticed however that the fitted harrier 
thickness (17.5 Á) is much smaller than the expected thickness (600 Á) , based on the growth 
ra te. 

Figure 5.llb illustrates the R1 vs. temperature of the above organic magnetic tunnel 
junction, measured at 1 nA and zero field, compared to a typical R1 vs. T curve of a con
ventional Co/ Ah03/Co MT J with parallel magnetization alignment . It must be noted that 
the experimental organic curve was smoothened by averaging of adjacent data points. It can 
be seen in Fig. 5.llb that for temperatures up to about 200 K the junction resistance of the 
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Figure 5.11: (a) Current density as a function of bias voltage for a Ru 35 Á/Co 120 
Á/Ru 6 Á/Co 40 Á /terpy 600 Á/Co 200 Á organic MTJ at 5 K. The curve was made sym
metrie. (b) Measured junction resistance as a function of temperature of a Co/terpy /Co 
organic tunnel junction (solid) and a Co/ Al20 3 /Co MTJ (dashed). 
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OMTJ decreases vary rapidly (compared to the Al203 MTJ), whereas the junction resistance 
is approximately constant above 200 K. At elevated temperatures transport may proceed by 
thermally activated, inelastic processes, such as hopping via defect and/or impurity states in 
the barrier slightly above the global Fermi level (see Sect. 2.4), while at lower temperatures, 
where the carriers have insufficient thermal energy, elastic tunneling transport dominates. 
For hopping conduction in regular Al2Ü3 junctions a power-law dependence has been found: 
Gi ex: T 1 . This dependence has not been found for both the non-magnetic organic tunnel 
junctions and the OMTJ. 

Thus impurities in the organic barrier may cause hopping conduction processes at elevated 
temperatures. lmpurities in the barrier may be introduced during the fabrication process of 
MTJs, described in chapter 3, in a number of ways. During the deposition of the organic 
barrier, impurities can be introduced depending on the purity of the target material and 
the background pressure. Therefore the organic molecules were purified, prior to deposition, 
by gradient sublimation. And also to decrease the background pressure, we have added 
an extra vacuum pump (the ion pump, see Sect. 3.3.3) to the organic chamber. Further, 
during the sputtering of the top electrode, impurities may be introduced in the barrier due 
to highly energetic Co particles. Even when the fabrication is complete, impurities may still 
be introduced by intermixing of the Co and terpy particles at the interfaces due to diffusion 
processes. 

Although no TMR effect was observed at elevated temperatures, the OMT J exhibited 
7% magnetoresistance at 5 K. The results for this junction stimulated further research on 
similar organic MTJs. Out of the dozens of organic MTJs that were fabricated, the above 
OMT J was the only one that exhibited a reasonable TMR at 5 K and we were not able to 
reproduce these results. This confirms the fact (mentioned in section 1.1) that it is extremely 
difficult to produce a good tunnel barrier for MTJs. The organic MTJs with a terpy layer 
thinner than 600 A that were prepared (viz 300 A and 450 Á), were all shorted. Moreover, 
growing organic MTJs on SiOx substrates instead of glass, resulted in breaking of the top Co 
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of Co thickness for both a sputtered and a MBE grown Co wedge on a SiOx/terpy 600 Á 
substrate (see inset of (a)). The insetted graphs show the corresponding hysteresis loops 
measured with MOKE. 

41 

"' "' :J 
<Il 

('.) 
~ 
"O 
Qi 

"" Q) 
> 
"ë 
gi 
(.) 

electrode in ambient atmospherical conditions, even when it was capped with an Al or Ru 
layer. The cracks in the top electrode were clearly visible with the bare eye. It appears that the 
Si substrates hinder the flat growth of these structures. Another problem encountered with 
these structures was that the junction resistances was not stable in some cases . Further, some 
junctions showed an abrupt, irreversible increase in resistance of several orders of magnitude. 

5.3.3 Deposition of the Top Electrode 

One of the possible explanations for the diffi.culty experienced with producing proper OMTJs 
may be a strong interdiffusion of the top electrode, when deposited on the organic film. In 
order to investigate the diffusion of the Co top electrode into the terpy layer, we analyze 
the magnetic properties of a Co wedge deposited on a terpy film. Two different samples 
were prepared: a Co wedge (0 - 173 Á) grown by MEE on a terpy 600 Á/Siüx substrate 
and a Co wedge (0 - 200 Á) grown by sputtering on a similar substrate. For both wedges, 
hysteresis loops were measured with longitudinal MOKE at different positions (i.e. at different 
Co thicknesses) by scanning the laser spot along the wedge. With this technique one can 
determine the minimum amount of Co that has to be deposited on a terpy substrate in 
order for the Co to exhibit magnetic behavior. If an unbroken thin film (> 3 MLs) of Co is 
not formed on the terpy substrate, due to diffusion of Co into the terpy layer, no magnetic 
behavior and therefore no magneto-optical signal will be observed. 

In figure 5.12 both the saturation rotation/magnetization in arbitrary units and the co
ercive field in kGauss of both wedges is plotted as a function of Co thickness. The starting 
point of the wedge on the sample could only be determined within certain error limits from 
the data, and therefore an uncertainty (indicated with the errorbars) is introduced in the Co 
thickness value on the horizontal axis. At large Co thicknesses (> 50 Á) the bulk saturation 
value of the magneto-optical signal as a consequence of the finite penetration depth of the 
laser. From figure 5.12a it follows that the dependence of the magnetization on Co thickness 
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is similar (within error-limits) for both the MBE grown and the sputtered wedge. However 
the coercive fields (Fig. 5.12b) for the MBE grown wedge are significantly larger than for 
the sputtered wedge. Both wedges exhibit an increase in coercive field with decreasing Co 
thickness. This indicates that at small thicknesses the Co grows in large clusters instead of a 
closed layer, probably due to the roughness of the terpy layer. 

Finally, it is clear for this discussion that no indication is found from the measurements 
that the Co top elect rode diffuses into the terpy harrier. As there are no data points at small 
Co thicknesses of the wedge and the uncertainty on the horizontal axis is too large, subsequent 
measurements for Co wedges 0 - 50 A on terpy should be performed to clarify the diffusion 
of the top elect rode in the terpy harrier. 

5.3.4 Discussion 

A TMR of,..__, 7% was measured at 5 K for a glass/Ru 35 Á/Co 120 Á/Ru 6 Á/Co 40 Á/terpy 
600 Á/Co 200 A OMTJ (see Sect. 5.3.2). Furthermore, current density vs. voltage measure
ments at 5 K support that the tunnel current is spin polarized (see Fig. 5.lla) . However, the 
field (Fig. 5.9) and bias (Fig. 5.lOb) dependence of the TMR and the temperature depen
dence of the junction resistance (5.llb) of the OMTJ are not in agreement with the expected 
behavior. Furthermore the results for this junction are not reproducible. 

As a possible explanation for the behavior of the above OMT J we formulate the following 
hypothesis: the actual tunneling takes place via two superparamagnetic Co clusters in the 
terpy harrier (see Fig. 5.13). A single domain particle is said to be superparamagnetic when 

Figure 5.13: Schematic illustration of two paramagnetic Co clusters in the terpy harrier. 

only two directions of the magnetization are permitted [12]. These two directions are then 
separated by an energy harrier of height: Er = kV, where V is the volume of the particle 
and k is the anisotropy energy per volume. The magnetization of a particle will remain stable 
unless some perturbing force (like an applied field, or thermal fluctuations) exists that can 
take the magnetization over the energy harrier. We speculate that the particles are formed in 
the harrier by diffusion of the sputtered Co electrodes (see Sect. 5.3.3) at a distance roughly 
corresponding to the effective harrier thickness as determined from Simmons' equation (2.6). 
This assumption is in agreement with the fact that the organic MTJs could not be fabricated 
reproducibly, because diffusion is a random motion and therefore the Co clusters are formed 
by chance. 

As discussed in Sect. 5.3.2, the TMR curve of the OMTJs (Fig. 5.9) is not in agreement 
with the magnetic behavior of the electrodes and the TMR switches at 'random' applied 
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fields (see Fig. 5.lOa). The observed behavior of the TMR vs. field can be explained under 
the assumption that the hypothesis is right. The applied magnetic field Hcrit to produce a 
magnetization reversal in a stable, single domain particle is given by k/Ms, where Ms is the 
saturation magnetization [29]. If we assume a different (shape) anisotropy energy k for both 
Co particles, the critica! field is different for both particles. If a field is applied, both particles 
will reverse their magnetization at different fields, thereby creating a field region where the 
magnetizations are antiparallel. At field regions lower and higher than both critica! fields, 
the magnetizations become parallel. Furthermore, when a magnetic field is applied, thermal 
fluctuations can take the magnetization over the energy barrier. If this process occurs, the 
time average of the remanence is zero and no magnetic behavior of the Co clusters is observed. 

As mentioned in section 5.3.2, the TMR exhibited an exceptionally strong dependence 
on bias voltage (see Fig. 5.lüb), whereas the current density (Fig. 5.lla) exhibits a weak 
dependence on bias voltage. Thus, it seems that the spin sensitivity of the tunnel current 
is quenched, at the application of a bias voltage. This might be an indication that we have 
actually measured a temperature rather than a bias dependence of the TMR. If it is really 
the case, that the total tunneling current flows between two Co particles, these Co particles 
might have an elevated temperature then, due to thermal energy transfer of the tunnel cur
rent. In addition to the creation of phonons, this thermal energy might be used to take the 
magnetization over the energy barrier, negating the magnetization of the Co particles. It is 
possible that the strong decrease of the TMR for increasing bias (see Fig. 5.lüb) is due to 
this process. If we assume that the thermal energy of the tunnel current is totally used for 
transitions of the magnetization of the Co clusters, we are able to estimate an upper bound 
for the energy barrier height. The energy barrier height is assumed to be just the activation 
energy for a transition and can be determined from an exponential fit to the TMR vs. bias 
curve (Fig. 5.lüb): Er= kBT = (10.9 ± 0.3) me V. 

The barrier parameters (d = 17.5 A and cp = 2.87 eV) obtained from the J - Vii curve 
(Fig. 5.lla) with Simmons' equation (2.6) are determined for a junction area of 6 · 10-4 cm2 

(see Sect. 3.4). This is obviously not correct, as the area of the Co clusters is much smaller 
than the area of the junction. For this reason, the barrier parameters are determined for an 
area of 10 nm2 from the data of Fig. 5.lla. The barrier thickness and height for this area are 
respectively 9 .1 A and 0. 64 e V. The strong decrease of the j unction resistance as a function of 
temperature up to,....., 200 K (see Fig. 5.llb) can also be explained by the transfer of thermal 
energy to the Co clusters by the tunnel current. It might be that the actual temperature of 
the Co clusters is higher than the measured temperature, which is plotted in figure 5.llb. 

Finally, it must be noted that while the hypothesis qualitatively describes the fluctuations 
in the switching fields of the TMR curve per scan, the difference between the macroscopie 
magnetization switching of the electrodes and the local TMR data, as well as the extreme 
temperature dependence, it is very diffi.cult to actually prove the correctness of it, because 
the OMT Js can not be fabricated reproducibly. 
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Chapter 6 

Conclusions and Recommendations 

The initial goal of this thesis was to develop a fabrication process for MTJs with organic 
harriers. Given that it actually took 20 years to develop the traditional Al2Ü3 harrier [2] 
and given the severe requirements for tunnel harriers in MTJs (see Sect. 1.1), it is reasonable 
that we <lid not succeed in fabricating reproducible OMTJs with high TMR values at room 
temperature. Nevertheless, we found evidence for the 'successful' production of at least a 
single OMT J that exhibited a TMR of over 7% at 5 K. Furthermore, a preparation recipe for 
reproducible non-magnetic tunnel junction with organic harriers has been designed. 

For glass/Ru 50 À/ Al 150 À/terpy 300 À/ Al 150 À non-magnetic tunnel junctions, dis
cussed in section 5.2, measurements indicate that elastic tunneling is the dominant conduction 
process. Firstly, measurements of the junction resistance as a function of temperature are in 
qualitative agreement with the theory for elastic tunneling (Eq. (2.16)) . Additionally, current 
density vs. bias voltage characteristics show a typical shape for elastic tunneling. However 
the harrier thickness determined from a fit to Simmons' equation (2.6) (25 - 35 À) is con
sistently not in agreement with the expected value (300 À), based on the growth rate. We 
conclude that the thickness of the terpy harrier is extremely inhomogeneous and that the 
tunneling current actually is concentrated at a few thin spots, which have a thickness roughly 
corresponding to the fitted thickness. 

For a glass/Ru 35 À/Co 120 À/Ru 6 À/Co 40 À/terpy 600 À/Co 200 À OMT J a TMR of 
> 7% was measured at 5 K (see Sect. 5.3.2). Further, current density vs. voltage (Fig. 5.lla) 
measurements support that the tunnel current was spin polarized at 5 K. However, the field 
(Fig. 5.9) and bias (Fig. 5.10) dependence of the TMR and the temperature dependence of the 
junction resistance (5.llb) of the OMTJ are inconsistent with the expected behavior and the 
results for the OMT Js were not reproducible. Therefore we speculate that the tunnel current 
is not homogeneous for the OMTJs but actually takes place via two superparamagnetic Co 
clusters in the terpy harrier, as discussed in Sect. 5.3.4. 

In any case, it is clear that the tunnel current in both the non-magnetic organic junctions 
and the OMT J is far from homogeneous over the junction area. For device applications, 
the physical structure of the organic harrier must be considerably improved, and additional 
research is required. The organic layer has a very complex structure and is required to be 
extraordinary thick ("" 600 À) compared to traditional tunnel harriers ( 10-20 À). For smaller 
thicknesses of the organic harrier, pinholes were present and obviously no tunneling transport 
was observed. Still we may conclude that we observed magnetoresistance in magnetic tunnel 
junctions with organic harriers . 

45 
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At the moment, we only stand at the cradle of a mature fabrication process for mag
netic tunnel junctions with organic harriers. The road to maturity is still long as there are 
many opacities for the OMTJs. Therefore further research is necessary to get a better under
standing of these systems. Some recommendation for further research are given. Firstly, to 
investigate the diffusion of the top Co top electrode in the terpy harrier (see Sect. 5.3.3) addi
tional MOKE measurements are required on both MBE grown and sputtered wedges. These 
measurements can clarify whether it is worthwhile to growth the top electrode with MBE 
instead of sputtering. Further, the growth of the organic harrier should be monitored with 
differential ellipsometry to gain extra information for the organic tunnel junctions. Transport 
behavior may then be linked to deposition characteristics of the organic layer for a particular 
sample. And finally, in order to reduce the chance of pinholes in the harrier, junctions with 
smaller areas should be prepared. This can be done by making a new junction mask with 
smaller stripes (see Fig. 3.6). 
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