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Chapter 1

Introduction

Abstract: Everyday life is more and more influenced by a wide variety of elec-
tronic devices: computers, mobile phones, digital media players, medical diag-
nostics and laboratory-on-a-chip devices. Consumers ceaselessly demand handier
devices with increasing performance and lower cost. Spintronics is a field that has
made significant contributions to keep up with these consumer demands, and has
a huge potential for the future. The field is strongly technologically driven, but
also attracts great scientific curiosity. This chapter gives first an introduction
of spintronics and its advantages of implementation within the semiconductor
industry. Subsequently, we briefly describe how in the last decade the first spin
related effect (GMR) revolutionized technology and has developed towards a new
research area. In relation to recent progress in spintronics and envisioned new
applications, we set our goals for this thesis. Finally, an outline of this thesis will
be given.
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1.1 Spintronics

Until recently, mainstream electronics was exclusively based on charge proper-
ties. Apart from charge, an electron also possesses an intrinsic angular momen-
tum (spin), and directly coupled to that a magnetic moment. A newly emerging
approach is to use this extra spin degree of freedom to provide additional per-
formance and functionality in widely used commercial applications (see figure
1.1) [1]. The quantization of the spin for a free electron imposes that whenever
measurements are done along a certain direction there are only two possible out-
comes: namely spin-up and spin-down. Interaction via coupling of this intrinsic
magnetic moment to an external magnetic field results in a shift in energy levels
of the two eigenstates. In general this difference in energy is much smaller than
the Fermi energy and the effects on transport should be negligible. Elementary
ferromagnetic transition (3d) metals, in which an intrinsic inequivalence between
two spin eigenstates is present, are an exception. Due to a quantum mechanical
exchange interaction, the spins of the electrons tend to align parallel. For the
two spin-subbands a difference in density of states at the Fermi-energy as well as
in Fermi-velocities exists, resulting in spin dependant bulk conductivities.

Through incorporation of the electron spin in the existing electronic devices
the fields of magnetism and electronics could overlap. Spintronics is already ap-
plied in sensor industry and is regarded as a possible technological basis for future
data storage, sensing devices, and electronic logic devices. The key advantage of
magnetism is hysteresis, which leads to non-volatility. Other potential advantages
are increased data processing speed, decreased electric power consumption, and
increased integration densities. Moreover, it could be interesting for quantum
computing, since the intrinsic binary and quantum mechanical nature of elec-
tron spin suggests its usage as basic unit for quantum information storage and
processing. As spin interactions with the environment and with other spins are
much weaker than Coulomb interactions, spin coherence is preserved on a much
longer time scale compared to charge. For better electronic devices and quantum
computation applications, one has to resolve physical questions and technical is-
sues such as efficient injection of electrons with preferable only one spin direction
into a normal (non-magnetic) material, transport of the excess spin in the nor-
mal material, control, manipulation and detection of spin accumulation as well
as spin-polarized currents. Here, the term spin accumulation refers to the ther-
modynamic inequilibrium of spin-up and spin-down electrons in non magnetic
metals and spin-polarized current refers to the spatial movement of such spin
imbalance. The unbalance is normally maintained by an applied bias voltage.
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Chapter 1. Introduction

Figure 1.1: Diagram of examples of commercially available (read head hard disk
and MRAM) and possible future products based on spintronics technology, evolving
towards new research areas based on electronics spintronics

1.2 Opportunities of semiconductor spintronics

Although nowadays most commercially available spintronics applications are com-
posed of metallic structures, the mature and dominant semiconductor-based tech-
nology in device industry provides compelling motivation for the integration of
spin-based functionalities therein. This field is at an exciting state since major
fundamental problems are still being addressed by experiment and theory, with
contributions of diverse subareas, like spin imaging, nanomagnetic engineering,
spin dynamics, and new magnetic materials.

To support the discussion and explanation of the advantages of semiconductor
spintronics, we first shortly stress the basic difference between metals and classical
inorganic semiconductors. Subsequently, the advantages of organic semiconduc-
tor electronics, a basic introduction to their semiconducting behavior and the
specific advantages of inorganic semiconductor spintronics will be presented.

1.2.1 Inorganic semiconductors

The distinction between metals and insulators is based on the electronic distrib-
ution in wavevector-space, which specifies which of the possible wavevector-levels
are occupied. In metals there are - and in insulators there are no - partially filled
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energy bands, regions in energy for which wave-like electron orbitals exist. At
absolute zero temperature a pure, perfect crystal of a semiconductor will be an
insulator. The characteristic semiconducting properties are result of the band
gap, thermal excitation, impurities, lattice defects or departure from chemical
composition. If impurities contribute a significant fraction of the conduction, one
speaks of an extrinsic semiconductor. Donor impurities are atoms that have a
higher chemical valence than the atoms making up the pure host material and
supply additional electrons to the conduction band, while acceptors have a lower
valence and supply additional holes to (i.e. capture electrons from) the valence
band.

Incorporation of semiconductors in spin-based electronics offer the possibil-
ity of new device functionalities not realizable in metallic systems [2, 3]. The
device impedance is controllable over a wide range via impurity doping. Further-
more, because the typical carrier densities in semiconductors are low compared
to metals, electronic properties are easily tunable by gate potentials. Thirdly,
semiconductors have longer spin coherence lengths (average length that a mov-
ing electron preserves its spin direction) and thus multiple operations on the spin
can be performed before they reach equilibrium. Let us here discuss this in view
of the spin relaxation for conduction electrons. An unbalanced population of
spin decays towards equilibrium via the presence of effective magnetic fields, i.e.
static electric fields that moving electrons feel in their rest frame. These exert
torques on the magnetic dipole moments of the spinning electrons, and spin an-
gular momentum is exchanged with the orbital angular momentum or with the
lattice (slow process). A static electric field can have different physical origin,
for example the electric field of the atomic nucleus [4, 5] or related to a specific
crystal [6] or band structure of the solid [7]. If the dominant spin flip scattering
mechanism is by the electric field of the atomic nucleus, as also expected for
metals, the spin coherence length is proportional to the mean free path (∝ mo-
bility), which is larger in semiconductors. Silicon, because its compatibility with
the current CMOS technology and GaAs, because of its direct band gap allowing
optically induced magnetization, are candidates for spintronics research.

1.2.2 Organic semiconductors

In the last decades, the idea of organic electronics arose. Besides the wish to use
organic materials as (semi-)conductors in bulk or thin film, the concept was put
forward to use single molecules as electrical components, such as switches and
diodes. This field is often referred to as molecular electronics. The advantages of
these organic semiconductors include chemical tuning of electronic functionality,
easy structural modifications, ability of self-assembly and mechanical flexibility.
These characteristics are exploited for large-area and low-cost electronic appli-
cations. However, several practical complications are being faced, one is that

4



Chapter 1. Introduction

organic materials can be rather fragile, whereby conventional contacting meth-
ods can easily damage the material or causing a bad interface.

The intermolecular interaction forces are of the weak van der Waals type,
leading to the marked tendency of localization of the charge carrier on individual
molecules or segments of polymers. Transport in organic semiconductors occurs
through hopping between these localized sites. Unlike inorganic semiconductors,
semiconducting properties do not come from the periodicity of the atoms in the
crystalline structure. In conjugated molecular systems, px and py orbitals of
constituent carbon atoms combine with one s orbital. By the overlap of two
sp2 orbitals, a strong σ bond between two neighboring carbons can be formed.
The remaining pz orbitals overlap forming a π bond. Electrons fill up the low
energy bonding states in the highest occupied molecular orbital (HOMO), leaving
the high energy anti-bonding states in the lowest unoccupied molecular orbital
(LUMO), empty. For increasingly interconnected carbon atoms more energy
levels exist, resulting in a narrower bandgap between HOMO and LUMO, which
even would become zero for an infinitely long chain. However, symmetry is broken
(this does not apply for benzol rings or graphite) by forming single and double
bonds to lower the total energy, the LUMO goes up in energy and the HOMO
goes down in energy, thereby creating a band gap.

Organic semiconductors are advantageous for spintronics [8], because of low
spin-orbit scattering due to the low atomic nuclear charges. Moreover, it has been
argued that the efficiency of existing organic light emitting diodes would profit
from controlling the spin states of the electrons and holes [9]. Single molecular
crystals, which are quite similar to the inorganic semiconductors, are most promis-
ing regarding the expected spin coherence lengths. Mobilities up to 35 cm2/Vs
are measured [10], which is roughly only one order of magnitude lower than their
inorganic counterparts. However, organic thin film technology does not require
high temperatures and lattice matching and profit from well developed depo-
sition techniques. We can make a distinction between polymers (mobilities of
maximum 0.1 cm2/Vs [11]) and small molecules (maximum of 1 cm2/Vs for or-
dered film [12], however molecular materials are often unintentionally doped or
have defects). The well studied small molecule Alq3, with an electron mobility of
typically <10−6 cm2/Vs for an electric field <50 V/µm, [13] is commonly applied
in organic light emitting diodes and would be a good first candidate for organic
spintronics.

1.3 Recent progress in spintronics and magne-

toresistance effects

In this section, we first point out the technological importance of magnetic sensors
and the incorporation of spin related phenomena therein. This development has
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opened the door for the young research field, spintronics, that has diverged into
several revolutionary projects towards new applicabilities. Finally, we focuss
more towards the goals of this thesis: spin transport in semiconductors and novel
magnetoresistance effects.

1.3.1 Magnetic sensors

Magnetic sensors [14] are based on changes in electrical current (magnetocurrent)
or resistance (magnetoresistance) due to modification by an external applied mag-
netic fields (i.e. without physical contact), and can contain a physical contribu-
tion from the magnetic field dependence of the material parameters or a geometric
contribution from the dependence of the current path. Via the amplitude and
direction of the external magnetic field, indirectly other physical quantities or
material properties can be derived, making them critical components for the au-
tomotive industry, high-density information storage [15] and medical diagnostics
[16]. For increased sensitivity or for error reduction in applications consisting of
arrays of elements, it is necessary to optimize the separation between low and
high resistivity states. As a consequence of spin properties, a much larger mag-
netoresistance can be obtained, while having equal or better performance on size,
speed, power consumption and cost.

1.3.2 Spin based magnetoresistance

The giant magnetoresistance effect (GMR) [17, 18] is one of the first effect di-
rectly related to spin transport and has its physical origin in spin scattering in
alternating magnetic and non-magnetic metallic multilayers, dependent on the
relative magnetization of the magnetic layers. The attractiveness of this magne-
toresistance effect stems from the fact that it can be easily tuned by tailoring the
magnetization properties of the magnetic layers. Replacing the metallic spacer
by a thin insulating barrier has resulted in an even larger tunneling magnetore-
sistance effect (TMR) [19, 20] and is related to the tunneling current between
two magnetic layers, which is dependent on the products of the density of states
for each spin subband and the specific transmission coefficients for each subband.

To date, these two effects are utilized in sensors, whereas also new devices
based on or derived from these phenomena are becoming commercially interest-
ing. As example, by engineering the magnetic layers, an array of nonvolatile
magnetic storage elements can form a new type of memory (MRAM) [21], with
long endurance and data retention. A strong drive to reduce the dimensions and
the power consumption herein has resulted in switching the magnetic layers via
the torque that a spin polarized current can exert on the magnetization instead
of by an external magnetic field. Moreover, as a successor to the classical quartz
crystal based RF oscillators, which are key elements in wireless devices as mobile
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Chapter 1. Introduction

phones, WiFi stations and satellite receivers, this torque can be used to drive
a GHz magnetic oscillation in a nanosized contact to a magnetic/nonmagnetic
multilayer, and is converted back to a voltage by the magnetoresistance of the
multilayer [22]. Finally, in a newly proposed racetrack memory, based on the
spin torque effect, spin-coherent electric current moves magnetic domains along
a magnetic wire. As current is passed through the wire, the domains, which are
the information containing bits, pass by a magnetic read/write heads [23].

1.3.3 Spin transport in semiconductors

The ability to electrically inject, manipulate, and detect spin polarized carriers
within a material (either bulk, 2DEG, nanowire or quantum dot) are essential
requirements for further integration of the spintronics technology (think of spin
based FET [24] or quantum computing [25]). This was realized for non mag-
netic bulk materials, like aluminium [26], copper and gold [27]. The objective
of the research described in chapter 2 and 3 is a demonstration of all electri-
cal spin injection and detection of in the inorganic semiconductor GaAs. The
main obstacle is to overcome the conductivity mismatch between ferromagnetic
injector metal and semiconductor [28], what can be solved by using an interface
barrier resistance. On the other hand, we note that much effort has been put
into the research of diluted magnetic semiconductors as spin injection materials
[29]. Only very recently, conduction-band spin transport across 10 µm undoped
silicon in a device that operates by spin-dependent ballistic hot-electron filtering
through ferromagnetic thin films for both spin injection and spin detection. AS
it is not based on magnetoresistance, the hot-electron spin injection and spin
detection avoids impedance mismatch issues and prevents interference from par-
asitic effects [30]. Electrical injection, detection and magnetic field modulation
of lateral diffusive spin transport through GaAs [31] and silicon [32] using surface
contacts have been successfully carried out, lately. For organic semiconductors,
all-electrical spin injection and detection has been claimed in T6 [33], Alq3[34],
P3HT, [35], TPP [36] and the quasi-ballistic-waveguides graphene [37] and car-
bon nanotubes [38]. Nevertheless, concerning organic semiconductors, there is
still a lack of consensus about the interdiffusion of ferromagnetic clusters, the
role of defect states, and the spin relaxation mechanisms. In chapter 4, we give
evidence that for low hopping frequencies in Alq3, the carrier spin is sensitive to
small local magnetic fields, for instance hyperfine fields.

1.3.4 Novel magnetoresistance effects

Room temperature non-spin related magneto-transport in solid state materials
is a research field of ongoing interest, mostly aiming for sensor, memory or other
electronics applications, but can also serve as implicit contribution to future spin-
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tronics devices. To date diverse new classes of magnetoresistance effects exist,
like (altered) layers of (magnetic) perovskites [39–41], systems consisting of solid
precipitates of a (magnetic) material in a non-magnetic matrix [42, 43]. Large
magnetoresistance reports of systems without magnetic materials are for example,
phase change based chalcogenides [44], VOx thin films [45], single-crystal bismuth
thin films [46], hybrid organic semiconductor devices [47], metal-insulator transi-
tion in two-dimensional electron systems [48], and hybrid inorganic semiconductor
devices based on a magnetic-field controllable avalanche breakdown [49]. This
last, promising magnetoresistance effect has been demonstrated in gold/semi-
insulating/GaAs Schottky diodes. Our aim in chapter 5 is to demonstrate this
in a silicon-based device and to understand in further detail the mechanism.

1.4 Outline of thesis

In previous paragraphs, we have outlined the advances and some of the key issues
related to semiconductor spintronics. Transport of spin polarized carriers can be
demonstrated by a specific resistance change as function of the external applied
magnetic field (magnetoresistance), and will be together with observed large non-
spin related magnetoresistance effects the focus of this thesis.

Chapter 2 : We envision a device using ferromagnetic metals to realize all-
electrical spin injection and detection in a semiconductor. A detailed theoretical
analysis has been performed based on a Boltzmann equation approach, and has
been used within our experimental design analysis in chapter 3.

Chapter 3 : Our experimental device consists of electron beam lithography
processed ferromagnetic electrodes crossing a GaAs transport channel. Although
silicon is the industrially most relevant semiconductor, GaAs has been chosen for
its direct band gap, which enables optical investigations of the spin polarization
in our research group. The magnetic properties of the electrodes, controlled via
an external magnetic field, have been verified by magnetic force microscopy. To-
wards observation of magnetoresistance due to spin transport, we show that the
doping profile under the ferromagnetic contacts and in the semiconductor trans-
port channel is of critical importance for the effective detection and depolarization
of the carriers.

Chapter 4 : As an alternative route in spintronics, organic semiconductors
profit from flexibility and ease of processing. While these synthetic organic ma-
terials are exploited for the tunability of their charge-carrier transport properties,
their spin transport properties form a less explored area. Due to low spin-orbit in-
teraction, spin relaxation via hyperfine interaction may be dominant under some
conditions. Spin dephasing due to precession around local hyperfine fields can
lead to a specific modification of the hysteretic curve, thereby decreasing the mag-
netoresistance. We have successfully demonstrated spin valve magnetoresistance
for Alq3 sandwiched in between two ferromagnetic electrodes. By increasing the
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Chapter 1. Introduction

Alq3 layer, we change from direct tunneling towards multiple step tunneling. In
the regime of multiple step tunneling, a possible indication of spin dephasing due
to hyperfine coupling is observed.

Chapter 5 : As mentioned, silicon holds exceptional promise for spin-based
electronics, by virtue of its compatibility with the current CMOS technology. As
a possible implicit contribution to future silicon based spintronics devices or as a
magnetoresistive sensor, we show for the first time, using non-magnetic injection
materials in lateral boron-doped Si/SiO2/Al devices, a robust positive low tem-
perature magnetoresistance up to ten orders of magnitude at a magnetic field of
500 mT. Systematic investigation of the role of the thin silicon dioxide layer shows
that the charge acceleration across the barrier provides the energy to trigger an
autocatalytic process of impact ionization. A small magnetic field causes an in-
crease of the acceptor energy level, as verified by admittance spectroscopy, by
which the activation energy for impact ionization significantly increases, strongly
suppressing the current.
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Chapter 2

Enhanced electrical spin injection
and detection in biased lateral
ferromagnet-semiconductor
structures

Abstract: The realization of a fully electrical semiconductor-based device mak-
ing use of the electron spin is of fundamental importance to physically study
spin-related phenomena. We have performed a detailed theoretical analysis of
the feasibility of all electrical spin injection and detection in semiconductors by
means of ferromagnetic electrodes and including spin selective interface barriers
to overcome the impedance mismatch. Based on the Poisson and diffusion equa-
tion, including electric field effects, the expected resistance difference for parallel
and anti-parallel configuration of the ferromagnetic electrodes is analytically cal-
culated and the influence of the sample and measurement geometry is extensively
investigated. In this chapter, we propose a new measurement geometry, for which
we predict a clearly larger spin accumulation over a larger distance. Electric fields
created in different sample regions via extra bias voltages, will compensate spin
loss in side branches. Even when the spin diffusion length is orders of magnitude
smaller as the semiconductor length, the magnetoresistance in lateral devices
closely approaches values for vertical devices. 1

1published as Enhanced electrical spin injection and detection in biased lateral ferromagnet-
semiconductor structures by J.J.H.M. Schoonus, A.T. Filip, H.J.M. Swagten, and B. Koopmans
in J. Phys. Cond. Mat. 19, 276201 (2007).
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2.1 Introduction

The research to exploit the spin degree of freedom in semiconductors has gained
a lot of momentum recently [1], fuelled by potential applications in the field of
quantum computation [2], magnetic field sensors, memory and logic devices [3].
Semiconductors are attractive because of their non-linear behavior, the control-
lability of the impedance via doping, and their long spin relaxation times. Best
established in the field is the optical control of spins in semiconductors. Optical
injection and detection in spin polarized carriers are used to study spin diffusion
and spin transport across semiconducting interfaces [4]. Efficient electrical injec-
tion of spin polarized currents in a III-V semiconductor has been proven from
either a dilute magnetic semiconductor [5], a metallic ferromagnetic material, [6]
or across AlOx [7] or MgO [8] tunnel barriers. Electrical spin injection and ac-
cumulation, subject to electric, magnetic and strain fields was optically imaged
in a GaAs channel of lateral spin-transport devices [9] [10]. Recently, a demon-
stration of a fully electrical scheme for achieving spin injection, transport and
detection in a single device was given by Lou et al. [11]. Their device consists
of a lateral semiconducting channel with two ferromagnetic contacts, one which
serves as a source of spin-polarized electrons and the other as a detector. Spin
detection in the device is achieved through a non-local, spin-sensitive, Schottky-
tunnel-barrier contact whose electrochemical potential depends on the relative
magnetizations of the source and detector. Although the bias dependence of the
non-local signal and the spin polarization is not completely understood, they ver-
ified the effectiveness of their approach by showing that a transverse magnetic
field suppresses the non-local signal at the detection contact by inducing spin
precession and dephasing in the channel (the Hanle effect). Achieving a fully
electrical semiconductor-based device that makes use of the electron spin is of
fundamental importance to physically study spin-related phenomena. For the
design and fabrication of such device a comprehensive theoretical understanding
of spin injection and spin transport in semiconductors is necessary, and qualita-
tive, usable design rules are given in this paper.

From a theoretical point of view, Johnson and Silsbee introduced a concept
based on spin-dependent distribution functions to describe the spin transport
for an interface between ferromagnetic and nonmagnetic metals [12]. Valet and
Fert [13] extended the model in a Boltzmann equation formalism, that reduces to
the same macroscopic transport equations if the mean free path is much shorter
than the spin diffusion length. Recently, numerical studies in perpendicular-
transport structures verified that their approach is also valid in the limit of a
spin diffusion length comparable to the appropriate mean free path [14]. These
macroscopic transport equations were utilized to analyze the feasibility of spin
injection into semiconductors [15] and, recently, also organic systems [16]. The
results showed that the crucial parameter is the resistance mismatch between
semiconductor and metal. One potential solution was suggested by Rashba [17]:

14



Chapter 2. Enhanced electrical spin injection and detection

one could make use of tunneling as injection mechanism. The conditions for
efficient spin injection from a ferromagnetic metal into a semiconductor were
established by Fert and Jaffrès [18] and the magnetoresistance of a ferromagnet-
semiconductor-ferromagnet trilayer was computed [19–21]. Several devices using
lateral semiconductor spin-valves with novel bias schemes, like spin transference
and magnetoresistance amplification in a transistor [22], and electric readout
of magnetization dynamics in a ferromagnet-semiconductor system [23] are pro-
posed. Another interesting scheme was studied by McGuire et al. [24], who
calculated the lateral spin transport induced by ferromagnetic proximity on a
two-dimensional electron gas.

The macroscopic transport equations of Valet and Fert [13] are based on diffu-
sion of spin polarization, wherein the electric field does not play any role, and the
spin polarization decays away on a typical length scale, the spin diffusion length,
from an injection point. This is reasonable for metals because the electric field
is essentially screened. For semiconductor spintronic devices, however, the semi-
conductor is often lightly doped and nondegenerate, and a moderate electric field
can dominate the carrier motion. Yu and Flatté [25] examined the spin diffusion
in lightly doped semiconductors by consistently taking into account electric-field
effects and non-degenerate electron statistics. For high fields, spin transport is
described in terms of electrical field-induced up-stream and down-stream spin
diffusion lengths. D’Amico [26] analyzed the spin transport in semiconductors in
the intermediate to degenerate regime.

For the development of electrical semiconductor spintronic devices, self-consistent
two dimensional charge transport simulations, taking into account tunneling,
Fermi-level pinning, band bending, impact ionization and their bias dependence
are a necessity. Although considerable progress in this direction has been wit-
nessed in recent years [27], it is crucial to realize that the basic transport behavior
of realistic devices has not been documented in much detail. More specifically,
the effect of elementary parameters on the magnetoresistance, such as the electric
field, spin diffusion length, the resistance of the electrodes, interface barriers and
semiconductor, is intimately related to the geometry of the semiconductor chan-
nel and the adjacent entities for injection and detection, and should be carefully
analyzed.

In this chapter, we calculate the magnetoresistance of a vertical sample lay-
out, consisting of a ferromagnetic metal - non-magnetic semiconductor - ferro-
magnetic metal stack with spin selective (semi-)insulating barriers, as well as of
a lateral layout, with two metallic ferromagnetic electrodes on top of a planar
non-magnetic semiconductor channel, also separated by spin selective interface
layers. Our study is in particular aimed at n-doped semiconductors, where the
spin diffusion lengths are extremely long, possibly leading to very large magne-
toresistance [9]. Generally, a Schottky barrier will form at the interfaces of the
insulating layer and the semiconductor, leading in n-doped semiconductors to
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positively charged donor ions left behind in the depletion region that is practi-
cally stripped of electrons. Although detection of electrons is feasible when a
voltage is applied across such a device, the presence of the Schottky barrier pre-
vents tunneling into the injection electrode in the reversed bias. However, by
highly doping the region just beneath the semiconductor surface [9, 27, 28], nu-
merical simulations show that the width of the Schottky barrier is small enough
to allow tunneling and comparable to the width of the insulating barrier resis-
tance [29, 30]. Therefore, it only affects electron transport across the barrier, i.e.
it renormalizes the interface barrier resistance, but is does not affect the bulk
transport properties. Except for the depleted contact region, we assume there is
no space charge in the semiconductor, especially near the interface with the spin-
selective barrier, and we assume that the electron density is constant throughout
the non-magnetic semiconductor. In other words, we assume that the bottom
of the conduction band remains substantially flat in the vicinity of the interface
on a length scale comparable to the spin flip length. Under these conditions, we
can use a version of the drift-diffusion equation, which assumes spin polarization
created without changing electron or hole densities [31]. Furthermore, this work
may assist in the understanding of spin transport in MnAs/GaAs lateral spin
valves [32], where also local changes in band structure and carrier density are
negligible as these are not taken into consideration in our calculation. We would
like to emphasize that our theory clearly does not apply for spin injection via
(Zn,Mn,Be)Se as DMS into the nonmagnetic semiconductor (Zn,Be)Se. For volt-
age drops across the interface larger than a few mV, Schmidt et al. [33] calculated
for this case that the spin-injection efficiency decreases strongly. The effect in
this nonlinear regime is caused by repopulation of the minority spin level in the
magnetic semiconductor due to band bending at the interface. Vanheertum et
al. [34] pointed out that special care has to be taken concerning the width of the
contacts to avoid depolarization of the carriers caused by parallel current flow in
the highly doped region directly underneath the electrode. Therefore, we assume
single point contacts in our analysis, corresponding to direct perpendicular in-
jection in the semiconductor and thus negligible current flow in the suppression
layer parallel to the electrode.

Based on the assumption of charge neutrality, we derive an analytical expres-
sion for the magnetoresistance and examine the role of the interface resistances
and spin diffusion length for different realistic sample geometries. It will be
illustrated that the electric field effect can considerably enhance the magnetore-
sistance as long as the spin-selective interfacial barriers are perfectly matched.
To eliminate the detrimental effect of the electric field in the semiconductor side
branches on the magnetoresistance, an alternative measurement geometry is in-
troduced in which we apply, in addition to the ac measurement signal, an extra
dc bias voltage over the semiconductor to tune the electric field in the semicon-
ductor. In this way, the magnetoresistance for lateral devices can increase to
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values which are normally found for standard vertical trilayer devices.

2.2 Spin polarized transport in semiconductors

As reported by Yu and Flatté [25], spin transport in lightly doped semiconductors
can be described by a drift-diffusion equation by consistently taking into account
electric field effects and nondegenerate electron statistics. In this section, their
main results for a better understanding of the next section will be summarized,
we discuss the validity for (non)magnetic metals and GaAs, and we introduce the
parameters used throughout this paper.

We consider here a n-doped homogeneous system without space charge. For
a current density flowing in the x direction, a one dimensional solution for the
Poisson and diffusion equation is sought in terms of the electrochemical potential
µ̄↑(x) = µ↑(x)− eV (x) for spin up and spin down [35], respectively:

∂2µ̄↑(↓)
∂x2

− 1

2
ζ↑(↓)eE

∂µ̄↑(↓)
∂x

=
(µ̄↑(↓) − µ̄↓(↑))

λ2
↑(↓)

, (2.1)

with

ζ↑(↓) =

∫∞
εc↑(↓)

N↑(↓)(ε− εc↑(↓))
∂f(ε−εF )

∂ε
dε

∫∞
εc↑(↓)

N↑(↓)(ε− εc↑(↓))f(ε− εF )dε
, (2.2)

where E is the electric field, λ the spin diffusion length, N is the density of states,
f the Fermi-Dirac distribution function and −e, ε(c) and ε(F ) are respectively the
charge, energy at the conduction band edge and energy of the Fermi niveau of
the electrons.

The bias regime for which the electrical field effects dominates depends on the
relative magnitude of the drift (second term in equation 2.1) and the diffusive
term (first term in equation 2.1). In the drift term, ζ expresses the influence of
the temperature and doping. For three temperatures, ζ is plotted in figure 2.1
as a function of the electron density n. The metal regime is characterized by a
density of conducting electrons higher than 1 · 1018 cm−3, and ζ is independent
of temperature. The density of states varies only slightly with the energy at
the Fermi level and the numerator of equation 2.2 becomes constant and thus
independent of the temperature. For intermediate and lightly doped semicon-
ductor spintronic devices, at temperatures down to 30 K, a moderate electric
field can already dominate the carrier motion [36] and the drift term can not
be neglected anymore. However, in the degenerated regime, for GaAs estimated
by T < 4.5 ln(n/1014 cm−3) with n in cm−3 and T in K, carrier-carrier interac-
tions assume a relevant role [37] and they partly weaken the electric field effects.
As a result, higher applied fields are necessary for a significant contribution of
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Figure 2.1: ζ as a function of the electron density for different temperatures in 3D
systems. The effective electron mass is 0.065 m0, where m0 is the free electron mass.

the drift term. Only for lightly doped semiconductors (n < 1 · 1016 cm−3) and
temperatures above 3 K, the results of equation 2.1 will be quite accurate.

For nonmagnetic materials or materials with low spin polarization, the bot-
tom edge of the conduction band is approximately equal for both spin species,
and ζ↑ can be set equal to ζ↓. For ferromagnetic materials, ζ↑ differs from ζ↓.
Via the Einstein equation [38] ζ is equal to the mobility divided by the diffusion
constant and the electron charge. The mobility and diffusion constant of the
lower-conductivity spin species are dominant and dependent on the spin polar-
ization of the material equations, and we could mathematically solve equation
2.1 for µ̄↑ and µ̄↓. However, for simplicity we neglect, analogous to nonmagnetic
materials, the spin difference in ζ, which makes the analysis only accurate for
low polarized materials. We assume that conductivity predominantly takes place
at the Fermi level and introduce a spin dependent conductivity times channel
area (width times height) σ. The general form of the steady state solution to
equation 2.1 in a homogeneous medium, using the requirement of particle and
current conservation, is given by

µ̄↑ = A + Bx +
C

σ↑
exp(−x/λd) +

D

σ↑
exp(x/λu) (2.3)

µ̄↓ = A + Bx− C

σ↓
exp(−x/λd)− D

σ↓
exp(x/λu), (2.4)
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where σ↑(↓) is the conductivity times channel area of the spin-up(down) channel.
The two quantities λu and λd are the up-stream and down-stream spin diffusion
lengths [35], defined as

λd =
1

λ


−M

2
+

√(
M

2

)2

+ 1



−1

(2.5)

λu =
1

λ


+

M

2
+

√(
M

2

)2

+ 1



−1

, (2.6)

with

M = ζeEλ, (2.7)

where M is defined as a dimensionless parameter characterizing the ratio between
the energy in the electric field and thermal energy, and (1/λ)2 = (1/λ↓)2+(1/λ↑)2.
In metals M ¿ 1 and the drift term in equation 2.1 can be neglected, because
the effective electric field is screened by the individual Coulomb fields of all the
conducting electrons. However, for semiconductors M can be significantly larger
than 1. For example in GaAs, with a doping of 1 · 1016 cm−3, at a temperature
of 3 K, a spin diffusion length of 2 µm [39], a semiconductor transport channel
of 120 nm, and an applied voltage of 10 mV, M could be already of the order
of 100. The spin diffusion length of electrons moving oppositely to the applied
field is increased, while the spin diffusion length of electrons moving against the
direction of the field is decreased. In addition to a random diffusive walk, the
electrons follow a drift motion in the direction of the field [35].

To summarize this part, an analytical drift-diffusion equation is given for
ferromagnetic metals, non-degenerate semiconductors and, in first order, for de-
generate nonmagnetic semiconductors. We have discussed the validity for GaAs
related to the carrier density, polarization and temperature. In the next chap-
ter, using the drift-diffusion equation, the combined effects of interface barriers,
semiconductor resistance, spin diffusion length and applied electric field will be
studied in realistic device and measurement geometries.

2.3 Magnetoresistance calculations

We apply the macroscopic spin transport model for two geometries using a sys-
tem composed of a ferromagnet- barrier- semiconductor- barrier- ferromagnet,
as schematically shown in figure 2.2. With an interface barrier, we mean a spin
selective (semi-) insulating layer to overcome the impedance mismatch, and prac-
tically implies the presence of a Schottky barrier or thin insulating barrier. As
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Figure 2.2: (a) Vertical ferromagnet- interface barrier- semiconductor- inter-
face barrier- ferromagnet geometry. (b) Lateral ferromagnet- interface barrier-
semiconductor- interface barrier- ferromagnet geometry. Numerals and axis indica-
tions refer to regions where separate solutions of the diffusion equation are considered.
Current is injected in region 1 and extracted from region 2, while the voltage is mea-
sured between the same regions. Arrows indicate the direction of the electric field in
the lateral device

explained in the introduction, the Schottky barrier at the interface of the semi-
conductor and insulator is suppressed by highly doping the region just beneath
the semiconductor surface. This enables effective spin injection and detection in
the semiconductor and allows that the calculations can be performed with the
assumptions of homogeneous systems and local charge neutrality. The first geom-
etry, as discussed in literature [40], we denote as a vertical geometry (see figure
2.2a). The lateral geometry shown in figure 2.2b differs from the standard vertical
geometry, in particular due to the semiconductor channel extending to infinity
in both directions with the two electrodes grown on top at a mutual distance
L. Note that an epitaxially grown lateral semiconductor device is technologically
easier realizable, and it allows for four terminal measurements as well. However,
the two side branches (regions 4 and 5 in figure 2.2b) act as an extra channel
for spin loss. Therefore, the magnetoresistances in the lateral device is expected
to be lower in comparison with a vertical device, which will be further analyzed
below.

First, we will solve the drift-diffusion equation in each region and for each spin
state of the vertical geometry. Three different regions can be identified: region 1
is the ferromagnetic injector, region 2 is the ferromagnetic detector, and region 3
is the semiconductor. The parameters used, are labelled with a subscript referring
to these region numbers. Current is injected in region 1 and extracted in region
3, and the voltage is measured between regions 1 and 3. Two configurations can
occur; parallel magnetization and antiparallel magnetization of the electrodes.
We will first consider parallel configuration of the ferromagnetic electrodes. The
electrochemical potentials have the general form like equations 2.3 and 2.4 and
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are for region 1, 2 and 3:

1 : µ̄↑(↓) = Ap +
Je

σ1f

x± Bp

σ1↑(↓)
exp(x/λf ) (2.8)

2 : µ̄↑(↓) = Cp +
Je

σ2f

x± Dp

σ2↑(↓)
exp(−x/λf ) (2.9)

3 : µ̄↑(↓) =
Je

σ3

x± 2Fp

σ3

exp(−x/λd)± 2Gp

σ3

exp(x/λu). (2.10)

We have written for the total conductivity of the ferromagnet σ1(2)f = σ1(2)↑ +
σ1(2)↓ and for the total current density J = J↑ + J↓. Ap, Bp, Cp, Dp, Fp and Gp

are six independent unknown constants. For regions 1 and 2, the exponential
terms which increase to infinity for x → ±∞, respectively, are omitted, because
no spin splitting is assumed in the electrode far away of the interface barrier.
The linear term in equations 2.8, 2.9 and 2.10 is required due to the condition
that at ±∞ the solutions for the electrochemical potentials must coincide with
the standard bulk dependence (µ̄↑|x→±∞ = µ̄↓|x→±∞ = H + Je/σ · x), with H
a constant. The average potential at the middle of the semiconductor is set to
zero. Finally, because of particle conservation, the equations for the spin-down
electrons can be found by putting a minus sign in front of constants Bp, Dp, Fp

and Gp and adjusting the conductivity for the negative spin species.

If no spin-flip scattering at the interface with the interface barrier is present,
the first boundary condition at the interfaces is the discontinuity of µ↑ and µ↓.
This is associated with the existence of spin-selective injector and detector inter-
face resistances Rib/(1 + (−)P0), that is:

µ̄↑(↓)(x=−L
2

−
)
− µ̄↑(↓)(x=−L

2

+
)
=

2Rib1

(1 + (−)P0)
J↑(↓) (2.11)

µ̄↑(↓)(x=−+L
2

−
)
− µ̄↑(↓)(x=+L

2

+
)
=

2Rib2

(1 + (−)P0)
J↑(↓), (2.12)

where J↑(↓) is the current in the spin-up(down) channel and P0 is the polarization
at the interface between the ferromagnetic layer and the barrier. Secondly, the
current density in each spin channel has to be conserved:

J↑(↓)(x = L/2−) = J↑(↓)(x = L/2+). (2.13)

In total there are eight equations; two boundary conditions for two interfaces,
one for each spin state. From this, the unknown constants of equations 2.8, 2.9
and 2.10 can be calculated and the spatial dependence of the two spin potentials
are determined relative to the equilibrium electrochemical potential. Figure 2.3
shows a sketch of the spatial dependence of the spin-up and spin-down electro-
chemical potentials in the parallel magnetization alignment of the ferromagnetic
electrodes for constant current. In the semiconductor spin accumulations of op-
posite sign exist near the interfaces, and in the middle of the semiconductor the
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Figure 2.3: Sketch of the spatial dependence of the spin-up and spin-down electro-
chemical potentials (solid) for a device consisting of a semiconductor with two interface
barrier/ferromagnetic contacts for parallel and anti-parallel magnetization of the fer-
romagnets. The dashed lines indicate the equilibrium electrochemical potential.

spin accumulation is zero. Because the conductivity of both spin channels is
equal, the current in the semiconductor is throughout the whole semiconductor
spin polarized.

Secondly, we consider that the magnetization orientation of the ferromagnetic
detection electrode changes relative to the injection electrode. This is the situ-
ation of the antiparallel (ap) magnetization. This implies that 2Rib2/(1 + P0)
should be exchanged for 2Rib2/(1 − P0) in equations 2.11 and 2.12, the con-
stants Ap, Bp, Cp, Dp, Fp and Gp should be exchanged for Aap, Bap, Cap, Dap, Fap

and Gap, and σ2↑(↓) should be exchanged for σ2↓(↑) in equation 2.8, 2.9 and 2.10,
because the minor (major) spin species in the injector electrode will be the ma-
jor (minor) spin species in the detector electrode. As can be seen in figure 2.3,
everywhere in the semiconductor a spin accumulation is present. In the middle of
the semiconductor the slopes of the electrochemical potential are equal, resulting
in an unpolarized current flow, whereas near the interface barriers the current is
slightly spin polarized. Thereof a voltage difference Vap − Vp between antiparal-
lel and parallel magnetization alignment of the electrodes exists. The difference
between constants Ap(ap) and Cp(ap) for the parallel (antiparallel) configuration
equals the difference between the electrochemical potentials at both ferromag-
netic ends. Because Ap(ap) − Cp(ap) is proportional to Jp(ap), the resistances for
parallel (Rp) (antiparallel (Rap)) configuration follows directly from these two
constants. The resistance change between parallel and antiparallel configura-
tions of the magnetizations of the two electrodes, for a vertical geometry, can be
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calculated as:

Rap −Rp

R0

= 4

(
P0Rib1

1− P 2
0

+
P1R1

1− P 2
1

)(
P0Rib2

1− P 2
0

+
P2R2

1− P 2
2

)
×

1

Rsc(R1 + Rib1 + Rsc + Rib2 + R2)
×

(M2
3 +4)1/2

K3
cosh( M3

2K3
)

(
1 + Q+

4 Q2

) (
1 + Q+

3 Q1

)
exp(

(M2
3 +4)1/2

2K3
)− (

1 + Q−
4 Q2

) (
1 + Q−

3 Q1

)
exp(− (M2

3 +4)1/2

2K3
)

with Q1 =

[
Rib1

1− P 2
0

+
2R1

1− P 2
1

K1

M1 +
√

M2
1 + 4

]

Q2 =

[
Rib2

1− P 2
0

+
2R2

1− P 2
2

K2

M2 +
√

M2
2 + 4

]

Q±
3 =


 1

K3Rsc


+

M3

2
±

√(
M3

2

)2
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Q±
4 =


 1

K3Rsc


−M3

2
±

√(
M3

2

)2
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 , (2.14)

where P1(2) = (σ1(2)↑ − σ1(2)↓)/σ1(2)f is the bulk spin polarization of the injector
and detector electrode, respectively, and R1(2) = L1(2)/σ1(2)f are the resistances
of the two electrodes. Rsc = L/σs is the resistance of the semiconductor channel,
L1, L2 and L are the lengths of ferromagnetic injector and detector electrodes
and the semiconductor part between the two electrodes, respectively, and K1 =
λ1/L1, K2 = λ2/L2 and K3 = λ/L. The resistance difference is normalized by the
sum of the spin independent resistance R0 = R1 +Rib1 + Rsc + Rib2 + R2 instead
of Rp to keep the expression compact. Using a resistor model, that includes spin
selective interface barriers and a spin diffusion length in the semiconductor, we
checked that the difference between our magnetoresistance (equation 2.14) and
the regularly used (Rap −Rp)/Rp, mainly proportional to P0, is less than 2% for
the calculated results in next sections.

In the limit of small electric field, we checked that equation (2.14) converges
to the all-metal regime as treated by Fert et al. [18] and Jedema et al. [41]. For
small bulk spin polarizations, the magnetoresistance is quadratically proportional
to the polarization, corresponding to the simple diffusive model of van Son et al.
[42].

We will now discuss the derivation of the magnetoresistance measured in a
lateral geometry in which the semiconductor layer spreads from −∞ to ∞ as can
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be seen from figure 2.2b. At positions x = −L/2 and x = L/2 on the semiconduc-
tor two ferromagnetic electrodes are placed, separated from the semiconductor
via an interface barrier. We assume that the width of the electrodes is negligi-
bly small compared to the channel length, and therefore, the current is injected
at only one specific point into the semiconductor. Furthermore, we assume no
depth dependence of the current throughout the semiconductor channel. The
conditions and equations for regions 1, 2 and 3 can be treated analogously to the
vertical structure. However, for regions 4 and 5 the total current of both spin
channels must be zero for x = ±∞, which leads to

4 : µ̄↑(↓) = H ± 2N

σs

exp(x/λs) (2.15)

5 : µ̄↑(↓) = O ± 2R

σs

exp(−x/λs). (2.16)

The five equations for the electrochemical potentials can be solved with boundary
conditions analogously obtained as for the vertical structure (equations 2.11 and
2.13). Additionally, continuity is assumed of spin-up and -down electrochemical
potentials and continuity of spin-up and -down currents between the two semi-
conductor regions at the injection and the detection point. The same general
formula holds for the lateral local measurement geometry, with the exception
that Q±

3(4) is now defined as:
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 . (2.17)

For the vertical as well as the lateral geometry, the spin flip length in low-polarized
ferromagnetic metals and in absence of electric fields, is several orders of magni-
tude smaller than in a nonmagnetic semiconductor. Additionally, for both spin
states the characteristic electrode resistance is much smaller than the interface
resistances. Therefore, we neglect the dependence of the bulk ferromagnet prop-
erties on the magnetoresistance (R1,2=0) and the magnetoresistance becomes
independent of the bulk spin polarizations in the ferromagnetic electrodes P1 and
P2. The spin polarization depends, among other things, on material combina-
tions and applied bias. In the following analysis polarization at the interface P0

will be fixed to 0.4, a conservative estimation of the injection systems for low
bias: P0 = 0.4 for Co/AlOx [43], P0 = 0.57 for CoFe/MgO [8], and P0 = 0.85
for GaMnAs/GaAs [44]. In the next subsections, we will use equations 2.14 and
2.17 to calculate the dependence of the magnetoresistance on the interface barrier
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Chapter 2. Enhanced electrical spin injection and detection

resistances, the applied electric field and the spin diffusion length for the vertical
and lateral geometry, as well as for a newly proposed geometry with additional
electric biasing of the semiconductor branches (see paragraph 2.3.3).

2.3.1 MR of a vertical measurement geometry

In figure 2.4, the magnetoresistance is calculated for different values of the electric
field, expressed by the parameter M (0, 40 and 100) (see definition in equation
2.7), as a function of the ratio between the interface barrier resistance and the
resistance of the semiconductor, with K3 = λ/L = 5. The figure is divided
in three columns, showing the results for the vertical measurement geometry
(column A), the lateral local measurement geometry (column B) and the newly
proposed measurement geometry for which the semiconductor side branches are
biased (column C) (see paragraph ’Biasing the semiconductor side branches’).
For the vertical geometry discussed here, the magnetoresistance is calculated
with equation 2.14, where M3 is defined as M . The results of column B and C
will be discussed in section B and C.

If we focus on figure 2.4A for M = 0, a maximum in the magnetoresistance
occurs for Rib1/Rsc=Rib2/Rsc ≈6.5. Note that this value heavily depends on the
chosen parameters, such as P0 and λ/L. Contours mark the different regions
for which the magnetoresistance is higher than 10%, 5%, 1% and 0.1%. The
magnetoresistance is proportional to the spin splitting (µ↑ − µ↓) in the middle
of the channel in the antiparallel configuration divided by the total voltage drop
over the device [13]. For small Rib/Rsc, the discontinuities in the electrochemical
potential introduced by the interface resistances are too small to generate a high
enough spin splitting in the semiconductor (in comparison with the splitting in
the ferromagnet). As a result, the current will not be spin polarized and a low
magnetoresistance is expected. This phenomenon is known as the impedance
mismatch. In the region near the maximum magnetoresistance, the predominant
contribution to the variation of electrochemical potential comes from the potential
drops at the interface. In the antiparallel configuration, this gives rise to a spin
splitting which is hardly affected by the spin flips in the semiconductor since the
number of spin flips is much too small in comparison with the total amount of
carriers. For high values of Rib/Rsc for the high λ/L regime, the spin splitting
saturates. However, the voltage drop over the device increases, due to higher
interface barrier resistances, and the magnetoresistance drops down to zero.

Applying an electric field can enhance spin diffusion dramatically [35]. In
the bottom two graphs of column A in figure 2.4, we show the influence of the
electric field. Contourplots of the dependence of the magnetoresistance on both
barrier resistances are shown for M = 40 and M = 100. Already for small
fields, the range of Rib1 and Rib2 that results in a magnetoresistance above the
detection limit, typically 1%, considerably increases. As long as the resistance of
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Figure 2.4: Contour plots of the magnetoresistance versus the injecting and detect-
ing interface barrier resistances in units of the semiconductor resistance, Rib1/Rsc and
Rib2/Rsc. The magnetoresistance (Rap-Rp)/R0 is calculated for fm/ib/sc/ib/fm struc-
tures in the vertical (column A) geometry, the lateral layout (column B), and the
lateral geometry with biased semiconductor side branches (column C). For each geom-
etry, three different electrical field parameters have been used, M = 0, 40, 100. In these
calculations, we take P0=0.4 and λ/L=5.
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Chapter 2. Enhanced electrical spin injection and detection

Figure 2.5: Calculation of the optimized magnetoresistance for different electric fields
(represented by M) as a function of the injection and detection interface barrier resis-
tances in units of the semiconductor resistance, for a vertical measurement geometry,
where P0=0.4 and λ/L=5.

the detection tunnel barrier is larger than the resistance of the injection tunnel
barrier, the magnetoresistance increases monotonically with increasing M . As the
electrical field is increased, the upstream and downstream spin diffusion lengths
start to differ. Electrons follow a drift motion in addition to a random diffusive
walk by which a higher spin accumulation is preserved over a longer distance,
resulting in a higher magnetoresistance. Moreover, it can be seen in the figure
that the measurement geometry is no longer symmetric upon interchanging the
injection and detection resistances. This shift of the optimum magnetoresistance
will be explained in next paragraph.

For the vertical measurement geometry, we calculated for each value of the
electric field the interface barrier resistances for which the magnetoresistance is
maximum (see figure 2.5). For a small electric field, the device is symmetric and
the injection and detection sides can be interchanged. Therefore, the maximum
magnetoresistance corresponds to Rib1 = Rib2. As the electrical field increases,
the absolute value of the optimum injection barrier resistance (Rtb1) increases, and
the absolute value of the optimum detection barrier resistance (Rib2) decreases.
This is a consequence of the fact that the upstream and downstream spin diffusion
lengths start to differ (λu < λ < λd). As the injection barrier should match the
downstream spin diffusion (Rib1 ∼1/λd) and the detector barrier the upstream
diffusion (Rib2 ∼1/λu), optimum barrier values start to diverge.
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Figure 2.6: Magnetoresistance as a function of the ratio between the spin diffusion
length λ and length of the semiconductor channel L for a vertical measurement geom-
etry, and for different values of M , where P0=0.4 and Rib1/Rsc = Rib2/Rsc = 2.

In figure 2.6, the magnetoresistance is plotted as a function of the ratio be-
tween the spin flip length and the channel length for a set of parameters close to
the optimum ratio (Rib1/Rsc = Rib2/Rsc = 2) and different values of the electric
field. In absence of an applied voltage (M = 0), we observe that as λ/L increases,
the magnetoresistance increases monotonically. This is consistent with the fact
that the probability of spin flip inside the semiconductor channel decreases with
increasing ratio λ/L. For low ratios of λ/L the magnetoresistance approaches
zero, due to the lack of spin splitting. The upper limit λ/L →∞ corresponds to
P 2

0 /(1− P 2
0 ), half the magnetoresistance in the Julliere formula that would have

been measured in a single tunneling experiment between two ferromagnets. More
interesting is that if an electric field is applied, the diffusion length splits up in
the up- and downstream diffusion lengths. This is only effective if the diffusion
length is smaller than the semiconductor channel length and thus the magne-
toresistances increases rapidly for values of λ/L < 1. This offers the prospect of
still a detectable spin splitting at larger separation of the injection and detection
barriers or for smaller spin diffusion lengths. For instance, the magnetoresistance
is still larger than 1% for λ/L ≈ 0.01 for M = 100. The non physical maximum
around λ ≈ L and the reduction of the magnetoresistance towards the asymptote
can be attributed to the inclusion of the spin diffusion length in M (see equation
2.7).

28



Chapter 2. Enhanced electrical spin injection and detection

2.3.2 MR of a lateral measurement geometry

For a lateral measurement geometry, the magnetoresistance dependence on Rib/Rsc

is calculated with equation 2.17 and the results are shown figure 2.4B, where M3

is defined as M , and where M4 and M5 are set to zero. A horizontal compari-
son can be made between the vertical and lateral local measurement geometry
for M = 0, 40 and 100. First let us investigate the dependence of the mag-
netoresistance at low bias (M = 0). We observe that the magnetoresistance is
for every combination of interface barrier resistances smaller than for the ver-
tical geometry. The optimum value is obtained now for Rib1(2)/Rsc ≈ 2.1 and
thus shifted towards lower values of Rib/Rsc as compared to the vertical devices
(Rib1(2)/Rsc ≈ 6.5). Again, this numerical value heavily depends on the chosen
parameters. The shift to lower Rib1(2)/Rsc is consistent with the fact that the
total loss of spin information in the semiconductor is higher due to extra spin
loss in the two semiconductor branches. This leads to a stronger coupling be-
tween the two channels, i.e. a higher equivalent spin flip conductance connecting
the channels. As the maximum magnetoresistance is obtained when the barrier
resistance matches the spin flip resistance, it is expected to be located at lower
Rib1(2)/Rsc ratio.

The contourplots for M = 40 and M = 100 in column B of figure 2.4 show
the influence of the electric field for the lateral measurement geometry. If we
consider for M = 40 for instance the 1% contour, the range of Rib1 and Rib2

considerably increases compared to the M = 0 graph. However for M = 100, we
observe that the magnetoresistance for certain interface barriers hardly changes.
Together with the electric field in the semiconductor channel, the electric fields in
the semiconductor side branches increases. The spin flip starts to be dominated
by diffusion processes in these branches and the magnetoresistance saturates.
Similar to the zero field case, the magnetoresistance for lateral will always be
lower than for vertical structures.

Analogously as for the vertical geometry, the optimum interface barrier resis-
tance are calculated for different values of the electric field (see figure 2.7). The
optimum injection barrier resistance (Rib1) increases and the optimum detection
barrier resistance (Rib2) decrease for increasing electric fields up to M = 20. For
larger electric fields, where M > 20, the optimum injection (detection) barrier
resistance slowly drops towards the asymptotic value 2.4 (0.4). This value heavily
depends on the chosen parameters (P0 = 0.4, λ/L = 5). The optimum barrier
resistance of the detector drops in the high-field regime because the influence
on spin transport in the semiconductor is localized within the up-stream length
λu of the tunnel barrier. λu decreases with increasing field and becomes much
shorter than L. Matching of both resistances according to Rib1Rib2/R

2
sc ≈ 1 as

shown in figure 2.4 leads to a maximum in Rib1/Rsc. When the optimum injector
barrier resistance no longer increases, the benefits of extra injection are balanced
by the drawbacks of less detection, and therefore a maximum is found. Finally,
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Figure 2.7: Calculation of the optimized magnetoresistance for different electric fields
(represented by M) as a function of the injection and detection interface barrier resis-
tances in units of the semiconductor resistance, for a lateral measurement geometry,
where P0=0.4 and λ/L=5.

when the spin-down length reaches the same value of the semiconductor channel
length, further rise of M hardly affects the magnetoresistance and the optimum
resistances no longer change.

Figure 2.8 shows the dependence of the magnetoresistance on the ratio be-
tween the spin flip length and the channel length, for Rib1 = Rib2 = 2Rsc (close to
the optimum ratio), and for different electric fields. Analogously to the vertical
geometry (see figure 2.6), we observe that as the λ/L ratio is increased, the mag-
netoresistance increases. However, an applied electric field yields only a minimal
increase in magnetoresistance for the lateral geometry. The advantage of a higher
drift velocity in between the electrodes (i.e. leading to higher magnetoresistance)
is cancelled by a proportional increase of the drift velocity towards the outer
ends of the semiconductor side branches (regions 4 and 5). More spin flip events
in these regions reduce the existing spin accumulation in the semiconductor by
which eventually the magnetoresistance saturates upon an increase of the electric
field. In the next section, we will suggest a new measurement geometry which
solves the fundamental problem of spin loss in the semiconductor side branches.

2.3.3 Biasing the semiconductor side branches

In this section, we will discuss an improved layout to circumvent the extra spin
flips in the semiconductor side branches. The much lower magnetoresistance
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Figure 2.8: Expected magnetoresistance as a function of the ratio between the spin
diffusion length λ and semiconductor channel length L for a lateral local measurement
geometry, and for different values of M , where P0=0.4 and Rib1/Rsc = Rib2/Rsc = 2.

value obtained in the lateral geometry compared to the vertical geometry origi-
nates from the extra spin flip processes in the two semiconductor side branches
(region 4 and 5 in figure 2.2a). Moreover, the magnetoresistance improvements
induced by the electric field are quenched in the lateral geometry due to in-
wardly pointed electric fields in the two side branches. Here we will show that
the magnetoresistance can be improved if we apply an extra dc bias voltage to
the detector electrode, with respect to the two side branches (see figure 2.9).
The spin-dependent signal can be distinguished from the extra dc bias voltage by
measuring in the ac mode. The electric field produced by this applied ac current,
has to be much smaller than the dc bias voltage. The dc electric field is assumed
to be constant in the semiconductor, pointing outwards in both semiconductor
branches and directed towards the detector electrode in the semiconductor trans-
port channel (region 3). Large spin currents in the semiconductor side branches,
which result in a large amount of spin flips, are now avoided, because drift in
those regions will be minimal due to an opposite electric field. Therefore, rela-
tively large detection spin currents and small spin currents in the semiconduc-
tor side branches will enhance the magnetoresistance. The given situation can
be approximated if we substitute λu for λ in equation 2.17, which is equal to
M = M3 = −M4 = −M5 (M originates from the dc electric field). Analogously
to the calculations for the lateral geometry the electrode resistances are assumed
to be orders of magnitude smaller than the barrier resistances. Therefore, the R1
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Figure 2.9: Cross section of the lateral spin valve device in the ac measurement geom-
etry with an extra dc bias voltage between the detector ferromagnet (that is current
injection contact) and the two semiconductor branches. A spin polarized current is in-
jected from region 1 into region 3 and detected at region 2. The electric field is assumed
to be constant in the semiconductor, but the direction in the left semiconductor side
branch is opposite to the direction in the right branch and the semiconductor channel.

and R2 are set equal to zero and the magnetoresistance corresponds to
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)
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0

(1− P 2
0 )2
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Rib1
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0 )K3

(−M) + 1

]
. (2.18)

In column C of figure 2.4, the effect of tuning the electric field in the side
branches on the magnetoresistance is shown for a broad range of injector and
detector barrier resistances. Obviously, for zero bias (M = 0), the result for this
new measurement geometry is identical to the lateral geometry. The expected
magnetoresistance for the biased measurement geometry is already substantially
improved for low electric fields. In comparison with the graphs of column B (M =
40 and M = 100), the matching regime is considerably broadened, confirming
the robustness of the measurement geometry (e.g. consider the 5% contours of
the graphs for M = 40 in columns B and C in figure 2.4). This can be an
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important step in realization of lateral semiconductor devices. For high fields
(M >40), the contour plots of the magnetoresistance will become identical to the
vertical measurement geometry. The opposite electric fields in the semiconductor
branches are so strong that any spin current is absent and the spin current-
layout of the vertical device is recovered. For M → ∞, and λ/L → ∞ the
magnetoresistance is just limited to the maximum obtained for vertical devices,
i.e.: (

Rap −Rp

R0

)

bias,max

=
2P 2

0

1− P 2
0

Rib1

Rsc + Rib1 + Rib2

, (2.19)

which is the Julliere expression times a scaling factor, the ratio of the injection
tunnel barrier over the total resistance [45]. As explained in section A, the injec-
tion barrier resistance should match the downstream spin diffusion length, which
is much shorter than the semiconductor channel length and is thus the critical
parameter in equation 2.19.

To illustrate that the magnetoresistance increases already for low electric
fields, we plotted the magnetoresistance as a function of M for P0=0.4, λ/L=5
and Rib1/Rsc = Rib2/Rsc = 2 together with the vertical and lateral local geometry
(see figure 2.10). Already for M ≈ 10, the magnetoresistance is almost equal to
the values calculated for a vertical geometry. In this situation, only a few percent
of the increase in magnetoresistance between the biased and non-biased geometry
can be attributed to the regular electric field dependent splitting of the diffusion
lengths in the semiconductor channel. Again, for higher fields, the magnetoresis-
tance converges to the vertical geometry and approaches the maximum described
by equation 2.19. For realistic devices, e.g. a semiconductor length of 1µm and
bias voltages of less than 3 mV, M is larger than 40 for all temperatures, and
the magnetoresistance is already within 5% of magnetoresistance calculated for
vertical structures (Rib1/Rsc = Rib2/Rsc = 2 and λ/L = 5).

Exploration of spin transport in materials with higher spin scattering prob-
ability (small spin diffusion length) or the development to longer spin channels
(high L) is desired for the development of new spintronic components. In figure
2.11, we plotted the magnetoresistance as function of the ratio of the spin diffu-
sion length and the semiconductor channel length. In absence of a bias, the curve
is identical to the M = 0 curve of the lateral measurement geometry in figure 2.8.
If the semiconductor side branches are biased with an extra dc electrical field,
the magnetoresistance is approaching values obtained for the vertical device as
shown in figure 2.6. From estimations based on figure 2.11, with a semiconductor
channel length of 100 nm, a biased electric field of a few mV per 10 nm, M can
become as large as (1 · 109 m−1 × λ), with λ in m for temperatures of 3 K. For
spin diffusion lengths of the order of the mean free path, for which equations 2.14
and 2.17 are justified [14], a detectable magnetoresistance of at least 1% should
be observed, which is very promising for experimental devices. For devices oper-
ating at room temperature, M has a maximum value of (4 · 107 m−1 × λ), and
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Figure 2.10: Dependence of magnetoresistance on the applied electrical field parame-
ter (M), in a lateral measurement geometry with biased semiconductor side branches,
where P0=0.4, λ/L=5 and Rib1/Rsc = Rib2/Rsc = 2.

the minimum spin diffusion length for observing magnetoresistance can still be
as short as 50 nm.

Although there has been significant progress in recent years in achieving effi-
cient electrical semiconductor spin-valves, up to now different experiments show
only marginal effects. Koo et al. [46] demonstrated full electrical spin injec-
tion and detection in InAs quantum wells with an observed magnetoresistance
as small as 0.029%. Saha et al. [32] reported magnetoresistance of epitaxially
grown MnAs/GaAs lateral spin valves of 3.6%, which is according to the authors
much higher as predicted on the basis of only diffusive transport and using a
conservative value for the spin polarization. Consistent with our calculations,
they measure a decreasing magnetoresistance with the channel length. The mag-
netoresistance increases with current, which may be similar to what is shown in
figure 2.8 for electric fields equivalent to their device operation. However, the
increase of magnetoresistance can also be explained by an enhancement of spin
injection efficiency due to narrower depletion widths. Spin-valve magnetoresis-
tance effects of 0.001% have been measured in lateral ferromagnet-semiconductor
devices by Lou et al. [11]. They irrefutably proved of electrical detection of spin
transport by using the Hanle effect to suppress the non-local signal and by simul-
taneously optically investigation of spin accumulation in the channel via the Kerr
effect. Their measured effect is, however, significantly lower than our optimized
predictions in this chapter.

Substantial differences between our calculations and experiments might be
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Figure 2.11: Expected magnetoresistance as a function of the ratio between the
spin diffusion and semiconductor channel length for a lateral measurement geometry
with biased semiconductor side branches (different values of M), where P0=0.4 and
Rib1/Rsc = Rib2/Rsc = 2.

the result of the use of non-optimized parameters in these experiments (channel
length, spin diffusion length, bias voltage, and interface and channel resistances).
Additionally, we like to mention that the non-local magnetoresistance, as com-
monly exploited, is half the magnetoresistance predicted in the local geometry
[41]. Further reductions to lower magnetoresistance can be justified, because
our quasi two-dimensional solutions do not include current spreading nor cur-
rent crowding, and assume perpendicular injection and detection at only a single
point [34]. Insertion of highly doped layers to locally suppress the width of the
Schottky barrier influences the carrier concentration, and can partially lead to
depolarization of the carriers along the current path. Carriers extracted from
above the Fermi level will be subject to small negative built-in electric-fields.
The spin accumulation, and thereby the magnetoresistance, reduces when the
negative electric field extends over a distance comparable to the spin diffusion
length. Finally, impurities at the interfaces or Rashba effects in the semiconduc-
tor interface regions, where an electric field perpendicular to the current transport
can be present, possibly introduce additional spin flips channels. However, the
relation between these scattering effects that govern the mobility and the spin
relaxation mechanisms may be quite subtle.
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2.4 Conclusions and outlook

From the Poisson and diffusion equation, a general drift-diffusion equation was
derived by Yu and Flatté [35], valid for metals and semiconductors. For a vertical
device, a lateral device and a lateral with biased semiconductor side branches,
we have given an analytical expression for the magnetoresistance. Subsequently,
for these geometries the role of the elementary transport parameters (resistance,
spin diffusion length and electric field) on the magnetoresistance is examined. If
the electric field (applied bias voltage) exceeds a certain critical value in semi-
conductors, there will be two distinct spin diffusion lengths, i.e. an up-stream
and down-stream spin diffusion length. This effect causes an electronic spin drift
and thereby enhances the magnetoresistance, like for instance Józsa et al. have
demonstrated in graphene field-effect transistors [47]. Via an extra bias voltage,
electric fields can be created in the semiconductor side branches such that the
magnetoresistance closely approaches values of vertical devices. This improve-
ment of spin transport could be used to measure devices with longer channel
lengths or smaller spin flip lengths due to, e.g., higher temperatures or different
materials for spin transport. However, a drawback of this measurement geometry
is that charge and spin currents are not separated. This can give raise a volt-
age drop not only caused by spin accumulation. The results of this chapter will
mainly serve as design requirements within our experimental analysis in chapter
3.
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Chapter 3

Towards all-electrical spin
injection and detection in GaAs

Abstract: We discuss our approach to realizing all-electrical spin injection and
detection in GaAs via ferromagnetic metals and oxide tunnel barriers. A critical
requirement is suppression of the formed Schottky barrier, which causes con-
ductivity mismatch and prevents detection in reverse bias. However, initial I-V
measurements of engineered GaAs/AlOx/CoFe tunnel contacts still show too high
resistance area products in comparison to the semiconductor conductance, due
to a large Schottky barrier contribution. To this end, optimized doping levels
of the tunnel contacts and semiconductor spin transport region are calculated.
Secondly, control over the magnetic properties of injector and detector electrode
is established by designing both electrodes to have different switching fields, due
to different widths. 1

1published as Towards all-electrical spin injection and detection in GaAs by J.J.H.M.
Schoonus, O. Kurnosikov, H.J.M. Swagten, B. Koopmans, F. Karouta, W. Van Roy, and G.
Borghs in Phys. Stat. Sol. (c) 3, 4176 (2006).
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3.1 Introduction

The research to exploit the spin degree of freedom in semiconductors has gained
a lot of momentum recently [1], fuelled by potential applications in the field
of quantum computation, and memory and logic devices. Nearly all success-
ful demonstrations so far are based on the III-V semiconductor GaAs, where
the direct bandgap allows direct optical experiments. After understanding the
importance of matching the semiconductor impedance with the spin dependent
impedance [2], efficient electrical injection of spin polarized currents has been
proven [3]. Although Mattana et al. [4] succeeded in an all-electrical hole-only
device, mainly design studies of the tunnel contacts and the transport region
are published for a fully electrical electron-based semiconductor device [5, 6]. In
this chapter, we discuss our approach to realizing all-electrical spin injection and
detection in GaAs. After introduction of the device principle and requirements,
we will give a more elaborate characterization of two of the requirements: tun-
nel contacts for efficient spin injection and detection, and the control over the
magnetic properties of the electrodes.

3.2 Device principle and requirements

The device we envision (see figure 3.1), consists of a lateral geometry, with two
ferromagnetic electrodes acting as spin injection and detection electrodes, crossing
a n-doped epitaxial grown GaAs channel. AlOx tunnel barriers, chemically stable
on GaAs, are used in order to overcome the impedance mismatch. The channel is
defined by an opening in a thick insulating SiO2 layer. The CoFe electrodes are
deposited in a last lithographic step. Because of the different processing methods,
special care has to be taken to prepare clean interfaces.

A first requirement is that the spin information has to be preserved over the
channel length, which means that the total transit time for an electron has to
be smaller than the spin life time in GaAs. The longest spin diffusion length is
expected at 5 K for a Si doping level around 1016− 1017 cm−3 in the active layer
[7].

Another critical requirement is impedance matching between the tunnel barri-
ers and the semiconductor channel [2], by either varying the channel depth of the
n-doped active layer, or by varying the thickness and area of the tunnel barrier.
For functioning of the device, a good spin injection and detection efficiency in
a wide range of bias voltages is necessary. However, in an oxide/GaAs contact,
the Fermi level is, due to free surface states, pinned about 0.8 eV beneath the
conduction band of GaAs, resulting in a Schottky barrier. In order to detect elec-
trons, a large external bias is needed to supply the necessary voltage drop over the
barrier. However, at the injection electrode, the combined tunnel and Schottky
barrier operates in reverse bias, which prevents electrons from tunnelling into the
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Chapter 3. Towards all electrical spin injection and detection

Figure 3.1: 3D schematics of the device design, with a cross section taken at the
transport channel. Dimensions are not drawn to scale.

GaAs within their spin life times. For direct tunnelling at low bias, it is crucial
to suppress this Schottky barrier formation with a high doping in the depletion
region. This issue will be investigated in more detail in paragraph 3.3.

A third requirement is control over the relative alignment of the magnetiza-
tion of the two ferromagnetic electrodes. This is obtained by having two differ-
ent electrodes widths, leading to different coercive fields due to different shape
anisotropies, as will be discussed in paragraph 3.4.

3.3 Characterization of tunnel contacts

Devices for characterization of the tunnel contact were fabricated as follows. We
started with an intrinsic GaAs wafer, on which the following layers were grown
by MBE (at IMEC): an undoped GaAs buffer, 100 nm intrinsic Al0.3Ga0.7As for
electrical confinement, 100 nm 1 × 1017 cm−3 Si doped GaAs. Based on the
Poisson equation, a Si delta-doping of 3 × 1013 cm−2 inserted 3 nm underneath
the surface is calculated to obtain a depletion region as thin as possible, to allow
direct tunneling of the electrons. On the surface 1.2 nm Al was sputtered, and
subsequently oxidized. First, the mobility and effective carrier concentration in
the active GaAs layer were obtained via Van der Pauw and Hall measurements
on this blank millimeter-sized substrate. At 5 K, the layer showed a mobility
of 1090 cm2/Vs, and a carrier concentration of 1.05×1017 cm−3 assuming the
current goes mainly through the 100 nm n-GaAs. This is in agreement with the
design parameters.

In the next fabrication step, by making use of in-situ shadow masks, the SiO2

insulation layer, large Ta bonding pads and electrical contacts to the GaAs chan-
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Figure 3.2: Resistance area product measured as a function of the bias voltage of a
CoFe/AlOx/n++-GaAs/n-GaAs tunnel contact for 5 K, 150 K and 300 K.

nel were sputter deposited. Subsequently, a junction of 150×150 µm2 was defined
by a CoFe strip crossing the semiconductor channel. As shown in figure 3.2, the
resistance area product of a single CoFe/AlOx/GaAs interface is measured in a
four-terminal configuration as a function of the applied bias voltage for temper-
atures of 5 K, 150 K and 300 K. Asymmetric I-V curves and a large resistance
area product of 1 GΩµm2 at 200 mV indicates the Schottky barrier is not suf-
ficiently suppressed, since we aim at a resistance area product of 1-10 kΩµm2,
based on resistivity matching with the semiconductor resistance. Apparently, the
doping is too localized and for this relatively high concentration only part of the
silicon might be active or silicon even acts as an acceptor [8]. As explained in
chapter 2, on increasing the interface barrier resistance, the increase of the spin
splitting saturates. However, the voltage drop over the device still increases and
the magnetoresistance will fully quench. Therefore, two point local transport
measurements performed on devices with two CoFe electrodes of 500 nm and
1000 nm width crossing a 1000 nm long and a 100 mm wide GaAs channel in-
deed show no hysteretic magnetoresistance at 5 K for any bias voltage (i.e no spin
valve effect was observed insofar). For a four point non-local transport measure-
ment [9], the injection interface barrier resistance can be independently tuned
by the current injection to obtain maximum spin splitting in the semiconductor
channel (and maximum magnetoresistance). Theoretically, the detection inter-
face barrier resistance should not be bound to a maximum in order to obtain a
maximum magnetoresistance. Nevertheless, also for this measurement geometry
we have never measured a spin valve effect. Observed small symmetric magne-
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Figure 3.3: Band structure calculations for CoFe/AlOx/GaAs, without and with
optimized n++ doping (as indicated in the bottom).

toresistance < 1% could be possible explained by impurity scattering processes.
A more extensive study of the doping levels of the semiconductor spin transport
region are the key parameters towards realization of all-electrical devices. To this
end, the band structure of a metal/oxide/GaAs tunnel contact is self-consistently
simulated [10] to come to a new device proposal.

As shown in figure 3.3 by the dashed lines, the valence and conduction band
of a CoFe/AlOx/n-GaAs (100 nm, 5 × 1016 cm−3)/ AlGaAs (150 nm, undoped)
are simulated without a bias voltage. The depletion region in GaAs in contact
with the oxide extends over large distances (100 nm). The voltage drop is mainly
over the semiconductor and there will be a negligible current at reversed bias,
which excludes injection of a spin polarized current. The tunnel contact is op-
timized (solid lines) by inserting a doping of 8 nm n++=1.5 × 1019 cm−3 and
4 nm n++=7 × 1018 cm−3 in between the AlOx and the active n-GaAs layer (in
agreement with Van Dorpe et al. [6]). Due to this, a transparent Schottky barrier
and direct tunneling at low positive and negative bias (200 mV) is established.
Overcompensation is critical, because electrons will accumulate at the base of
the Schottky barrier. In the semiconductor spin-transport channel, the current
will flow through this highly doped region, which causes a non-optimal match-
ing and in addition a strong spin scattering (i.e. spin diffusion length ¿ GaAs
channel length). According to the theoretical modelling in chapter 2, no experi-
mental detectable spin valve effect is expected. A solution for an optimal current
distribution in the semiconductor is to partly remove the highly doped layer in
the spin transport channel, as suggested by Van Dorpe et al.. For CoFe/AlOx/n-
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Figure 3.4: Calculated electron concentration as function of the channel depth after
etching of the oxide layer plus an additional layer of x nm of the n++-GaAs.

GaAs/AlGas with optimized n++ doping, the electron concentration is calculated
as function of the transport channel depth for different etch depths (see figure
3.4). At least the AlOx and an additional layer of ≈1.5 nm of the n++-GaAs has
to be etched to ensure a current flow through low doped (< 1×1017 cm−3) GaAs.
However, if the etching process exceeds 2 nm, the active transport channel be-
comes already depleted. As a result, the carrier concentration over the complete
depth will be less than 1× 1016 cm−3, which quenches the spin diffusion length.
This highly precise etching process is in practise hardly attainable. A more ro-
bust design [6] should be obtained when a small over-etch is accompanied by
inserting a delta-doping layer a few nanometer underneath the n-GaAs/AlGaAs
interface. The current will flow homogeneously close to the n-GaAs/AlGaAs in-
terface, where a constant carrier concentration of 5 × 1016 cm−3 is maintained.
Additionally, Vanheertum et al. [11] pointed out that special care has to be
taken concerning the width of the contacts to avoid depolarization of the carriers
caused by parallel current flow in the highly doped region directly underneath
the electrode.

3.4 Switching fields of ferromagnetic electrodes

For successful functioning of a lateral semiconductor-based spin-valve structure,
control over the magnetic properties of injector and detector electrode is neces-
sary. By designing the electrodes to have different switching fields, their mag-
netization directions can have either a parallel or anti-parallel alignment con-
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(1)    H = +21.0mT

(2)    H = -16.4mT

(3)    H = -21.0mT

Figure 3.5: Room temperature MFM images of a pair of CoFe electrodes taken in
succession at different fields (widths are 1.3 µm and 0.8 µm and mutual distance is
0.4 µm).

figuration, depending on the applied magnetic field. The switching field can be
controlled via shape anisotropy. Electrodes of different width will therefore switch
their magnetization direction at different applied fields. Pairs of CoFe/Ta thin
film electrodes with aspect ratios of 20 and higher, widths varying in the range
of 500 nm up to 2 µm, and mutual distances in between 200 nm and 2 µm are
fabricated. These aspect ratios provide the favored remanent single-domain mag-
netization states along its easy axis [12], which is verified with a magnetic force
microscope (MFM) [13], and thereby provide a maximum spin-polarized injection
current.

In figure 3.5, MFM images of a pair of electrodes, taken in succession at dif-
ferent fields, are shown. All measurements are done in remanence, and fields are
only applied when the tip was kept away. At large positive fields, corresponding
to situation 1, the magnetization of the electrodes are saturated, and the high
black and white contrast at the ends indicate the magnetic state. This situation
will be maintained until a field in the direction opposite to the magnetization,
larger than the coercive field of the wide electrode (12.7 mT) is applied and the
magnetization of the top electrode switches to situation 2. For larger negative
fields (>20.1 mT) the bottom, smaller electrode also switches and situation 3 is
obtained. In an iterative way, where after each step again a large positive field
is applied, we have measured the switching magnetic fields dependent upon the
width of the electrodes to a precision of ±0.1 mT as shown in figure 6 for the as
deposited electrode. After extensive cleaning of the electrodes sequentially with
acetone and alcohol in an ultrasonic bath, the switching fields seem to increase.
Probably due to the formation of oxides, the effective width and thickness has
become smaller. As to the mechanism of magnetization reversal, at the end of a
wide electrode a domain wall is easily formed and is dragged through the elec-
trode, resulting in low switching fields. For decreasing electrode width, shape
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Figure 3.6: Room temperature switch fields as function of the width of the CoFe strip
for as deposited and after acetone cleaning. The curves represent a fit to the eye.

anisotropy becomes dominating and the switching field increases rapidly, as seen
in figure 3.6.

3.5 Conclusions and outlook

I−V measurements of highly doped CoFe/AlOx/GaAs tunnel contacts show high
resistance area products, implying a large Schottky contribution and thereby no
hysteretic magnetoresistance is observed. As an outlook to suppress the large
Schottky contribution, the band structure is simulated to find the specific doping
levels. Thereby we ensure a transparent Schottky contact, direct tunneling at low
positive and negative bias, and an optimal doping in the spin transport channel
(experimentally not implemented). Control over the relative alignment of the
magnetization of the two ferromagnetic electrodes can be obtained by choosing
two different electrode widths, leading to different coercive fields due to different
shape anisotropies. Micromagnetic simulations could be performed to further
quantify the experimentally observed switching fields.

One of the key elements in successful electrical operation of lateral spin-
transport devices is probably direct optical imaging of spin accumulation with
time-resolved magnetization modulation spectroscopy [14]. Thereby, the emis-
sion of spins from the ferromagnetic source can be checked as well as a region of
spin accumulation should be imaged near the ferromagnetic drain contact [15].
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Chapter 4

Two-step tunneling in Alq3-based
organic spin-valves

Abstract: Spin transport through a hybrid Al2O3(1.5 nm)/Alq3 barrier has
been studied as a function of the thickness of the organic (0-6 nm) layer at room
temperature. From the current-voltage behavior we conclude that for hybrid bar-
riers with more than 2 nm Alq3, transport by multiple step tunneling dominates
over transport by direct tunneling. Because of weak spin-orbit interaction at the
intermediate molecular site and a possible low hopping rate, spin should be sen-
sitive to small local fields, for instance hyperfine fields. We suggest that in the
regime of multiple step tunneling, hyperfine coupling could be a relevant source
of spin randomization and could modify the characteristic hysteretic magnetore-
sistance by a symmetric contribution. A possible fingerprint is indeed observed
in our experiment. 1

1in preparation by J.J.H.M. Schoonus, P.G.E. Lumens, W. Wagemans, J.T. Kohlhepp
H.J.M. Swagten, and B. Koopmans
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4.1 Introduction

Organic semiconductors hold exceptional promise for applications, by virtue of
ease of processing and chemical tunability, which has resulted for example in
low cost, flexible organic light-emitting diodes and field-effect transistors. Cur-
rently, these synthetic organic materials are exploited due to their tunability of
the charge-carrier transport properties. But weak spin-orbit interactions promise
also long spin coherence times, revealing new challenging physics and offering ex-
citing opportunities for spin-based organic electronics [1]. Spin-polarized electron
tunneling has been observed through an ultrathin (1-4 nm) Alq3 layer [2]. Be-
yond the tunneling regime, Xiong et al. have reported electrical spin transport in
LSMO/Alq3/Co, and estimated a spin diffusion length of 45 nm at 4 K, reducing
to zero around 220 K [3]. Longer spin diffusion lengths are potentially reached in
high mobility single-crystalline organic semiconductors. Although, planar-type
spin valves are being investigated to exclude widely debated issues of transport
via interdiffused clusters [4, 5], there is still a lack of consensus about the role of
defect states [6], and little is known about the spin relaxation mechanisms.

In organic semiconductors, composed of atoms with low nuclear charges, the
spin relaxation due to spin-orbit interaction is small. In spite of this, if the
time in between two successive hops is long (often >10 ns [7]), the electron spin
on a localized molecular site can become particulary sensitive to the randomly
orientated local hyperfine fields produced by the hydrogen nuclei [8]. Observa-
tion, as well as a comprehensive explanation, of spin transport via one or more
controlled intermediate hops in an organic semiconductor will be an important
progress towards the description of spin transport and spin relaxation in organic
semiconductors.

In this chapter, we discuss on the basis of CoFeB/ Al2O3/ Alq3/ Co spin-
valves how hyperfine fields can influence the spin injection and spin transport in
organic semiconductors, and thereby could have a serious impact on the design
of new organic spintronics devices. By varying the Alq3 thickness, for the first
time a robust magnetoresistance has been measured in the transition regime
between direct tunneling and tunneling via one or more localized molecular states
and/or structural defects. This is evidenced by a modification of the hysteretic
magnetoresistance, which shows similarities with a simple spin dephasing model
due to hyperfine fields in the organic semiconductor.

4.2 Theoretical models

To study the effect of the coupling of the electron spin to the hyperfine fields in
an organic semiconductor, we choose for an ultrathin Alq3 barrier sandwiched
between a spin injecting and a spin detecting ferromagnetic electrode. By only
varying one parameter, namely the thickness of the Alq3 layer, the carrier trans-
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Figure 4.1: (a) Schematic illustration of the band diagram of a CoFeB/ Al2O3/
Alq3/ Co spin-valve showing the current via direct tunneling Idirect, the current via
one intermediate hop Iindirect and some parameters used in the model (see text). (b)
A representative calculation of the inverse current as a function of the Alq3 thickness.
The three inset cartoons show the different carrier transport regimes.

port will change from direct tunneling (no hyperfine coupling) to tunneling via
one ore more intermediate hops in the organic semiconductor (hyperfine coupling
present). A first demand is that we can distinguish between the direct tunneling
and the multiple step tunneling regime. The choice for Al2O3 in between CoFeB
bottom electrode and the Alq3 layer is motivated by an enhanced homogeneous
growth of the organic semiconductor and improved spin injection/detection ef-
ficiency. Most importantly, as we will see, the Al2O3 is chosen relatively thick
(1.5 nm) in contrast to other papers [2, 9] concerning spin polarized tunneling in
organic semiconductors in order to identify multiple step tunneling already for
ultrathin organic layers.

Here, we discuss the different transport regimes for CoFeB/ Al2O3(1.5 nm)/
Alq3(0-6 nm)/ Co spin-valves (see figure 4.1a), to indicate the onset of the multi-
ple step tunneling regime in the experimental data (shown in paragraph 4.5). The
one-step (direct) tunneling current is proportional to the product of the trans-
missions through the Al2O3 and the Alq3 barrier: Idirect ∼ exp[−(κAl2O3dAl2O3 +
κAlq3dAlq3)]. dAl2O3 and dAlq3 are the thicknesses of the barriers, with κAl2O3 and
κAlq3 their extinctions of the wavefunctions. The two step tunnel current Iindirect

is equal to the currents of the two tunnel steps I01 and I12, which are defined to
be proportional to:

I01 ∼ e−(κAl2O3dAl2O3+κAlq3d1) (f(EF )(1− n)− (1− f(EF ))n)

I12 ∼ e−(κAlq3dAlq3−κAlq3d1) ((1− f(EF + eV ))n− f(EF + eV )(1− n)) .(4.1)

f(E) is the Fermi-Dirac distribution at energy E, EF is the Fermi energy, e is the
electron charge, n is the molecular site occupation, d1 is the distance between the
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Al2O3/Alq3 interface and the intermediate hop, and V the bias voltage, which
is assumed to be small compared to kT since our aim is to solve the low bias,
ohmic regime. From current conservation between the currents of the two tunnel
steps: I01 = I12, the molecular site occupation n can be calculated for each d1,
from which Iindirect(d1) directly follows.

The total current for a system with a homogeneous distribution of molecular
states/impurities around EF throughout Alq3 with density N , is proportional
to a weighted superposition of the direct tunneling and the indirect tunneling
current:

I ∼ (1−NdAlq3)Idirect + N

∫ dAlq3

0

Iindirect(d1)dd1. (4.2)

The contribution of the two step tunnel current is an integral over all possible
positions for the intermediate hop in the Alq3. Equation 4.2 for the current can
be solved analytically, and in figure 4.1b, log[1/I] (∼ log[spin-valve resistance])
is calculated as function of the Alq3 thickness. Three regimes depending on the
Alq3 thickness can be distinguished.

1. For low Alq3 thicknesses, there is direct tunneling through the hybrid bar-
rier and the resistance will increase exponentially as function of the Alq3

thicknesses.

2. The intermediate regime is characterized by (i) two-steps tunneling domi-
nates over one-step tunneling, and (ii) the transmission through the Al2O3

barrier TAl2O3 is smaller than the transmission TAlq3 through the Alq3 bar-
rier with thickness dAlq3. The largest current would be obtained for an
intermediate site for which the transmissions through both tunnel barriers,
T01 and T12, are equal. Since this can not be the case, the largest cur-
rent contribution comes from tunneling via a state near the Al2O3/Alq3

interface, and the resistance will hardly change with the Alq3 thickness.
This intermediate regime is not always clearly present or observable, for
instance for thinner Al2O3 barriers [2] or a lower density of intermediate
hopping sites N .

3. For large Alq3 thickness, TAl2O3 > TAlq3, tunneling takes place via an inter-
mediate site in the Alq3 for which the transmissions through both tunnel
barriers, T01 and T12, are equal. The total resistance is a superposition of
the two equal tunnel resistances. Since, both tunnel resistances are propor-
tional to exp[(κAlq3dAlq3)/2], the total resistance will increase exponentially
with half the slope of the first regime.

We will come back to these results in the experimental session (see paragraph
4.4). Our conjecture is that hyperfine fields may only play a role in our devices in
case of multiple step tunneling. Based the introduced model, we are now able to
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distinguish the multiple step tunneling regime from the direct tunneling regime
in the resistance versus Alq3 thickness data (i.e. figure 4.4b in paragraph 4.4).

If the carrier transport is via multiple step tunneling, we derive here the
possible modification to the hysteretic magnetoresistance curve of the spin-valve
due to hyperfine coupling. We consider the situation that an electron, while
preserving its spin, is injected from a ferromagnetic electrode into Alq3 through
either an Al2O3 or an Alq3 barrier (see figure 4.2a). At low bias voltage a localized
site will be either a molecular Alq3 site with an energy in the tail of the gaussian
HOMO- or LUMO density of states distributions, or a defect state with an energy
around the quasi Fermi level. While occupying the site, the electron spin couples

to a randomly orientated total hyperfine field
−→
H hf of the local hydrogen nuclei.

This coupling occurs via the exchange interaction between the π-electrons of the
carbon atoms and the s-electrons of the hydrogen atoms and/or via a direct
dipole-dipole interaction between the hydrogen nuclear spins and the π-electron
spin [10]. Because the total nuclear spin of the molecule is much larger than
the electron spin [8], the hyperfine-induced precession of electron and nuclear
spin around each other leaves the nuclear spin approximately unaltered. This
leads us to treat the nuclear spins as classical vectors. The electron spin motion
can be described as a coherent precession around the vector sum of the total

hyperfine field and the external applied magnetic field
−→
H a,

−→
H tot. This precesses

at a frequency ωhf ≥ g e
2m

Hhf . Herein, the Landé-factor g ∼=2, m and e the
electron mass and charge respectively, and the hyperfine field is approximately
3 mT [7]. The tunnel rate ωtun can be estimated by 2πT/tat, with an attempt
time tat ≈ 1 fs and a transmission given by T ≈ exp(−2d

√
2mU/~), with d

and U the barrier thickness and height, respectively. The injection barrier height
of electrons in the LUMO is 0.9 eV (derived from UPS spectra, shown later).
Before the electron tunnels into the detecting ferromagnet, we can calculate that

the spin precesses many times around
−→
H tot (ωhf/ωtun À 1) for a thickness larger

than a critical Alq3 barrier of dc = 1.9 nm or larger than a critical Al2O3 barrier
of dc =1.5 nm.

Let us now estimate the conductance G as a function of the applied magnetic
field. We define χ

(0)
± as spinor states for majority spin and minority spin electrons

as defined with respect to the ferromagnetic electrodes, expressed in terms of spin-
up and down states for quantization axes along the total magnetic field, which
is canted at an angle θ with respect to the magnetization axis of the electrodes.

χ
(t)
± are the precessing states, starting with spin parallel to

−→
H a at t=0. The time

averaged projection operator M(θ), valid for many precessions on the molecular
site, becomes:

M(θ)±± =
2π

ωhf

∫ ωhf
2π

0

|χ(0)†
± σzχ

(t)
± |2dt, (4.3)

where σz is the Pauli spin matrix in the z direction which is along the direction
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Figure 4.2: (a) Principles of the interaction of a spin on a molecular state with
the hyperfine field and the external applied magnetic field. For the clearness of the
illustration, the Al2O3 and Alq3 barriers are not shown. (b) Schematic diagram of
modelled magnetoresistance for the (anti-)parallel magnetization alignment. Although,
in the left cartoon the electrons are depicted to be injected through the Al2O3 barrier,
similar results are expected for reversed bias voltage.

of the magnetization axis of the electrodes. For the ferromagnets, Pα = ((1 +
αp)/2, (1 − αp)/2 denotes the incoherent population between spin up and down
within a vector formalism, where p is the spin polarization (p=0.4 for Co), and
α = +1(−1) for parallel (anti-parallel) magnetization alignment. As a first order
approximation, the total conductance is proportional to transport between bands
of the same spin orientation in either electrode. Thereby, the diagonal (off-
diagonal) matrix elements of M represents the chance that within the organic
semiconductor a spin, sensing local hyperfine coupling, is found in the same
(opposite) orientation as injected. Averaged over all expected magnitudes and
all possible angles of the hyperfine field, we define the conductance as:

G(α,Ha) ∼
∫ ∞

0

∫ π

0

∫ π

−π

k(Hhf )P
†
1MPα sin(θHhf )dϕdθHhfdHhf , (4.4)

with k(Hhf ) a normalized three-dimensional Gaussian distribution for randomly
distributed hyperfine fields with an average of 3 mT.

Figure 4.2b sketches (dashed curves) the resistance (∼ 1/G) deduced from
equation 4.4 as a function of the applied magnetic field for parallel and anti-
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Chapter 4. Two-step tunneling in Alq3-based organic spin-valves

parallel magnetization alignments of the electrodes. Both curves can be inter-
preted by characterizing the limits that at a localized site either the applied
magnetic field (Ha À Hhf ) or the sum of the hyperfine fields (Ha ¿ Hhf ) dom-
inates. In the first case, i.e. large applied magnetic fields, spins preserve their
alignment with the external magnetic field, and spin polarization is maintained
in the organic semiconductor. The resistance difference between parallel and
anti-parallel alignment is expected to be similar to the case of direct tunneling
through a hybrid barrier. On the other hand at low external magnetic fields,
each spin at a molecular site precesses around the total sum of the local hyper-
fine fields. Averaged over all occupied sites, these total sums of hyperfine fields
will have a spherical distribution. Thereby, time averaged the spin polarization
decays as expected by one third per hop [11], resulting in an increased (decreased)
resistance in parallel (anti-parallel) magnetization alignment, when the external
field is reduced to zero. As indicated, the magnetoresistance curve can be con-
structed based on the magnetization alignment of the electrodes (see solid curve
figure 4.2b). In fact, it shows that for spin-valves composed of organic materials,
the step-like switch of the resistance can be modulated by a symmetric contri-
bution, due to the impact of the hyperfine fields. We will come back to this in
our discussion of the experimental data. Nevertheless, we emphasize that this is
an “effective” one hop approach which does not necessarily hold when properly
including spin accumulation at the intermediate site(s). Our preliminary efforts
to model this process in an exact way (not further discussed here) shows that it is
not trivial to obtain a change in resistance for parallel magnetization alignment
of the electrodes.

4.3 Structural and electronic characterization

Although we will eventually focus on the similarities between the theoretically
predicted and experimentally obtained magnetoresistance curves, inevitably we
first have to justify the presuppositions of injection barrier heights and multiple
step tunneling transport. Ta/ CoFeB/ Al2O3/ Alq3/ Co/ SiO2 spin valves were
fabricated completely in-situ at base pressure < 1×10−8 mbar on glass substrates
via shadow masks in a cross bar configuration, defining the junction area of
0.3×0.3 mm2 [12, 13]. A Ta(2 nm)/CoFeB(2 nm)/Al(1.2 nm) stack is deposited
by dc magnetron sputtering. The Al is subsequently plasma oxidized for 45 s at
7.5 W. Alq3 (0-6 nm) is evaporated from a Knudsen cell at a rate of ∼0.04 Å/s
keeping a substrate temperature of 110 K, while monitoring the thickness with
differential ellipsometry. The Al2O3 and Alq3 are not patterned, covering the
entire substrate and the bottom electrode. Finally, the Co top electrode of about
20 nm thickness is evaporated and the whole sample is capped by a 5 nm SiO2

layer to prevent oxidation and other contaminations.

To ensure a uniform and continuous growth of Alq3, we have investigated the
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Figure 4.3: (a) The valence band spectra and (b) workfunction change for an increas-
ing Alq3 layer on Al/Al2O3 and Co and (c) thereof reconstructed band diagram.
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electronic structure of Al/Al2O3/Alq3 and Co/Alq3 interfaces. Figure 4.3a shows
the valence band spectra, measured with ultra-violet photoemission spectroscopy
(UPS) using He I radiation (21.22 eV), of samples with increasing Alq3 thickness
deposited on an Al/Al2O3 surface. Analogously, spectra of Alq3 on Co were taken
[14], but are not shown. The spectra were shifted in such a way that the Fermi
edge is at zero binding energy. For 3 nm of Alq3, six (A-F) HOMO levels [15]
can be clearly distinguished. Because the inelastic mean free path of the low
energy electrons is less than one monolayer (∼1 nm) and the valence band of
Al2O3 disappears between 1.0 nm and 1.5 nm, we confirm that we have obtained
a closed layer, although a small density of pinholes cannot be completely excluded
via this technique.

The alignment of the molecular energy levels can be extracted from the valence
band spectra. Thereby, a reconstruction can be made of the total band diagram
(see figure 4.3c) to characterize the type of carriers and transport through the
hybrid barrier. As given in figure 4.3b, surface workfunctions ΦCo=5.2 eV and
ΦAl=4.2 eV have been measured from the difference in excitation energy and
the secondary electron cut-off in the valence band spectra. After deposition of
one monolayer Alq3 on Co and Al2O3, the vacuum level lowers with ∆Co=1.8 eV
and ∆Al2O3=0.7 eV, respectively. These shifts can be attributed to the formation
of an interface dipole, and are in reasonable agreement with literature [16, 17].
The Al2O3/Alq3 interaction likely causes the molecules to order in a preferred
geometry (meridional isomer) in the first monolayer [15]. The interface dipole
contribution for the case of Co/Alq3 has been suggested to be due to charge
transfer via a chemical bond [17], and therefore it is expected to be present
at the reverse Alq3/Co interface as well. The highest position of the HOMO
upon completion of the dipole layer in the spin-valve is measured to be 1.2 eV
below the Fermi level, which gives the barrier for injection of holes from Co into
Alq3. The electron injection barrier is found to be 0.9 eV by subtracting the
transport gap, which, from a nonpertubative STM measurement, is determined
to be 2.96±0.13 eV [18]. For Al2O3, the barrier for electrons is at least 1 eV
lower than for holes. This justifies that most likely electrons will be the majority
charge carriers that are injected in the tail of the gaussian HOMO- or LUMO
density of states distributions or in defect states.

4.4 Identification of transport mechanisms

Before we examine the detailed magnetic field dependence of the resistance, we
must first identify for which Alq3 thicknesses the charge transport indicates one
or more intermediate hops in the organic semiconductor fulfilling the require-
ment of observing spin dephasing. Therefore, we have investigated the I − V
characteristics for various temperatures and Alq3 thicknesses. Figure 4.4a shows
the dI/dV , numerically calculated from the current voltage characteristics, for
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Figure 4.4: (a) Numerical dI/dV and magnetoresistance as function of the bias volt-
age. (b) Resistance and magnetoresistance (measured at 20 mT) for different Alq3

thicknesses. Lines are a guide to the eye. (c) Normalized conductance on a logarith-
mic scale as function of the temperature−1/4, with the solid line the fitted slope of
normalized conductance at 300 K.

the hybrid barrier of 1.5 nm Al2O3 and 4 nm Alq3. The parabolic curve, sug-
gestive of (multiple step) tunneling, is only slightly asymmetric and was fitted
to Brinkmans model [19]. This yields a barrier height of 1.0 eV, in agreement
with our reconstruction of the band diagram (see figure 4.3c). The fitted barrier
width is 2.7 nm. Since this is much less than expected for the compared barrier
of Al2O3 + Alq3 (1.5 nm + 4 nm), direct tunneling is not likely, even taking into
account an uncertainty in the actual barrier thickness.

To confirm this speculation, we have varied the Alq3 layer thickness and plot-
ted the spin-valve resistance (see figure 4.4b, right axis) and the spin-valve mag-
netoresistance (see figure 4.4b, left axis), measured with a four-point probe tech-
nique at 300 K at low bias voltages, of all junctions showing magnetoresistance
(yield of ∼40%, the rest were shorted). We will first try to interpret the resis-
tance dependence on thickness (open symbols), using the theoretical model in
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paragraph 4.2 (specifically, see equation 4.2 and figure 4.1). An exponential in-
crease of the resistance for the first ∼2 nanometers reflects that carrier transport
is dominated by direct tunneling. The simultaneous decrease in the magnetore-
sistance indicates it is unlikely that the increase of the junction resistance is only
caused by reduction of the effective junction area. For instance, cluster growth of
the Alq3 leads to preferential tunneling through regions with only an Al2O3 bar-
rier. If this was the case, the magnetoresistance would remain unaltered, unless
there is cobalt at the Al2O3 with diminished spin polarization due to hybridiza-
tion. After the exponential increase in resistance, a transition in the resistance
is visible from direct tunneling to transport via one intermediate hop in the or-
ganic semiconductor. A minimal resistance is expected for equal transmission of
both tunnel steps, therefore a molecular site close to the Al2O3/ Alq3 interface is
favorable, and the total current is limited by the tunnel step through the Al2O3.
In the regime of even thicker organic layers (>4 nm), multiple step tunneling via
an intermediate state in the Alq3 is expected, for which the transmissions of both
tunnel steps are equal. Finally, for tens of nanometers of Alq3, the energy trans-
port level will increase by a number of hops towards the middle of the LUMO
band. In the latter case, the carrier transport will be by variable range hopping
(VRH), and the resistance will exponentially increase further.

The fast decrease of the magnetoresistance with increasing Alq3 thickness
may be due to (i) strong hybridization at the Alq3/Co interface lowering the spin
polarization, and/or (ii) an intrinsic magnetoresistance loss because of an extra
hop, and/or (iii) to some extent to spin intermixing because of not always reach-
ing the maximum (minimum) resistance at anti-parallel (parallel) alignment as
displayed in figure 4.2b. As can be seen in figure 4.4a, the magnetoresistance
only slightly decreases for bias voltages up to 100 mV, which is in agreement
with earlier reports [2]. This loss of magnetoresistance might be explained by
excitations of phonons, or is due to an intrinsic component resulting from the un-
derlying electronic structure. All devices’ magnetoresistance showed a symmetric
dependence on bias voltage.

The conductance G of the spin-valve at low-bias has been measured as a
function of the temperature in order to explain the transport behavior of the
Al2O3/Alq3 (3 nm) barrier. As shown in figure 4.4c, upon cooling from room
temperature down to 4 K the junction conductance decreases down to 60% of
σ(300 K). This generally rules out that charge transport through metallic fila-
ments or via pinholes is dominant [20]. Also based on the resistance as function of
the Alq3 thickness (see fig. 4.4b), we expect that the carrier transport is mostly by
multiple step tunneling with one intermediate step at a localized molecular site.
For rubrene barriers with almost similar thicknesses, Shim et al. [9] have adopted
Mott’s VRH model to interpret the temperature dependence of the conductance.
According to Mott’s VRH model, there is a competition between short hops with
a large energy difference and far hops with small energy difference, and the most
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difficult hops determine the conductance as G(T ) = G0 exp[−(T0/T )1/4]. Al-
though, our fit of the conductance at room temperature with Mott’s VRH model
is reasonable and gives a characteristic temperature of T0 ≈250 K, the validity
of this model is questionable in this regime.

4.5 Magnetoresistance curves

Let us now analyze in more detail the hysteretic positive magnetoresistances for
devices with 1, 2 and 4 nm Alq3 (see figure 4.5a-c), which are representative for
the direct, the transition, and the multiple step tunneling regime respectively.
The MOKE measurement in figure 4.5d, performed on the spin-valve with 4 nm
Alq3, displays the magnetization orientation of the electrodes. Identical curves
are expected for the devices with 1 nm and 2 nm Alq3. The top Co and the bot-
tom CoFeB electrodes switch nearly instantaneously at their coercive magnetic
fields of 3 mT and 0.1 mT, respectively. A separate MOKE measurement made
just beside the spin-valve confirms the switching behavior for the bottom CoFeB
electrode as function of the applied magnetic field. Clearly, when the applied
magnetic field is swept from -10 mT to 10 mT, the magnetization orientation of
the two ferromagnetic electrodes of the device with 1 nm Alq3 is parallel up to
+0.1 mT, corresponding to a low resistance (see figure 4.5a). Between +0.1 mT
and 3 mT the two electrodes have anti-parallel alignment, resulting in a high
resistance. By further increasing the magnetic field (>3 mT) the two electrodes
will attain again a parallel configuration and the device resistance is low. Sim-
ilar resistance switching is observed when sweeping the the magnetic field from
+10 mT to -10 mT. For a device with an Alq3 thickness ≥2 nm, see figure 4.5b
and c, the magnetoresistances are modified with a symmetric positive (negative)
magnetoresistance response in the parallel (antiparallel) alignment. Also because
this is absent for a spin-valve with 1 nm Alq3, we can exclude that the effect
originates from either the Al2O3 barrier or the bottom electrode. Based on the
reproducibility of the symmetric contribution with a typical FWHM of ≈10 mT,
we tend to believe that the responsible mechanism for the symmetric contribu-
tion should be dominated by intrinsic transport processes in the molecular layer
rather than impurities in the organic semiconductor.

Let us now compare the measured magnetoresistance curves with the intro-
duced macroscopic theoretical model related to the magnetic field dependence in
paragraph 4.2 ( specifically, see equation 4.4 and figure 4.2). Firstly, we verify
that we have experimentally fulfilled the necessary precondition to use the time
averaged operator M. Therefore, the waiting time at a localized molecular site
has to be much larger than the time of one spin precession around the sum of
all local hyperfine fields. For a spin-valve with 4 nm Alq3, we have seen that
transport via only one intermediate hop in Alq3 is most likely. An intermediate
hop with equal transmission of two tunnel steps, which is around ≈1 nm from the
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Figure 4.5: Magnetoresistance for a hybrid Al2O3/Alq3 (1, 2, 4 nm) barriers (a-
c) measured (e-g) modelled. (d) Magnetization curves of the junction and bottom
electrode of the sample with 4 nm Alq3.
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Al2O3/Alq3, has the largest contribution to the total resistance. The hybridiza-
tion at the Alq3/Co interface and the finite penetration due to small Co atoms
partially in the molecular lobes will slightly reduce the effective barrier thickness.
In spite of this, the Al2O3/Alq3 barrier and the Alq3 barrier are at least thicker
than the calculated critical thicknesses dc=1.5 nm and dc=1.9 nm, respectively
in paragraph 4.2, and thus indeed ωhf/ωtun À 1.

Based on equation 4.4, the normalized magnetic field dependent resistance
has been modelled for a spin-valve with 4 nm Alq3 (see figure 4.5g). The ex-
perimentally obtained forward (γ = f) and backward (γ = b) magnetization
switchings of bottom (β = b) and top electrode (β = t) in figure 4.5d have been
accurately fitted with error functions Erβ,γ and have been normalized between 0
and 1. Thereby, the modelled normalized forward magnetoresistance is equal to
((1− (Erb,f −Ert,f ))/G(1, Ha) + (Erb,f −Ert,f )/G(−1, Ha))G(1,10 mT/µ0) and
identically, the normalized backward magnetoresistance can be derived. Like-
wise, the magnetoresistance for direct tunneling is shown in figure 4.5e. In this
case, M+− = M−+ = 0 and the magnetoresistance derived from eq. 4.4 con-
verges to the classical Jullière expression. For the spin-valve device with 2 nm
Alq3, the electrons transported via multiple step tunneling experience less spin
dephasing, because ωhf is lower than ωtun as deduced from our estimations. If we
assume that effectively 35% of the total current is unaffected, leading to figure
4.5f, then a striking large similarity is visible between the three measured and
the three modelled magnetoresistances. Therefore, the simple macroscopic model
can explain: (i) the resistance change accompanying the transition from parallel-
to anti-parallel magnetization alignment of the electrodes, as well as the abrupt
change at the transition from anti-parallel- to parallel magnetization alignment
of the electrodes, (ii) the increase of contribution of the symmetric modification
up to almost 40% of the maximum magnetoresistance, and (iii) the typical full
width half maximum of the symmetric modification. However, we emphasize that
transport via or at sites just next to paramagnetic single atoms or ferromagnetic
clusters from the top Co electrode, possibly exchange coupled, can never be com-
pletely excluded in the presented data, and would result in a large spin-orbit
coupling resulting in spin dephasing, which could also (partially) account for the
effect.

4.6 Conclusions and outlook

In conclusion, CoFeB/Al2O3/Alq3/Co junctions could be utilized to make a link
between magnetic tunnel junctions exhibiting direct tunnelling and thicker spin-
injection devices with variable range hopping transport. These devices provide
a playground complex enough to display all features related to the electron spin
spending a finite time at molecular sites, but simple enough to treat by intuitive
models.
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Our model describes the competition between direct tunneling through the
compound barrier and indirect tunneling via a low density of localized, intermedi-
ate electronic states near the Fermi level. Analytically solving the tunneling rates,
as well as charge at the intermediate sites, we derived the characteristic changes
in the I − V behavior at the onset of two-step tunneling. Furthermore, the role
of spin precession in the presence of hyperfine coupling at the intermediate site
has been analyzed, leading to quantitative predictions for the magnetoresistance
traces. Several features predicted by the model are present in our experimental
results, for which we measured (magneto)resistance systematically after carefully
tuning the Alq3 barrier thickness.

We feel that although our model captures most of the relevant physics, exten-
sions may be required and are in progress, like the intrinsic loss of magnetoresis-
tance as a function of increasing number of tunneling steps as well as implications
for devices with thicker organic film thickness, i.e. moving towards the variable
range hopping regime. Also, to further test the validity of our conjecture, we
speculate that engineering the coercive fields of the electrodes towards higher
values as well as intentionally varying the angle of injected spins with respect
to the total applied magnetic field would give us the opportunity to study the
magnetoresistance effect due to magnetization switchings of electrodes and the
loss of magnetoresistance due to hyperfine coupling independently.
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Chapter 5

Extremely large
magnetoresistance in boron
doped silicon

Abstract: Boron-doped Si-SiO2-Al structures are fabricated to study extremely
large magnetoresistance effects. Current-voltage characteristics show a strong
non-linear behavior, dominated by an autocatalytic process of impact ionization.
At low temperatures, the magnetic field postpones the onset of impact ionization
to higher electric fields. This results in a symmetric positive magnetoresistance
of over 10,000% at magnetic fields of 400 kA/m. By examination of the interface
contribution, we speculate that an ultrathin SiO2 injection barrier provides the
kinetic energy to trigger the autocatalytic process of impact ionization process.
In the bulk silicon the magnetic field causes shrinkage of the acceptor wave func-
tions and the overlap by the tails is reduced for an average pair of neighboring
acceptors. Thereby, the effective acceptor energy level increases with respect to
the valence band as deduced by admittance spectroscopy measurements, by which
the activation energy for impact ionization significantly increases, strongly sup-
pressing the current. A macroscopic transport model is introduced that is able
to describe how the magnetoresistance is controlled by voltage, electrode spacing
and oxide thickness. Utilizing that the effect of a magnetic field on an acceptor
wave function becomes stronger with increasing distance from the impurity, we
present a room temperature constant voltage magnetoresistance of over 1000%
at 1 MA/m in low doped silicon. 1

1published as Extremely large magnetoresistance in boron-doped silicon by J.J.H.M.
Schoonus, F.L. Bloom, W. Wagemans, H.J.M. Swagten, and B. Koopmans in Phys. Rev.
Lett 100, 127202 (2008) and Large magnetoresistance in Si:B-SiO2-Al structures by J.J.H.M.
Schoonus, J.T. Kohlhepp, H.J.M. Swagten, and B. Koopmans in J. Appl. Phys. 103, 07F309
(2008) and partly in preparation by J.J.H.M. Schoonus, P.P.J. Haazen, H.J.M. Swagten, and
B. Koopmans
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5.1 Introduction

Research in magnetotransport of semiconductors without using magnetic mate-
rials [1, 2] is a field of ongoing interest. Silicon holds exceptional promise for
magnetoelectronics [3], by virtue of its long spin coherence [4] and compatibility
with the current CMOS technology. Within the past decades the influence of the
magnetic field on p-type silicon devices has been explored as well. Negative mag-
netoresistance in the impurity conduction regime at microwave frequencies [5], in
the hopping regime [6], and positive magnetoresistance in FeSi-SiO2-Si junctions
in the vicinity of a resistive transition [7] have been reported. Also the effect
of a magnetic field on the metal-insulator transition in two-dimension electron
systems [8] has been investigated. However, the maximum magnetoresistance ob-
served up to now was only 40% at typical fields of 1 T. Although the non-linear
electrical transport in metal-oxide-semiconductor heterointerfaces has been in-
vestigated thoroughly [9], there still is a lack of consensus about the origin of the
mechanism causing this magnetoresistance. Recently, it was shown that in semi-
insulating GaAs/i -GaAs/Au, the resistance increases by more than three orders
of magnitude at fields of 1 T over a broad temperature range, and is tentatively
ascribed to a magnetic-field dependent avalanche breakdown phenomenon [10].
Observation as well as a comprehensive explanation of larger magnetoresistance
in silicon, based on this phenomenon, will be an important progress towards new
spintronics applications.

In this thesis, we show for the first time in boron-doped silicon a robust mag-
netoresistances of well above 10,000%, which is in contrast to other reports on
silicon significantly larger at much smaller magnetic fields. By systematic inves-
tigation of the role of the thin silicon dioxide layer used to inject the carriers
in the silicon (equivalent to the Schottky barrier in ref. [10]), we establish the
key ingredient for the understanding of the enhanced magnetoresistance effect;
the tunnel injection provides the required energy to trigger a transition to a high
mobility transport regime by an autocatalytic process of impact ionization. A
magnetic field raises the acceptor level as described by Sladek [11], and previ-
ously reported for GaAs [12], by which the activation energy for the autocatalytic
process of impact ionization exponentially increases, and thereby strongly sup-
presses the current.

5.2 Electronic characterization

The Si:B/SiO2/Al lateral devices were fabricated from a boron-doped silicon
wafer (15 Ωcm, p-type) produced by Shin-Etsu Handotai Group, manufactured
via the standard Czochralski method. The thickness is 500 µm, with an ac-
ceptor concentration of 1×1015 cm−3, and the mobility has been measured as
3.4×102 cm2/Vs at room temperature and 1×103 cm2/Vs at 25 K. On top of the
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Figure 5.1: Current as function of the magnetic field (left axis) and corresponding
magnetoresistance (right axis) for Si:B (15 Ωcm) with native oxide.

native surface oxide layer (≈1.6 nm) two aluminum electrodes of 100 µm wide,
separated 50 µm from each other, are deposited by dc magnetron sputtering.

As shown in figure 5.1, the magnetic field, aligned parallel to the plane of the
substrate and swept from −400 kA/m to 400 kA/m, decreases the current by
two orders of magnitude at 4 K and a bias voltage of 20 V. The corresponding
magnetoresistance, defined as (R(H)/R(0)−1)×100%, with R(0) and R(H) the
resistances at zero and applied field respectively, is shown on the right axis. The
magnetoresistance sharply increases for fields up to around 100 kA/m, whereafter
it continuously increases to a value of 10,000% at 400 kA/m, mostly never reach-
ing saturation. Such huge resistance changes have not been reported for fields
much lower than 1 MA/m at a temperature as high as 4 K [5–8]. To further
explore these effects, we have varied the angle between current and magnetic
field, and found no anisotropy in the magnetoresistance. Identically prepared
devices with Si:B wafers from two different suppliers, ITME (1-30 Ωcm) and Si-
Mat (3-9 Ωcm), showed similar behavior with reproducible resistance changes up
to eight orders of magnitude. These variations could be possibly attributed to
the differences in resistivity and mobility of the silicon substrate or a different
stoichiometry of the native oxide layer. No pronounced trend in the magne-
toresistance is observed when different electrode materials, like tantalum, cobalt
and indium. This demonstrates that the effect is robust and the corresponding
mechanism should be related to intrinsic transport processes in these devices.

The extremely large magnetoresistance effect shown in figure 5.1 can be di-
rectly related to the highly nonlinear current-voltage behavior, which is observed
for various magnetic fields (see figure 5.2). In the inset, a log-linear plot of the
same data is given. The voltage is swept in the positive direction and at the
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Figure 5.2: Current-voltage characteristics for various applied magnetic fields; the
inset shows the same data plotted on a log-linear scale.

threshold voltage (i.e. 7 V) a sharp increase in current by several orders of mag-
nitude is observed. An applied magnetic field postpones this threshold voltage
to higher electric fields and the curves become less and less steep. As suggested
by Sun et al. [10], the sharp increase in current can be interpreted as an au-
tocatalytic process of impact ionization of the shallow acceptor boron, and the
threshold voltage is determined by the relative location of the Fermi level in
thermal equilibrium and of that of the acceptor level. A hysteric behavior, small
compared to the threshold voltage, is observed when the voltage is gradually
lowered under the threshold voltage, indicating that the autocatalytic process
of impact ionization can be sustained at a lower bias voltage. This is a well
known principle from breakdown simulations with impact ionization models in
MOSFETs [13].

To further identify the role of the acceptor ionization for the observed mag-
netoresistance, figure 5.3a presents the temperature dependence of the current-
voltage curves at 0 and 400 kA/m. With increasing temperature, the resistiv-
ity decreases as also explicitly displayed in the inset, and the onset of impact
ionization occurs at lower bias voltages. Simultaneously, the magnetoresistance
collapses to relatively small values (∼14% at 36 K) due to two reasons. At
temperatures in the range of 20-30 K, the reduction is due to an effect of the
magnetic field on the impact ionization, as will be clarified further on in this let-
ter. Starting from around 100 K, thermal ionization of impurities into the high
mobility valence band is completed (see inset figure 5.3a), even further quenching
the magnetoresistance.
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5.3 Unravelling transport mechanism

Based on these findings, a possible mechanism governing this magnetoresistance
effect is quantization of the carrier motion by the magnetic field, as described by
Sladek for n-InSb [11]. For small enough impurity concentrations, the acceptor
wave functions are centered on the acceptor atoms, but they still have a finite
overlap. The magnetic field causes shrinkage of the acceptor wave functions, pro-
portional to the effective mass. The hole orbitals become more localized in the
vicinity of the acceptor ions and the overlap by the tails is reduced. By reduc-
ing the overlap of the wave functions, the field gradually narrows the impurity
band and increases it to a higher energy compared to the valence band, causing
the carriers to freeze out and localize on the impurity ions, resulting in a high
resistivity.

5.3.1 Admittance spectroscopy

To confirm this speculation, admittance as a function of temperature was mea-
sured to determine the energy of the acceptor levels Ea [14]. In thermal equi-
librium and at zero bias, a peak in the conductance and step in the capacitance
graph are observed at the temperature at which the acceptor ionizes (fig. 5.3b).
For frequencies (ω/2π) within the range of 10 kHz and 100 kHz, and for fields of
0 kA/m and 400 kA/m, the temperatures at the inflection points of the capac-

itance curves Ti are extracted. A plot of ω/T
3/2
i vs. 1/Ti (figure 5.3c) yields a

straight line with a slope corresponding to the acceptor energy with respect to the
valence band. The intercept where 1/Ti = 0 is equal to 9.7× 1015m

∗3/2
e Cpβ [14],

with Cp the capture coefficient, which is the rate at which ionized acceptors cap-
ture holes, and where an effective mass of m∗

e = 0.5 and degeneracy β = 4 can be
used. In zero field, we deduced for the acceptor energy (43.9±0.2) meV. This is in
reasonable agreement with an energy of 45 meV measured by photoconductivity
[15]. The corresponding capture coefficient is (5.7 ± 0.6) × 10−5 cm−3/s, which
is comparable to values found by photoconductivity and current-noise studies
with boron-doping of 5 × 1015 cm3/s [16]. Although, figure 5.3b shows a clear
dependence on the magnetic field, it is difficult to extract the dependence of Cp

and Ea separately. However, we have verified that dCp/dEa > 0 for shallow
acceptors (using the analysis of ref. [17]). Any small magnetic field induced
change of Ea is always towards a higher energy compared to the valence band
[11], which evidently corresponds to an increase of Cp. As a conservative ap-
proach no increase in Cp is assumed. Thereby, for every reasonable acceptor
energy, the fitted acceptor energy consistently shifts with at least 1.8 meV as a
function of the magnetic field, causing holes to occupy states with higher energy.
Therefore, a larger kinetic energy is required for impact ionization, corresponding
to a postponement of the threshold voltage to larger electric field (see figure 5.2).
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Finally, for thermal energies larger than the field dependent energy splitting, the
relative importance thereof decreases, and the magnetoresistance collapses with
temperature, in agreement with the observations of figure 5.3a.

Figure 5.3: (a) I−V characteristics at 0 kA/m (filled) and 400 k/Am (open) at various
temperatures, (inset) resistivity and hole concentration as function of temperature,
(b) conductance and capacitance versus temperature and (c) plot of ω/T

3/2
i versus

reciprocal peak temperature for 0 and 400 kA/m.

5.3.2 Role of the silicon dioxide

In the analysis of our data, we have assumed the magnetic field has an impact on
the carrier concentration in the bulk silicon, without analyzing the possible role
of the SiO2 as well as the spacing between the contacts. Therefore, we prepared
samples in which the spacing between the electrodes as well as the interface
between silicon and aluminum is varied. Firstly for larger electrode spacings the
threshold voltage in I − V characteristics is higher, indicating that the largest
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resistance drop is over the bulk silicon and only a few volt over both interface
energy barriers (see figure 5.4a). Although the magnetoresistance, measured at
constant current, is always smaller than the constant voltage magnetoresistance,
it can be accurately determined in a wide range of currents (see figure 5.2). The
constant current magnetoresistance increases with electrode spacing, and thus
scales with the voltage drop across the silicon (see figure 5.6a), but seems to
saturate around 200%.

Figure 5.4: (a) Current-voltage characteristics for different electrode spacings and
native oxide. (inset) Threshold voltage as function of the electrode spacing. (b)
Current-voltage characteristics for different metal/silicon contacts and electrode spac-
ing of 0.5 mm at 0 kA/m. The preparation of the low-resistance contacts is described in
the text. The indicated times next to each curve refer to the amount of seconds exposed
to an oxygen plasma. For 0s, 60s, and 600s exposures the obtained SiO2 thicknesses
measured with XPS (see figure 5.5) are indicated.

So far, only silicon wafers with native oxides were used for studying the mage-
toresistance effect. In a second series of measurements the role of the SiO2 was
determined. Therefore, we have grown and characterized oxide layers of different
thicknesses in controlled environments (base pressure < 1×10−8 mbar). After
removal of the native surface oxide layer with a 100 mol/m3 HF dip, clean oxide
layers were prepared on the silicon (Shin-etsu 15 Ωcm, 500 µm, dopant boron)
by plasma oxidation at a pressure of 1×10−1 mbar at 15 W for 0 s, 60 s, 600 s,
and 6000 s [18]. To identify the chemical composition of the surface, in situ
XPS (Mg-Kα, 1253.6 eV) has been used. Silicon in an oxide surrounding and
semiconducting crystalline silicon have binding energies of 103.4 eV and 99.2 eV,
respectively, as shown in the Si 2p spectra in figure 5.5a for an electron exit angle
Θ=0◦ with respect to the surface normal. The total peak intensities are related to
the stoichiometry of the surface. Directly after the HF dip no oxygen is present.
For increasing oxidation times, the relative amount of silicon dioxide increases at
the cost of the semiconducting silicon. The oxidic portion of the Si 2p spectra
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shows a small binding energy shift for larger oxidation times, indicating that the
chemical nature of the oxide is still changing, and complete stoichiometry is not
reached for incomplete oxidized silicon.

Figure 5.5: (a) XPS-spectra of the variable oxidation of a 500 µm silicon wafer at an
electron exit angle of 0◦. (b) Intensity ratios of semiconducting and oxidic silicon as
function of the electron exit angle, along with a fit to the Si/SiO2 overlayer model (eq.
5.2).

For an estimation of the oxide thickness dox, we have measured the ratio
of oxidic and semiconducting silicon total peak intensities Isc/Iox for different
electron exit angles (see figure 5.5b). Isc/Iox can be calculated by a simple Si/SiO2

overlayer model, which is based for each layer on the sum over all atoms at all
depths, and corrects for the escape depth of the electrons:

Isc

Iox

=
λsc

λox

csc

cox

e(dox
cox
csc

−d0) − 1

1− e
dox

λox cos Θ

, (5.1)

with cox/csc=(2.9±0.3) the ratio of the atomic concentrations (which may be not
fully justified for the device with 60 s plasma oxidation), d0 the thickness of the
sample, and the escape depths of the electrons in silicon and SiO2 are λsc=2.0 nm
and λox=2.3 nm, respectively [19]. For 60 s and 600 s plasma oxidation, the
measured intensity ratios have been fitted to the overlayer model, and we obtain
oxide thicknesses of 1.7 nm and 3.7 nm, respectively. For 6000 s plasma oxidation,
Isc/Iox is only measured for Θ=0◦ and 60◦, and can not be accurately fitted.
Nevertheless, based on the value of Isc/Iox at Θ=0◦ and eq. 5.2, the thickness is
estimated to be larger than 4.3 nm.
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Subsequentially, we want to establish the combined influence of the applied
magnetic field and the energy barrier of the electrode-silicon contact on the elec-
trical transport characteristics. Therefore, a low-resistance contact Si:B-Al de-
vice, and Si:B-SiO2-Al devices are prepared with silicon dioxide layers formed by
a 0 s (0 nm, clean Schottky barrier), 6 s (no thickness measured), 60 s (1.7 nm),
600 s (3.7 nm), and 6000 s (>4.3 nm) oxygen plasma. Contrary to the experi-
ments with the native oxide, for these experiments, the electrodes are 1 mm wide,
separated at 0.5 mm, and have been grown in situ by dc magnetron sputtering.
The low-resistance contacts have been prepared by annealing a sample with 0 nm
SiO2 in argon atmosphere at 450◦C for 30 min. No annealing step was used on
all other devices to avoid diffusion of impurities into the oxide layer and silicon
substrate, thereby ensuring clearly distinctive interface barriers.

For the Si:B-(SiO2)-Al structures, the I-V -characteristics have been measured
at 4 K (see figure 5.4b). Although the exact line shapes are difficult to explain
in detail, we observe, as expected, that for low bias voltages the total device
resistance increases from the low resistive contacts towards contacts with a thick
oxide, corresponding to higher and wider energy barriers. Surprisingly, for higher
bias voltages, the insertion of an extra interface resistance can lead to a lower total
device resistance compared to a device without this extra interface resistance,
which is seen for the devices with a 6 s plasma oxidation and 1.7 nm SiO2.
This behavior can be explained by a dramatic suppression of the silicon bulk
resistance due to an autocatalytic process of impact ionization of the shallow
acceptor boron [10, 20, 21]. Therefore, we conclude that an ultrathin interface
barrier assists the autocatalytic process of impact ionization, and speculate that
this process is triggered by hot holes which gain by tunneling sufficient kinetic
energy from the voltage drop over the interface barrier to ionize neutral boron
atoms [22]. To sustain the breakdown, the electric field in the silicon should
be large enough to increase within the mean free path the kinetic energy of the
holes to what is required for another impact ionization. For a device with a SiO2

layer of 1.7 nm, the impact ionization starts around 4 V. The bulk conductivity
increases, thereby the voltage over the oxide layer increases, by which the process
of impact ionization is accelerated, finally causing an almost immediate increase
in current. For a device with a SiO2 layer of 3.7 nm, a breakdown is likely to be
expected as well, although for bias voltages higher than 100 V.

As expected, the devices with a > 4.3 nm and 3.7 nm tunnel barrier of SiO2

are too resistive for further magnetoresistive analysis. The device with 6 s plasma
oxidated silicon does not have a closed oxide layer, resulting in a nonhomogeneous
current flow, and magnetoresistance data is not conclusive. The magnetoresis-
tance of the device with a 1.7 nm tunnel barrier of SiO2, which is close to the
thickness of the native oxide, is largest and increases with current (see figure
5.6b). With just a Schottky barrier (0 nm SiO2), the magnetoresistance for all
currents is a factor of ten lower than the device with a 1.7 nm SiO2, whereas with
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Figure 5.6: Constant current magnetoresistance for different electrode spacings; (a)
measured at 400 kA/m, (c) modelled, and for different contacts; (b) measured at
400 kA/m, (d) modelled.

ohmic contacts the magnetoresistance is negligibly small (max. 7 % at 10 mA)
and no pronounced trend is visible. We conclude that an ultrathin barrier is an in-
dispensable ingredient in creating the large magnitude of this magnetoresistance
effect, since it assists the process of impact ionization.

5.3.3 Macroscopic transport model

To clarify these results, a simple model consisting of barrier and bulk contribu-
tions to the impact ionization process can be formulated. We speculate that this
process is triggered by holes which gain sufficient kinetic energy from the voltage
over the oxide Vinj to ionize neutral boron atoms [23]. Additionally, the electric
field in silicon must be large enough such that accelerated holes knock other holes
free, and the process of impact ionization is sustained.

We consider a balance of the kinetic processes that determine the carrier
density p(E, H) at a particular electric and magnetic field. The rate of change of
the hole concentration is given by:

dp/dt = (At + pAi)(pa − p)− p2Cp = 0. (5.2)
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The first term at the right side represents the hole release rate, whereas the second
term stands for the rate at which holes are captured by ionized acceptors. Herein,
pa is the acceptor concentration. At is the rate of carrier production by thermal
generation and estimated at 2×104 s−1 [24]. Ai is the impact ionization coefficient,
which is calculated analogously to Cohen and Landsberg [25] as a function of the
depth of the acceptor level and drift velocity, which is set equal to the hole velocity
directly after injection into the silicon, v = (2eVinj/m)1/2. In accordance with
ref. [25], Ai exponentially decreases with the depth of the acceptor level. The
current through the barrier in the regime of thermionic emission and tunneling,
and the voltage over the silicon are proportional to:

J ≈ Js

(
eeVinj/kT − 1

)
, (5.3)

V − 2Vinj ≈ 1

peµ

d

lw
J, (5.4)

with Js the saturation current through the barrier, µ the mobility, l the thickness
of the wafer, w the width of the electrodes, and d the distance between the
electrodes. From equation 1, 2 and 3, the total voltage over the device for constant
current can be solved for 0 and 400 kA/m separately. For each current and
magnetic field, p is assumed to be constant throughout the silicon. With Js as
a fit parameter for each type of Al/Si interface, this results in magnetoresistance
behavior as shown in figure 5.6c and d, qualitatively following our experimental
data surprisingly well. The data can be interpreted by two conditions that should
be fulfilled to obtain a high magnetoresistance. Firstly, the magnetoresistance
is proportional to (V − 2Vinj)/V (see the linear increase with electrode spacing,
bottom left in figure 5.6c), and the largest voltage drop should be over the silicon.
Once the voltage over the silicon is dominant, the magnetoresistance saturates
(see figure 5.6c, at right). Secondly, the voltage drop over the oxide layer must
be high enough to supply the kinetic energy to the carriers required for the
impact ionization process, which is subject to the magnetic field. This condition
is fulfilled by either increasing the current or decreasing the saturation current
(see figure 5.6d), by which Vinj, and thus also the magnetoresistance increases.

Finally, our model shows that such a small magnetic field induced change of
the acceptor level results in a drastic change in the conduction. From a change of
the acceptor level energy of 1.8 meV (including a sufficient large voltage to initiate
the impact ionization), we deduce a change of around 80% in impact ionization
coefficient (using the analysis of ref. [25]), explaining the right order of magnitude
of maximum constant current magnetoresistance. However, the interplay between
recombination and ionization becomes more unbalanced for increasing free hole
concentrations. Accelerated holes strike the boron atoms and knock other holes
free, increasing rapidly the number of free holes as newly generated holes become
part of the process. This avalanche breakdown causes a sharp increase in cur-
rent, accounting for the drastic constant voltage magnetoresistance. We feel that
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our transport model captures the most relevant parameters for the large magne-
toresistance in silicon despite the fact that extensions may be required, e.g. to
take into account a non-uniform p throughout the silicon. We emphasize that
we are now able to predict how the magnetoresistance effect depends on voltage,
electrode spacing as well as oxide thickness. By choosing deeper acceptor levels
around 400 meV as result of doping with different elements, we conjecture that
this magnetoresistance effect might be scaled up to room temperature. However,
due to a higher effective carrier mass, the energy shift associated with hybridiza-
tion is much smaller than in InSb and GaAs, and at room temperature it is
not always self-evident that this energy shift is larger than the thermal energy.
Moreover, the relative change of the impact ionization rate with magnetic field
gradually decreases when raising the temperature. Nevertheless, magnetoresis-
tance effects at room temperature are not excluded as will be shown in section
5.5.

5.4 Geometrical aspects of magnetoresistance

We have speculated that a small magnetic field probably causes shrinkage of the
acceptor wave functions and the overlap by the tails is reduced for an average pair
of neighboring acceptors. Thereby, the effective acceptor energy level increases
with respect to the valence band [26], by which the activation energy for impact
ionization significantly increases, strongly suppressing the current.

To support this view, we investigate in this section two device geometries by
which we can provide direct and/or more accurate evidence of the underlying
mechanism causing this extremely large magnetoresistance. Firstly, a measure-
ment in a four terminal lateral geometry confirms that the magnetoresistance in-
deed originates from the bulk silicon. Secondly, the magnetoresistance increases
for a larger angle between the current and the applied magnetic field, which is in
line with an interpretation of the magnetoresistance by means of a non-uniform
deformation of the wave function.

5.4.1 Multi-terminal device geometry

From the increase of the constant-current magnetoresistance with the electrode
spacing, we have already concluded that the magnetoresistance scales with the
voltage drop across the silicon [26]. In order to indisputably verify that the
mechanism causing the large magnetoresistance is related to a change of the bulk
conductivity, we have performed a four point measurement. Four contacts of
1 mm2, spaced at 5 mm in line, are fabricated on top of the native oxide barrier
(∼ 1.6 nm) of a boron doped silicon wafer (15 Ωcm, 500 µm). At a temperature
of 4 K, a current of 0.2 µA has been sourced from the outer contacts, while
measuring the voltage difference simultaneously at the inner and outer contacts
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Figure 5.7: Magnetoresistance simultaneously measured in four terminal (4T) and
two terminal (2T) geometry as shown in the cartoon

(see figure 5.7). We obtain a magnetoresistance of over 100%, in the two terminal
geometry. In a direct four terminal measurement, the resistance is due to the
geometrical change around three times lower. Although we have seen that the
constant current magnetoresistance measured in a two terminal geometry scales
with the measured voltage over the silicon [26], surprisingly the magnetoresistance
has been increased to 900%. This discrepancy caused by a less parabolic line
shape around zero magnetic field can be possibly attributed to a different angle
between current and applied magnetic field, current spreading or a magnetic field
dependent interface resistance.

5.4.2 MR vs. magnetic field direction

In the hopping regime, the conductance is proportional to the overlap by the
tails of the boron wave functions. If a magnetic field squeezes the wave functions
of acceptor holes more in the transverse direction, the overlap in the current di-
rection perpendicular to the applied magnetic field significantly reduces, causing
an exponential positive magnetoresistance. We want to directly prove that this
provides the actual mechanism in the bulk silicon, and rule out that the magne-
toresistance in lateral devices is e.g. caused by conduction via impurity states in
the oxide or due to different recombination rates for current flow along different
interfaces, like in a magnetodiode sensor [27]. Therefore, we have prepared a
vertical Al/SiO2/Si:B/SiO2/Al device, for which we aim that the current flows
nearly homogeneous and perpendicular to the substrate. Aluminium contacts of
around 1 mm2 were grown by dc magnetron sputtering on the front and backside
of a single-side polished wafer (15 Ωcm, 500 µm) with both side covered by native
oxide. As shown in figure 5.8, when a magnetic field is aligned parallel to the
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Figure 5.8: Magnetoresistance and (inset) I − V characteristics as function of the
angle between the current and applied magnetic field in a vertical device.

current and swept from 0 to 400 kA/m, a magnetoresistance of 200% is measured
at a bias voltage of 37 V and a temperature of 4 K. By rotating the magnetic field
to an angle of 90◦ to the current, the magnetoresistance substantially increases
as expected.

5.5 Room temperature operation

The application prospects are a strong motivation to scale up these huge mag-
netoresistance to room temperature. The device could be suitable as a magne-
toresistive sensor for high density data storage, form the basis of an avalanche
spin-valve transistor [28], or be a component to construct spin logic. Triggered
by calculations that the effect of a magnetic field on the wave function becomes
stronger with increasing distance from the impurity center [29], we additionally
present evidence that the magnetoresistance strongly depends on the amount of
impurities; larger magnetoresistance effects are observed for lower impurity con-
centrations. In the limit that the amount of boron acceptors become comparable
to the background impurities, which probably are deeper states that are still
frozen out at room temperature, the constant voltage magnetoresistance is for
the first time higher than 1000% at 300 K at fields of 1 MA/m.

So far only silicon wafers with a boron concentration of 1 · 1015 cm−3 have
been used for studying the magnetoresistance effect. To investigate the depen-
dence on the boron concentration, eight boron-doped silicon wafers (100) loga-
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Figure 5.9: (a) Low ohmic contacts: magnetoresistance as function of the acceptor
concentration. The line is a guide to the eye (b) Native oxide: magnetoresistance as
function of the applied magnetic field for a lateral Al/SiO2/ Si:B (8·1012 cm−3; 2 kΩcm)
device.

rithmically spreaded over the resistivity range (0.001-3000 Ωcm) with a thickness
of 500±250 µm have been investigated. On the corners of approximately 1 cm2

square wafer four relatively small low ohmic contacts have been fabricated via re-
moving the native oxide by an HF dip and subsequent interdiffusion of aluminium.
Simultaneously, the resistivity, mobility (300-500 cm2/Vs), and acceptor concen-
tration have been determined at room temperature via the van der Pauw and
Hall method. As displayed in figure 5.9a, the magnetoresistance has been deter-
mined between two cross contacts for a current of 100 µA at 300 K [30]. Since,
the applied electric fields are small (<1 kV/m), hardly any impact ionization
is expected and the transport is by impurity conduction. Based on figures 5.4a
and b, despite of large electrode spacing (>1 cm), at room temperature for low
ohmic contacts and low currents small magnetoresistance effects are expected.
In the regime of magnetoresistance in the order of 1% and lower, it is hard to
discriminate between our described effect and others, for instance effects based
on the Lorentz force, carrier-carrier interaction, or weak localization. For net
acceptor concentrations up to 2 · 1016 cm−3, the magnetoresistance is maximum
1.5% and then suddenly sharply drops to zero. As a first order estimation, the
overlap by the tails of the acceptor wave functions is measure of the conductance.
Based on this assumption, the trend visible in figure 5.9a is in line with the idea
that for intentionally creating less overlap by the tails of the acceptor wave func-
tions (by choosing lower doped silicon) the relative change in overlap (thus the
magnetoresistance) due to magnetically shrinkage of the wave functions is larger.
Nevertheless, we note that the data points are just single measurements, and
the exact dependence on the acceptor concentration has to be investigated more
accurately.

In view of the presented results and that an ultra thin insulating layer between
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the silicon and aluminum increases the magnetoresistance, we have prepared two
aluminium electrodes spaced at 0.5 mm on top of the native oxide of a float
zone grown Si:B wafer with a net acceptor concentration of 8 · 1012 cm−3. At a
constant voltage of 80 V the maximum resistance change is from 10 kΩ to 300 kΩ
at 1 MA/m, implying a magnetoresistance of over 1000 % (see figure 5.9b). The
maximum constant current magnetoresistance is 60 % at 10 mA at 1 MA/m. In
the present regime of net 8·1012 acceptors per cm3, which is 0.12 net acceptors per
billion silicon atoms, background impurities are of the same order of magnitude
and might play a role. With inductively coupled plasma mass spectroscopy on
average concentrations of Fe: 0.088 ppba, Cr:0.015 ppba; Ni: 0.009 ppba and Na:
0.009 ppBa have been measured, whereas the concentration of other impurities
are normally lower [31]. From electron paramagnetic resonance studies it was
concluded that interstitial Fe atoms represent a donor level of Ev+0.40 eV and
Fe-B pairs lead to a Ec-0.55 eV donor level, with Ev and Ec, the valence and
conduction band energy, respectively. Cr is believed to give rise to energy levels
of Ec-0.23 and Ev+0.11 eV associated with Cr+ and Cr2+ interstitial atoms [15].
The freeze-out temperatures of these levels are likely all higher than 300 K,
thereby possibly responsible for the magnetoresistance. Moreover, if the iron
is partially dominant, a spin blockade as function of the field can drastically
enhance the positive magnetoresistance effect. This implies that for large applied
magnetic fields, all carrier spins will align with the external magnetic field. By
way of the Pauli exclusion principle, a carrier can not hop to an other occupied
localized site, thereby the resistance increases.

5.6 Conclusions and outlook

In conclusion, we observe in boron-doped Si-SiO2-Al structures symmetric posi-
tive magnetoresistance of over 10,000% at low temperatures and magnetic fields
around a few hundred kA/m. Further experimental analysis shows that the trans-
port is dominated by a magnetic-field controlled process of impact ionization,
which is basically understood by introducing a macroscopic transport model.
Preliminary results indicate larger magnetoresistance effects for lower doping.
Room temperature magnetoresistance above 1,000% at 1 MA/m has been mea-
sured, and is possibly governed by background impurities.

As a perspective for future optimization, self-consistent simulations of the de-
vice operation should give more insight in potential, electric field, carrier, current
density, recombination and generation rate distributions. Secondly, we suggest
that a magnetic field induced shift in the acceptor energy level with respect to
the valence band can be directly and in a non-perturbative way probed using
fourir transformation infrared spectroscopy. The absorption spectra shows peaks
at photon energy matching with the P1/2 and P3/2 transitions. Thirdly, visu-
alization of the wavefunction by cross-sectional STM measurements might be a
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complementary method to uniquely confirm our hypothesis. Finally, some of the
issue to perform in combination with CMOS electrical circuits are: enlarging the
effect at smaller magnetic fields, down scaling towards the nanometer regime,
avoiding too resistive devices, and/or implementing memory concepts.
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Summary

Magnetoresistance effects
in hybrid semiconductor devices

Until recently, mainstream electronics was exclusively based on charge proper-
ties. Apart from charge, an electron also possesses an intrinsic angular momen-
tum (spin), and directly coupled to that a magnetic moment. A newly emerg-
ing approach is to use this extra spin degree of freedom to provide additional
performance and functionality in widely used commercial applications, although
nowadays mostly in metallic structures. Semiconductors are of great interest for
future spin-based electronics because of the predicted longer spin coherence. The
ability to electrically inject, manipulate, and detect spin polarized carriers within
the active semiconductor are essential components from the integration point of
view for such a technology. Transport of spin polarized carriers is commonly
demonstrated by a specific resistance change as function of the external applied
magnetic field (magnetoresistance). The realization of all electrical spin injection
and detection in an inorganic (GaAs) and in an organic (Alq3) semiconductor
will be the focus of this thesis. Besides, observed large magnetoresistance effects
in silicon from different origin will be extensively discussed.

Before we address the experimental aspects of the hybrid semiconductor de-
vices, a detailed theoretical analysis has been performed to the feasibility of
all electrical spin injection and detection in semiconductors by means of ferro-
magnetic electrodes and including spin-selective interface barriers to overcome
the impedance mismatch. Based on the Poisson and the diffusion equation, in-
cluding electric field effects, the expected resistance difference for parallel and
anti-parallel magnetization alignment of the ferromagnetic electrodes has been
analytically calculated. The influence of the sample and measurement geom-
etry has been extensively investigated and the results will be used within our
experimental design analysis. Moreover, we propose a new lateral measurement
geometry for which the magnetoresistance closely approaches the magnetoresis-
tance value obtained for a vertical device. Electric fields created in different
regions via separate bias voltages minimizes the spin loss in the semiconductor
side branches of the lateral device.

Our first experimental device consists of electron-beam-lithography processed
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ferromagnetic electrodes crossing a GaAs transport channel. Although silicon is
the industrially most relevant semiconductor, GaAs has been chosen for its di-
rect band gap, which enables optical investigations of the spin polarization in our
group. Control over the magnetization alignment of the electrodes is established
via an external applied magnetic field. Different switching fields for different
electrode widths have been measured by magnetic force microscopy. Towards
observation of magnetoresistance due to spin transport, we show that the dop-
ing profile under the ferromagnetic contacts and in the semiconductor transport
channel is of critical importance for the effective detection and depolarization of
the carriers.

Organic semiconductors profit from their flexibility and the ease of process-
ing. While these synthetic organic materials are exploited for their tunability
of charge-carrier transport properties, their spin transport properties form a less
explored area. Spin transport through a hybrid Al2O3(1.5 nm)/Alq3 barrier has
been studied as a function of the thickness of the organic (0-6 nm) layer at room
temperature. From the current-voltage behavior we conclude that for hybrid bar-
riers with more than 2 nm Alq3, transport by multiple step tunneling dominates
over transport by direct tunneling. Because of weak spin-orbit interaction at
the intermediate molecular site and a possible low hopping rate, spin should be
sensitive to small local fields, in particular the total hyperfine field originating
from the local hydrogen nuclei. We suggest that in the regime of multiple step
tunneling, hyperfine coupling could be a relevant source of spin randomization
and could modify the characteristic hysteretic magnetoresistance by a symmetric
contribution. A possible fingerprint is indeed observed in our experiment.

Silicon holds exceptional promise for spin-based electronics, by virtue of its
compatibility with the current CMOS technology. As a possible implicit contri-
bution to future silicon-based spintronics devices or as a magnetoresistive sensor,
boron-doped Si-SiO2-Al structures are fabricated to study extremely large mag-
netoresistance effects. Current-voltage characteristics show a strong non-linear
behavior, dominated by an autocatalytic process of impact ionization. At low
temperatures, the magnetic field postpones the onset of impact ionization to
higher electric fields. This results in a symmetric positive magnetoresistance of
over 10,000% at magnetic fields of 400 kA/m. A macroscopic transport model
is introduced that is able to describe how the magnetoresistance is controlled
by voltage, electrode spacing and oxide thickness. Utilizing that the effect of
a magnetic field on an acceptor wave function becomes stronger with increas-
ing distance from the impurity, we present a room temperature constant voltage
magnetoresistance of over 1000% at 1 MA/m in low doped silicon.
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een aantal belangrijke metingen. Oleg Kurnosikov was mijn allround adviseur
op experimenteel gebied en nam mijn schuldgevoel weg om soms tot laat in de
avond door te werken. Wiebe Wagemans en Paul Lumens, als afstudeerders is
jullie werk de basis geweest voor hoofdstukken 4 en 5. Koen Kuiper (paragraaf
3.4 is gebaseerd op jouw metingen), Michael Beljaars (mooi werk dat helaas geen
onderdeel is geworden van dit proefschrift) en Pascal Haazen (paragraaf 5.5 is
gebaseerd op jouw resultaten), als stagairs was de samenwerking helaas van korte
duur. Hopelijk heb ik iets kunnen overbrengen, maar ongetwijfeld heb ik meer
van jullie geleerd!

Gerrie Baselmans, Jef Noijen, Jeroen Francke bedankt voor jullie technische

93



ondersteuning, want inderdaad aio’s slopen alles, getuige ook de statistiek op de
FNA blunderbokaal. Dankzij Karin Janssen werden, vaak zonder het te merken,
vele administratieve afhandelingen uit handen genomen en waardoor ik dus meer
tijd had voor de fysica, super!

Graag bedank ik mijn (oud-)collega aio’s en postdocs van FNA, Francesco
Dalla Longa, Jeroen Rietjens, Harm Wieldraaijer, Czaba Jósza, Coen Smits,
Wiebe Wagemans, Corine Fabrie, Paresh Paluskar, Karel Knechten, Corné Kant,
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