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Abstract

The integration of organic semiconductors in spintronic devices is of great academic and
industrial interest, due to the large spin lifetime predicted for these materials. All-electrical
spin-valve structures provide an excellent way to inject and detect a spin-polarized current.
This study explores three device structures for realizing organic spin-valves.

We fabricated vertical spin-valve stacks, consisting of a thick Alq3 layer (up to 700 nm) sand-
wiched between two ferromagnetic cobalt electrodes. These devices suffered from intermixing
of the Alq3 layer with the cobalt deposited on top, resulting in an ill-defined layer of 200 nm
when e-beam evaporating the top electrode. Although the proper conduction mechanism was
obtained, no magnetoresistance effects were observed.

As a bottom-up approach to the investigation of the properties of an Alq3/Co interface,
we studied the growth of Alq3 on specific substrates. By replacing the thick Alq3 layer by
a thin 3.1 nm Alq3 layer on top of a 1.2 nm aluminum-oxide layer, we found spin-valve
magnetoresistance effects up to 8% at 300 K (16% at 4 K). The effect corresponds well to the
magnetic engineering of the electrodes. Due to the small thickness of the layers, the relevant
transport mechanism is discussed.

An alternative investigation of spin transport in thick Alq3 layers was initiated in a lat-
eral device structure, thereby avoiding the complications of intermixing layers. This device
consisted of two electrodes, respectively 1000 nm and 500 nm wide, parallel over a length
of 50 µm. With e-beam lithography, a gap width between the electrodes down to 140 nm
could be attained. Alq3 and pentacene were deposited in between the electrodes. The desired
structural and magnetic properties for this device were achieved. However, we also found that
an adapted approach is necessary to sufficiently increase the current density.

The results attained in this study provide valuable insight for a continued investigation of
spin-polarized current in organic semiconductors.
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Chapter 1

Introduction

Everyday society is more and more influenced by a wide variety of electronic de-
vices: computers, mobile phones, digital media players, wireless medical diagnostic
sensors and laboratory-on-a-chip devices. Consumers ceaselessly demand smaller
devices with increasing performance and lower cost. Spintronics and organic elec-
tronics are two fields that have made significant contributions to keep up with
these consumer demands and have a huge potential for the future. These fields
are strongly technologically driven, however they are also of great scientific curios-
ity. The graduation project described in this report is based on a combination of
both fields. This combination aims at integrating organic materials – extensively
studied in the field of organic electronics – into new spintronic devices. Conducted
in the group Physics of Nanostructures at Eindhoven University of Technology, the
aim of the described project is:

”an exploration of device structures for realizing organic spin-valve
devices”.

This introductory chapter will first give an overview of the spintronics (§1.1) and
the organic electronics (§1.2) fields of research. Section 1.3 focuses on recent devel-
opments that resulted from the combination of these fields, which has been termed
organic spintronics. We will see that these developments give rise to an investi-
gation of the potential of various device structures, with three specific structures
setting the outline of this project as discussed in §1.4.

1.1 Spintronics

Besides its charge, an electron also carries an intrinsic magnetic moment, its spin. The field of
spin electronics or spintronics uses the electron’s spin to transport information, in contrast to
traditional electronics where only the electron’s charge is used to carry information. The spin
magnetic moment is directly coupled to the intrinsic angular momentum of the electron [1].
Whenever measurements are done along a certain direction, the quantization of this coupling
only allows two spin states for a free electron: spin up and spin-down. In normal metals, both
spin states are present in equal amounts. In magnetic materials however, there is an unequal
population of spin-up and spin-down electrons. Therefore, if a current is passing through
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4 Chapter 1 Introduction

the magnetic material it will be spin-polarized. More specifically, the spin polarization is
determined by the density-of-states (DOS) of the different spin states at the Fermi level. The
majority spin-state can be changed by switching the magnetization of the magnetic material,
which can be done by application of a magnetic field.

I I

parallel

a

anti-parallel

b

FM FMFM FMNM NM

Figure 1.1: Schematic representation of a spintronic device, consisting of a non-magnetic (NM) layer sand-
wiched between two magnetic (FM) electrodes. In magnetic electrodes, there is a difference between the
amount of spin-up and spin-down states. The distribution of spin states can differ between the electrodes by
changing their magnetizations. Considering the case of a MTJ, ideally, electrons can only tunnel to a state
with the same spin (black arrows) and not to opposite spin states (black cross). This means that the resistance
is lower if (a) the magnetizations of the electrodes are parallel, than if (b) they are anti-parallel.

Now let us have a look at a prototypical spintronic device structure as displayed by the
magnetic tunnel junction (MTJ) in figure 1.1. Basically this device consists of two magnetic
electrodes separated by a tunnelbarrier, for example aluminum-oxide. Suppose there is a
current, I, perpendicular to the device layers as indicated in figure 1.1. Each electron tun-
neling through the tunnelbarrier will experience a resistance depending on its spin state and
the magnetization of both electrodes. The crucial point for spin-dependent tunneling is that
an electron must keep its spin during tunneling from one to the other magnetic electrode,
thereby not allowing a spin-up electron traveling to a spin-down state and vice versa. This is
shown in figure 1.1 by a black cross. This means that if the directions of magnetization of the
two magnetic layers are parallel, the total resistance is lower than in the anti-parallel case.

Some years before the discovery of MTJs, the major breakthrough in the history of spin-
tronics was the giant magnetoresistance (GMR) device, in which a non-magnetic metal such
as copper was used as a spacer. The working principle is similar to that of a MTJ, although
now spin-dependent scattering during conductive transport in the spacer is crucial. After
the discovery of GMR in 1988 [2], it was rapidly applied as sensors in hard disk read heads.
For this application, the magnetization of one magnetic electrode is pinned, whereas the
other’s magnetization changes with the stray field of the magnetic bit pattern on the disk. In
a quest to increase signal-to-noise ratios, the even larger magnitude ”tunnel” magnetoresis-
tance (TMR) was found in MTJs [3, 4]. The most recent high density hard disks feature MTJ
based read sensors. MTJs have also lead to the recently commercially introduced Magnetic
Random Access Memory (MRAM). Each MTJ represents one bit, and magnetic hysteresis
makes it non-volatile.

Since electron spin provides, besides charge, an additional degree of freedom for informa-
tion transport, integration of magnetic materials in semiconductor electronics has attracted
much attention for spintronics. Two key research issues to achieve working semiconductor
spintronic devices are: injection of a spin-polarized current into the semiconductor and spin
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transport through the semiconductor. A commonly used device in research of these issues is
a spin-valve. The previously discussed MTJ and GMR devices are in principle also spin-valve
structures, although a spin-valve is also commonly referred to as a device with a semicon-
ducting layer in between two magnetic electrodes. An important condition for efficient spin
transport is a low relaxation of spins, which is related to the spin diffusion length in this
semiconducting layer. Spin relaxation is largely caused by spin-orbit scattering, which is pro-
portional to Z4, where Z is the nuclear charge. Since organic semiconductors mainly contain
low mass elements, they may provide a very efficient spin transport material. Moreover, the
properties of organic semiconductors can also easily be chemically tuned and processing is
relatively easy.

1.2 Organic electronics

Organic electronics research mainly focuses on the opto-electronic properties of organic (semi-)
conductors. Although the properties of organic semiconductors are vastly different from inor-
ganic semiconductors, organic materials can be used to make analogous devices, for example
light emitting diodes (LED) or field effect transistors (FET). Organic semiconductors are
often disordered, resulting in a low mobility. Although a low mobility results in poor perfor-
mance, the ease of fabrication of large area devices and chemical tunability lead to a broad
research interest.

The field of organic electronics emerged after the discovery of conducting polymers.
Whereas in an inorganic semiconductor the semiconducting properties are a result of the
periodicity of the atoms in a crystalline lattice, in disordered organic semiconductors the
semiconducting properties are a result of the bonding between individual molecules. In these
disordered materials, charge carriers are most likely transported through the organic material
by a mechanism called ’variable range hopping’. In variable range hopping, carriers ’hop’ be-
tween various localized states. By chemically engineering the composition of and orientation
between the molecules, properties such as bandgap and mobility can be modified to a large
extent.

Since their discovery, conducting polymers and smaller oligomers have been used in many
applications, amongst organic light emitting diodes (OLED) for displays or lighting, solar
cells and disposable electronics. The OLED device structure consists of an organic semicon-
ductor sandwiched between charge injecting and extracting layers. In this case however, the
electrodes are non-magnetic and the energy levels of injecting electrodes and organic layer are
adapted to result in efficient injection of both electrons and holes. Light results from the emis-
sion of photons due to recombination of electrons and holes in the organic layer. A commonly
used organic semiconductor is Alq3, or more precisely tris-(8-hydroxy-quinoline)aluminium,
a small organic molecule which can easily be evaporated and forms amorphous thin films.
Since its use as an electron transport layer in the first efficient OLED [5], it has become one
of the most used and best described electron transport layers in OLED devices.

1.3 Organic spintronics

Although the field of organic spintronics only emerged recently, breaking new developments
indicate the field is very promising. Integration of organic semiconductors in spintronic de-
vices could profit a lot from the interesting properties and the extensive knowledge of charge
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transport in organic materials available from the field of organic electronics. This could sig-
nificantly contribute to the improvement of spintronic memory and field sensor devices. Vice
versa, spintronics research could provide the organic electronics field with additional insight
in the spin properties of organic materials. An example is the improvement of OLED perfor-
mance by controlling the carrier spin, as recently patented by Vardeny et al. [6].

Organic spintronics research is broadly defined as investigations of the spin transport proper-
ties of organic materials. The dependence of the electrical resistance in spintronic devices on
the applied magnetic field, the magnetoresistance (MR), is used as an indicator of spin trans-
port. A comprehensive overview of the field was published by Naber et al. [7]. We will first
introduce two fundamentally different magnetoresistance effects in organic materials: OMAR
and SVMR. The study described in this report only focuses on the SVMR effect.

OMAR

Organic magnetoresistance (OMAR) is a symmetric effect that does not require injection of
a spin-polarized current. It is highly interesting due to large MR effects at room temperature
and at small magnetic fields. However, the underlying physics is a topic of great debate.
As an example, consider a 100 nm Alq3 layer sandwiched between a PEDOT (a conducting
polymer) and a calcium electrode in a vertical stack (figure 1.2a). At a bias of several Volt,
symmetric magnetic field dependencies are found [8]. Their magnitude changes with bias,
but not their shape. Similar effects are also seen when using other organic semiconductors
between the same PEDOT and calcium electrodes, as displayed in figure 1.2b. OMAR is likely
a bulk effect of the organic transport medium itself. Recently, a model explaining the OMAR
effect was proposed by Bobbert et al. [9], that considers the effect of the local hyperfine fields
on the spin transport in the organic material.

a b

Figure 1.2: (a) Magnetoresistance curves measured at room temperature for an ITO(30nm)/ PE-
DOT(100nm)/ Alq3(100nm)/ Ca(100nm) device at different voltages. The inset shows the resistance as a
function of voltage. (b) Normalized magnetoresistance curves of PEDOT/organic semiconductor/Ca devices
for different organic semiconductors, measured at room temperature. The data has been offset for clarity.
Figure taken from [8].
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SVMR

Although the OMAR effect contains interesting physics, it will not be the main goal of the
discussion in this report. The engineering of the devices as discussed in this report will focus
on injecting a spin-polarized current into organic semiconductors. The magnetoresistance
effect that results from a proper control of the injected spin-polarization, will further be
referred to as spin valve magnetoresistance (SVMR). SVMR is typically an asymmetric effect
and is basically defined by the spin-polarization and magnetization of the injecting electrodes.
The remainder of this section will give an overview of some pioneering publications that give
a first impression of the field and ignite interesting questions for further research.

glass

top electrode
Co

bottom electrode
LSMO

organic semiconductor
Alq3

a

I

H

c d

b

substrate

Figure 1.3: (a) Schematic of a vertical LSMO/Alq3/Co stack. Magnetoresistance effects were measured
with a current I perpendicular to the layer plane and a field H applied in the layer plane. (b) Resistance
of a LSMO(100nm)/ Alq3(130nm)/ Co(3.5nm) spin valve. The curve is measured for increasing (blue) and
decreasing (red) field. The insets show the parallel (P) and anti-parallel (AP) configurations. (c) The decay
of the magnetoresistance as a function of the Alq3 thickness. (d) Hysteresis loops measured with MOKE for
the two electrode materials. Figures taken from [10].

1.3.1 Spin valve magnetoresistance in vertical devices

The first proof of an organic spin-valve came in 2004 from Xiong et al. [10]. They evaporated a
vertical stack consisting of a layer of Alq3 sandwiched between an LSMO and a cobalt electrode
(figure 1.3a). The resistance of the device depended on the applied magnetic field as shown in
figure 1.3b. This magnetoresistive behavior was anticipated by engineering the magnetization
behavior of the electrodes: starting at a large negative field – where the magnetizations of
both electrodes are saturated in the same direction – and upon increasing the field strength,
the LSMO electrode will first switch its magnetization at a small positive field (see figure
1.3d). At this point the magnetizations of the electrodes are anti-parallel to each other and
will cause a change in device resistance (as indicated in figure 1.3b). When increasing the
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field further, the cobalt electrode will eventually switch its magnetization as well, resulting
in a parallel state again and the resistance returning to its initial value. Decreasing the field
from a large positive value to a large negative value causes the same events, but now the
LSMO layer will first switch at a small negative field. Magnetoresistance effects up to 40%
were measured at a temperature of 11 K. One would expect an increased resistance for the
anti-parallel configuration, whereas in this case the effect is inverted. The authors believe the
inverse magnetoresistance originates from a negative spin polarization of the cobalt d-band,
where the density of states of the majority-spin sub-band at the Fermi level is smaller than
that of the minority-spin sub-band.

Magnetoresistance effects were observed for Alq3 layer thicknesses ranging from 100 nm
up to 250 nm, above 250 nm the effect is believed to vanish due to spin relaxation (see figure
1.3c). Below 100 nm, devices only showed metallic conduction. From this it was concluded
that these devices have an ill-defined layer of up to 100 nm that may contain pinholes and Co
inclusions. Thicker layers are then composed of two sublayers: one sublayer with a thickness
in the order of 100 nm immediately below the Co electrode that contains Co inclusions owing
to the intermixing; and a second sublayer of neatly deposited Alq3 between this defected
sublayer and the LSMO film.

In our group, previous efforts were made to realize similar devices [11]. The devices con-
sisted of evaporated Alq3 sandwiched between magnetron sputtered CoFeB and Co electrodes.
These devices did not show any reproducible spin-valve magnetoresistance effects. Moreover,
after fabrication the devices were almost always shorted.

The above discussion suggests an intermixing of the top electrode with Alq3. Whereas Xiong’s
evaporated cobalt top electrode only causes an intermixed layer in the order of 100 nm, sput-
tering of top electrodes in our group lead to even larger intermixed layer. This suggests the
deposition technique used to be of profound importance.

1.3.2 Tunnel magnetoresistance in vertical devices

In 2007, Santos et al. [12] published TMR results on a vertical device stack in which a
0.6 nm thick aluminum-oxide layer and a 1.6 nm thick Alq3 layer were sandwiched between
evaporated cobalt and permalloy electrodes (figure 1.4a). In this device, magnetoresistance
effects up to 8% were measured at 4 K and a bias of 10 mV (figure 1.4b).

The authors claim conduction by one-step tunneling from electrode to electrode, through
both the aluminum-oxide and the Alq3 layer. This is in contrast to the previously described
LSMO/Alq3/Co devices, where conduction through the much thicker Alq3 layer via a multi-
step hopping process is expected. The authors try to prove single-step tunneling through
the temperature dependence of the device resistance [13] and by conducting inelastic electron
tunneling spectroscopy (IETS) measurements [14]. IETS essentially measures the vibrational
spectra at the interface of a tunnel barrier, and is mostly used in single barrier structures.
However, it is disputable whether IETS can discriminate between tunneling through two
layers (aluminum-oxide and Alq3), since for sure there is tunneling through the aluminum-
oxide barrier. [15].

In the previously described devices intermixed Alq3/cobalt layers of 100 nm were found,
whereas here a continuous Alq3 film of only 1.6 nm thick is claimed. The authors attribute
this to a different intramolecular Alq3 bonding on top of aluminum-oxide. Although this
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Figure 1.4: (a) Schematic of an 8 nm Co / 0.6 nm Al2O3 / 1.6 nm Alq3 / 10 nm Py junction. (b)
Magnetoresistance measured with 10 mV bias. Figures taken from [12].

assumption is supported by Caruso et al. [16], a proper comparison cannot be made because
different top electrodes were used in these (permalloy) and in the devices of Xiong et al.
(cobalt). Since even different results were obtained when using sputtered top electrodes [11],
it could well be that the bottom electrode/ Alq3 interface and the Alq3/ top electrode interface
both have a profound influence.

1.3.3 Lateral spin-valve devices

The complications of intermixing layers due to metal deposition on top of soft organic lay-
ers can be ruled out by using a lateral device structure. A lateral spin-valve contains two
electrodes structured next to each other on a substrate with organic material deposited in
between, as sketched in figure 1.5. Although the peculiarities of an interface between organic
material and a magnetic electrode could still degrade the device performance, any intermixing
of electrode and organic semiconductor is avoided.

magnetic
electrode

organic
material magnetic

electrode

I

H

substrate

gap

Figure 1.5: Schematic representation of a lateral organic spin-valve. Two magnetic electrodes are structured
next to each other on a substrate. An organic semiconductor is deposited in the gap between these electrodes.
A current I is induced through the gap. For measuring magnetoresistance effects, a magnetic field H is applied.

A lateral device structure also allows for additional applications. For example, it can be easily
transformed into a field effect transistor (FET), by adding a gate underneath. The integration
of spintronic devices with transistor devices attributes significantly to the integration of or-
ganic electronics and spintronics into widespread semiconductor electronics. Additionally, the
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accessibility of the organic layer from the top allows for optical probing with spatial resolution.

The first report of a lateral spin valve using an organic semiconductor was reported in 2002
by Dediu et al. [17]. The ferromagnetic material used for the electrodes was LSMO, which
was patterned by EBL to form a gap between the electrodes with a width of 140-400 nm. The
gap was filled by evaporating T6, a rigid-rod oligomer. The magnetoresistance found for the
shortest channel is 30% and experimentally disappears for broader channels with a charac-
teristic spin diffusion length of about 200 nm. There are some concerns in their work. First,
the magnetic behavior was poorly defined. In particular, it was not possible to get a well
defined anti-parallel configuration and therefore the magnetoresistance of these junctions was
measured by comparing the resistance in field with the electrodes saturated, giving parallel
alignment, and in zero field where the orientation is random. Second, a magnetoresistance of
about 10 - 25% was also reported for the LSMO electrodes, but the corresponding absolute
resistance change was much smaller than the observed change in the resistance of the whole
device and therefore it was neglected. Recently, for a LSMO/Alq3 system, an amplification
of the magnetoresistance by three orders through an anomalous field-dependent Fermi level
shift in the LUMO was reported [18]. It is not a general effect, but specific for LSMO and
could explain the reported results for T6. However, for measurement of a genuine spin-valve
magnetoresistance effect, the magnetic switching behavior of the electrodes was not optimal.

Since then, progress in the realization of lateral organic spin-valves has been limited. We
mention two bottlenecks. First, the issue of properly defining the magnetization of the elec-
trodes was already illustrated in the previous paragraph. Another bottleneck is the typical
low mobility of organic semiconductors, which can result in an unmeasurable low current
density in the organic material. This can be counteracted by maximizing the device area.
With typical lateral structuring techniques, such as Electron Beam Lithography (EBL), it is
a challenge to pattern large area structures that are only separated by a gap in the order
of 100 nm. However, at increased gap widths, spin information would get lost due to spin
relaxation. Recently, a lateral spin-valve was published that used a nanocomposite of Alq3

and cobalt nanoparticles as transport medium [19]. The addition of a metal increases the con-
ductivity and spins can tunnel from one cobalt inclusion to the other. In this way much larger
gap widths can be used, but transport is not representative of a pure organic semiconductor.

1.4 Project outline

The previous section described several developments in organic spin-valve structures and
thereby focused on three discernible but also related device structures: the vertical organic
spin-valve (§1.3.1), a vertical hybrid organic semiconductor/oxide barrier stack in which
single-step tunneling is claimed (§1.3.2), and a lateral organic spin-valve approach (§1.3.3).
The project described in this report covers all three device structures. This broad approach
was chosen to profit from the combination of knowledge gathered in fabricating the different
device structures, thereby aiming at a comparative study of the (dis)advantages of the device
structures.

The ultimate objective is the observation of spin-valve magnetoresistance effects. In paral-
lel, several important issues – as described in the previous section – will be tackled specifically.
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• Chapter 4: Vertical organic spin-valve
magnetic bottom electrode / Alq3 (100-700nm) / magnetic top electrode

– Does the top electrode and its deposition technique influence the charge transport
characteristics?

First, a vertical organic spin-valve is studied, consisting of a thick Alq3 layer sandwiched
between two ferromagnetic electrodes. Both previous research in our group and literature
findings indicate an ill-defined Alq3 layer, which could result from rough growth at the bot-
tom interface and intermixing at the top interface with Alq3. In Chapter 4, the device
structure is optimized by focussing specifically on the deposition of the top electrode, in order
to realize a spin-polarized current through the organic layer.

• Chapter 5: Hybrid organic semiconductor/oxide barrier spin-valve
magnetic bottom electrode / AlOx (1.2nm) / Alq3 (3nm) / magnetic top electrode

– Does the growth of Alq3 depend on the underlying layer?

– Is single-step tunneling the transport mechanism at work?

A combined exploration of different vertical device structures could lead to more insight in
growth issues of Alq3 and electrode material, and could specifically identify the influence of
the bottom Alq3 interface. In Chapter 5, we study a hybrid organic semiconductor/oxide bar-
rier spin-valve, with a thin Alq3 layer of only 3 nm. In such small layers a different transport
mechanism could be relevant, in literature claimed to be single-step tunneling. We realized
the hybrid spin-valve, and characterized its magnetoresistance behavior.

• Chapter 6: Feasibility of a lateral organic spin-valve design
magnetic electrode / Alq3 (>140nm) / magnetic electrode

– Are the magnetic switching properties of the electrodes sufficiently controllable?

– Is it possible to realize sufficiently small gap widths at sufficiently large device
areas?

A lateral design provides a different approach to realize an organic spin-valve with thick Alq3

layers. In this way the complications of an ill-defined Alq3 layer are mainly avoided. Although
a lateral approach has many advantages, its realization is not straightforward. Therefore, in
Chapter 6 investigations of the lateral device structure will mainly focus on the technological
feasibility of this design.

Summarized, this report focuses on the realization and characterization of the following or-
ganic spin-valve device structures and specifically targets some important issues. Realization
of these spin-valve structures is a predominantly experimental task. An overview of experi-
mental techniques used will be given in Chapter 3. The report will however first continue with
an overview of important concepts in both charge transport and spin transport in organic
spin-valve structures.





Chapter 2

Physics of spin-valve devices

This chapter will describe the theory of a spin-valve structure, focusing on the
transport of spins and charge-carriers through the device. Spin injection, detection
and transport will be introduced in §2.2. Charge-carrier transport and injection will
be discussed in §2.3 and further, concluding with a calculation of typical current
densities in our devices. First however, the general spin-valve concept will be
introduced.

2.1 Spin-valve concept

The realization of spin-polarized transport through an organic semiconductor, relies on two
important boundary conditions: spin injection and spin detection. Spin injection should pro-
vide an initial spin-polarized current, whereas spin detection is crucial to prove spin-polarized
transport through the organic layer. Injection and detection are important and intensively
studied issues in spintronics research, and both optical and electrical concepts - and com-
binations - are commonly used [20]. In this report, we opted for all-electrical injection and
detection by using a spin-valve structure. A spin-valve structure, as schematically displayed
in figure 2.1, essentially sandwiches the layer through which spin transport takes place be-
tween two ferromagnetic electrodes. By applying a magnetic field, the magnetization of the
electrodes can be changed, resulting in a magnetic field-dependent resistance of the device.
This concept has already extensively been used in both research and applications of GMR,
MTJ and inorganic semiconducting spin-valve devices. The device structure is also very sim-
ilar to OLED devices, basically only differing in the fact that non-magnetic injecting layers
are used. The electrical characteristics of organic semiconductors have been widely studied
in OLED devices, and will be introduced in §2.4.

An electrical current in ferromagnetic materials is spin-polarized. That means at the
Fermi energy there is an unequal distribution between the spin-up and the spin-down states,
depending on the magnetization of the magnetic material, as will be discussed in §2.2.1. In
an MTJ, transport takes place by spins tunneling between the electrodes. In a (organic)
semiconductor spin-valve, however, a spin-polarized current is first injected from the ferro-
magnetic electrodes. Injection of this spin-polarized current into the spin-transporting layer
initiates spin-polarized transport towards the other ferromagnetic electrode. The resistance
experienced by the current depends on the distribution of spin-states in the extracting elec-
trode with respect to the injecting electrode. In this way, the resistance is a function of the

13
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glassferromagnetic electrode ferromagnetic electrode
spin-

transporting
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I
H

Figure 2.1: Schematic view of a typical spin-valve structure: a spin-transporting layer (in this report mainly
an organic semiconductor) sandwiched between ferromagnetic electrodes. A spin-polarized current I is injected
from a ferromagnetic electrode towards the other electrode.

magnetization of both electrodes, and is therefore widely known as a magnetoresistance (MR)
effect. Since the whole stack only has a thickness in the nanometer-range, both ferromagnetic
electrodes are subject to the same external homogeneous magnetic field. Section 2.2.3 will
present techniques to create ferromagnetic electrodes having different magnetizations in the
same magnetic field. In a semiconductor spin-valve, the spin-polarization of the current will
relax when passing trough the device, both at injecting interfaces and during transport. Spin
relaxation will be covered in §2.2.4.

2.2 Spin-polarized current

2.2.1 Spin-polarization

In normal metals, both spin states are present in equal amounts. In ferromagnetic materials
however, there will be an inequality between spin-up and spin-down electrons at the Fermi
level. This inequality is represented by separate density-of-states functions for spin-up and
spin-down electrons, that are shifted relative to each other by the exchange energy.

Let us now consider a simple magnetic tunnel junction (see figure 2.2). The density-of-
states (DOS) of the ferromagnetic materials is represented by a simple majority and minority
electron band, shifted in energy. At zero temperature, this DOS is filled up to the Fermi energy
level EF with a number Nmaj(EF ) (Nmin(EF )) of majority (minority) spin states. First,
we consider two identical ferromagnetic electrodes with parallel magnetization orientations,
separated by the tunnel barrier layer. Assuming that spin is conserved in these processes and
transmission is equal for both spin species, transport may only occur between bands of the
same spin orientation in either electrode, i.e., from a spin majority band to a spin majority
band, and similar for the minorities. When we switch the magnetization orientation of one
ferromagnetic electrode relative to that of the other, the axis of spin quantization is also
changed in that electrode. Transport between like spin orientations now means tunneling
from a majority to a minority band, and vice versa. The crucial point is that resistances
are different for ”parallel” and ”anti-parallel” magnetizations. In other words, such devices
display a magnetoresistance (MR) effect when an external field is used to switch between
these magnetic orientations, often defined as:

MR =
RAP −RP

RP
, (2.1)

that means the difference in resistance between parallel RP and antiparallel RAP magnetiza-
tions normalized by the parallel resistance. In 1975, Jullière derived for a magnetic tunnel



2.2 Spin-polarized current 15

spin

spin spin

spin

Figure 2.2: Density-of-states for the spin-up state (left) and the spin-down state (right), on both sides of the
transport layer. Resistance for parallel (top panel) and antiparallel magnetization (bottom), as indicated at
right, depends on the product of the density of states factors Nmaj(EF ) (Nmin(EF )) for majority (minority)
spin states at the Fermi level EF . The voltage that introduces a net current through the transport layer
(indicated by the gray bar) is negligible in this schematics, resulting in equal Fermi levels. Figure taken from
[21].

junction with electrodes with two different spin polarizations that Eq. 2.1 can be written as:

MR =
2PLPR

1− PLPR
, (2.2)

where PL(R) is the tunneling spin polarization in the left (right) ferromagnetic electrode. The
tunneling spin polarization for each electrode is defined as

P =
Nmaj (EF ) |Tmaj |2 −Nmin (EF ) |Tmin|2
Nmaj (EF ) |Tmaj |2 + Nmin (EF ) |Tmin|2

, (2.3)

which is simply the normalized difference in majority and minority DOS at the Fermi level
weighted by the transmission probability T in the spin-transporting layer [3]. Assuming fully
conserved and equal transmission for both spin species, T is unity. However, for a real tunnel
barrier, neither is spin fully conserved nor is the transmission equal for both spin species.

Typical tunneling spin polarizations for some magnetic materials can be found in [22]. For a
full polarization of 1, the MR theoretically becomes infinitely high. Half-metallic materials
(such as ’LSMO’), are fully polarized since one spin channel is absent at the Fermi level.
The tunneling spin polarization of cobalt is experimentally determined to be around 0.42,
which corresponds to a MR effect of more than 40% via Eq. 2.2. Although this equation
is phenomenologically nice, the physics of spin-polarized transport is much more complex in
practice. An important issue is loss of spin-polarization during transport, as will be further
considered in §2.2.4.

First however, we will focus on the realization of parallel and anti-parallel magnetizations
by applying an external magnetic field. For this, we will have a look at the magnetization
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of ferromagnetic electrodes with nanometer-scale dimensions (§2.2.2), and then consider the
MR effects resulting from using these electrodes for spin detection (§2.2.3).

2.2.2 Magnetic switching of nanometer-scale ferromagnetic structures

Typical magnetization curves for ferromagnetic materials are displayed in figure 2.3a. A
commonly used method to measure these curves experimentally is Magneto-Optical Kerr
Effect (MOKE), as will be described in §3.5. Important measures are the coercive field HC

were the x-axis is crossed, the remanence Mrem magnetization at zero field and the saturation
magnetization Msat at large field.

An important characteristic is the anisotropy with a preferential direction, the so-called
easy axis of magnetization. The magnetization prefers to align along this axis, ruled by the
anisotropy energy. Upon inverting the magnetic field along this axis, the anisotropy energy has
to be overwon before the magnetization also switches. This behavior is known as hysteresis.
If the field is varied along the hard axis, the magnetization will switch gradually, as indicated
in figure 2.3a.
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Figure 2.3: (a) Typical magnetization curves for a ferromagnetic material, as a function of a magnetic field
applied along the easy axis (solid line) and hard axis (dashed line) direction respectively. Coercive field Hc,
remanence Mrem and saturation magnetization Msat are indicated. (b) Easy axis coercive field as a function
of the layer thickness for sputtered cobalt thin layers, grown as a wedge on SiO2 (solid line) and on 80 nm of
Alq3 (dashed line). Data taken from [23, 11].

Magnetization of thin layers

In poly-crystalline ferromagnetic layers with a thickness of several nanometers, individual
grains will have random anisotropy axes if no magnetic field is present during growth. Bulk
magnetic switching will then tend to the soft axis behavior of figure 2.3a, since each grain
switches magnetization at another applied field.

A common anisotropy axis can be defined by applying a magnetic field during deposition.
In that case, the easy axis coercive field typically varies with layer thickness as indicated in
figure 2.3b. Assuming that the vertical size of the grains increases with the layer thickness,
this behavior can be explained by a balance between the exchange energy between the grains
and the anisotropy energy in the grains [24]. Below a certain grain size, the magnetic domains
are larger than a single grain. They consist of multiple grains, with a low exchange energy.
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For large grains, the magnetic domains are formed by single grains that can minimize their
anisotropy energy. For increasing grain size, a transition between the two configurations will
occur. At that point the coercivity has its maximum value, in figure 2.3b at a thickness of
∼ 3 nm for cobalt grown on SiO2. It should be noted that the grain size does not necessarily
depend on the layer thickness, however, for thin layers it is quite acceptable.

The magnitude of the coercive field largely depends on the system. For example, growth
of cobalt on Alq3 instead of silicon-oxide, results in lower coercive fields as shown in figure
2.3b. Although a specific decrease in coercive field is not generally accepted [11, 10], Bergenti
et al. [25] prove that the morphology of the organic layer will strongly influence the magnetic
properties of a magnetic layer grown on top. Further investigations are however needed for a
deeper understanding.

Magnetization of narrow bars

In small structures, the shape will eventually determine the anisotropy. In long narrow bars,
with a height smaller than approximately 1 µm and in the limit width/length → 0, the
coercive field of such bars decreases for increasing bar widths. As an example, the coercive
field of CoFe strips as a function of the width is displayed in figure 2.4.

Figure 2.4: The coercive field Hc of CoFe strips as a function of the width of the strip. All strips have a
length of 20 µm and a height of 30 nm. The curved line is a fit using the curling model for the coercive field for
an infinite cylindrical wire, as proposed by [26]. The fit only uses the data marked by triangles in the figure.
Figure taken from [27].

2.2.3 Spin detection

Electrical spin detection can be achieved by realizing parallel and anti-parallel magnetization
states, as introduced in §2.2.1. This is done by engineering the electrodes’ magnetization
behavior as a function of applied magnetic field. Figure 2.5 shows three important magnetic
engineering schemes that can be used to create an antiparallel magnetization state. The
remainder of this section will describe these schemes and more information can be found in
[28]. It should however kept in mind that we consider the magnetization of the electrodes’
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bulk material. The spin-polarization of injected current is however determined by the char-
acteristics of the injecting interface. Bulk and interface characteristics can differ significantly
in practice, as will be further discussed in §2.2.4.

Coercive fields

An anti-parallel magnetization state can be realized by the use of two ferromagnetic materials
having different magnetic anisotropy. As discussed in §2.2.2, this can be thin layers with
different thicknesses or small bars with different widths. The magnetization will be antiparallel
in a field range HC1 < H < HC2, with HC1,2 the coercivities of the top and bottom electrodes
in figure 2.5. A disadvantage of this method is the relatively narrow antiparallel field range.
For example, choosing a thin and a thick layer from figure 2.3 only results in a difference in
coercive fields of several kA/m. If the layers do not switch as an ideal easy-axis, but slowly
rotate their magnetization, the anti-parallel magnetization state can even vanish completely.
Other methods can be used that result in a much broader antiparallel field range.

Exchange biased anti-ferromagnet

An antiferromagnet in direct exchange contact with one of the ferromagnetic layers is often
used to obtain a broader antiparallel field range. Due to unidirectional anisotropy induced by
the antiferromagnetic layer, the hysteresis loop of the exchange-biased magnetic electrode will
be shifted in field with respect to the other magnetic electrode. This creates an antiparallel
field range between 0 < H < Hex, with Hex the strength of the exchange bias field as displayed
in figure 2.5b and neglecting (usually smaller) coercivities. Commonly used antiferromagnetic
layers are metallic PtMn, FeMn or IrMn compounds. These routinely result in antiparallel
field ranges above 10 kA/m. It should be noted that usually these systems are additionally
heated above the blocking temperature of the antiferromagnet, and subsequently cooled in
the presence of an external magnetic field to enhance the interface interactions between ferro-
and antiferromagnet. This is not straightforward possible in our case, because that would
evaporate the organic layer away.

Artificial anti-ferromagnet

In a third engineering method, the single exchange-biased magnetic layer is replaced by an
antiferromagnetically coupled sandwich of two ferromagnetic layers separated by an ultra-
thin metallic spacer. This is the so-called artificial antiferromagnet (AAF). The experimental
application of Co/Ru/Co multilayers is described in [29, 23]. These studies reveal optimum
cobalt thicknesses of 12 nm and 4 nm for respectively the bottom and top cobalt layer. Op-
timal antiferromagnetic coupling is reached for a ruthenium layer thickness of approximately
0.6 nm. The theoretical in-plane magnetization as a function of applied field for such a sys-
tem is displayed in figure 2.5c. The loop is characterized by three different regions. First the
plateau at low fields corresponds to an antiparallel alignment of the cobalt magnetizations due
to the antiferromagnetic coupling. The magnetization direction of the thinnest (top) layer
points opposite to the field direction. Starting at H1, the plateau is followed by a gradual
increase of the magnetization corresponding to a rotation process in which both cobalt layers
participate. Finally, at sufficiently large fields (> H2) the AF-coupling is fully broken and the
magnetization of both cobalt layers is parallel to the field. Theoretically, H1/H2 = 1/2 and
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H1 is in the order of 72 kA/m, resulting in a MR signal that displays an increased resistance
up to fields H2.
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Figure 2.5: Magnetic engineering in spin-valve devices. Vertically, first the stack is schematically displayed,
followed by magnetization curves for the bottom (solid line) and top (dashed line) magnetic electrodes. Finally,
the deduced magnetoresistance is displayed for each of the three magnetic engineering schemes. In (a) two
layers are used with different coercivities HC . Using an antiferromagnetic layer in (b) creates a wider range
of antiparallel orientation governed by Hex. In (c) antiferromagnetic coupling across a metallic spacer is used
to further improve the field range of antiparallel orientation. Note that field ranges are not to scale, the
(antiparallel) field range increases from case (a) to (c). The magnitude of both magnetization and MR curves
is not absolute, and offsets only serve to make the picture more clear.

2.2.4 Spin relaxation

Spin relaxation refers to interactions that bring an unequal distribution of spins, equivalent to
a non-equilibrium part of the magnetization, back into equilibrium. Two important sources
of spin relaxation can be identified: at the injecting interfaces and during transport through
the spin-transporting layer.

Spin relaxation at the injecting interface

Spin relaxation at the injecting interfaces can often be contributed to impurities, inclusions
or morphologic issues. Crucial for injection is the spin-polarization at the interface. If the
interface is rich of impurities or oxidized, for example because of a not-so-clean deposition
environment, the current is partly injected via these impurities which possibly leads to a
degraded spin-polarization.
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Electrode inclusions in the spin-transporting layer can display a magnetization differing
from the electrode’s bulk magnetization, e.g. expressed in magnetic moment or coercive
field. The growth of a cobalt top electrode on Alq3 is well known for suffering from cobalt
inclusions into the Alq3 layer [10]. If injection takes predominantly place via these inclusions,
spin-polarization can be unexpectedly different and thus MR effects can chance drastically.

The growth morphology is also known to influence energy bands and spin-polarizations
[16, 30]. An example is an interface between cobalt and Alq3, were a large dipole has been
observed [31]. This will be discussed further in §2.4.

Well-known from spin-valves with inorganic semiconductors, is the so-called conductivity
mismatch [32]. Because the semiconductor has a much higher resistance than the injecting
metallic electrodes, the MR signal magnitude degrades significantly. This can be understood
by imaging the resistance of the spin-valve as a series connection of resistances for each layer
[33]. Whereas the resistance of the injecting electrodes and interfaces depends on the spin
state, the resistance in the semiconductor does not depend on the spin state. Because the
semiconductor resistance dominates the total resistance, the influence of spin-state depen-
dent resistances are negligible and therefore MR effects are low. This is often counteracted
by inserting a tunnelbarrier with a high, spin-dependent resistance between electrode and
semiconductor. Basically, conductivity mismatch would also be expected for the case of or-
ganic semiconductors. However, MR effects already obtained in organic spin-valves did not
involve corrections for a possible conductivity mismatch [10], which could indicate that con-
ductivity mismatch is not as important in organic materials as in inorganic semiconductors.
There is however no direct evidence yet of the role of conductivity mismatch nor a deeper
understanding.

Spin relaxation during transport in an organic semiconductor

Spin relaxation during transport in an organic semiconductor is mostly caused by an inter-
action of the spin with a magnetic field, either externally applied or generated by spin-orbit
interaction. Spin-orbit interaction is a relativistic effect that occurs when a quantum me-
chanical particle with a non-zero spin moves in a region with a non-zero electric field. If
an electron moves with relativistic velocities in a static electric field, in the rest frame of
the electron the original electric field transforms into a field that has also a magnetic com-
ponent. This effective magnetic field in the rest frame of the electron effects the dynamics
and total energy of the electron. In semiconductors, the static electric field is mainly caused
by atomic nuclei. Spin-orbit interaction is proportional to Z4, where Z is the atomic mass.
Since organic semiconductors predominantly consist of low mass elements (carbon, hydrogen,
oxygen), spin-orbit interaction is low.

A low spin-orbit interaction results therefore in exceptionally high spin relaxation times
τsf , which is the time in which the spin-polarization of electrons in a semiconductor decreases
by a factor e−1. The spin diffusion length λsf is the distance covered during the spin relaxation
time. The injected spin-polarization p1 will exponentially decay as a function of the thickness
d of the spin-transport layer, with a surviving probability exp(−d/λsf ) at the other electrode
[10]. This can be incorporated in Jullière’s model (Eq. 2.3):

MR =
2p1p2e

−d/λsf

1− p1p2e−d/λsf
, (2.4)

with p2 the spin polarization at the extracting interface.
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The relation between spin relaxation time and spin diffusion length depends on the drift
velocity with which the electrons move through the organic material. That means in general
that, for a given spin relaxation time, the spin diffusion length will be larger in materials with
higher mobilities. However, contrary to inorganic semiconductors, exact relations between
τsf and λsf are still being researched. Table 2.2.4 provides an overview of published spin
relaxation values, which will now be discussed shortly.

Dediu et al. fabricated a lateral spin-valve with sexithienyl (T6), a π-conjugated rigid-rod
oligomer (as discussed in Chapter 1). From decaying MR values with increasing thickness,
they found a spin diffusion length of 200 nm. However, due to a bad magnetic definition, the
origin of the measured MR effects is not unambiguous.

For Alq3, contrasting values were published. A first estimate was given by Pramanik
et al. [34], reporting a spin diffusion length of only 8 nm in Alq3 and a calculated spin
relaxation time of 1 ms up to 1 s. This observation was done in 50 nm wide nanowire spin-
valve structures. The low spin diffusion length is attributed to surface effects in the narrow
structures, whereas we will consider much larger structures. It should also be noted that the
overall device structure itself is questionable, since the observed magnetoresistance effect is
found not to originate from spin injection into the organic material [35].

Xiong et al. [10] described an Alq3 thin film spin-valve in their 2004 Nature article (which
has already been discussed in chapter 1), claiming spin-polarized transport through an Alq3

layer up to 150 nm thick. From these facts together they interpreted a spin diffusion length
close of 45 nm.

A comparison can be made with inorganic semiconductors. The advantageous low spin-
orbit scattering in organic materials is illustrated by a comparison with inorganic semicon-
ductors. For example, in n+-GaAs, the spin relaxation time for electrons is less than 1 ns
at 4 K, but heavily depends on doping and temperature. However, due to a high mobility,
the spin diffusion length is larger [36]. For organic spintronics, though currently mobilities
and thus spin diffusion lengths are lower, the goal is to eventually use or engineer organic
materials with higher mobilities. Currently, high mobility pentacene and rubrene are under
investigation.

Table 2.1: Listing of typical spin relaxation times, spin diffusion lengths and mobilities found in literature
for organic and inorganic semiconductors.

Material τsf λsf µ
[cm2V−1s−1]

Alq3 [34] 1ms - 1s (<100K) [34] 4-6nm (<100K) [37] 10−5 - 10−6

[10] 45nm (11K)
Pentacene [38] 10−1 - 10+1

T6 [17] 200 nm [17] 10−2 - 10−4

n+-GaAs [20] 100ps-1ns (4K) [36] 2µm (4K) [39] 10+2 - 10+3

2.3 Charge transport through tunnel barriers

Tunneling can be found in MTJs, where an insulating oxide barrier with a thickness in the
order of 1 nanometer is used. Tunneling through such a potential barrier is extensively treated
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in textbooks on quantum mechanics [21], and therefore here only a brief introduction will be
given.

Assuming the potential barrier U is constant on the scale of the electron’s wavelength,
the transmission probability in one dimension across a potential barrier is proportional to:

T (E) ∝ exp
(
−2

∫ L

0

√
2me [U(x)− E] /h̄2dx

)
, (2.5)

where E and me are the electron energy and mass, and L is the thickness of the barrier in
the x direction, perpendicular to the barrier plane.
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Figure 2.6: Band diagram for a magnetic tunnel junction. The metallic electrodes are defined by the work
function ϕM relative to the vacuum level, whereas the potential barrier has a constant height φ relative to the
metal’s Fermi level. A bias V is applied, resulting in a net electrical current from right to left.

In a tunnel junction, the charge transport can be visualized in a band diagram as displayed
in figure 2.6, where the reference energy level of this diagram is the vacuum level. The
electron occupation of the metal electrodes is defined by the density-of-states that, as already
illustrated in figure 2.2, can be represented by the Fermi energy EF and the density-of-states
function N(E). The difference between Fermi level and vacuum level is the metal’s work
function ϕM . In this example, both electrodes are the same, and a potential barrier U(x)
with a constant energy φ above the Fermi energy of the metals is assumed. When a finite
voltage difference V between the electrodes is applied, the Fermi level is lowered at the right-
hand side of the barrier, yielding a net electrical current from right to left.

A calculation of the current in this device has to take into account tunneling in both
directions. The amount of current in each direction is proportional to the product of available,
occupied electron states on one side, and the number of empty states on the other side,
multiplied by the barrier transmission probability. Therefore, the tunneling current is directly
proportional to the density-of-states NL(R)(E) of each electrode (at a specific energy E)
multiplied by the Fermi-Dirac factors f(E) and 1−f(E) to account for the amount of occupied
and unoccupied states respectively:

I ∝
∫ +∞

−∞
NL(E − eV )T (E, V, φ, L)NR(E) [f(E − eV )− f(E)] dE. (2.6)

As indicated by Eq. 2.5, the transmission T depends on the electron energy, barrier thickness
and barrier potential, but is also affected by the bias voltage V which effectively reduces the
barrier height φ. For small voltages (eV << φ) and low temperatures (kBT << eV ), only
electrons at the Fermi level contribute to the tunneling current, and reduces the current to:

I ∝ NL(EF )NR(EF )T (φ,L)V. (2.7)
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2.4 Charge transport through pi-conjugated molecules

This section will give an introduction of charge injection and transport in the spin-transporting
layer of organic spin-valves. An extensive treatment can be found in [40]. Although spin is
an intrinsic property of the electron, spin- and charge transport can for the most part be
described independently. As we know from §2.2.1 and figure 2.2, a shift in energy levels of
the two spin-states can cause a spin-polarized charge population. However, in general this
difference in energy is much smaller than the Fermi energy and the effects on charge transport
are mostly negligible.

In very thin (∼1 nm) insulating barrier layers such as those used in MTJs, transport takes
place via one-step tunneling from one electrode to the other (as covered in §2.3). In thicker
organic semiconductor layers, single-step tunneling probabilities become negligible, due to the
tunneling probability being exponential dependent on the thickness. In these thicker layers,
charge carriers are transported by so-called variable range hopping. As we will see in §2.4,
this is essentially a multi-step thermally assisted process between localized states.

Transport in an organic spin-valve device is not only ruled by transport mechanisms
in the organic semiconductor, but also charge injection from the electrode into the organic
semiconductor plays an important role (§2.4.2).

a b

Figure 2.7: (a) sp2-hybridized carbon atom showing the different orbitals, (b) two bound sp2-hybridized
carbon atoms with energy levels corresponding to σ and π bonds. Figure taken from [23].

Conductive conjugated molecules

The conductive properties of conducting organic molecules originate from π-conjugation. In
a carbon atom, two electrons are in the 2s orbital and two in the 2p orbital, as illustrated in
figure 2.7a. In conjugated carbon atoms, two p orbitals and one s orbital hybridize, forming
three sp2 orbitals. The pz orbital is unhybridized. When carbon atoms form a bond, two sp2

orbitals overlap to form a strong σ bond (figure 2.7b). The electrons in the remaining pz orbital
overlap and can delocalize to form a π bond. The two electrons will prefer the lower energy
π− state, which is the highest occupied molecular orbital (HOMO). The empty π+ level is the
lowest unoccupied molecular orbital (LUMO). For increasingly long chains of carbon atoms,
more energy levels will be formed, which decreases the energy difference between the HOMO
and LUMO. The electrons in the π orbitals become more and more delocalized and in theory
the energy difference would become zero for an infinitely long chain. However, to lower the
total energy, single and double bonds are formed, with slightly different bond lengths. The
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alternation of bond lengths results in a band gap between the HOMO and LUMO. Because
of this gap, these π-conjugated molecules are semiconductors.

The next paragraph describes the fundamental hopping mechanism, which is the basis for
transport mechanisms that will be discussed in the remainder of this section.

Variable Range Hopping

In organic semiconductors charge transport occurs due to carriers hopping between localized
sites. These can be chain segments of long polymers or single molecules in oligomers. The
probability for this variable range hopping depends both on the energy difference ∆E between
the sites and the distance R of the hop:

p = ν0 exp (−2αR) Bol(∆E), (2.8)

Bol(∆E) =

{
exp

(
−∆E
kBT

)
if ∆E > 0

1 if ∆E ≤ 0
, (2.9)

where ν0 is the attempt frequency, α is proportional to the overlap of the orbitals of the
different sites and Bol(∆E) gives the probability that the electron has enough energy to hop
over the barrier. Equation 2.8 principally is a combination of an exponential occupational
probability (c.f. Eq. 2.5) and a Boltzmann thermal distribution. Therefore, variable range
hopping can also be seen as a multi-step thermally assisted process, between different localized
sites in an organic material. There is a competition between short hops which allow a large
∆E and far hops with small ∆E. For transport through an organic layer multiple hops are
made, of which the most difficult hop determines the conductivity.

Device physics

This section described the microscopic basis of organic semiconducting behavior. We now
continue with a macroscopic treatment of charge transport in bulk organic semiconductors.

As an example, first consider the simple rigid band diagram for Alq3 sandwiched between
cobalt electrodes in figure 2.8. The charge transport mechanisms that will be described in
§2.4.1 are valid for transport of electrons in the LUMO level, but also for holes in the HOMO.
If the energy difference between the Fermi level of the injecting electrode and the LUMO
or the HOMO of the organic layer is small, the contact will be ohmic for electrons or holes
respectively. In that case the contact is able to supply more carriers than the layer can
transport and bulk transport determines the conduction.

In figure 2.8 there are, however, injection barriers for electrons (ϕe) and holes (ϕh). The
barrier for electrons is a factor three higher than for holes, therefore less bias will be required
to inject holes than electrons. Injection limited transport will be covered in §2.4.2.

2.4.1 Bulk limited transport in organic semiconductors

Space Charge Limited Conduction (SCLC)

In common doped (in-)organic semiconductors, injected mobile carriers are electrostatically
compensated by immobile oppositely charged dopant atoms. In this report, undoped organic
materials are used, in which there are no free charge carriers and all carriers have to be
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Figure 2.8: Rigid band diagram for a cobalt-Alq3-cobalt stack. The metallic electrodes are defined by the
work function ϕM relative to the vacuum level. Alignment between cobalt and Alq3 results in injection barriers
for electrons (ϕe) and holes (ϕh). A bias V is applied.

injected from the contacts. This results in a generation of space charge, which will limit the
conduction. This is especially relevant to organic semiconductors because their low mobility
causes charge carriers to be close together to achieve reasonable currents. For normal ohmic
behavior the current density is

j = enµE, (2.10)

where e is the elementary charge, n the charge density, µ the mobility and E the applied
electric field. With space charge, the charge density is also a function of the electric field:
n(E). This charge density can be described by the Poisson equation, and combined with Eq.
2.10 leads to Child’s law for space charge limited conduction (SCLC):

j =
9
8
µε0εr

V 2

L3
, (2.11)

with the dielectric constants of vacuum ε0 and the material εr, the applied bias voltage V
and the layer thickness L [40]. Usually, the current will be significantly lower due to traps
and non-ohmic injection.

Single-trap SCLC

The transport through an organic layer can be hindered by the presence of traps, low energy
sites due to impurities or imperfections. First, consider traps with a single well defined
energy within the band gap, between the Fermi level (of the injecting metallic contact) and
the LUMO. In this case only a fraction θ of the carriers contributes to the current and the
trapped carriers attribute to an additional build-up of space charge. This results in a lower
current density:

j =
9
8
µε0εrθ

V 2

L3
, (2.12)

Trap-filled SCLC

Due to disorder, traps do normally not have a single energy, but rather have a distribution of
energies. An exponential distribution of traps has been shown to give very good results [40].
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Assuming an exponential distribution of traps, the current density can be described by:

j = Ncqµn

(
ε0εr

qNt

)s V s+1

L2s+1
C(s), (2.13)

where s = Tt/T with kBTt characterizing the energy of the trap distribution, Nc the ef-
fective density of states at the conduction band, Nt the total density of traps and C(s) =
ss(2s + 1)s+1(s + 1)−s−2.

As a function of bias, conduction will be dominated by different mechanisms (figure 2.9).
At the lowest bias, the current is ohmic due to conduction through impurities (Eq. 2.10).
At intermediate bias, the specific trap distribution is not important and the current is often
described by single trap SCLC (Eq. 2.12). When the bias is increased, at some point the
Fermi level will pass the energy of the traps and a large increase in current is observed. This
is the trap filled limit, often accounted for by assuming an exponential trap distribution (Eq.
2.13). At highest bias, the current is limited by trap-free SCLC (Eq. 2.11).
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Figure 2.9: Schematic I(V ) characteristic for typical bulk limited transport in an organic semiconductor.
For increasing voltage, four regimes are visible: ohmic impurity conduction (∼ V ), single trap SCLC (∼ θV 2),
trap-filled limit and finally trap-free SCLC (∼ V 2). Further information can be found in the text.

2.4.2 Injection limited transport in organic semiconductors

If the Fermi level of the injecting electrode and the LUMO or HOMO of the organic layer are
not well matched, the influence of injection becomes significant. If transport is predominantly
limited by injection, the current density will become independent of the sample thickness.
Several models have been suggested to model the injection limited behavior [40].

Injection limited transport

A simple model is the Fowler-Nordheim (FN) model, where carriers tunnel through a trian-
gular barrier with a height ϕ. The relation between the current density and electric field is
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[41]:

J =
B

ϕ
E2 exp

(
−Bϕ3/2

E

)
, (2.14)

where meff is the effective mass of the carriers and:

B =
4
√

2meff

3h̄e
and C =

2.2e3

16π2h̄
. (2.15)

This model is only valid for a triangular barrier (ϕ << eV ) and does not include temperature
dependencies.

At smaller bias and higher temperatures (ϕ < kBT ) tunneling no longer dominates, but
thermionic emission is the dominant injection mechanism. This can be described by the
standard Schottky model, where the injection rate is determined by the ratio of the barrier
height and the thermal energy of the carrier:

J = CT 2 exp
(
− eϕ′

kBT

)
, (2.16)

where the barrier is lowered by the image force:

ϕ′ = ϕ−
√

eE

4πε0εr
and C =

emeffk2
B

2πh̄3 . (2.17)

The injection models of Eq. 2.14 and 2.16 are only valid in limited bias and temperature
ranges and are not very accurate, since the magnitude of the predicted current is larger than
in reality. Some other (adapted) models have been suggested: see [40] for a discussion.

Bulk and injection limits combined

Often it is difficult to make a distinction between bulk and injection limited devices. In such
cases, one would like to calculate space charge effects on an injection limited current. In the
derivation of the original SCLC equation (Child’s law, Eq. 2.11), a negligible electric field at
the interface E(0) = 0 was assumed. This is only reasonable if the injection barrier is zero.
In a more general derivation, and still ignoring diffusion, the charge-carrier density at the
interface n(0) can be used as a boundary condition and linked to E(0) via E(0) = J/qµn(0).
Analogous to the derivation of Child’s law, the Poisson equation εdE/dx = qn(x) can be
combined with the drift equation j = qµn(x)E(x), and solved for V [42]:

V =
εµ

3J




(
2JL

εµ
+

(
J

qµn(0)

)2
)3/2

−
(

J

qµn(0)

)3

 , (2.18)

where the current J is given by injection limited mechanisms, such as Fowler-Nordheim or
thermionic injection as formulated in Eq. 2.14 and 2.16. In the limit of large n(0), the trap-
free SCLC equation is recovered.

As an example, current densities are numerically calculated from Eq. 2.18, using Fowler-
Nordheim (figure 2.10a) and thermionic injection models (figure 2.10b) respectively. J(V )
relations are plotted for various injection barrier heights.
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Figure 2.10: Calculated J(V ) characteristics following Eq. (2.18), for several barrier heights ϕ. The following
parameters were used: L = 100 nm, T = 298 K, µ = 10−5 cm2V−1s−1, εr = 3 and meff = 9.1 · 10−31 kg. (a)
With Fowler-Nordheim injection limited current (Eq. 2.14) and (b) with thermionic injection limited current
(Eq. 2.16).

Using Fowler-Nordheim injection, the current approaches SCLC behavior for large bias,
since the slope of the injection barrier becomes larger for increasing bias. This reduces the
effective barrier width, resulting in an increased injected current. The FN model is not valid
for eV < ϕ. At higher temperatures (kBT > ϕ), the thermionic injection model is valid
for small voltages (eV < ϕ), and indeed it can be seen that – for equal barrier height – the
current density is in this range larger for thermionic limited injection.

It should be noted that these calculations are only simple first approximations. Firstly,
Eq. 2.18 is based on SCLC conduction, and does not take into account the peculiarities of
conduction via traps. Secondly, the injection models of Eq. 2.14 and 2.16 are not very accu-
rate, as already described previously.

Despite these simplifications, the calculations of figure 2.10 clearly show that an injection
barrier height of 0.5 eV already lowers the current density by three orders of magnitude com-
pared to SCLC. For a cobalt/ Alq3 / cobalt device, as displayed in figure 2.8 with an electron
injection barrier of 2.3 eV and a hole injection barrier of 0.5 eV, transport will be severely
limited, especially for electrons.

However, the rigid band diagram as presented in figure 2.8 deviates from reality. Interface
effects can change the alignment of vacuum levels. If Alq3 is deposited on top of cobalt, a
large dipole will form at the interface. As sketched in figure 2.11, this lowers the vacuum
level in Alq3 by 1.8 eV. The loss of tunneling through the dipole barrier with a width of
less than 1 nm can be neglected. The effect of this interface dipole then is that the electron
injection from cobalt into Alq3 is facilitated and the hole injection from Alq3 into cobalt is
more difficult [31]. A similar effect, although smaller, is observed at an interface of Alq3 with
gold (1.1 eV, [31]), with aluminum-oxide only a dipole of 0.1 eV is formed [30].
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Figure 2.11: Energy band diagram of a cobalt/ Alq3 interface, following figure 2.8, but now with a dipole
effect at the Co/Alq3 interface. No bias is applied.





Chapter 3

The experimental toolbox

The experimental studies that are presented in this report, make use of various
fabrication and characterization techniques. This chapter explains some of the
most important techniques used. All device structures require controllable deposi-
tion of metal or organic layers of nanometer-scale thicknesses. Spatial structuring
of these deposited layers is discussed in §3.3, with a focus on structuring of lateral
device structures by Electron Beam Lithography (EBL) in §3.3.2. Section 3.4 -
3.6 focus on characterizing layer thickness, magnetization and electrical charac-
teristics.

This chapter should mainly serve as a general overview. To make it also useful as
a more practical introduction for people starting to work in the field - and especially
in our group - it has been supplemented with some useful insights and applications.

3.1 Infrastructure

Device fabrication involves multiple deposition and structuring steps, for which at Eindhoven
University of Technology several facilities are available.

Vertical devices, which we describe in Chapter 4 and 5, have mainly been fabricated in the
Eindhoven University nano-Film depOsition Research and Analysis Center (EUFORAC). The
EUFORAC system is a large cluster of deposition and characterization tools from which we
utilized: the sputter deposition chamber, e-beam evaporators, an organic thermal evaporator
and a plasma oxidation chamber. The EUFORAC allows for samples to be transported in
ultra high vacuum (UHV) between these facilities. All vertical devices were structured by
shadow masks, as described in §3.3.1.

Lateral devices, as described in Chapter 6, were mainly fabricated in a cleanroom facility.
There we used spin-coaters, Electron Beam Lithography (EBL), various chemical processes
and e-beam evaporation to produce lateral devices. The only steps that were executed outside
of the cleanroom were the deposition of cobalt electrodes and organic material. Cobalt elec-
trodes were e-beam evaporated in the EUFORAC, whereas organic material was deposited
in separate thermal evaporators in a high vacuum system inside a glove-box with nitrogen
overpressure.

31
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3.2 Deposition techniques

Fabrication involves various deposition methods. Metals were deposited by magnetron sput-
tering and e-beam evaporation, whereas organic materials were thermally evaporated from a
powder source.

3.2.1 Magnetron sputtering

For sputter deposition, a target material is exposed to a bombardment of particles in a
plasma. The plasma is created by a high negative voltage between target and sample which
ionizes injected argon gas. The high kinetic energy of the ionized gas knocks atoms or clusters
of atoms loose from the target, into the sputter chamber and eventually on to the sample.
The plasma is confined by a magnetic field and results in deposited layers with a thickness
homogeneous over a few centimeters.

EUFORAC incorporates a Kurt J. Lesker, Ltd. UHV magnetron sputtering system, with
a base pressure smaller than 1 ·10−8 mbar. It is equipped with six target materials, which can
be operated in rf or dc mode. Growth rates are calibrated by measuring calibration samples
with Glancing-Incident X-ray Analysis (GIXA, §3.4.1). Typical growth rates are 0.5-1 Å/s at
an argon flow of 10 sccm, a dc power of 20 W and a source to substrate distance of 95 mm.

Since material is knocked out at a random angle from the target and transported to the
sample in a plasma, the atoms will be deposited from a wide distribution of angles. As we will
see in §3.3.1, this will put further requirements on masks since also side-walls will be deposited
on. This in contrast with evaporation techniques as discussed in the following sections, where
material is deposited from a beam originating from the evaporation source.

3.2.2 Resistive evaporation of metals

Thermal evaporation works by heating the material to be deposited up to a temperature above
its evaporation or sublimation point. The simplest setup consists only of a resistive heating
wire wrapped around a piece of the material that has to be deposited (figure 3.1). By sending
a current through the wire, the material can be heated until it starts to sublimate, forming a
vapor straight from the solid phase. Only some materials exhibit a sublimation temperature
lower than their melting temperature (e.g. cobalt, iron), whereas most materials will first
melt and then evaporate (vapor forms from the liquid phase, such as gold and titanium). In
this case, the material to be heated will be contained in, for example, a crucible with resistive
heating elements around it (see figure 3.1). Since this is the most common situation, the
technique is commonly referred to as ’evaporation’. Evaporation results in a homogeneous
distribution pointing radially outward and with much lower kinetic energies compared to
sputtering.

3.2.3 E-beam evaporation of metals

Instead of inducing evaporation of material by resistive heating, the material can be heated
locally by accelerated electrons. A typical ’e-beam evaporator’ (see figure 3.2a) basically
consists of a cathode of the deposition material and an anode of an electron emitting material
(such as thoriated tungsten). The anode is supplied with charge by sending a current through
it and is often in the form of a coil of wire to increase the surface area for electron emission.
A high voltage between cathode and anode then accelerates a ’beam’ of electrons towards the
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deposition material
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a b

Figure 3.1: Sketch of different resistive evaporator designs. A current is sent through a heating wire that is
wrapped (a) directly around a rod of deposition material, (b) around a crucible with deposition material.

cathode and thereby heating it. Much higher temperatures can be achieved than with thermal
evaporation, which broadens the range of materials that can be evaporated significantly.

EUFORAC contains a Mantis Deposition Ltd. mini e-beam evaporator unit – in the
organic chamber with a base pressure of 1 · 10−8 mbar – from which four materials can be
(co-)evaporated independently. The material has to be in the form of a free-standing rod (as
in figure 3.2a), aiming at sublimation. Since small droplets were observed on top of the rod,
evaporation cannot be excluded from taking place. The system has been optimized for cobalt
and iron, resulting in typical growth rates of 0.03-0.06 Å/s. Growth rates are determined
absolutely by GIXA (§3.4.1) after deposition, but can also be monitored real-time by built-in
flux monitoring plates and ellipsometry measurements (see §3.4.2).

The cleanroom facility includes a Temescal FC2000 evaporation system, which incorpo-
rates four crucibles typically loaded with gold, titanium and platinum. Here, evaporation
takes place in crucibles, allowing a broader range of materials to be deposited. To set the
electrons to impinge on the deposition material, they must be guided by magnetic fields in
an arch, as sketched in figure 3.2b. At a base pressure of 1 · 10−7 mbar, typical growth rates
are 1-5 Å/s and can be probed real-time by oscillating crystals.
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cathode -
deposition material

magnetic field - into plane

V V

A A

e
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Figure 3.2: Sketch of two different e-beam evaporator designs. High voltage is applied between an anode
and a cathode of (a) a free-standing rod of deposition material or, (b) a crucible with deposition material,
where the e-beam is guided to the crucible by magnetic fields (here perpendicular to the plane of the paper,
indicated by the crosses).

3.2.4 Evaporation of organic material

Organic material consisting of small molecules which sublimate when sufficiently heated,
enables thermal evaporation in basically the same way as in the case of metals (§3.2.2).
Practical differences are temperatures, which are only a few hundred ◦C, and the usage of
glass crucibles to minimize reaction of the organic material with the crucible material.

EUFORAC incorporates a Knudsen cell for evaporation of organic materials. Configured
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for Alq3, typical rates are in the order of 0.03 nm/s at a base pressure of 1 · 10−8 mbar. The
sample temperature can be controlled by cooling or heating the sample holder in a range from
100 to 1200 K. Layer thicknesses can be monitored in-situ by ellipsometry measurements (see
§3.4.2).

For deposition of pentacene and Alq3 on lateral devices, an ex-situ thermal evaporator in
a glove-box environment has been used which has a typical base pressure of 1 · 10−7 mbar.

3.3 Structuring

The previous section describes various methods for layer deposition. To form electrodes or
other lateral structures it is important to deposit material only at specific positions on a
sample substrate. The size of the structures typically determines the structuring technique
used.

3.3.1 Shadow masking

A shadow mask is a physical mask which is placed on top of the sample during deposition.
Shadow masking is a very efficient technique to repeatedly fabricate a specific structure with
maximum sizes that are only limited by the size of the area that can be deposited on. Mini-
mum sizes are limited by the mask’s production process, accurate (and expensive) techniques
can result in details down to 100 µm. The shadow masks that were used for all vertical devices
in chapter 4 and 5 are schematically displayed in figure 3.3a and 3.3b.

Shadow masking in combination with evaporative deposition has an accuracy that only
depends on the quality of the mask’s blueprint. Sputtering introduces some limitations, since
there is not a directed beam but deposition material is incident on the sample under random
angles. First, the finite thickness of the mask reduces the actual amount of material deposited,
because it limits the incident angles. This effect can be minimized by using edges sloped at an
angle of 45◦, as shown in [43] and displayed in figure 3.3c. To achieve correct layer thicknesses,
a geometrical correction factor should be taken into account. Second, the mask should join
very neatly with the substrate to prevent sputtering underneath the mask.

Incident flux

Substrate

Mask

a b c

Figure 3.3: Shadow mask layouts as used for vertical devices: (a) six short electrodes, (b) and one long
electrode strip, which can be used to make intersecting bottom and top electrodes for six devices. (c) Side
view of the mask and substrate.

3.3.2 Electron Beam Lithography

For smaller structures, Electron Beam Lithography (EBL) was used. Basically EBL creates
a ’shadow’ mask from a layer of an electron sensitive resist material by exposing it locally to
a focused beam of high energy electrons. Exposure by electrons changes the resist’s chemical
structure, either preventing or allowing exposed resist to be dissolved in a developer solution,
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depending on whether using a negative or positive resist respectively. This results in a pat-
terned resist layer, on which material can be deposited. Where resist was removed, deposited
material will stick to the substrate, whereas material on top of the remaining resist will be
removed together with the resist itself during a lift-off step.

This section will describe the EBL process that was optimized during this project and eventu-
ally used to fabricate the lateral devices as addressed in Chapter 6. For clarity, the process is
divided into separate steps a to h, and these steps are also schematically visualized in figure
3.4.

a preparation

d e-beam exposure

g deposition

b

e gold etch

h lift-off

c

f development

EBL dose

gold (12nm)

PMMA 950 A2 (60nm)

PMMA 495 A6 (400nm)

substrate: oxidized silicon

Figure 3.4: Schematic representation of the lithographic PMMA bi-layer system to create a mask for shadow
deposition. The procedure is described in the text.

Preparation

First resist was applied to a substrate. We used a bi-layer resist of polymethyl methacrylate
(PMMA) high sensitivity positive EBL resist. The bottom layer has a lower molecular molec-
ular weight than the upper layer, therefore the bottom layer is more sensitive to an exposure
dose than the upper layer. In this way a resist profile with a slight undercut is created (see
figure 3.4f), which facilitates lift-off.

a) With a pipet the substrate was approximately 90% covered by PMMA 495 A6 (the molec-
ular weight and the percentage of the solvent anisol, respectively) resist. Then the
sample was spin coated at 2000 rpm for 50 seconds, resulting in a thickness of 4000 Å.
To remove the solvent, the resist was baked for 40 minutes in a hot oven at a temperature
of 175◦C.

b) For the top layer PMMA 950 A2 resist was used. This resist has a higher molecular
weight, dissolved in less solvent. This difference in solvent should prevent intermix-
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ing of the two layers during application of the second layer. The resist was spun at
5000 rpm for 50 seconds and the same baking was used as in a, resulting in a thickness
of approximately 600 Å.

c) As a last step before exposure, a 12 nm gold layer was deposited by thermal evaporation.
This gold layer should prevent local charging of the sample due to EBL exposure, since
charging can decrease the quality of the exposure by deflecting electrons.

EBL exposure

A RAITH 150 electron beam nanolithography tool was used, which controls exposure of a
pattern by beam blanking and beam deflecting electron optics. The area that can be covered
in this way is called a write field. Movement of the sample between different write fields is
done by a laser interferometer xy stage with an accuracy of 20 nm.

Practically, the maximum resolution that can be obtained in the system is not determined
by the beam diameter or the electron wavelength, but by scattering and subsequent broad-
ening of the electron beam in the resist. This phenomenon is called forward scattering and
the full width half maximum (FWHM) of the effective beam intensity is 30-50 nm in PMMA
resist. Additionally, the resolution is also affected by scattering of the electron beam in the
substrate and the subsequent reflection back into the resist. This is called backscattering,
which results in a FWHM of 1-10 µm of the beam intensity. The backscattered electrons
cause the proximity effect, where the dose that a pattern receives is affected by electrons
scattering from other features nearby [44].

d) The sample is exposed using a 30 keV electron beam with a typical dose of 200 µCcm−2.
Depending on the size and required accuracy of the structures, a choice was made
between exposure at different write field sizes and apertures. For larger write fields, the
smallest possible step is larger, since the stepsize is defined by dividing the field size
by the 16 bit DAC resolution. Larger apertures will result in a larger beam diameter
and a lower accuracy, but also in reduced exposure times. Since the exposure of one
device takes a time in the order of days, exposure times are significant. Write fields
ranging from 100 µm to 1000 µm were used at apertures of 10 µm or 60 µm. For larger
structures, one larger write field is preferred over stitching of several smaller write fields,
since the overlap of different write fields introduces additional errors.

Development and liftoff

Exposure breaks the polymer chains in PMMA into monomers, which are soluble in a suitable
developer. In this case a bi-layer resist was used, resulting in a resist profile with a slight
undercut. The top layer now functions as a sort of mask preventing deposition on the side
walls of the underlying resist layer facilitating lift-off (see figure 3.4g).

e) After exposure, first the gold layer was removed by rinsing the sample for 15 seconds in a
50 g KI/ 12.5 g I2/ 500 ml H2O solution and then 10 minutes in demineralized water.
The quality of PMMA is not sensitive to the gold etch; we observed no degrading of
PMMA after etching up to 50 s.

f) The development was done by rinsing for 75 seconds in a 3:1 mixture of IPA:MIBK.
Methyl isobutyl ketone (MIBK) is the actual developer, diluted in isopropanol (IPA)
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to get longer and better manageable development times. Development was stopped
by rinsing in IPA for 75 seconds and drying with argon. Experiments showed that
shorter development times result in a degraded lift-off, since there was still a significant
resist layer left. Development times longer than 75 seconds do not influence the result
significantly, since non-exposed resist is almost not sensitive to the development process.
Finally the sample was exposed for 30 seconds to a 50 W plasma at an oxygen pressure
of 1 · 10−2 mbar, in order to remove any PMMA remnants left at the bottom.

g) The metals were deposited by e-beam evaporation. For cobalt EUFORAC’s e-beam evap-
orator was used, whereas for Ti/Au layers a Temescal FC2000 system was used (for
more information, see §3.2.3). To prevent deposition on the (side-)walls of the resist,
evaporation was preferred over sputtering and the thickness of the structure should
be at least a factor of two smaller than the bottom resist layer of 4000 Å. Deposition
on (side-)walls can reduce the quality of the resulting structures significantly, both by
degrading the structure’s profile or by a less effective lift-off.

h) Lift-off consisted of three steps. First, the sample was placed in an acetone vapor until a
homogeneous diffusion of acetone in the resist layer was visible. Then the sample was
flushed with acetone to lift-off the majority of the metal. The last step included ultra-
sonic cleaning in two fresh acetone solutions for 5 minutes each, to lift-off all remnants.
Finally, the device has been rinsed in IPA and dried with argon.

3.4 Layer thickness measurements

3.4.1 GIXA

The thickness and roughness of thin films can be measured with a technique referred to
as Glancing-Incident X-ray Analysis (GIXA). The wavelength of X-rays is typically about
1 Å, which is in the order of individual atoms. A periodicity at this scale can result in an
intensity change of the reflected beam due to constructive or destructive interference. GIXA
measurements are done at very small angles of incidence θ with respect to the layer surface,
and reflected x-rays are detected at an angle 2θ relative to the incident direction. In this case,
interference will occur between reflections from the top interface and the interface between
the film and the substrate. The condition for constructive interference is given by Bragg’s
law, when the path difference is an integral number n of wavelengths λ:

2d sin θ = nλ, (3.1)

from which the layer thickness d can be determined.
For a film thickness of d ≈ 40 nm and an X-ray wavelength of 1.54 Å, the period in the

interference will be θ ≈ 0.1◦. A typical measurement of a bilayer shows two overlapping
periods: for example 0.8◦ and 0.11◦ in figure 3.5. By using Eq. (3.1), these periods correspond
to a thickness of respectively 5.1 nm and 36.6 nm. In the case of interface roughness, the
local thickness varies, and destructive interference between reflections from different sample
regions can occur, making high order reflections harder to see. This has the consequence
that the smaller the roughness, the more oscillations are visible. Bragg’s law is just a first
approximation based on interference in a single layer. Interference patterns can also be
fitted using dedicated software to obtain more accurate information about layer thickness
and roughness.
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Figure 3.5: GIXA interference pattern for a Co/Alq3 bilayer [11]. From the two periods of 0.8◦ and 0.11◦, a
thickness of respectively 5.1 nm and 36.6 nm can be calculated using Bragg’s law.

3.4.2 Ellipsometry

Ellipsometry is a technique that can be used to measure the thickness of a growing layer in
real-time. Ellipsometry is used for in-situ thickness measurements of both dielectric Alq3

and metallic cobalt layers during evaporation. In our group, ellipsometry is routinely used
for Alq3, whereas the use of ellipsometry for cobalt thickness measurements is experimentally
investigated here. Detailed information on ellipsometry can be found in [45].

The working principle of ellipsometry is that the amplitude and phase of a laser beam re-
flected from a layer and substrate is dependent on the thickness of the layer. The behavior
of light incident on an interface between two media with different indices of refraction, as
sketched in figure 3.6a, can be described by their complex indices of refraction:

ñ = n− ik, (3.2)

with the index of refraction n and the extinction coefficient k. Part of the light will be reflected
under an angle ϕ0 and the transmitted light will be refracted to an angle ϕ1. Refraction is
governed by Snell’s law, which determines the angle of refraction by the two complex indices
of refraction of the two media (ñ0 and ñ1):

ñ0 sinϕ0 = ñ1 sinϕ1. (3.3)

Upon reflection from a surface, the polarization generally changes. The component p of
the light parallel to the plane of incidence (which is the plane of the paper in figure 3.6) and
the perpendicular component s have different interactions with the interface. This can be
understood qualitatively by observing that the perpendicular component Es of the electric
field remains parallel to the interface, independent of the angle of incidence, whereas the Ep

component changes its orientation from parallel to perpendicular as the angle of incidence
changes from 0◦ to 90◦. The interaction can be expressed in the Fresnel reflection coefficients
r of the interface, defined as the ratio of the amplitude of the reflected wave and the amplitude
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of the incident wave:

rp
01 =

ñ1 cosϕ0 − ñ0 cosϕ1

ñ1 cosϕ0 + ñ0 cosϕ1
and rs

01 =
ñ0 cosϕ0 − ñ1 cosϕ1

ñ0 cosϕ0 + ñ1 cosϕ1
, (3.4)

where the indices 0 and 1 refer to the media on either side of the interface.

φ0φ0 φ0φ0

φ1φ1
φ1 φ1

φ2

ñ2

ñ1

ñ1

ñ0ñ0

g
ro

w
n
 film

s
u
b
s
tra

te
v
a

c
u

u
m

a b

d

Figure 3.6: (a) Light is partly transmitted and reflected at an interface between two media with different
indices of refraction ñ. The transmitted light is diffracted to an angle ϕ1 relative to the normal of the surface.
(b) In this report, ellipsometry is performed on a film growing on a substrate in vacuum. In such a bilayer,
additional reflection and refraction also takes place at the second interface.

In our case, bilayers will be studied (substrate - grown film - vacuum) and the light
interacts with two interfaces (figure 3.6b). The Fresnel reflection coefficients for each interface
can be combined to result in the total reflection coefficients of this bilayer:

rp
bi =

rp
01 + rp

12 exp(−i2β)
1 + rp

01r
p
12 exp(−i2β)

and rs
bi =

rs
01 + rs

12 exp(−i2β)
1 + rs

01r
s
12 exp(−i2β)

, (3.5)

where rp and rs are the Fresnel coefficients (Eq. 3.4) for the interface between vacuum and
the film (index 01) and interface between the film and the substrate (index 12). β is the film
phase thickness which is given by:

β = 2π

(
d

λ

)
ñ1 cosϕ1, (3.6)

where d is the film thickness and λ is the wavelength of the light.
The complex exponents in Eq. 3.5 will oscillate when β increases with thickness, which is

caused by constructive and destructive interference between the reflections from both inter-
faces. One period is equal to a difference of π in β, from which the thickness change related
to one period can be found by equating β to π:

dperiod =
λ

2
√

n2
1 − n2

0 sin2 ϕ0

. (3.7)

In this way the thickness of the film can be derived from the reflected intensity by looking
at its periodicity. However, this is only true for a dielectric film, such as Alq3, in which no
extinction occurs. In the case of a metallic film, like cobalt, the substrate will become less
visible with increasing film thickness. This is expressed in a non-zero extinction coefficient,
resulting in a complex index of refraction (Eq. 3.2).

The dc intensity of a reflected laser beam is basically described by Eq. 3.5. However, we
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Figure 3.7: The general setup for a differential ellipsometer. A laser beam is polarized at an angle α, reflected
off the sample and guided through a modulator (PEM) and finally analyzed by a second polarizer and detector.

use a differential ellipsometer setup (figure 3.7), in which a laser beam is modulated with
a photo elastic modulator (PEM) and its dc, first and second harmonic signal are measured
using lock-in detection. This technique also reduces noise and fluctuations significantly.

In the setup, polarized light at an angle α (with respect to the plane of incidence) is
incident on a sample at an angle of 45◦. The reflected laser beam passes a PEM and is finally
analyzed by a second polarizer and the intensity is measured by a detector. A modulation (f
= 50 kHz) induced by the PEM is used in combination with a lock-in amplifier in order to
filter out noise and fluctuations.

The interaction of the laser light with this setup can be described by the total reflection
components rp

bi and rs
bi from Eq. 3.5 for reflection on the sample, and a Jones matrix treatment

of the optical components [46]. Neglecting the higher order harmonics above 2f , the intensity
at the detector can be divided into a dc component, a 1f component and a 2f component
[23]:

Vdc =
1
2

cos2(α)
[∣∣rp

bi

∣∣2 − |rs
bi|2 + J0(A0)

(∣∣rp
bi

∣∣2 + |rs
bi|2

)]
+

1
2
|rs

bi|2 (1− J0(A0)) ; (3.8)

V1f = J1(A0) cos(α) sin(α)
(
imag(rp

bi)real(rs
bi)− imag(rs

bi)real(rp
bi)

)
; (3.9)

V2f =
1
2
J2(A0)

(
cos2(α)

(∣∣rp
bi

∣∣2 +
∣∣rp

bi

∣∣2
)
− |rs

bi|2
)

, (3.10)

where Ji is the ith order Bessel function of the first kind. The amplitude A0 of the modulation
of the PEM can be chosen freely, but is usually set to a maximum of one of the Bessel functions
in order to maximize the relative strength of the corresponding signal (J1 is maximum at
A0 = 1.94, J2 is maximum at A0 = 3.05).

In order to increase the sensitivity to thickness changes in the layer structure, the angle of
the polarizer α can be chosen such that the 2f -signal is zero at the start of the measurement,
resulting in a better signal-to-noise ratio.

Ellipsometry thickness measurement of dielectric Alq3 layers

Since Alq3 is a dielectric, no extinction occurs and the index of refraction is purely real. A
typical measurement for a growing Alq3 layer on a silicon-oxide substrate is displayed in figure
3.8. The dc, 1f and 2f signals show a periodic behavior, which is essentially represented by
the purely imaginary exponent in Eq. 3.5. The periodicity, as described by Eq. 3.7 and
displayed in figure 3.8, was calibrated by measuring the thickness of an Alq3 layer for which
the signal showed multiple oscillations during growth at a constant rate [11].
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Figure 3.8 also shows the ratio 1f/dc. This ratio eliminates the influence of the absolute
intensity, and therefore a change in this ratio is only a function of the actual thickness of
the Alq3. For thin layers, (approx. < 50 nm), the 1f/dc shows a linear dependency on the
thickness. For the linear range, it was found that 1 nm corresponds to a change of −5.5 ·10−3

of the 1f/dc signal in the linear region for an Alq3 layer on top of SiO2 [11].
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Figure 3.8: Ellipsometry measurement of the growth of a 450 nm thick Alq3 layer on top of SiO2. (a), (b) and
(c) show the dc, 1f and 2f signal as a function of deposition time respectively. In (a) a calculated thickness
scale is included. (d) shows the ratio 1f/dc as a function of deposition time. Figure taken from [11].

Ellipsometry thickness measurement of metallic cobalt layers

Metallic layers such as cobalt have a non-zero extinction coefficient. This causes the total
reflectivity to converge to the reflectivity of a semi-infinite layer of the film material. A typical
ellipsometry measurement for a cobalt film growing on a silicon-oxide substrate is displayed
in figure 3.9.

The behavior of these curves is a combination of two distinct influences: the periodic
behavior due to interference (analogous to the behavior displayed in figure 3.8 for Alq3)
described by the real part of the refractive index, damped by a finite penetration depth in
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Figure 3.9: Ellipsometry measurement of the growth of a 45 nm thick cobalt layer on top of SiO2. (a), (b)
and (c) show the dc, 1f and 2f signal as a function of deposition time respectively. (d) shows the ratio 1f/dc
as a function of deposition time.

cobalt. The term that determines the penetration depth and causes the curve to level off is
the extinction coefficient.

During the growth of cobalt layers, the 1f/dc signal shows a change (∆1f/dc in figure
3.9d), that can be used to determine the thickness. This dependency is described by Eq.
3.8 and 3.9. However, these equations cannot directly be fitted to figure 3.9, since the exact
shape of the curve is altered by a varying deposition rate during growth.

The dependency between ∆1f/dc and the thickness was calibrated by growing cobalt lay-
ers of various thicknesses and measuring the thickness with GIXA (see 3.4.1) afterwards. In
figure 3.10, the change in 1f/dc during growth of these samples is plotted against the thick-
ness measured with GIXA afterwards. These points were fitted to equations 3.8 and 3.9. This
was done by using refractive index values 1.0, 2.45-3.2i and 4 for vacuum, cobalt and silicon
respectively, which is in reasonable agreement with literature values [45]. It should be noted
that the silicon will be slightly oxidized, but assuming the thickness of the silicon-oxide to be
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small, the additional phase shift was neglected.

Up to approximately 35 nm there is a unique relation between thickness and ∆1f/dc. For
larger thicknesses, ∆1f/dc saturates due to the penetration depth in cobalt. The penetration
depth in cobalt for light of 655 nm is ∼ 12 nm. An attenuation with a factor exp(−3)=0.95%
results after a distance of 36 nm, consistent with the saturation in the experimental data.

It can be concluded that ellipsometry can be used to accurately determine the thickness
of growing cobalt layers (on SiO2) in a range up to approximately 30 nm. This makes
ellipsometry a more accurate alternative to flux monitors as built in in our e-beam evaporator.
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Figure 3.10: The change in 1f/dc during growth of several cobalt layers on silicon-oxide, plotted against the
thickness measured with GIXA afterwards. The solid line represents a simulation of this behavior, following
Eq. 3.8 and 3.9.

3.5 MOKE

The setup for magneto-optical Kerr effect (MOKE) measurements is very similar to the
ellipsometry setup discussed in the previous section. Ellipsometry measures the change in
the polarization of the light after reflection from a sample. MOKE uses the fact that the
polarization of the reflected light depends on the magnetic state of the sample. The only
addition to an ellipsometry setup is an electromagnet used to create a magnetic field which
is used to change the magnetization of the layer.

The magnetic field is scanned and either the normalized first or second harmonic signal is
measured as a function of field. Figure 3.11 shows a typical MOKE measurement of a single
cobalt layer. The measured signal is proportional to the magnetization of the layer, but in
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general cannot give an absolute value for the magnetization. For the coercive field (Hc), on
the other hand, the absolute value can directly be obtained.

For thick (or multiple) layers, MOKE is only sensitive to a volume into which the laser
beam can penetrate. This is mainly governed by the penetration depth of the material(s)
concerned. A difficulty of probing small lateral structures is related to the finite laser spot
size. If the laser spot size is much larger than the magnetic structure, only a small part of
the beam – and thus of the MOKE signal – will experience a polarization change due to a
change in the magnetization of the structure. Therefore, probing of small structures requires
comparably small laser spot sizes.

For MOKE measurements home-built setups were used, which can measure magnetization
vs. field loops at temperatures ranging from 4 to 500 K in fields up to 0.3 T. The laser spot size
can be reduced down to approximately 2 µm, which is limited by the numerical aperture of
the optical system. All MOKE measurements in this report were performed in a longitudinal
MOKE configuration, that means with a field applied in the plane of the device and an angle
of incidence of 45◦ with the laser.

Figure 3.11: Typical magnetization loop measured with MOKE. The MOKE signal is proportional to the
magnetization. An external field is sweeped from negative to positive fields and back to negative fields,
indicated by the arrows. The saturation signal (Msat) at high fields is indicated, as well as the zero field
remanent signal (Mrem). The coercive field (Hc) is found where the signal is zero.

3.6 MR setup

Electrical measurements of all devices were done in an Oxford continuous flow liquid helium
cryostat in which the temperature can be controlled between 4 and 400 K. The samples are
mounted and contacted on a sample stick. The cryostat is mounted between the poles of an
electromagnet, in such a way that the sample is exactly centered between the poles. The
electromagnet can produce fields up to 1 T - as measured with a Hall probe - and the field
direction can be varied in the plane of the junction by rotating the sample stick in the cryostat.
A Keithley 6430 Sub-Femtoamp source meter is used for measuring the current as a function
of voltage I(V ), the voltage as a function of current V (I) and the resistance as a function of
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field using either a constant voltage RV (H) or constant current RI(H). Measurements can be
done in either a two-point or a four-point configuration. In a four-point measurement, current
is supplied via one pair of leads, whereas the voltage drop over the device is measured with
the other pair of leads. Four-point measurements eliminate the influence of contact leads on
the resistance, although if the contact leads have a resistance higher than the device, current
crowding can result in less accurate results.

Vertical devices can be mounted on a sample stick on which contact pins are fitted following
the electrode layout as sketched in figure 3.3a and b. Indium slices are applied to the contact
pads of the electrodes to improve contact. Often silver-paint is used instead of indium, but in
this case the solvent in the silver-paint may dissolve the organic material. Lateral devices are
wire-bonded to IC packages, which can be mounted to a sample stick with a corresponding
IC socket.

To avoid damage to the devices, static charging should be avoided as much as possible.
Proper grounding of the measurement circuits and the operator drastically decreases the
chance of catastrophic damage to the device.





Chapter 4

Vertical organic spin-valve

This chapter covers a vertical spin-valve design in which spins are injected and
transported through a nanometer scale thick layer of organic Alq3 material. The
expected charge carrier transport in this device is via a hopping process. The
overall goal of this chapter is to prove whether transport through the Alq3 layer is
spin-polarized.

First, the device structure is optimized. We show a profound dependence of the de-
vice resistance on the method used to deposit the spin-valve’s top electrode. Magne-
toresistance measurements of these optimized spin-valves are presented that show
no proof of spin-polarized transport.

4.1 Context

The vertical organic spin-valve structure was first reported in 2004 by Xiong et al. [10].
As discussed in Chapter 1, this device consisted of Alq3 sandwiched between ferromagnetic
electrodes of cobalt and LSMO and showed a magnetoresistance of up to 40% at 11 K (figure
1.3). The use of Alq3 was motivated from its well-known properties through its extensive use
as electron-transporting layer in light emitting diode structures, but moreover from its easy
in-situ deposition and reportedly long spin relaxation times. As illustrated in §2.2, cobalt’s
relatively high spin polarization and magnetization properties make it a suitable candidate for
spin injection and detection. However, both electrical and spin-dependent properties heavily
depend on the properties of both Alq3 and the injecting interface, as will now be discussed
briefly.

The energy structure of the interface between cobalt and Alq3 was studied in our group
[31], concluding that a large dipole of 1.8 eV is formed at the interface. The effect of this
interface dipole is that the electron injection from cobalt into Alq3 is facilitated and the hole
injection from Alq3 into cobalt is frustrated. It was also shown that the coercive field of a
cobalt layer grown on Alq3 is significantly different from a cobalt layer of the same thickness
grown just on silicon [25]. As reported by Xiong et al., growth of cobalt on top of a spin-valve
stack even resulted in an ill-defined Alq3 layer up to 100 nm due to interdiffusion of cobalt
and Alq3 [10].

Advantages of a vertical stack design include the wide range of realizable Alq3 thicknesses,
the magnetic engineering knowledge readily available from MTJ research and – for our group

47
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– well-equipped fabrication and characterization facilities. First efforts in our group to realize
such a spin-valve (as already discussed in chapter 1) showed, however, no reproducible spin-
valve magnetoresistance effects and suffered from currents shunting through the substrate.
Moreover, a majority of these devices showed no semiconducting behavior and an unexpect-
edly low resistance, indicative that transport through the organic layer is not the dominant
mechanism [11].

In view of these considerations, after a description of the general layout of the device in
§4.2, the discussion in §4.3 will concentrate on realizing semiconducting transport through
the device. There it will be shown that the deposition process used for the top electrode has
a profound influence on the (electrical) characteristics of the device. With this information,
magnetoresistance effects will finally be considered in §4.4.

4.2 Device structure

The vertical multilayer stack we used was grown in-situ in the EUFORAC facility, as in-
troduced in §3.2. The stack basically consisted of three layers from bottom to top: first a
magnetron sputtered bottom electrode, then an evaporated Alq3 layer and finally a top elec-
trode. Figure 4.1 is a schematic representation of the device. Details of magnetron sputtering
and evaporation techniques can be found in §3.2.1 and §3.2.3 respectively. Both bottom and
top electrode were structured by shadow masking as discussed in §3.3.1. The fabrication of
the device will now be discussed in detail. An overview of stacks grown can be found in table
A.1, all being grown on glass substrates to eliminate a current path shunting through the
substrate.

V-

V+ I+

I-

(capping layer)

magnetic top contact

magnetic bottom contact

seed layer

Alq3

glass

a b

Figure 4.1: Schematic view of the vertical spin valve structure, (a) vertical cross-section showing two ferro-
magnetic electrodes separated by Alq3. The figure also indicates voltage and current connections for four-point
measurements. (b) Sample overview, shadow masking was used to deposit six bottom electrodes and one top
electrode, their intersection defining the junctions. Individual layers are addressed in the picture itself and in
the text.

The main component of the bottom electrode is a ferromagnetic alloy of cobalt, iron and
boron: CoxFe80−xB20. In this study CoFeB alloys with a cobalt percentage x of 60%, 72%
and 80% where used. In literature there are no traces of the use of CoFeB in combination
with organic semiconductors, therefore the use of CoFeB should be properly substantiated.
Studies both in our group and in literature [47, 48] show that CoFeB alloys have an electronic
structure very similar to cobalt. Most importantly, CoFeB has a smooth growth and conduc-
tion properties very similar to cobalt. Advantageous is an even higher spin-polarization in
CoFeB compared to cobalt.
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A CoFeB layer of 6 nm was grown on a seed layer (usually tantalum) by sputtering on a
glass substrate. Using a seed layer resulted in a very smooth growth of CoFeB (or cobalt) on
top. Both seed layer and ferromagnetic contact were deposited through a shadow mask, as
displayed in figure 4.1b and resulting in six electrodes with a width of 250 µm.

The next step was to in-situ transport the sample to the organic deposition chamber. There,
Alq3 was thermally evaporated from a Knudsen cell (described in §3.2.4). Devices were fab-
ricated with Alq3 thicknesses ranging from 200 to 700 nm. The temperature in the Knudsen
cell was regulated between 185 and 210 ◦C to result in a growth rate of typically 0.3 Å/s.
The growth rate and thus the total thickness were monitored real-time by ellipsometry, as
discussed in §3.4.2. Since ellipsometry uses the light reflected from the sample, a transparent
glass substrate is not suitable, thus ellipsometry was performed on a small piece of silicon in
close proximity to the glass substrate.

The actual layer thickness at a junction will for two reasons differ from the value measured
by ellipsometry at the piece of silicon, roughly 5 mm apart. Firstly, the beam is incident on
the sample under an angle of 45◦, which means that the distance from source to sample –
and thus the thickness – will vary across the sample. Secondly, the inhomogeneity of the
deposition beam will also cause a thickness variation. Both the first and the second effect
have been investigated previously [11], and a total thickness variation of 2 %mm−1 was found.
This equals a thickness variation of max. 10% between the individual junctions on a substrate.
However, the variation in the thickness over the area of one junction of 250 x 250 µm will
only be 0.5%, which is not significant.

4.3 Electrical characteristics: influence of top electrode depo-
sition

The final fabrication step involves deposition of the top electrode – which is the most critical
step in fabricating these devices – consisting of a ferromagnetic layer that is preferably capped
by another layer on top to prevent oxidation. After that, devices were taken out of vacuum
and electrical measurements were performed using the MR-setup (as described in §3.6). First
characterization mainly concentrated on confirming transport through the organic layer, by
measuring the device resistance as a function of temperature. Since Alq3 is an organic semi-
conductor, the resistance should increase for decreasing temperatures, also this resistance
should increase when transporting through thicker organic layers.

4.3.1 In-situ sputtering

The first samples’ top electrodes were fabricated by magnetron sputtering through a shadow
mask. This top electrode consisted of first a ferromagnetic layer of the same CoFeB alloy that
was also used in the bottom electrode, now having a thickness of 20 nm (to achieve different
magnetic switching fields, as discussed later on). The electrode was capped with a sputtered
aluminum layer of 5 nm.

Electrical measurements on these devices comprised of I(V ) measurements at room tem-
perature. Figure 4.2 displays typical resistance values for devices with Alq3 layers of various
thicknesses. The resistance values given are only order-of-magnitude estimates. The error
bars of the data points account for a voltage-dependency of the resistance due to non-lineair
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Figure 4.2: Typical electrical resistance of “bottom electrode/Alq3/top electrode” devices as a function of
the Alq3 layer thickness, measured at room temperature. Two curves are displayed: one for devices with a
sputtered top electrode (circles) and one for devices with an evaporated top electrode (squares). An overview
of devices and their specifications can be found in table A.1. The figure also indicates whether a device
shows organic semiconducting behavior (filled), that means a resistance increase with decreasing temperature:
dR/dT < 0.

I(V ) behavior and for differences between each sample’s six devices. However, for the pur-
pose of this discussion, these rough estimates will already turn out to be sufficient to describe
striking differences between different deposition methods. Devices with sputtered top elec-
trodes show low resistances. Moreover, I(V ) measurements at temperatures down to 4 K do
not show an increase in device resistance, which will be used as an indication of no organic
semiconducting behavior present. Only for large thicknesses (> 450 nm), the resistance in-
creases sharply up to immeasurable values, and also here no organic semiconducting behavior
was found.

This leads to the conclusion that these devices are shorted: charge transport does not
(predominantly) take please by hopping through the organic layer, but rather by metallic
conduction. This could be a result of cobalt particles penetrating in to the Alq3 layer, due to
a large kinetic energy gained when knocked loose of the sputter target (also see §3.2.1).

4.3.2 In-situ e-beam evaporation

Instead of sputter deposition of the top electrode, an e-beam evaporator is also available in-
situ in the EUFORAC facility (see §3.2.3 for more information). The kinetic energy gained
by particles during evaporation, is much lower than in a sputtering process. The particles’
lower energy could reduce penetration into the Alq3 layer and thus prevent shorting.

The e-beam evaporator was used to deposit a cobalt top electrode at an average rate of 1-
5 Å/s, resulting in thicknesses around 20 nm, as confirmed afterwards by GIXA measurements
(see §3.4.1). For infrastructural reasons it was not possible to deposit a capping layer on top
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of the electrodes. However, this should not influence the electrical properties substantially,
since only the very top electrode layer will become oxidized and not the injecting interface
layer which is where charge injection should take place.

Devices with evaporated top electrodes were fabricated with several Alq3 layer thicknesses.
I(V) measurements show that these devices were not shorted for a thickness greater than
200 nm, which is more than 250 nm thinner than in the case of devices with a sputtered
top electrode (figure 4.2). When increasing the Alq3 thickness further, there is a range from
roughly 200 nm up to 250 nm where device resistances are at a reproducible and measurable
level. Moreover, resistance versus temperature measurements of the devices in this thickness
range show organic semiconducting behavior upon cooling (figure 4.3b).
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Figure 4.3: (a) Current as a function of applied bias for sample C0704009 (see table A.1 for stack details)
at different temperatures. Linear and quadratic lines have been plotted as reference. (b) The resistance at a
bias of 1 V as a function of temperature, taken from the measurements in (a) and at additional temperatures.
Measurements were performed in a four-point geometry in the MR setup.

Typical electrical characteristics for these devices are displayed in figure 4.3. The I(V )
measurements are symmetric and show a clear non-linear behavior at 4 K. In a simple space-
charge-limited conduction model (SCLC, see Eq. 2.11), which is a good model for low mobil-
ity materials like organic semiconductors, the relation between current and voltage should be
quadratic. At 4 K, the I(V ) curve indeed tends to quadratic behavior. For increasing tem-
peratures, the resistance decreases (figure 4.3b) – which is typical of organic semiconductors
– and I(V ) relations become more linear.

It can be concluded that vertical spin-valve devices with an in-situ evaporated top elec-
trode exhibit charge transport with injection from the ferromagnetic electrodes and transport
through the Alq3 layer. Assuming injection of a spin-polarized current and efficient spin-
polarized transport through the organic layer, these devices would potentially be interesting
for investigating their magnetoresistive behavior in more detail. This will be done in the next
section, whereas a discussion of the behavior of sputtered and evaporated top electrodes will
be postponed to §4.5.
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4.4 Magnetic characteristics

In this section will be focused on investigations of the magnetoresistive (MR) behavior of ver-
tical spin-valve devices that show indications of spin-polarized transport through the organic
layer. Considering the results described in the previous section, devices with an evaporated
top electrode and an Alq3 layer with thicknesses ranging between 200 nm and 250 nm are
used. We will discuss devices with a CoFeB bottom electrode, as presented up till now,
and devices with an artificial anti-ferromagnetic bottom electrode to improve spin detection.
First, we will start with a brief discussion of requirements for MR behavior.

Requirements

Important prerequisites for MR behavior include efficient injection of a spin-polarized current
into the organic layer, efficient spin-polarized transport through the organic material and
effective spin detection. The next paragraphs will give some insight in the parameters and
issues involved with these requirements.

As described in the introductory chapter 1, organic materials – and Alq3 in particular –
are very interesting because of their long spin-relaxation times. The long relaxation times
would enable efficient spin-polarized transport if mobilities are high enough. Literature does
however not yet provide an unambiguous range of (experimental) studies that could allow a
solid quantification of resulting spin diffusion lengths. Reported spin diffusion lengths range
from a few nanometers to more than 100 nm, as already discussed in §2.2.4 and table 2.1.

A first estimate was given by Pramanik et al. [34], reporting a spin diffusion length of only
8 nm in Alq3. Since this observation was done a questionable nanowire spin-valve structure,
for our devices a longer spin diffusion length should be expected.

Xiong et al. [10] described an Alq3 thin film spin-valve in their 2004 Nature article (which
has already been discussed in chapter 1), claiming that MR magnitude goes to zero above
an Alq3 thickness of 250 nm. They however also suggest that there is a top Alq3 layer of
approximately 100 nm that is intermixed with the above cobalt electrode, resulting in metallic
transport in this part of the device and spin-polarized transport through an Alq3 layer up to
150 nm thick. From the explicit decay of MR as a function of thickness, they concluded a
spin diffusion length close of 45 nm. (Note that the diffusion length was defined in Eq. 2.4
as the distance over which the spin-polarization decreases a factor 1/e only.)

An analogous description of our device would result in an intermixed layer of ∼200 nm
(since up to this thickness no semiconducting behavior is observed). This could mean that
transport through an Alq3 layer only occurs in 50 nm of the device. Compared to the pre-
viously mentioned spin diffusion length of 45 nm, spin-polarized transport through this layer
should enable a measurable MR signal. However, since this conclusion is based on a slightly
different device composition, the actual spin diffusion length could differ.

Prior to transport through the organic layer, a spin-polarized current has to be injected.
Cobalt or its CoFeB alloys are well known for high spin-polarizations which exceed 45%. To
detect the spin-polarization by electrical MR measurements, the electrodes should provide
well-defined parallel and anti-parallel configurations.

Spin polarization and magnetization characteristics at the interface with Alq3 determine
the injected spin-polarization. Local interface characteristics can differ substantially from
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bulk, due to for example roughness or impurities at the interface. Since only the bulk ma-
terial magnetic properties can reliably be probed, injection properties inhibit some degree
of uncertainty. Although in inorganic semiconductors conductivity mismatch (§2.2.4) would
quench MR effects, in Xiong’s organic spin-valve [10] this is not observed. However, the exact
influence of conductivity mismatch is unknown.

Summarizing, cobalt-based injecting electrodes and an Alq3 layer are suitable candidates
for efficient injection and transport, respectively, of a spin-polarized current. In the remain-
der of this section, spin detection will be considered by engineering of the magnetic electrodes
with respect to their magnetic switching behavior. We aim for discernible magnetizations for
the bottom and top electrode of the device, in order to realize parallel and anti-parallel states
as a function of the applied magnetic field.

CoFeB bottom electrode

Devices fabricated up till now all incorporate a Co60Fe20B20 bottom electrode with a thickness
of 6 nm. To force a magnetic easy axis, this layer was grown in a magnetic field of 150 G
parallel to the electrode. Figure 4.4 displays the coercive field of various CoFeB alloys as a
function of their thickness. It can be seen that our thickness of 6 nm approaches the curve’s
maximum coercive field of approximately 4 kA/m. The corresponding magnetization loop is
displayed in figure 4.5.
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To get spin-valve behavior, the cobalt top electrode should have a coercive field that is
different from the one of the bottom electrode. A MOKE measurement of a typical 20 nm
evaporated cobalt top electrode (on Alq3) is shown in figure 4.5. The field was applied parallel
to the easy axis of the CoFeB bottom electrode, which means perpendicular to the cobalt
top electrode. Switching behavior was very gradual and a field up to 4 kA/m was required
to switch the magnetization completely. This is caused by not growing the cobalt layer in a
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magnetic field. Therefore, the preferential magnetization direction of the magnetic domains
is randomly distributed, which in the bulk results in a gradual magnetization rotation. Due
to technical limitations it was at that moment not possible to evaporate cobalt in a field.

However, from comparing magnetization curves of both bottom and top electrodes in
figure 4.5, it can be seen that both parallel and anti-parallel magnetization states can reason-
ably be achieved. Two different magnetic configurations of the electrodes could be possible.
Assuming multiple domains each having their own uniaxial anisotropy, the coercive field can
be interpreted as the field strength necessary to switch half of the total magnetization. If
instead a single domain electrode is assumed, the magnetization vector at the coercive field
is aligned perpendicular to the anisotropy axis. Both interpretations lead to MR effects that
are only 50% reduced compared to ideal magnetic behavior over a measurable field range of
∼2 kA/m.

Unfortunately, no MR behavior was observed in all six fabricated devices (of sample C0703028,
see table A.1), at both room temperature and 4 K. We conclude that the devices show no MR
effects larger than 0.5%, which is the noise level in the electrical measurements. Although the
magnetic behavior of figure 4.5 should enable MR effects that are only 50% reduced compared
to the ideal case in a 2 kA/m field range, in the next section we opt for an even broader and
stronger magnetic switching.

Artificial anti-ferromagnetic bottom electrode

Magnetic engineering provides several techniques to realize a more distinct switching behav-
ior. In §2.2.3 two methods were described. The first option is to pin the magnetization of
one layer using the phenomenon of exchange bias, where an anti-ferromagnetic exchange bias
layer (for example IrMn) is grown underneath the ferromagnetic injecting contact (for exam-
ple cobalt or CoFeB). This results in a biased coercive field. A second option is an artificial
anti-ferromagnet (AAF), which uses the anti-ferromagnetic coupling that exists between – for
example – two cobalt layers separated by a thin ruthenium non-magnetic spacer layer [29].
Since ruthenium can also be used as a seed layer, this option minimizes the number of targets
needed in the sputter system and was therefore chosen.

As described in §2.2.3, previous experimental studies on Co/Ru/Co multilayers revealed op-
timum cobalt thicknesses of 12 nm and 4 nm for respectively the bottom and top cobalt layer
[23]. In combination with a cobalt top electrode, this AAF could result in a broad range of
fields with anti-parallel alignment, with the total width of the range being approximately 280
kA/m.

The ruthenium layer thickness should be calibrated precisely, because the interlayer cou-
pling oscillates between ferromagnetic and antiferromagnetic behavior with the thickness of
the ruthenium layer. Calibration was done by growing a ruthenium wedge sandwiched be-
tween the cobalt layers of the AAF (see figure 4.6a). The remanence as a function of ruthe-
nium thickness was determined from MOKE measurements of the magnetization loop at each
position along the wedge. The remanence, which is the magnetization at zero field, gives
information about the optimal thickness for AAF coupling. In the limit of a very thin ruthe-
nium layer, the two cobalt layers behave as just one cobalt layer with a square magnetization
loop. Upon increasing the ruthenium thickness, the magnetization more and more tends to
the ideal AAF behavior of figure 2.5c and thus the remanence decreases. In the limit of very
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thick ruthenium layers, there are just two uncoupled cobalt layers with square magnetization
loops and thus an increased remanence. Between those limits there is a minimum remanence
corresponding to an optimal AAF coupling. The measured remanence as a function of spacer
thickness is displayed in figure 4.6b, showing an optimal ruthenium thickness of 0.75 nm.
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Figure 4.6: Calibration of an artificial anti-ferromagnetic (AAF) bottom electrode, for which the thickness
of the ruthenium layer was optimized. For this purpose, (a) a Co/Ru/Co stack was grown with a ruthenium
wedge, (b) and MOKE measurements were done to determine the remanence for each ruthenium thickness,
resulting in an optimal thickness of 0.75 nm. (c) The AAF’s magnetization curve at the optimal thickness.

Figure 4.6c shows the magnetization loop at this optimal ruthenium thickness. Compared
to figure 2.5a, the transition from the anti-parallel state to the parallel state is not well de-
fined and the remanence is not as low as expected. Ideally, a remanence of 50% is expected,
whereas figures 4.6b and c show a minimum remanence of 60%. This 20% deviation can
be interpreted as a partial magnetization rotation of the AAF’s top cobalt layer already at
(almost) zero field. However, a gradual switching of the top cobalt layer over a field range of
150 kA/m is observable. This should enable a comparable broad MR effect, with only a 20%
decreased MR magnitude compared to the ideal case.

Finally, spin-valve devices were fabricated with this AAF bottom electrode, various Alq3

thicknesses and an evaporated top cobalt electrode (summarized in table A.1). Device re-
sistance and semiconducting behavior corresponded to the previous CoFeB devices, which
supports our initial assumption that CoFeB alloys are in this respect very similar to cobalt.
The electrical characteristics of figure 4.3 are representative of these devices.

Unfortunately, also in these devices we observed no reproducible MR effects. Occasionally
some effects were measured, however, these were not reproducible. An example is given in
figure 4.7, with a MR effect up to 15%. However, the magnetic switching is not as expected
(compared to figure 2.5c) and the effect disappeared in repeated measurements. The observed
effects could be measurement artifacts or caused by anomalies in the device, such as injection
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via small cobalt clusters (which may have a differing magnetization due to shape anisotropy
effects).
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Figure 4.7: Example of a non-reproducible magnetoresistance effect in a device of sample C0704009 (see
table A.1 for stack details). Plotted is the device resistance as function of the magnetic field applied parallel
to the bottom electrode, at a bias of 4 mV and a temperature of 4 K. The maximum MR effect is 15%, but
vanished completely in a repeated measurement.

4.5 Discussion

As a closure to this chapter, the results will be discussed in view of the aims as stated in
the introductory chapter (§1.4). The ultimate intention was to prove spin-polarized transport
through an Alq3 layer by measuring MR effects in an organic spin-valve. More specifically
looking at the device structure and its electrical properties, we were also interested in the
growth characteristics of the top electrode as final part of the spin-valve. In this section, we
will address these two items.

Electrical properties

In section 4.2 was shown that shorting of the device depends on the deposition method used
for the top electrode. When sputtering the top electrode, a thicker layer of Alq3 is shorted
than when evaporating cobalt. Using an evaporated cobalt top electrode, the ill-defined Alq3

layer is reduced to 200 nm.

A first explanation could take into account the difference in kinetic energy of particles in-
cident on the Alq3 layer: sputtering results in particles with a significantly higher kinetic
energy than in an (e-beam) evaporation process.

Another difference between sputtering and evaporating is the distribution of incoming
particles. Suppose that growing Alq3 on top of cobalt results in a very rough Alq3 layer with
a lot of deep pinholes (for example because the organic material tends to grow in stacks).
Evaporation results in particles impinging on the Alq3 layer from one direction, and, since
we evaporate under an angle of 45◦, this direction will probably not be ‘in line’ with the
pinholes. If the impinging direction is indeed not in line with the pinholes, particles will
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not penetrate very deep into the pinhole. Sputtering is characterized by a random incoming
particle distribution, from which some particles may be in line with the pinholes and fill them
up. However, considering the fact that we are only depositing a cobalt layer of about 20 nm,
it is unlikely that an ill-defined layer of ∼200 nm can be filled in this way.

On the other hand, the degree of intermixing between top electrode and Alq3 layer seems
(also) to depend on the underlying bottom electrode layer, as three different systems result
in different amounts of intermixing:

• Xiong [10] used Alq3 grown on LSMO. Evaporation of a cobalt electrode on top resulted
in an intermixed layer of approximately 100 nm.

• In this chapter, Alq3 was grown on cobalt (-alloys). Evaporation of a cobalt top electrode
resulted in a shorted layer of approximately 200 nm, whereas sputtering of the top
electrode resulted in a much thicker shorted layer.

• A comparison can however be made with previous experiments in our group, where
cobalt was sputtered on a 80 nm Alq3 layer that was grown directly on a silicon-oxide
substrate [11]. Here an intermixed layer of only a few nanometers was found.

Although the first two results were found in electrical measurements and the third only
in MOKE measurements, the listing of these differing experimental results suggests that the
growth of Alq3 heavily depends upon the characteristics of the underlying layer. The results
of Caruso et al. [16] indicate intramolecular bonding through the oxygen heteroatom when
Alq3 is adsorbed on gold, but through the nitrogen heteroatom when on cobalt. This strongly
suggests Alq3 growth to dependent on the underlying layer in general. Alq3 growth on another
material and the resulting penetration of the top cobalt electrode, could result in additional
insight.

An investigation of the Alq3 surface structure could also be very interesting. Initial at-
tempts with our own AFM system however did not show roughness values larger than 10 nm.
Measurements could however have been obscured by a resolution insufficient to image narrow
pinholes, the soft nature of Alq3 material that prevents proper tip movement and/ or the
limited experience with imaging organic materials in general. An adequate follow-up study
of the Alq3 surface is therefore advisable.

Finally, it should be noted that after fabrication, the samples had to be exposed to air.
Organic materials are known for possible degradation under influence of oxygen or water,
being found as a major problem for OLED yield [50]. To exclude any degradation, in the
next chapter the devices will be completely capped with a SiOx layer.

Magnetic properties

We mainly focused on realizing unambiguous spin detection, by engineering the magnetization
of the electrodes. However, no reproducible MR effects above a noise level of 0.5% were found.

At the time of the experiments, the AAF as presented was the best option for re-
engineering the device’s switching behavior from an infrastructural point of view. Magne-
tization measurements of this AAF bottom electrode layer (figure 4.6) do show a slightly
non-ideal behavior of the AAF’s top cobalt layer, when switching the magnetization state
from anti-parallel at low fields to parallel at high fields. Although the AAF was the logical
choice from an infrastructural point of view, another option would be using an exchanged
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biased anti-ferromagnetic layer underneath a cobalt injecting contact. This will be used in
the devices described in the next chapter.

The cobalt top electrode displays a gradual magnetization switch inherent to a hard axis
behavior, where we would prefer the sharper switching given by a better defined easy axis.
This hard axis behavior was caused by evaporating without a field present. After a redesign of
the evaporator setup, we show in the next chapter that growing in field results in an expected
easy axis.

Despite a slightly gradual magnetization switch of both bottom and top electrode, this
should only reduce the magnitude of MR effects with 20%.

The adequate bulk magnetic behavior does however not guarantee measurable MR effects.
The device can still suffer from various other complications, such as a reduced injected spin-
polarization or completely different switching fields at the interface due to interface effects.
Also no proof is found in our experiments that transport through the organic layer sufficiently
preserves spin-polarization. Spin-relaxation lengths could be different from values observed
in literature, and could for example depend on the growth mode of Alq3.

Investigation of the growth characteristics of Alq3 could add insight both to the described
magnetic and electrical properties. There are several indications that Alq3 growth depends
on the underlying layer. An interesting comparison is Alq3 growth on another material and
the resulting penetration of the top cobalt electrode.

To further investigate some of these issues, in Chapter 5 a first exploration will be started
by Alq3 growth on an aluminum-oxide layer and by looking at much more short-ranged
transport mechanisms through the Alq3 layer. In addition, we will even try to completely
rule out the influence of intermixed layers by converting to a lateral device structure in
Chapter 6.



Chapter 5

Hybrid organic
semiconductor/oxide barrier
spin-valve

In the previous chapter, spin transport through Alq3 organic semiconductor layers
thicker than 100 nm was investigated. No magnetoresistance due to spin-polarized
current was observed. Charge carrier transport in such a layer takes place via
hopping mechanisms, comprising multi-step thermally assisted tunneling via trap
states.

Upon reducing the organic layer to a thickness of some monolayers, the number
of hops decreases and eventually single-step tunneling could become the dominant
transport process. In this chapter our research of the vertical spin-valve design will
be continued. Now the Alq3 layer thickness will be reduced to some nanometers.
The Alq3 will be grown on an added aluminum-oxide layer, in order to study the
effect of the underlying layer on Alq3 growth characteristics. We will present spin-
valve magnetoresistance effects in this device up to 16%. The charge transport
mechanism in the device and the growth of Alq3 on aluminum-oxide will finally be
discussed.

5.1 Context

In the previous chapter we considered an organic spin-valve design, consisting of an Alq3 layer
sandwiched between two magnetic electrodes. Charge transport through the organic layer
was only found when evaporating the top electrode. In that case, we found an ill-defined and
shorted Alq3 layer of approximately 200 nm. Based on several literature results, we suggest
that this ill-defined layer is not only caused by the deposition of the top cobalt electrode,
but also caused by the growth characteristics of Alq3 on the underlying layer. As discussed
in §1.3.2, Caruso et al. reported a difference in intramolecular bonding in Alq3 depending
between growth on cobalt or gold [16]. Wagemans observed in an Si/SiO2//Alq3/Co stack
only an ill-defined layer of some nanometers [11].

Following Santos et al. [12], we will grow Alq3 on an aluminum-oxide tunnel barrier (also
see §1.3.2). This tunnel barrier is grown on top of the bottom magnetic electrode. Both

59
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layers will only have a thickness of some nanometers. Whereas in thicker Alq3 layers hopping
is expected, this multi-step tunneling process will now only comprise a few hopping steps or
even reduce to single-step tunneling from one electrode to the other. Santos et al. indeed
claim single-step tunneling to be the dominant mechanism, based on IETS measurements and
the temperature-dependence of the device resistance.

The details of our device will be presented in the next section. The magnetic switching will
be enhanced by using some insights gathered in the previous chapter: an anti-ferromagnetic
exchange bias layer will be used in the bottom electrode and the cobalt top electrode will be
grown in a magnetic field to define its easy axis better. Magnetoresistance (MR) measure-
ments will be presented in §5.3, and MOKE measurements will show that the shape of the
MR effect corresponds to the switching of bulk magnetization. Finally, the relevant transport
mechanism and the growth of Alq3 on aluminum-oxide will be discussed.

5.2 Device layout and fabrication

In this chapter a multilayer stack will be discussed, consisting of an aluminum-oxide tunnel
barrier and a thin Alq3 layer sandwiched between magnetic bottom and top electrodes. Aim-
ing at proving spin transport through the Alq3 layer, devices with various Alq3 thicknesses
have been produced. Now a layer-by-layer description of the device, shown in figure 5.1, will
be given:

capping layer: SiOx

top magnetic contact: Co

bottom magnetic: Co/IrMn/Co

seed layer: Pt

Alq3

tunnel barrier: AlOx

glass

a b

V-

V+ I+

I-

Figure 5.1: Schematic view of the vertical spin valve structure as discussed in this chapter, (a) basically
consisting of two ferromagnetic electrodes separated by an aluminum-oxide tunnel barrier and an Alq3 layer.
The figure also indicates voltage and current connections for four-point measurements. (b) Sample overview,
shadow masking was used to deposit six bottom electrodes and one top electrode, their intersection defining
the junctions. Individual layers are addressed in the picture itself and in the text.

• Substrate – Glass: The device was deposited on a glass substrate because of its high
resistivity, which is necessary to eliminate the influence of a current path shunting
through the substrate.

• Seed layer – Pt: The in-situ fabrication of the device started with a magnetron sput-
tered deposition of 50 nm of platinum. This increased adhesion of the layered stack to
the glass substrate and smoothed the subsequent growth of cobalt. Structuring as bot-
tom electrode was done by sputtering through a shadow mask with a width of 250 µm.

• Magnetic bottom electrode – Co/IrMn/Co: An iridium-manganese layer sand-
wiched between two cobalt layers forms an anti-ferromagnetic exchange bias pinned
magnetic layer, which shifts coercive fields to higher values and thereby broadens magne-
toresistive effects (see §2.2.3 for an introduction). The bottom electrode was magnetron
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sputtered through the same shadow mask. A magnetic field of ∼100 kA/m parallel to
the electrode structure was present during growth to define a magnetic easy axis.

• Tunnel barrier – Al2O3: An aluminum-oxide tunnel barrier was created in a two-step
process. First an aluminum layer was sputtered without using shadow masks, thereby
covering the whole sample. After that, the aluminum layer was oxidized by exposing it
to an oxygen plasma. In all devices a standard barrier of 1.2 nm aluminium was used
that was oxidized for 45 s by a plasma of 6 W in an (oxygen) atmosphere of 0.10 mbar,
extensively studied in our group before [43].

• Organic semiconductor – Alq3: Alq3 was deposited by thermal evaporation from
a powder source at a rate of ∼0.03 nm/s. During deposition the sample was cooled
to ∼100 K to prevent diffusion of Alq3 along the surface, which could cause clustered
growth and might result in a non-closed layer of Alq3.

• Magnetic top electrode – Co: On top of the Alq3 layer a shadow masked top
electrode was deposited by e-beam evaporation at a rate of ∼0.04 Å/s. During this
step the sample was at room temperature. In view of the results of Chapter 4, the
top electrode was deposited by the less kinetic method of e-beam evaporation. The
electrode is approximately 500µm wide and was grown in a magnetic field of ∼50 kA/m
parallel to the bottom electrode.

• Capping layer – SiOx: Finally the devices were capped with a sputtered silicon-oxide
layer of approximately 10 nm. This prevents both degradation of the Alq3 layer and
oxidation of the (top) magnetic electrodes, by preventing the device from moisture and
oxygen.

The complete fabrication process was realized in-situ in the EUFORAC UHV facility at
base pressures lower than 5 · 10−8 mbar. Devices with different Alq3 thicknesses were fabri-
cated, starting without Alq3 for use as reference sample and to ensure proper magnetic and
electronic properties of the injecting electrodes/tunnel barrier system. Then in subsequent
devices, the Alq3 thickness was increased until the junction resistance showed a significant
increase compared to the tunnel barrier-only reference devices. An overview of fabricated
devices can be found in table A.2.

5.3 Electrical characteristics

In this section, MR measurements of the fabricated devices will be presented. Measurements
were done in a four-point configuration in the MR setup, as introduced in §3.6.

First, devices without an Alq3 layer were fabricated. At room temperature, these devices
showed MR effects up to 38% at a bias of 2 mV. The Jullière expression (Eq. 2.2) yields a
maximum MR effect of 43% for cobalt injecting interfaces with a spin polarization of 42%.
For aluminum-oxide tunnelbarriers, an exponential relation between the device area-times-
resistance product R × A and the barrier thickness exists [21]. The R × A product of our
tunnel junction is ∼ 105Ωµm2, theoretically corresponding to an aluminum-oxide barrier with
a thickness of ∼ 1.3 nm, which is within 10% of the intended thickness of our aluminum-oxide
layer [21]. Both arguments suggest that the combination of magnetic electrodes and tunnel



62 Chapter 5 Hybrid organic semiconductor/oxide barrier spin-valve

barrier is already reasonably optimized, thereby facilitating the feasibility of adding an Alq3

layer.

Subsequently, an Alq3 layer was added to an identical device structure. At an Alq3 thick-
ness of 3.1 nm, devices showed a significantly increased resistance of ∼ 45 kΩ at 300 K, and
magnetoresistance (MR) effects were visible. These MR effects will be presented in the next
section, however we will first discuss the electrical characteristics of the device. Electrical
measurements were done up to a bias of 100 mV and at temperatures of 4, 80, 150 and
300 K. To prevent damage to the device, the initial measurements at room temperature were
confined to a bias of 1 mV.

The temperature-dependence of the resistance is plotted in figure 5.4g, at a bias of 1 mV.
Decreasing the temperature from 300 K to 4 K, increases the resistance with approximately
50%. For SCLC transport, a difference of more than an order of magnitude is expected [40],
whereas for MTJs an increase of 20% is common. A comparable temperature-dependence
was also reported by Santos et al. [12] in comparable devices.
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Figure 5.2: (a) Current as a function of applied bias for a
glass//Pt(5nm)/Co(2nm)/IrMn(5nm)/Co(5nm)/AlOx(1.2nm)/Alq3(3.1nm)/Co(1.2nm)/SiOx(10nm) de-
vice at different temperatures. (b) The conductance as a function of bias, taken from the measurements in
(a). Measurements were performed in a four-point geometry in the MR setup.

I(V ) measurements for three lowered temperatures (4, 80, 150 K) are shown in figure 5.2a.
Let us first assume hopping processes in the Alq3 layer. Space charge limited transport
(SCLC, Eq. 2.11) is quadratic with bias, but is very unlikely as illustrated by comparing
with the data in figure 5.2a. For low bias, we would indeed not expect SCLC conduction,
but ohmic conduction via impurities. Although the figure cannot be used to determine the
linearity of the data, more information could be provided by the derivative dI/dV , also called
conductance. The numerical derivative of these data is plotted in figure 5.2b. The derivative
for ohmic behavior would be constant and linear for SCLC. This is clearly not the case for
the data.

For tunneling, Brinkmann [21] showed, for a symmetric device with a constant barrier,
that in a WKB approximation a parabolic conductance is expected for transport across tunnel
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barriers. The conductance data are not parabolic, as shown by the comparison in figure 5.2b.
Instead of a positive curvature for the parabolic curve, the data show a negative curvature,
which increases for lower temperatures. This effect is in the field of tunnel barriers often
described as a zero bias anomaly, caused by scattering on impurities [43]. Usually, a better
parabolic behavior is expected for larger bias and it should also be noted that a parabolic
shape is only a first simple approximation.

In this discussion, we only focused on tunneling through or transport in the device. How-
ever, the I(V ) characteristics could also largely be governed by injection limits.

Now, the magnetoresistance effects measured in this device will be presented and explained
by considering magnetization measurements of the electrodes.

5.4 Magnetoresistance measurements

The resistance was measured as a function of an applied magnetic field at temperatures from
4 K to 300 K and at a bias of 1 mV to 100 mV. MR effects were found at each temperature,
as displayed in figure 5.3 at a bias of 1 mV. To measure these magnetoresistance effects, the
field (parallel to the bottom electrode) was first increased from a large negative value to a
positive saturating value and subsequently decreased back to saturation at a large negative
field. These forward and backward sweeps, respectively, are individually indicated in the
figures. MR effects result from the occurrence of parallel and anti-parallel states when the
magnetization of bottom and top electrode switches during the field sweep.

Figure 5.4a-d display the maximum MR effect found at the different temperatures and at
a bias up to 100 mV, both for the forward and the backward field sweep. The MR is maximal
at a bias of 1 mV and decreases for larger bias. At 100 mV, it has decreased approximately
20%. The decrease might be explained by an increase in temperature due to Joule heating,
by the voltage dependent alignment of the density of states of the electrodes relative to each
other or, specific for tunneling, by an increase in inelastic scattering [30].

Comparing the different temperatures, let us first have a look at the backward sweep. At
1 mV, the MR effect decreases steadily from 16% at 4 K to 7% at 300 K. A decrease in spin-
polarization is expected, since increasing thermal energies could lead to scattering of more
spins. The forward sweeps essentially show the same dependency, with an MR effect of 14%
at 4 K decreasing to 9% at 300 K. However, for the forward sweeps there is first an increase
from 4 K to 80 K. This is attributed to the magnetization switches of the electrodes relative
to each other, which makes that a full anti-parallel state cannot be reached. In the next
section, we will show that the exchange bias shifts with temperature. This slightly changes
the degree to which the anti-parallel state is reached and can also be seen from the changing
profile of the MR curve in figure 5.3.
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Figure 5.3: Resistance as a function of applied magnetic field for a glass//
Pt(5nm)/Co(2nm)/IrMn(5nm)/Co(5nm)/ AlOx(1.2nm)/Alq3(3.1nm)/ Co(1.2nm)/SiOx(10nm) device.
A bias of 1 mV was applied and the magnetic field direction was parallel to the bottom electrode. Magne-
toresistance curves are presented for temperatures of 300 K, 150 K, 80 K and 4 K respectively. Forward
(circles) and backward (squares) magnetic field sweeps are indicated with arrows. The vertical dashed lines
represent the coercive field of the cobalt top electrode at 4 K. The solid lines are simulations based on MOKE
measurements of figure 5.4.
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Figure 5.4: Magnetoresistance as a function of bias for a glass// Pt(5nm)/Co(2nm)/IrMn(5nm)/Co(5nm)/
AlOx(1.2nm)/Alq3(3.1nm)/ Co(1.2nm)/SiOx(10nm) device, for temperatures of 300 K, 150 K, 80 K and 4 K
in (a), (b), (c) and (d) respectively. Forward (circles) and backward (squares) magnetic field sweeps are
indicated with arrows. (e) and (f) are magnetization curves of the bottom and top electrode of this device,
at a temperature of 300 K and 4 K respectively. (g) displays the temperature-dependence of MR and device
resistance at a bias of 1 mV.
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5.5 Magnetization measurements

The bulk magnetization of the electrodes can be compared to the electrical MR effects. Ideally,
the MR can be predicted from the bulk magnetization of the electrodes. We conducted MOKE
(see §3.5) measurements on the electrodes at 300 K and 4 K. The resulting magnetization
curves are displayed in figure 5.4e and f. We will first consider the magnetization of the
top electrode, then of the bottom electrode and compare the MOKE measurements to the
electrical MR effects.

Cobalt top electrode

The cobalt top electrode switches magnetization rapidly, as expected for a typical easy axis
behavior. This is a result of growth in a magnetic field. (Compare to the cobalt top electrode
described in the previous chapter (figure 4.5) which was not grown in a magnetic field and as
a consequence shows a more gradual “hard axis” behavior.) The well-defined coercive field is
9 kA/m at 4 K and decreases to 6 kA/m at 300 K. The coercive field of 9 kA/m is indicated
with dashed lines in the MR curves of figure 5.3. At 4 K, it can be seen that an abrupt change
in resistance is present at exactly the coercive field. The resistance change shifts to lower field
strengths for increasing temperatures, which can be attributed to a lowering of the anisotropy
energy due to thermal energy. At 300 K, a resistance change is visible at approximately
6 kA/m, exactly the coercive field of the cobalt top electrode at that temperature.

Bottom electrode

MOKE measurements of the device’s bottom electrode at 300 K are displayed in figure 5.4e.
The exchange bias field is almost negligible and the cobalt layer switches magnetization
gradually, with a large coercive field of ∼ 20 kA/m.

At 4 K, the MOKE measurements of the bottom electrode show a somewhat more complex
picture (figure 5.4f). For each of the two cobalt layers of the bottom electrode a separate
magnetization loop can be observed. Figure 5.4f shows one shifted to negative fields and
the other to positive fields. The exchange bias field shifted to a high value of 60 kA/m. The
decrease in magnetization for fields above 40 kA/m should be neglected, since this is probably
due to tilting of the magnetization out of the layer plane as a result of a magnetic field that
was not completely in the layer plane.

For an exchange biased ferromagnetic layer, we expect, depending on the temperature,
either a normal ferromagnetic hysteresis loop shifted by the exchange bias field, as introduced
in figure 2.5b, or an enhanced coercivity [51]. This is exactly what we observe: an enhanced
coercivity at high temperature, gradually changing into an exchange biased hysteresis loop
with normal coercivity. This shift also explains the changes with temperature in the shape
and magnitude of the MR effects. It should also be noted that it is common to anneal an
exchange biased stack. During annealing, the sample is heated in a magnetic field and this
routinely increases both the exchange bias field and thermal stability. We could however not
anneal the devices, since the annealing temperature is above the evaporation temperature of
Alq3.
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Comparison of the bulk magnetization of the electrodes to the MR effects

We can calculate the MR effect that would result from the bulk magnetic behavior and com-
pare it to the MR behavior of figure 5.3. This is first done for 300 K. For this calculation,
the magnetization curves of figure 5.4e are both normalized by setting the saturation values
to ±1. The MR curve can now be constructed by multiplying the two magnetization curves.
If the magnitude of the result is scaled to the actual electrical resistance, the calculated MR
signal can be plotted over the measured MR curve. This was done in figure 5.3a. The simi-
larity is remarkable: the top electrode switch is identical and the bottom electrode switches
its bulk magnetization only slightly more gradual than the MR signal. This can be attributed
to a slightly different magnetization at the injecting interface compared to the average bulk
behavior.

At 4 K, it is not immediately clear which hysteresis loop belongs to which cobalt layer of
the bottom electrode. Since only the layer adjacent to the injecting interface determines the
spin-polarization of the injected current, a combination of its magnetization loop with the
magnetization of the top electrode should be similar to the electrical MR effects. Applying
the same procedure as described in the previous paragraph, shows that a comparable MR
curve can only be constructed when using ’hysteresis loop 1’ as indicated in figure 5.4f. The
resulting MR curve is again remarkable similar to the electrical MR measurements, as plotted
in figure 5.3d.

We conclude that the magnetic behavior of the resistance is comparable to the bulk mag-
netization behavior of the electrodes, which means magnetization in the bulk is very similar
to the magnetization at the injecting interface.

5.6 Discussion

In this chapter, spin-valve magnetoresistance effects up to 16% were reported in a spin-valve
with spin-polarized transport through a combination of an aluminum-oxide tunnelbarrier
and an Alq3 layer. The realization of this structure gives additional insight in the growth
characteristics of Alq3 on various underlying layers. We will discuss this first. The most
eminent question is however whether transport takes place through the Alq3 layer, and if so,
if this is predominantly by hopping or a single tunneling step. We discuss several observations
that could give more insight in the transport mechanism. However, to substantiate this
conclusion further, additional measurements are advisable and will be addressed in a brief
outlook.

Growth characteristics

In Chapter 4 it was found that the evaporation of a cobalt layer on top of Alq3 resulted
in an ill-defined layer up to 200 nm, whereas sputtered top electrodes suffered from even
larger shorted Alq3 layers. We suggested that mixing of the top electrode and Alq3 may
not solely be a result of the deposition process of the top electrode, but could rather also
depend on the growth characteristics of Alq3. The growth of Alq3 was suggested to depend
on the underlying layer. In that case, Alq3 was grown on cobalt. In the current chapter,
Alq3 was instead grown on an aluminum-oxide tunnel barrier. From the results, we may
conclude that both the growth of Alq3 and the mixing of a cobalt electrode deposited on
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top depend on whether growing on cobalt or on aluminum-oxide. This is supported by two
distinct observations:

• Upon adding a thin Alq3 layer of only 3.1 nm to the tunnelbarrier device, the resistance
increased approximately a factor 9000. Had we grown such a thin layer on cobalt, for
which we observed shorted layers up to 200 nm in the previous chapter, intermixing
would have shorted the Alq3 layer and such a resistance increase would not have been
observed. It should be noted that Alq3 layers in this chapter were grown while the
sample was cooled to 100 K. This may prevent diffusion of Alq3 along the surface,
which could cause clustered growth and result in a non-closed layer of Alq3 [23]. We
also tried this for devices in Chapter 4, however no differences were found compared to
growth at room temperature and still a substantial ill-defined layer was present.

• Magnetoresistance measurements show transport of a spin-polarized current through
the device and the shape of the MR effects can be explained by the electrodes’ bulk
magnetizations. This is an indication that the interfaces with Alq3 are well-defined
and do not suffer from impurities or inclusions. Transport through inclusion of small
magnetic clusters would likely result in unpredictable MR behavior due to the random
magnetization of inclusions.

We can conclude that growth of Alq3 on aluminum-oxide results in a homogeneous Alq3 layer.
The difference with growth on cobalt may be a result of different intramolecular bonding of
Alq3 induced by growth on either cobalt or aluminum-oxide. A similar behavior was found
by Caruso et al. [16] when comparing Alq3 growth on cobalt and gold.

Magnetoresistance effects

We observed a spin-polarized current by means of spin-valve magnetoresistance effects up to
16% (see figure 5.3 and 5.4). The hopping transport normally occurring in organic semicon-
ductors could in this thin Alq3 layer of only 3.1 nm be reduced to only a few hops or even to
a single tunneling step. Our device structure and results are very similar to the publication
of Santos et al. [12]. They claim single-step tunneling in their device, although arguments
given are disputable.

Our measurements as presented in this chapter, are only taken from one device and will
also not enable an unambiguous proof of either single-step tunneling or hopping transport
through the organic layers. However, several observations give some more insight:

• From the temperature-dependence of the resistance as plotted in figure 5.4g, a decrease
of the resistance with 50% is found in a temperature range from 4 K to 300 K. For
SCLC transport, a difference of more than an order of magnitude is expected [40],
whereas for MTJs a common decrease is approximately 20% [43]. Although 50% does
not completely correspond to either SCLC nor tunneling, the value is much more closer
to tunneling.

• Consider the band diagram in figure 5.5 of the energy levels in the device. As dis-
cussed in §2.4.2, at an interface of cobalt with Alq3, a dipole of 1.8 eV will form. At
an interface between AlOx and Alq3 however, a negligible dipole of 0.1 eV will exist.
Assuming single-step tunneling through the device, the tunneling probability through
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the combined barrier is described by Eq. 2.5. The influence of tunneling through the
Alq3 layer on the device resistance can be expressed in the tunnel probability of Alq3:

R1

R2
∝ exp

(
−2L

√
2meU/h̄2

)
, (5.1)

where R1 and R2 are the resistance of a device without and with Alq3 layer, L is the
thickness of the Alq3 layer and U is the height of the barrier relative to the Fermi level.
For R1 = 5Ω, R2 = 45000Ω and a 3.1 nm thick layer, the corresponding barrier height
is approximately 0.1 eV. This means that tunneling would only be likely if the barrier
height of the Alq3 layer is approximately 0.1 eV. However, from figure 5.5 can be seen
that the minimum height of the barrier is already 0.5 eV, whereas the average height is
1.4 eV. Both values are much larger than the estimated height of 0.1 eV. This simple
estimation suggests that single-step tunneling is not likely.

• The I(V ) and conductance characteristics of figure 5.2 were discussed in §5.3. Instead
of space charge limited behavior, the conductance was more similar to simple parabolic
tunneling behavior. However, the shape of the curve could also have been altered by
injection effects.

In view of the above considerations, no proof can be given of the acting transport mech-
anism. More, it cannot be excluded that the organic layer only acts as a mask that reduces
the device area.
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Figure 5.5: Band diagram for a cobalt-AlOx-Alq3-cobalt stack, incorporating an interface dipole between
cobalt and Alq3. The applied bias is negligible.

Outlook

Several additional studies can be done in order to give more insight in the transport mecha-
nisms in this device:

• Fabrication of devices with various thicknesses of the Alq3 layer. This could give insight
in the spin-diffusion length in Alq3, the reproducibility of devices and the acting charge
transport mechanism.
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• Instead of looking at steady-state transport, one may also look at the differential ad-
mittance dI/dV . This is most conveniently done in the frequency domain by applying
a small ac modulation on a dc bias and measuring the ac current response. Recently
introduced for OLED-like structures, this technique can give insight in many proper-
ties of the organic material, like trapping, minority and majority carriers. The use
for hopping transport in organic materials is well documented [42], and for tunneling
transport differing results could be found . Although the technique is very powerful, the
interpretation of the obtained spectra is quite complex, especially because the transport
mechanism in the organic layer is not determined.

• In-Elastic Tunneling Spectroscopy (IETS) measurements, which is essentially a mea-
surement of the second-order derivative of the voltage with respect to the current as a
function of applied magnetic field. IETS probes the vibrational spectra at the interface
of a tunnel barrier. IETS is mostly used for single barriers. It is disputable whether the
technique can discriminate between the vibrational spectra of the different interfaces.

The discussed device structure is very interesting for studying the transport of a spin-
polarized current in the limit of very thin layers, and could result in new scientific insight.
However, for future generation spintronic devices it is important that the spins can be trans-
ported in and have a long relaxation time in the devices, which cannot be achieved by tunnel-
ing. Additionally, for most applications the fabrication process will not be feasible: fabrication
of these thin aluminum-oxide and organic layers is a much more subtle process than deposi-
tion of an organic layer of 100 nm or more. Rigidity in applications was a major advantage of
the initial vertical spin-valve design (as discussed in Chapter 4). However, those spin-valves
suffered from interface effects resulting from growing metal electrodes and Alq3 layers on top
of each other. As this is not fully understood yet, a further investigation of spin-polarized
transport in these thick organic layers is necessary. This can be done by studying a lateral
spin-valve structure, where both the electrodes and the organic layer are grown next to each
other. This will be done in the next chapter.



Chapter 6

Lateral organic spin-valve

In Chapter 4, an organic spin-valve stack was presented consisting of thin film
layers deposited on top of each other. The expected charge carrier transport is
via hopping. Whereas no spin-polarized current was observed, we found ill-defined
Alq3 layers. Intermixing of cobalt and Alq3 was probably due to deposition of an
electrode on top, and can be avoided with a lateral device structure.

In this chapter, the feasibility of a lateral organic spin-valve is studied. A promis-
ing lateral device structure is developed (§6.2), and a proof of principle is given
of its structural, magnetic and electrical properties (§6.4). We conclude with an
outlook on further development to realize spin transport in this device (§6.5).

6.1 Context

A lateral spin-valve structure basically consists of two magnetic electrodes structured in-plane
and oriented parallel to each other, with an organic semiconductor deposited between the
electrodes, as introduced in figure 1.5. By applying a voltage between these two electrodes, a
spin-polarized current can be injected in and transported through the organic semiconductor.
A limiting parameter is the width of the gap between the electrodes. Probably due to this
bottleneck, amongst others, only few orientating reports on lateral spin-valve structures have
been published yet.

In 2002, Dediu et al. [17] used ferromagnetic LSMO electrodes with a gap of 140-400 nm
in between. The gap was filled with T6, a rigid-rod oligomer, by evaporating this on top of
the structure. There are some concerns regarding a poor definition of the magnetic behavior,
since it is not possible to get a well defined anti-parallel configuration. Recently, a lateral spin-
valve was published that used a nanocomposite of Alq3 and cobalt nanoparticles as transport
medium. The addition of a metal increases the conductivity and spins can tunnel from one
cobalt inclusion to the other. In this way much larger gap widths can be used, but transport
mechanisms of this mixed transport medium are rather complex.

An advantage of a lateral device structure is its compatibility with applications. It can
be easily transformed into a field effect transistor (FET), and the accessibility of the organic
layer from the top allows for optical probing of the (spin)transport.

Successful realization of a lateral spin-valve requires tuning of various device parameters.
Apart from material choices, we will see that there are two critical parameters: the gap be-
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tween the electrodes, and the cross-sectional area of the device which is mainly governed by
the length over which the electrodes are positioned parallel. Based on the requirements to
these parameters, a device layout is developed and fabricated. Finally, a proof of principle will
be given of three characteristics separate: geometrical, magnetic and electrical characteristics.

6.2 Device requirements and layout

The challenge to realize spin transport in a lateral spin-valve is defined by three elements: spin
injection, spin transport and spin detection. Sufficient charge carrier transport is a boundary
condition for spin transport.

• The device resistance should be experimentally measurable and significantly lower than
that of currents shunting through the substrate. Charge carrier transport in organic
materials is discussed in §2.3. Minimizing the resistance can be achieved by: decreasing
the inter-electrode gap width, enlarging the device area, using an organic material with
a high mobility and fitting the energy bands of the layers to each other to minimize
injection barriers. Organic semiconductors typically have very low mobilities (see table
2.1), whereas the gap width is inherent to the structuring techniques used. Therefore,
it is crucial to maximize device area by increasing the parallel length of the electrodes.
Illustrative is the previously described publication of a lateral spin-valve by Dediu et al.
[17], quoting a channel with a width d of 2.5 µm, a height h of 100 nm and a minimum
gap width L of 100 nm. Considering transport in an Alq3 layer with a mobility of
10−5 cm2V−1s−1, results for space-charge limited conduction (SCLC, Eq. 2.11) and a
device area A = dh in a resistance in the order of 1010 Ω at a bias of 1 V. This resistance
value is already quite high, whereas limitations due to carrier injection have not been
incorporated yet.

• The spin-polarization of the injected current should be optimized. On the one hand this
can be realized by using injecting electrodes with large bulk spin polarizations. Cobalt
is a ferromagnetic material with a relatively high spin polarization of 42%. On the other
hand, bulk polarizations do not necessarily define the spin-polarization of the injected
current. The spin-polarization at the injecting interface is of crucial importance. The
interfaces should be prevented from oxidizing, as this will both increase device resistance
and decrease injected spin-polarization drastically.

• The spin-relaxation in the organic transport medium should be minimized. This de-
mands use of organic semiconductors with a low spin-relaxation and minimizing of the
inter-electrode gap width. Organic semiconductors are well-known for their low spin-
relaxation (table 2.1), and Alq3 shows (typically in combination with a cobalt injecting
contact) magnetoresistance effects up to lengths in the order of 100 to 200 nm [10]. The
width of the gap should be reduced to this range.

• For efficient spin detection, the electrodes should not only have large spin polariza-
tions, but also exhibit well defined magnetic switching at different coercive fields. As
§2.2.2 shows, the coercive field of small ferromagnetic bars typically can be controlled
by changing their width due to shape anisotropy. If these bars are connected to, for ex-
ample, (large) ferromagnetic contact leads, the switching behavior changes. Therefore,
the contacts to the ferromagnetic bars are made from a non-magnetic material.
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In view of the above requirements and the available facilities, a design has been chosen
as displayed in figure 6.1. Two cobalt electrodes are positioned parallel to each other and
electrically contacted by non-magnetic titanium/gold contacts. The main structure will be
patterned by an e-beam lithography (EBL) process, as described in §3.3.2. The accuracy of
this process will impose a lower limit on the gap between the electrodes over an increasing
parallel length d, which in this case limits d to 50 µm. The two cobalt electrodes are 500 and
1000 nm wide and are 20 nm tall. In the final step, the device will be covered with an organic
semiconductor of interest.

500 nm
1000 nm

Ti/Au contact leads

Parallel length d

Inter-electrode gap L
Cobalt electrodes

SiO isolation layer
2

Silicon substrate

V-

V+

I

Figure 6.1: Schematic view of the lateral device layout. Two cobalt electrodes, parallel over a length d,
and Ti/Au contact leads were grown on an oxidized silicon substrate. A current I is injected from the cobalt
electrodes into the inter-electrode gap L by applying a bias V over the contact leads. The gap was eventually
filled with organic material.

6.3 Device fabrication

The devices were fabricated in a five-step process. The devices were built up from large
contact structures down to the nanometer scale electrodes on oxidized silicon substrates. The
resulting samples were contacted to a chip carrier by wire bonding. Then the shunt resistances
were characterized, and finally organics were deposited on top. The next paragraphs will cover
the distinctive fabrication steps in detail. To get a visual idea of the device structure, figures
6.2 and 6.3 show SEM pictures whereas measures can be found in Appendix B.1.

Substrate

To reduce the amount of current shunting through the substrate, a high resistivity silicon wafer
was oxidized for 36 minutes in an oxygen plasma of 24 W in an atmosphere of 0.10 mbar. It
should be mentioned that higher resistivity glass substrates would even further have reduced
shunting. However, the even lower conductivity of glass caused charging during exposure with
an electron beam, which made it difficult to achieve the small inter-electrode gap needed.

Contact pads

Large contact pad structures of a 150 nm thick gold layer on top of a 50 nm seed layer of
titanium were first deposited through a shadow mask by e-beam evaporation. These contact
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pads enable wire-bonding [52], in which a gold wire is welded to both contact pad and chip
carrier. Large surfaces (À 100 µm2) and a good substrate-layer adhesion are required to get
a stable electrical contact.

An EBL process could also be used for structuring of the contact pads, although the large
surface areas would require very long exposure times. Moreover, adhesion turned out to be
insufficient after the EBL process, which was likely due to residual resist preventing proper
chemical bonding between the substrate’s silicon-oxide and the titanium seed layer. For both
reasons, the contact pads have been structured by a shadow mask – and not by an EBL
process.

Contact leads

To contact the large contact pads to the smaller devices additional lithographically structured
leads are necessary. These leads have been structured by an EBL process as explained exten-
sively in §3.3.2. In summary: A bilayer resist of PMMA 950 on top of PMMA 495 was exposed
in a Raith 150 EBL system and developed in a MIBK solution, stopped in isopropanol and
etched in an oxygen plasma. Then the same Ti/Au metallization as for the contact pads was
done and finally a three-step acetone lift-off was done. These contact structures make contact
to the three lateral devices, which can be aligned to the contact leads by means of markers
that have been written in this same step.

Electrodes

After realizing these Ti/Au contact structures, the electrodes have been structured by an EBL
process identical to the one discussed in the above paragraph, only now with evaporation of
cobalt instead of Ti/Au. The requirements at the beginning of this chapter already pointed
out the challenge of minimizing inter-electrode gaps while maximizing parallel lengths. In
view of this aim, several dose pattern tests have been conducted to optimize exposure dose,
gap, electrode thickness and parallel length. An introduction to dose patterns can be found
in Appendix B.2.

Eventually, we chose a small (but accurate) EBL writefield size of 100 µm, which enabled
a maximum parallel length d of 50 µm for electrodes with a width of 1000 nm and 500 nm
respectively.

Bonding and shunt resistance

The realized structures were subsequently wire-bonded to a (non-magnetic) chip carrier. First
the contact and shunt resistances of the devices were measured. A typical shunt resistance
through the devices in the order of 5 · 108 Ω was found. The I(V ) characteristics will be
discussed in §6.4.3.

Organics

Afterwards, organic material was deposited on the devices. Both Alq3 and pentacene, which
were thermally evaporated from powder sources at a base pressure of 1 · 10−7 mbar, were
used. The large surface area of these structures could cause a parasitic current shunting from
one contact pad to the other. However, the distance-surface ratio of devices and contact
structures shows that a parallel current via contact structures would at least be a factor 1000
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lower. Evaporation was done through a 2 mm wide shadow mask, so only the devices and
not the large contact structures were deposited on.

Figure 6.2: (a) A SEM picture taken at an angle showing an overview of the device structure, which actual
dimensions are 4 mm square. The large round surfaces are the contact pads. Further to the center are the
contact leads that contact to the actual electrodes. Three pairs of these electrodes can be seen very tiny in
the center, and can be seen in inset (b) at a higher magnification. The three devices are interconnected by
crossbars to enable four-point electrical measurements.

6.4 Proof of principle

In the beginning of this chapter some requirements have been formulated to make a lateral
spin-valve feasible. Achieving small inter-electrode gaps with large parallel lengths was one
requirement, which will be discussed in the next section. Also the two ferromagnetic electrodes
should have distinct coercive fields.

However if we want to combine these individual characteristics to get a spin-valve, another
issue becomes evident: the cobalt electrodes will oxidize, which will eventually cause an
increase in resistance and a decrease in spin-polarization. Oxidation is unavoidable in the
process used, because the lift-off step has to be done ex-situ and with acetone, both the
breaking of vacuum and the solvent contributing to an oxidation of the cobalt electrodes. In
view of time constraints on this project, it was not feasible to solve this issue. However, to
understand the electrical characteristics of such a device, we replaced cobalt electrodes by
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titanium-gold electrodes as a first check. Electrical measurements of these devices will be
discussed in §6.4.3.

6.4.1 Structuring

The electrodes are very well defined, as can be seen from figure 6.3. The gap between the
parallel electrodes is constant over the whole length. The sidewalls are steep with a slope
of 15◦ and edges are very sharp. It should be noted that the sloped side-walls result in a
variation of the width with height, the gap width is broadened by 100 nm at the top of
200 nm titanium-gold electrodes.

Figure 6.3: SEM pictures of the electrodes. Picture (a) shows the equidistant definition of the electrodes
over a length of 50 µm. Picture (b) shows a close-up of the edge of an electrode. The side-wall is sloped at an
angle θ of 15◦.

It was not possible to realize inter-electrode gaps smaller than approximately 140 nm,
which can be seen from figure 6.4. It can be seen that realized gaps are always smaller than
designed, almost independent of electrode width or relative dose. Although theoretically
backscattering effects (see §3.3.2) could reduce gap widths drastically for wider electrodes,
the advantage of using a 250 nm and 500 nm electrode (instead of 500 nm and 1000 nm ones)
was practically negligible. One would also expect the gap to gradually go to zero for still finite
designed gaps. However, there seems to be a sudden jump of the realized gap from around
140 nm to zero. This indicates that the EBL doses are well-chosen, and that the minimum
size of features is now only limited by the development and lift-off proces. For these processes,
it seems not possible to remove deposited material in a gap smaller than 140 nm.

6.4.2 Magnetic characteristics

The magnetization behavior of the two cobalt electrodes was investigated by MOKE mea-
surements (for a description, see §3.5). This measurement is challenging because of the small
electrode size relative to the laser beam diameter, resulting in a weak signal. Therefore it is
necessary to focus the beam very tight, in this case to a (FWHM) diameter of approximately
2 µm.

In figure 6.5, the MOKE signal is plotted as a function of magnetic field applied parallel
to the electrode length. As expected from §2.2.2, the cobalt electrodes show almost square
magnetization loops, with a coercive field of approximately 20 kA/m for the 500 nm wide



6.4 Proof of principle 77

0 200 400 600 800 1000

0

200

400

600

800

1000

 

 

R
ea

liz
ed

 s
pa

ci
ng

 [n
m

]

Design spacing [nm]

 El.: 1000/500nm; Dose: 1.50/1.75
 El.: 1000/500nm; Dose: 1.75/2.00
 El.: 1000/500nm; Dose: 2.00/2.25
 El.: 500/250nm;   Dose: 1.50/1.75
 El.: 500/250nm;   Dose: 1.75/2.00
 El.: 500/250nm;   Dose: 2.00/2.25
 El.: 1000/500nm; Dose: various
 y = x
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Figure 6.5: Magnetization curves for a 500 nm electrode (triangles) and a 1000 nm electrode (squares). The
magnetic field was applied parallel to the long side of the electrodes.

electrode and a lower value of 14 kA/m for the 1000 nm wide electrode. This means that
switching of both electrodes differs by a distinctive 6 kA/m, therefore good anti-parallel
alignment of the magnetization of the electrodes can be realized.

6.4.3 Electrical characteristics

Electrical characteristics of the devices can be found in figure 6.6. First, the shunt current was
measured in devices without organic material deposited. A typical measurement for Ti/Au
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electrodes shows a typical resistance of about ∼ 3 ·107 Ω at +1 V and of ∼ 1.5 ·107 Ω at -1 V.
These values are independent of the inter-electrode gap, indicating that the injecting step
into the substrate limits the current. The asymmetry could be resulting from the difference
in interface area of the injecting electrode. In the case where the resistance is large, the
dominating charge carriers are injected into the substrate through the smaller 500 nm contact,
and in case of the lower resistance through the wider 1000 nm contact.
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Figure 6.6: Voltage-current measurement for a 200 nm device at room temperature. Without deposition a
shunt current is measured. After depositing pentacene, an increased current is measured. (a) a semilog plot,
showing an asymmetric behavior of the shunt current and a symmetric behavior through pentacene. (b) A
double logaritmic plot with linear and SCLC fits of the shunt current and the current through pentacene,
respectively.

After deposition of Alq3, the current does not measurably differ from the shunt current.
When instead pentacene is deposited on the device, the current increases about two orders of
magnitude, as can be seen in figure 6.6. The resistance is now symmetrically related to the
bias. This indicates that the current is not limited anymore by injection, but rather by bulk
transport. Figure 6.6b shows an ohmic behavior at low bias, for increasing bias evolving into
a quadratic behavior, as expected from figure 2.9. Whereas the ohmic part is probably due
to conduction through impurities, for the quadratic part SCLC transport can be assumed:
I = A9

8µε0εr
V 2

L3 (Eq. 2.11). Using εr = 3, L = 200 nm and a device area of 50× 0.2µm2, the
data can be fitted to a mobility of 0.9 cm2V−1s−1. This value is consistent with the expected
mobility range of table 2.1, although on the upper end, indicative of a well ordered layer.

We conclude that charge transport through pentacene is clearly observable. For Alq3,
however, the current through the device is lower than the shunt current and gap width and/
or device area should be increased.

6.5 Discussion

Although we proved the feasibility of fabricating a basic lateral spin-valve structure, the cur-
rent device is not suitable yet for observing spin transport. We will discuss the bottlenecks
of and possible solutions to three main issues: spin transport, charge transport and spin in-
jection.
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Measurements show that the inter-electrode gap should be further reduced to make (ac-
curate) electrical measurements possible in Alq3. In view of spin relaxation in Alq3, gaps
should also preferably be reduced below 100 nm. Unfortunately §6.4.1 shows that decreasing
the gap is not feasible when using the discussed EBL process.

This limitation is not inherent to the EBL system. Development and lift-off performance
in such a narrow but long gap will be limited, because it is very hard for the used solvent to
penetrate into this gap.

Smaller gaps could however be realized by other structuring techniques. For example,
a focused ion beam (FIB) machine could be used to mill the gap between the two parallel
electrodes. A state-of-the-art FIB should be able of successfully structuring gaps down to
20 nm or less. However, the interfaces could be contaminated with gallium, which is used for
FIB milling, and could result in a reduced injected spin-polarization.

In view of current densities in Alq3, the device area should be significantly increased, and the
gap width even further reduced. However, assuming a SCLC resistance dependence R ∝ L3

with the gap L, we see that a reduction of the gap width to 20 nm only reduces the resis-
tance by two orders of magnitude. Considering a difference in mobility between Alq3 and
pentacene of at least five orders of magnitude (table 2.1) and a shunt resistance resistance of
only two orders of magnitude lower than the pentacene measurement (figure 6.6), the device
area should be increased by at least one to two orders of magnitude. One option is to increase
the parallel length of the electrodes. However, lengthening two parallel electrodes by one or
two orders, is technologically not feasible in EBL or FIB processes. The most feasible solution
is to switch a large number of identical devices parallel to each other.

FM O FM

Figure 6.7: Schematic of a different fabrication process, that enables in-situ deposition of two ferromagnetic
electrodes (FM) and the organic layer (O).

In the current fabrication process, the cobalt interfaces will inevitably get oxidized. This can
be solved by avoiding acetone lift-off and ex-situ steps between the deposition of electrodes
and organic material.

One solution is deposition of a thin layer of aluminum-oxide on top of the cobalt electrodes.
This would not only prevent cobalt from oxidizing, but it would also create a link to the
vertical hybrid devices of Chapter 5.

Instead of using metals such as cobalt, half-metallic oxides like LSMO could be used.
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This was already done by Dediu et al. [17]. Although the issue of oxidizing electrodes is not
important for LSMO oxides, growth and magnetization characteristics require an extended
study [18].

Another possible process is shown in figure 6.7. Again a bilayer resist is used to create
an undercut, and in this case the undercut should even be larger. Then, by using the upper
layer as a mask, two separate electrodes can be deposited in the same step by evaporating
under different angles. Distinct coercive fields can be realized by evaporating under non-
symmetric angles, resulting in different widths. Deposition of different thicknesses or different
ferromagnetic metals are other possibilities. Electrode deposition can immediately be followed
by deposition of organic material under a perpendicular angle. Deposition of the different
device layers can now be done in-situ and a lift-off is even not necessary anymore. However,
this requires an extensive study and control of undercuts in resist and a refinement of available
evaporation facilities.



Chapter 7

Conclusions and outlook

The integration of organic semiconductors in spintronic devices is of great aca-
demic and industrial interest, due to the large spin lifetime predicted for these
materials. All-electrical spin-valve structures may provide a feasible way of inject-
ing and detecting a spin-polarized current. This report described a comparative
study of three related device structures for realizing organic spin-valves.

Vertical organic spin-valve (Chapter 4)

In Chapter 4, vertical spin-valve structures were fabricated, consisting of an Alq3 layer (100 -
700 nm) sandwiched between two magnetic electrodes. Devices with a sputtered top electrode
were shorted for all Alq3 thicknesses. When the top electrode was deposited by e-beam
evaporation instead, only devices with an Alq3 layer thinner than 200 nm were shorted. The
likely reason for this shorting was interpreted as an ill-defined Alq3 layer intermixed with
top electrode material. For thicker Alq3 layers, the charge transport showed semiconducting
behavior. The difference in the thickness of the intermixed layer between sputtering and
evaporation of the top electrode could be a result of the difference in the incident particle
energy and/ or the distribution of particle angles during deposition. However, it was also
suggested that the roughness of Alq3 depends on the underlying layer. Further studies of
Alq3 growth and of the Alq3/Co interface could give more insight.

The magnetic behavior of the electrodes was engineered to get well-defined parallel and
anti-parallel states to enable efficient spin-detection. This was achieved by using an evap-
orated cobalt top electrode and both an optimized single CoFeB layer and a Co/Ru/Co
artificial anti-ferromagnet for the bottom electrode. Although the proper conduction mech-
anism was obtained with Alq3 layer thicknesses above 200 nm, no reproducible spin-valve
magnetoresistance effects were observed.

Hybrid organic semiconductor/oxide barrier spin-valve (Chapter 5)

Inspired by recent results suggesting a smoother growth of Alq3 on aluminum-oxide, we used
a much thinner 3.1 nm Alq3 layer grown on top of a 1.2 nm aluminum-oxide layer. In this
device, spin-valve magnetoresistance effects were found, ranging from 8% at 300 K to 16%
at 4 K. The switching of the MR effects corresponded to the magnetic switching behavior
of the sputtered exchanged biased IrMn/Co bottom electrode and of the e-beam evaporated
cobalt top electrode, as probed by MOKE. The magnitude of the MR decreased for increasing
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bias and temperature. In this device, insertion of the 3.1 nm Alq3 layer already resulted in
a resistance increase of two orders of magnitude. Compared to the previously mentioned
ill-defined Alq3 layer of 200 nm, this suggests a much smoother growth of Alq3 on aluminum-
oxide than on cobalt.

The type of charge transport in this device was discussed. In literature, single-step tun-
neling through the Alq3 layer (and the aluminum-oxide) is suggested [12]. We were not able
to give proof of the actual transport mechanism, whether single-step tunneling or variable
range hopping transport. The possibility that the Alq3 layer only acts as a mask that reduces
the effective area of the tunnel barrier, should also not be excluded. Reproduction of the
measurements for various Alq3 thicknesses could give more insight and recent measurements
in our group already indicate similar results.

Although TMR using organic materials is interesting, for future generation spintronic
devices it is important that the spins can be transported in and have a long relaxation time
in the devices, which cannot be achieved by tunneling.

Lateral organic spin-valve (Chapter 6)

To eliminate problems of rough growth and intermixing of electrodes and semiconductors, we
explored the feasibility of a lateral device structure. This device consisted of two electrodes,
respectively 1000 nm and 500 nm wide, parallel over a length of 50 µm. We showed that the
two electrodes had a discernible magnetic behavior, enabling an anti-parallel magnetization
field range of 6 kA/m. With e-beam lithography, a gap width between the electrodes down
to 140 nm could be attained. Thus, the desired structural and magnetic properties for this
device were achieved. In devices with gold electrodes, Alq3 and pentacene were deposited
in the gap. For Alq3, no increased current relative to the shunt current was observed, pos-
sibly due to the typical low mobility of Alq3 or injection limits. To be able to measure a
spin-valve effect with Alq3, an adapted approach is necessary to sufficiently increase the cur-
rent. For pentacene, however, space charge limited transport was observed at a mobility of
0.9 cm2V−1s−1, consistent with literature [38].

The combined approach of vertical and lateral spin-valve structures may increase the chances
of realizing efficient organic spin-valves and lead to more insight in the morphology of Alq3

and its interfaces. Further investigation of thin Alq3 layers could lead to more knowledge of
the applicable spin transport mechanism. Summarizing, the results attained in this study pro-
vide valuable insight for a continued investigation of spin-injection and transport in organic
semiconductors.
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Appendix A

Summary of fabricated vertical
devices

A.1 Vertical organic spin-valve devices

Table A.1 lists devices described in Chapter 4.

Table A.1: Overview of fabricated samples, each comprising of six identical devices. The table shows mate-
rials and thicknesses of subsequent layers. Metallic layers were sputtered, only top cobalt electrode layers for
sample C0702023 and further were e-beam evaporated. Alq3 was thermally evaporated. From initial electrical
measurements, a typical device resistance was determined as described in Chapter 4. An immeasurable high re-
sistance is indicated with ∞, whereas shorted devices are indicated with ’shorted’. Column ’SC’ states whether
the device’s resistance increases upon cooling down to 4 K, which is used as an indication of semiconducting
behavior. For semiconducting devices, also the maximum measured magnetoresistance effect is indicated, of
which none was reproducible.

No. Stack (nm) R [Ω] SC MR [%]
C0611001 glass//Ta(10)/Co72Fe8B20(6)/Alq3(220)/Co72Fe8B20(20)/Al(5) shorted No
C0611005 glass//Ta(10)/Co72Fe8B20(6)/Alq3(275)/Co72Fe8B20(20)/Al(5) shorted No
C0611007 glass//Ta(10)/Co72Fe8B20(6)/Alq3(700)/Co72Fe8B20(20)/Al(5) ∞ No
C0612001 glass//Ta(10)/Co80B20(6)/Alq3(420)/Co80B20(20)/Al(5) 1 · 102 No
C0612002 glass//Ta(10)/Co80B20(6)/Alq3(410)/Co80B20(20)/Al(5) shorted No
C0612007 glass//Ta(10)/Co80B20(6)/Alq3(450)/Co80B20(20)/Al(5) 1 · 104 No
C0702023 glass//Al(10)/Co60Fe20B20(6)/Alq3(105)/Co(19) shorted No
C0703028 glass//Ta(10)/Co60Fe20B20(6)/Alq3(240)/Co(45) 1 · 103 Yes < 0.5
C0703034 glass//Ru(3.5)/Co(12)/Ru(0.75)/Co(4)/Alq3(255)/Co(53) ∞ No
C0704009 glass//Ru(3.5)/Co(12)/Ru(0.75)/Co(4)/Alq3(250)/Co(20) 1 · 104 Yes < 15
C0704018 glass//Ru(3.5)/Co(12)/Ru(0.75)/Co(4)/Alq3(250)/Co(22) 5 · 104 Yes < 0.5
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A.2 Vertical organic tunnel-barrier devices

Table A.2 lists devices described in Chapter 5.

Table A.2: Overview of measured samples, each comprising of six identical devices. The stacks have been
grown on glass substrates. The table shows materials and thicknesses (in nm) of the bottom electrodes, tunnel
barrier, Alq3 layer and top layers. From initial electrical measurements, a typical device resistance and the
visibility of a magnetoresistance effect have been deduced as described in Chapter 5.

No. Bottom AlOx Alq3 Top R [Ω] MR?
C0709022a Pt(5)/Co(2)/IrMn(5)/Co(5) 1.2 - Co(1.2) 5 Yes
C0709020 Pt(5)/Co(2)/IrMn(5)/Co(5) 1.2 1.5 Co(1.2) 30 No
C0709026 Pt(5)/Co(2)/IrMn(5)/Co(5) 1.2 3.0 Co(1.2) 5000 Yes
C0710001 Pt(5)/Co(2)/IrMn(5)/Co(5) 1.2 3.1 Co(1.2)/SiOx(10) 45000 Yes



Appendix B

Lateral device details

B.1 Lateral device design

This section describes the design of the lateral device structures patterned by EBL. The overall
EBL pattern is shown in figure B.1 and was centered inside the shadow masked bonding pads
(this center is also the origin of the coordinates used in the drawings). The pattern is composed
of three exposure steps.

First, Ti/Au contact leads were patterned in two steps: the largest structures with a
writefield of 1000x1000 µm2 and an aperture of 60 µm (figure B.2) and subsequently smaller
leads with a writefield of 200x200 µm2 and an aperture of 10 µm (figure B.3). A large aperture
was chosen for the largest structures in order to minimize exposure times, whereas for smaller
structures the aperture size was reduced to increase the resolution.

In a second EBL process, the device electrodes were written with a writefield of 100x100 µm2

and an aperture of 10 µm (figure B.4). The dose factor is specified in the figures for each
structure. These doses were determined by dose patterns (see section B.2). To get the ab-
solute dose, this dose factor should be multiplied by the EBL machine’s standard dose of
200 µCcm−2.
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WF3

WF2

WF1

Figure B.1: Drawing of the overall EBL structure, which was written using three writefields, corresponding
to the three dashed squares.
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Figure B.2: Drawing of the EBL structure written with a writefield of 1000x1000 µm2. Coordinates, with
respect to the center, are specified in micrometers. The center is the same for all writefields. Some coordinates
are not specified since the pattern is symmetric about the x and y axes. The dose factors are underlined .
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WF2= 200 x 200 m
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Figure B.3: Drawing of the EBL structure written with a writefield of 200x200 µm2. Coordinates, with
respect to the center, are specified in micrometers. The center is the same for all writefields. Some coordinates
are not specified since the pattern is symmetric about the x and y axes. The dose factors are underlined .
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Figure B.4: Drawing of the EBL structure written with a writefield of 100x100 µm2. The coordinates of
opposite sides of the rectangles are specified in micrometers, using the center as the origin. The center is the
same for all writefields. The dose factors are underlined .
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B.2 Dose patterns

In EBL processes, the definition of structures largely depends on the exposure dose. This
is especially critical for small structures that are close to another, such as the lateral device
electrodes as displayed in figure B.4. In case of an overexposure, the two parallel electrodes
will be connected to each other. In case of an underexposure, during lift-off some parts of
the electrodes may be removed. This results in smaller, rough and/ or fragmented structures.
The effective dose of the wider electrode is larger compared to the thinner electrode, due
to scattering effects. This effect can be compensated for by exposing the two electrodes to
different doses.

Dose patterns were written to determine the most effective exposure doses. These dose
patterns consist of arrays of identical device structures, where the doses are varied systemat-
ically. We wrote series of dose patterns. The dose difference between the two electrodes was
varied between the dose patterns, and within each dose pattern the dose was increased from
underexposure to overexposure. These series cover the whole range of reasonable dose factors.
As an example, drawings of two series can be found in figure B.5. The optimal doses were
determined by visual inspection of the structure’s definition. The doses specified in section
B.1 resulted from this procedure.

0.25 0.750.5 10.75 1.251 1.51.25 1.751.5 21.75 2.252 2.52.25 2.752.5 3

0.5 0.250.75 0.51 0.751.25 11.5 1.251.75 1.52 1.752.25 22.5 2.252.75 2.5

a

b

dose pattern 1 dose pattern 2

underexposed underexposedoverexposed overexposed

Figure B.5: Two dose pattern examples of the device electrodes in WF3 (figure B.4). (a) Dose pattern
design, the numbers indicate dose factors. To get the absolute dose, this dose factor should be multiplied by
the EBL machine’s standard dose of 200 µCcm−2. In dose pattern 1 the dose factor of the wide electrodes is
0.25 lower than of the narrow electrodes. In dose pattern 2 the dose factor of the narrow electrodes is 0.5 lower
than of the wide electrodes. (b) Microscope pictures (100x) of the resulting structures. The optimal devices
are indicated by arrows.
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