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Ré&umeé

L’objectif de ce travail de these est d’étudier expérimentalement le transport d’électrons
chauds dépendant du spin atravers une jonction méal ferromagnéique / semi-conducteur. En
pratique, un faisceau d’électrons polarisés de spin, @nis par une photocathode GaAs en
condition de pompage optique, est injectédans la jonction. L’énergiec d’injection peut étre
reglé entre 5 et 3000eV. Le courant transmis au-dessus de la barriée
méal / semi-conducteur montre une asymeétrie de spin due al’effet de filtre a spin de la
couche magnéique. Pour la déection directe du courant &ectrique transmis dans un dispositif
méal / semi-conducteur, on a besoin d’une structure ayant un fort caractée redresseur avec
une résistance dynamique de jonction trés deveé (typiquement quelques MQ). Ces propriéés
sont obtenus par l'introduction d'une couche mince (de quelques nanoméires) interfaciale
d’oxyde entre le mé&al et le semi-conducteur (structure de type MIS). Nous montrons que la
transmission d’électrons chands et les effets de filtre aspin atravers les structures MIS
déendent fortement la couche d'oxyde. Afin de surmonter les difficulté& relatives ala
déection @ectrique de la transmission d’électrons dans les jonctions MIS, nous avons
dérelopp€éune méhode de déection optique basé sur la mesure de la cathodoluminescence
énise par la recombinaison d’@ectrons transmis dans le collecteur semi-conducteur. Pour ce
faire, nous avons con@i la structure Fe/GaAs/InGaAs/ GaAs, qui comprend les puits
guantiques InGaAs, dans lesquels les ectrons transmis atravers la jonction se recombinent
avec les trous. L'intensitéde la lumiée de recombinaison est déectee en face arriere du le
substrat GaAs. Nous démontrons que cette technique permet en effet la déection optique de la
transmission d’¢lectrons et de D’effet de filtre a spin dans les structures méal
ferromagnéique / semi-conducteur. Les limites et les perspectives de la spectroscopie de

cathodoluminescence sont discutées.

Mots clés: transmission d’@ectrons polarisés de spin, effet de filtre &spin, vanne de spin,
éectrons secondaires, cathodoluminescence, jonction Schottky, contacts

méal / isolant / semi-conducteur, puits quantiques, couche mince magnéique.






Abstract

The objective of this thesis work is to experimentally investigate the phenomena of the
spin-dependent transport of hot electrons at room temperature into ferromagnetic metal (Fe or
Co) / semiconductor (GaAs) Schottky junctions. In practice, a spin-polarized electron beam
generated by optical orientation is injected into the two-terminal structure with energies
varying from 10 to 3 keV above the Fermi level. The transmitted current shows a spin
asymmetry, which depends on the relative orientation between the iron magnetization and the
incident spin direction. In this PhD work, we have pursued two experimental approaches, one
optical and the other electrical for detecting the transmitted current through the junction above
the Fermi level, both exploiting the multiplication of electrons due to the generation of
secondary electrons inside the metal layer. The electrical measurement requires of working
with structures having a very high dynamic resistance of junction (typically a few MQ). The
spin-dependent asymmetries are studied in samples characterized by different thicknesses of
the oxide layer between magnetic metal layer and GaAs. We observe different transport
regimes associated with the electron transmission at different interfaces. The optical
measurement of the transmitted current is based on the radiative recombination of the injected
electrons with the holes through the p-type semiconductor band gap. For this purpose a new
structure including InGaAs quantum wells and one single Fe layer has been grown.
Spin-polarized electrons injected into such a structure produce an asymmetry in the
recombination light intensity. The variation of the luminescence asymmetry is studied relative
the energy of the incident electrons. The optical detection offers the advantage of being less

sensitive to the junction resistance.

Key words: spin-dependent electron transmission, spin-filter effect, spin-valve effect, Schottky
junction,  metal / oxide / semiconductor  contacts, secondary electrons, quantum  wells,

photoluminescence.
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Introduction

In the early 1980’s, it was shown that inelastic electron scattering in ferromagnetic metals
at energies well above the Fermi level depends on the orientation of the electron spin with
respect to the magnetization [Unguris82, Kisker82, Hopster82, Penn85a]. This dependence is a
direct consequence of the exchange interaction which induces a spin asymmetry in the electron
density of states in the vicinity of the Fermi level. Different numbers of available empty states
for the two directions of spin result in different values of the inelastic mean free path. Thus
electrons which cross a magnetic thin film are spin-filtered. This effect was demonstrated in
ballistic electron transmission experiments and the spin dependence of the electron inelastic
mean free path was measured over an energy range which extends up to several tens of eV.
[Pappas9l, Getzlaff93, Schénhense93, Lassailly94, Vescovo95, Grdbli95, Drouhin9e,
Oberli98, Cacho02] This spin selectivity of ultrathin magnetic films has been exploited in
magnetic domain imaging and in several model spintronic devices. [Monsma95, Filipe98,
vanDijken03, Jiang04, Kinno97, Rippard99, Rippard00, Heer04, Kaidatzis08] Such devices,
based on metal semiconductor junctions, exhibit high spin selectivity but suffer from high
current attenuation. Attenuation can be compensated by increasing injection energy in order to
benefit from secondary electron multiplication. [Filipe98, Rougemaille08] However, although
the spin-dependent scattering is qualitatively well understood in the case of ballistic electron

transmission, the situation is not so clear when dealing with inelastically scattered electrons.

The purpose of this thesis is to study the spin-dependent transport of electrons across
ferromagnetic metal / semiconductor junctions as a function of the injection energy in a range
which extends from 5 to 3000 eV above the Fermi level. Indeed, in high energy range the
transport is dominated by electron-electron scattering which gives rise to the excitation of a

secondary electron cascade. In this framework, several questions rise up like:
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1) How does spin-polarized electron transmission through the junction depend on the

electron injection energy and on the metal / semiconductor barrier shape?

2) How to describe the energy and momentum relaxation which results in the formation of

the secondary electron distribution?

3) Which spin transport processes have to be considered: relaxation, precession, filtering,

dilution / exchange?

Emitter e-l]‘[

Base Collector

Figure A.1: Scheme of the three-terminal hybrid device. The emitter provides spin-polarized free
electrons. The electrons are injected into the ferromagnetic metal (FM) / semiconductor (SC) junction.

Base (metal) and collector (semiconductor) currents are separately detected.

In order to address these issues, we will have to answer the preliminary question of how to
detect spin-dependent transport properties in a hybrid structure which combines ferromagnetic
and semiconductor materials. The general scheme for such experiments is the one of a three
terminal transistor-like device with a ferromagnetic metal base and a semiconductor collector.
Then different configurations can be envisaged which mainly differ by the emitter. Our
approach, schematized in Fig.l.1, is based on the use of a spin-polarized free electron source.
The emitter is thus spatially separated from the base / collector junction, which offers the main
advantage of controlling the spin polarization of the incident electron beam and that of

accurately tuning the injection energy. The spin-polarized electron source is a p-doped GaAs
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photocathode activated in negative electron affinity. When excited in optical pumping
conditions with circularly polarized near-bandgap light it produces an electron beam of
polarization Py = 25 %. The sign of Py can be simply reversed by reversing the helicity of the
excitation light. The base, which contains one (or two) ultrathin ferromagnetic layer(s), acts as a
spin filter by favoring the transmission of one electron spin state. It is required to exhibit a
square hysteresis loop to achieve electron transmission in a persistent magnetic state. It is the
relative orientation of the magnetization to the incident spin polarization, which determines the
transmission of the base. Electrons travelling through the junction are detected at the collector
as a transmitted current, whose magnitude depends on the magnetic state of the base. The other
part of electrons, which are absorbed in the spin filter layer, contribute to the base current. Such
transport measurements rely on the ability of independently measuring the base and the
collector currents. This can only be achieved for junctions of very high impedance, provided by
a Schottky-like barrier at the interface between the metal base and the semiconductor collector
which exhibits a strong rectifying character. To work out a ferromagnetic
metal / semiconductor junction with good rectifying behavior is a highly nontrivial task in
practice. The main limitation comes from the fact that in a Schottky junction made of an abrupt
metal / semiconductor contact, the interdiffusion between the metal and the semiconductor
cannot be fully avoided. To overcome this problem we have explored two different approaches.
One is to introduce a very thin oxide interfacial layer between the metal and the semiconductor
which is known to improve the junction barrier and to prevent against the interdiffusion. The
main difficulty is that the oxide layer has to be thin enough to let pass the electron without
applying a bias. The other approach is to give up the electrical measurement of transmitted
current and to develop instead an optical detection technique insensitive to the electrical
properties of the junction. To do so we will exploit the light emitted from the recombination of

the transmitted electrons into the semiconductor collector.

In Chapter I, we will start by reviewing the state of art of the spin-dependent transmission
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experiments with emphasis on the energy range of electrons implicated in the transport.

In Chapter 2, we present the first approach, where we study electron transmission through
Metal / Insulator / Semiconductor junctions. Several structures are considered which differ one
from the other by the composition of the metal layer, the thickness and bandgap of the oxide and
finally by the semiconductor collector. In most samples we could not detect a reliable electron
transmission signal at low injection energy (typically below few hundreds of eV) while, at high
injection energy, we have obtained electron transmission larger than unity (because of
secondary electron multiplication) and spin filtering effects. Finally, for samples containing two

magnetic layers, no spin valve effect has been detected.

In Chapter 3, we describe the cathodoluminescence experiment that we have developed to
exploit the radiative recombination of electron in the semiconductor collector in order to detect
the transmission through the junction. For this purpose, specific semiconductor collectors have
been grown with quantum wells to favor electron recombination close to the metal /
semiconductor interface. We present the first results that we have obtained on the optical
detection of spin-polarized electron transmission through ferromagnetic metal / semiconductor

junctions.

In conclusion, we discuss the main limitations and advantages of the optical detection

method and we present some perspectives for future experiments.
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Spin-dependent effects

In magnetic thin films

Transport of electrons injected at energies well above the Fermi level
into empty bands is a complex problem. This chapter is intended to
present and discuss experimental results that are relevant to the
understanding of spin-dependent transmission experiments when

inelastic electron scattering dominates the transport properties.
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Spin-dependent effects in magnetic substance

The present thesis work is related to the wide field of spintronics. Most of the approaches
developed in this field concern the transport properties at the Fermi level Er. The giant
magnetoresistance (GMR) effect constitutes the most well-known paradigm. The approach
pursued along this work deals with the transport of spin-polarized “hot” electrons having
energies greater than Eg. It makes use of tools at the frontier between electron transport and
electron spectroscopy techniques. We will briefly review the state of art in this domain, before

describing the objectives of our work.

.1 “Transport” at high energy in metallic thin films

The first energy range to consider is the low energy range of a few eV above Eg (where
the electron transport through thin films is mainly ballistic). This situation is met in tunneling
injection [Alvarado92, LaBella01, Vull] and BEEM experiments [Rippard99, Kaidatzis08].
Electron transport above Er in the empty bands is ensured by thereafter called hot electrons,
which have the kinetic energy greater than Eg and interact with the Fermi sea. Hot electron
transport can be described in term of mean free path as being the characteristic attenuation

length, which is generally of the same order of magnitude as the thickness of metal layers.

Transport at higher energy range (several tens of eV) is far from being quantitatively well
understood. Electrons crossing the sample interact with the conduction electrons, leading to
the production of secondary electrons. The secondary emission is a cascade process of
excitation from the Fermi sea combined with elastic and inelastic scatterings of the electron
cascade. Thus a complete treatment of the secondary emission requires the knowledge of the
electronic transition probabilities in the sample, of the scattering cross sections for elastic and
inelastic electrons. So far, there is no single theory, which takes into account all of these
features. However, previous results obtained in our group by the electron injection of energies

up to 2 keV [Rougemaille08] will help us compare our spin dependence measurements of
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electrons crossing ferromagnetic films.

Let us now give an overview of results, which are pertinent to the understanding of our

work.

1.1.1 Low energy transport above Eg in thin ferromagnetic films
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Figure 1.1: Hot electron transport. (a) Hot electron attenuation length for majority-spin and

minority-spin electrons in Co in the energy range of 1 to 2 eV above the Fermi level, deduced from

BEEM experiments [from Kaidatzis08]. Right: Inelastic mean free path calculated for majority-spin

and minority-spin electrons in Fe at low energy [Hong00] (sp contributions are included). It evidences

a large spin asymmetry in the mean free

path (1" >> 1)) within about 10 eV from the vacuum level

(electron energy equals zero). Its origin comes from the very strong spin-flip exchange scattering.

The key idea, common to all spin

-injection experiments exploits the consequence of the

imbalance of densities of the electronic states at Ef in ferromagnetic metals: the inelastic



Spin-dependent effects in magnetic substance

mean free path of majority-spin electrons is larger than that of minority-spin electrons in an
energy range up to 50 eV above Er [Penn85b, Pappas91, Grobli95, Oberli98, Weber01]. In
other words the scattering rate for minority-spin electrons injected into the ferromagnetic

empty band is enhanced due to the excess of minority spin holes. (cf. Figure 1.1)

This asymmetrical transport of spin-polarized electrons gives rise to electron spin
filtering in thin ferromagnetic films. The spin filtering techniques may be loosely classified

into three groups.

1) Spin filter

Figure 1.2-a illustrates how to operate a spin filter. When an electron beam of spin
polarization Py strikes an ultrathin ferromagnetic sample the transmitted current depends on
the relative orientation of the incident spin polarization with respect to the film saturated

magnetization.

One of the properties of the spin filter is that its spin selectivity depends on the energy of
hot electrons traveling through the ferromagnetic film. The spin filter is characterized by the

following experimental quantities:

- The asymmetry A of the transmitted current A= (17-17)/(17+17),17 (1) being

the transmitted current for +Pg (-Po) respectively;
- The spin-dependent transmission AT = (17 -17)/ Iy, lo being the incident current;

- And by analogy to spin polarimetry, its capability of spin discrimination, the so-called
Sherman function S. It is the polarization acquired by an unpolarized beam when passed

through the spin filter.



Chapter |

+M -M

15

L P 1t -Po 1
MA 051 1t \ﬁﬂﬁ
+M A 11 1

+P,

t4
+4

|C(i)-<|c>

_P0
Ny, -1.5 L L 1 I .
ﬁ 0 2 4 6 8 100 2 4 6 8 10
time (ms) time (ms)
-M
(a) (b)

Figure 1.2: Working principle of spin filter in transmission geometry. (a) The ultrathin magnetic film
preferentially transmits electron whose incident spin direction is parallel to the magnetization
orientation. One of the prerequisites for having a spin filter relies on the square hysteresis loop with
two saturated magnetized states +M and —M. Thus electron transport occurs under zero applied
magnetic field. Reversing the saturated magnetization from +M to —M is equivalent to switching the
incident electron polarization from +P, to —P,. For a given magnetization an asymmetry between the
transmitted currents 1* and 1™ is measured. (b) Experimental results showing the spin-filter effect in
the Fe / GaAs junction. Variation of the transmitted current I as a function of time, when modulating
periodically the polarization of the incident electrons between +Pgand —P,. When flipping the
magnetization the spin filtering effect is reversed. <Ic> refers to the spin-independent part of the

transmitted current Ic. The current scale is in nA.[Rougemaille03]

Typically the structure Au/ Co / Au (1 nm thick Co layer) has a transmission of 4 <10,
a spin-dependent transmission AT =6 %10 and a current asymmetry A=8.5% for an
incident electron polarization of 25 %. The Sherman function value of such a spin filter is
0.34 for low injection energy, less than 5 eV. It can be shown that the transmission asymmetry
verifies the equation A = Py S. It means that to measure a spin-dependent asymmetry an initial

spin polarization Py is required in conjunction with the spin-filter layer. This is the working
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condition of a spin filter.

Two experimental configurations have been explored for measuring spin filter effect:
either the transmission takes place through a freestanding foil, such as Au/ Co /Au of total
thickness of 21 nm [Lassailly94, Oberli98] or through a compact structure, where the
ferromagnetic layer is deposited on a bulk semiconductor, the latter collecting the transmitted

current [Filippe98, Rougemaille03]. It is the latter configuration that we will use in the thesis.

2) Spin valve: polarizer-analyzer experiments [Mousma95, Jansen0l, Rippard00,

Cacho02, VanDijken03]
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Figure 1.3: Working principle of spin-valve device. (a) An unpolarized electron beam is transmitted
through two uncoupled ferromagnetic layers separated by a nonmagnetic layer. The two magnetic
layers act as polarizer and analyzer of electron spins, such that the relative orientation of the
magnetization of the two layers determines the transmission of the base. (b): Schematic energy diagram
of a spin valve transistor. Hot electrons are injected above the Fermi level. Hereby the incident
electron energy is determined by the height of the Schottky barrier between the semiconductor emitter

source and the metal base [from Jansen03].
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The spin filtering effect can be exploited for achieving the optical equivalence of the
polarizer-analyzer combination. Two ferromagnetic layers are required (Figure 1.3), the first
one selecting a population of spin-polarized electrons, the second one detecting the projected
spin component along the magnetization direction. The resulting salient feature is that the
collector current depends on the magnetic state of the spin-valve layers, i.e. the base. Examples
of spin-valve device include the magnetic tunneling transistor and the spin-valve transistor.
Both devices are junctions sensible to electronic properties of interface, the transmission
probability being determined by energy and momentum constraints imposed by the band
structure difference between the semiconductor and the metal interface. Such junctions
operate in low energy range from 0.8 to 2 eV, higher voltages resulting in a breakdown of the
junction. To explore a higher energy range the electron source has to be decoupled from the
spin-valve structure. It is the strategy that we have followed during this work. It also offers
the advantage of optically controlling the incident spin polarization and tuning the energy of

incident electrons up to 3 keV.

3) Spin-precession of the polarization

When the spin-polarization vector of the incident electron beam is perpendicular to the
magnetization of the ferromagnetic layer, then it rotates into the direction of the magnetization
and simultaneously precesses around it. The angle of rotation depends on the spin asymmetry
A [Oberli98]. The rotation around the magnetization is the optical analog of the linear
magneto-optics Faraday effect, the light propagation vector being oriented along the
magnetization vector. Precession of electron spin can also be generated by the reflection at
ferromagnetic surface [Weber02], by the injection of spin-polarized beam into non-magnetic
materials but under a continuous magnetic field [Huang07]. Typically electron energy

involved in spin-precession experiments is in the range of a few eV.
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Figure 1.4: Spin-precession effect. When electrons are injected into the ferromagnetic layer with the
spin direction normal to the magnetization, the electron spin will rotate of the angle « into the

direction of the magnetization of the layer and at the same time process around it.

1.1.2 High energy transport: the secondary electrons at play

Electron transmission in spin-valve structure up to 100 eV of injection energy reveals a
linear increase versus the injection energy due to the secondary electron multiplication
[Cacho02]. As soon as electrons enter the metal cap layer prior the magnetic filter, the
secondary electron process induces a dilution of the initial spin polarization. Consequently the
polarization of secondary electrons does not depend on the polarization of the injected
electrons. At very high injection energy up to 3 keV, we can only predict an increase in the
electron mean free path by referring to the well-known EY2 variation of the electron mean free
path versus electron energy. The ballistic transport is no longer valid in all sample thickness
and must be replaced by the spatial evolution of a distribution composed of primary electrons,
which keep the memory of the initial spin polarization, and secondary electrons. Varying the
incident energy amounts to broad the electron distribution reaching the interface
metal / semiconductor. The electron energy distribution of secondary electrons is
characterized by a mean energy ey, which corresponds to the energy of electron travelling
within the interface and an amplitude given by the secondary multiplication factor. The

collected current corresponds to the upper energy part of the electron distribution, the lower
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part being successively energy filtered when crossing interface barriers. The spin-dependent
part of transmission in the spin filter can be included by considering two electron distributions
for the primary electrons, each being associated with spin-dependent mean free paths A" and
A. Figure 1.5 gives a pictorial representation of the different transport mechanisms involved

in the spin filter.

Figure 1.5: Schematic layout showing the transport in the structure metal / semiconductor based on
the electron-electron interaction, each scattering yielding two electrons. @ is the Schottky height, E,
the vacuum level and E, the energy of incident electrons. The incoming electron relaxes its energy in
the metal base by generating a cascade of secondary electrons. The base current lg corresponds to
electrons, which have not enough energy to surmount the barrier @s. Electrons which pass the barrier
form the collector current I¢ in the semiconductor. The spin filter effect results in two different energy
distributions of the transmitted electrons (red and blue curves), whose low energy part is cut off by the
barrier @s. The current I is actually the integral in energy of the energy distribution. The potential V,

applied on the two terminals of the junction determines the injection energy Eo.
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Increasing the incident energy E; amounts to a boost in the multiplication of secondary
electrons, and therefore to a broadening of the electron distribution resulting from the
subsequent cascade. The unknown quantity, which is not directly accessible from our
measurement, is the mean energy ev of the electron distribution within the sample. Its
variation with the injection energy Eo can be obtained by self-consistently solving the

equation which yields the total transmission T through the junction:

E P @
T== [ascexp <— i) + apexp <— OX)],
&M &M

Em

where the value of asc (aox) the collection efficiency in the semiconductor (the oxide layer),
and @sc (Pox) the semiconductor band bending barrier (the oxide layer barrier height) are
known [Rougemaille08]. The exponential function reproduces the accumulation of secondary
electrons due to the electron cascade. Figure 1.6 shows the variation of gy versus Eq deduced

from the experimental measurement of the transmission through the Fe/ Oxide / GaAs

sample.
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Figure 1.6 [Rougemaiile08]: Calculated variation of the electron mean energy ey, which describes the
electron distribution width at the metal / Oxide interface in the structure Fe (3.5 nm) / Oxide / GaAs as
a function of the injection energy Eo. Horizontal dotted lines correspond to the two barrier heights @y

and dgc.
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1.2 Our experimental strategy

We briefly list the main features, which constitute the backbone of our experimental work.

They will be thoroughly described in the next chapters.

1.2.1 A three-terminal device or the importance of having an abrupt, high-quality

Schottky barrier

The metal base, which includes the spin-filter layer, is grown on the semiconductor
substrate, which is used as a collector. The spin injection is achieved by an electron source
separated from the base-collector electrodes by vacuum. The two electrodes are connected to
the same potential, which defines the injection energy. The potential barrier formed at the
metal-semiconductor interface has to fulfill two objectives. First, as previously mentioned, it
ensures the selectivity in energy of the transmitted electrons. Electrons of energy below the
potential barrier are collected in the base layer. Second, the barrier provides a junction
resistance, whose value should be high enough for measuring independently the base current
and the collector current under zero applied voltage to the junction. We will have to find out

how to accurately measure the junction resistance.

1.2.2 What type of metal-semiconductor junctions?

Effort has been concentrated in our group on the growth of Fe on GaAs [Filippe98] to
form a Fe/ GaAs Schottky diode. The electrical properties of such samples are given by
quality of the metal / semiconductor interface. Indeed the junction must block electrons of
energies below the barrier. Pin holes and defects at the interface give rise to leak currents,

which can compensate the current passing over the barrier. Also our working conditions
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require using samples of quite large area (typically 7 <7 mm?). To overcome these obstacles,
the approach is to form a Schottky-like junction. In this type of structure, a very thin oxide
layer of different thicknesses (typically from 1 to 3 nm) is grown at the interface between the

metal and the semiconductor.

In a first step we will study the archetype junction Pd/Fe/oxide/n" - GaAs, whose
spin-polarized-electron transport has been experimentally and theoretically analyzed
[Rougemaille08, Lamine07]. The structure contains a single iron layer grown onto a 2 nm
thick oxide layer. Then in a second step transmission through junctions having different
thicknesses of oxide will be compared with transmission through the
Pd / Fe / oxide / n* - GaAs. These junctions are fabricated by our collaborators of the group
“Nanomagnetism and Spin-Electronics”, led by Michel Hehn, at the Laboratory of Material

Physics of Nancy University.

1.2.3 What type of detection for the transmitted electrons?

As early described in the chapter, the principle of all injection experiments is based on the
electrical measurement of currents transmitted through the sample. The price to pay is the
necessity of working with a high impedance sample. Indeed such a measurement amounts to
detecting a weak current flowing through finite impedance terminals. In particular it remains
to determine the threshold of detection for the transmitted currents. Another alternative to the
current measurement is the optical detection of the transmitted current. Based on the formal
analogy between polarizing and analyzing spin filter, one might expect that GaAs is not only a
source but also a detector of spin polarization. This means to carry out a cathodoluminescence
experiment, in which the transmitted electrons recombine with holes across the semiconductor
band gap thereby by emitting light. Moreover spin-polarized electrons should produce

circularly polarized luminescence. The oxide barrier presented in the previous samples is now
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replaced by the energy gap of semiconductor. A new junction comprising the electron-photon
converter part has been elaborated by Oleg Tereschenko of the Institute of Semiconductor
Physics in Novosibirsk. The main advantage of the optical detection is that the constraint of
having a rectifying behavior is now avoided. A new experimental setup will be developed to

meet the need of such luminescence detection.
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Electrical detection of spin-filter effect in
ferromagnetic metal / semiconductor
junctions

The existence and the properties of spin-filtering in ferromagnetic
metal / semiconductor rectifying junctions can be measured by injecting
spin-polarized electrons into empty bands of the ferromagnetic metal. In
this chapter we review the experimental configuration to achieve such a
transport measurement. Then we present the transmission results
obtained from junctions having one or two ferromagnetic layers. We also
show the effect of an interfacial oxide barrier introduced between the

metal and the semiconductor.
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Electrical detections of spin-filter effect in the ferromagnetic metal / semiconductor junctions

1.1  The objectives

Our experimental approach relies on injecting spin-polarized electrons into a
ferromagnetic metal / oxide / semiconductor (hereafter referred as MIS) junction, where the
oxide layer behaves as a tunnel potential barrier for electrons having an energy less than the

barrier height (E < &g + h, Figure 2.1).

electrons

= Ec

Metal Semiconductor

Ev

Oxide

Figure 2.1: Schematic energy diagram of electrical injection and detection at zero bias in MIS
junction with n-type semiconductor substrate. ®g is the Schottky barrier height (i.e. the barrier height
due to the semiconductor band bending). The main issue discussed in this chapter revolves around the
oxide thickness, which affects the 1-V characteristics and the results of the transmission experiments.

E is the injection energy referred to the Fermi level Eg.

The junction has to fulfill the following criteria.

The electrical properties. When collecting current on a metal electrode in ultra-high
vacuum environment, the current flows through an infinite impedance, which is the
impedance of the vacuum / electrode barrier. This is the ideal configuration to measure small
currents, when, for instance, performing direct electron transmission through a freestanding

sample [Cacho00]. However, measuring the current crossing a junction turns out to be limited
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by the intrinsic resistance of the junction, as it will be explained in 8§ I11.3.4. Therefore the
equivalent resistance of the junction has to be as large as possible. In principle, when injecting
high energy electrons into a junction, the rectifying character of the metal / semiconductor
contact should provide high enough junction impedance to allow independent measurement of
the currents flowing in the metal and in the semiconductor terminals. In practice, this is often
not the case. Then, inserting an oxide layer (which introduces a barrier for both charge
transport and atoms interdiffusion) between the ferromagnetic metal and the semiconductor
provides a means of controlling the junction resistance. The oxide layer must be thin enough

to behave as a tunnel barrier (Figure 2.1).

The magnetic properties. In our experimental geometry, the samples must contain
ferromagnetic layers with in-plane magnetic anisotropy so that the spin polarization of the
incident electron beam is parallel to the sample surface. We recall that our concern is to
measure the transmitted current according to the relative orientation between the spin
polarization and the saturated magnetization of the ferromagnetic layers. The number of
ferromagnetic layers allows one to investigate either the spin-filter effect (one ferromagnetic
layer) or the spin-valve effect (two ferromagnetic layers). In the case of the spin-valve sample
the coercivity of each ferromagnetic layer should be quite distinct in order to reverse the

magnetization of one layer without affecting the second one.

Thickness consideration. Concerning the interfacial oxide layer, it must be thin enough
(in the range of 1~3 nm) to differ from the genuine metal / insulator / semiconductor capacitor.
Concerning the metal layer thickness, as shown by the previous transmission experiments
[Rougemaille03, Lamine07, Rougemaille08], the overall metal multilayer film has to be less
than 20 nm thick, otherwise the transmission factor becomes too weak to give a detectable

transmitted current.
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1.2 Nature of junctions

11.2.1 Sample structures

(@)

(b) Vacuum level y
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— i — (
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Metal MgO  Semiconductor

Figure 2.2: Schematic diagram of MgO interface in the junction Co/MgO/Si. (a) Zoom of the
interface Si(100) / MgO(100) showing a highly textured MgO layer of 2nm and a sharp and
atomically flat interface [Bernos10]. An amorphous Si layer is between the Si substrate and the MgO
layer. (b) Energy-band diagram of an ideal metal / MgO / semiconductor junction (equal metal and Si
work function @s). The gap of MgO Eg; = 7.6 eV, the electron barrier height ®g. = 3.7 eV, the hole
barrier height ®g,=3.0eV, the energy gap of Si is 1.1eV, and the electron affinity of MgO
v = 1.5 eV. [Parkin04, Kurt10]

As previously stated, an oxide layer is grown on the semiconductor substrate prior to the
deposition of the ferromagnetic layer. We have used three types of oxide layers: magnesium
oxide (MgO), aluminum oxide (Al,O3) and gallium oxide (Ga,O3z) generated at room

temperature by UVOCS (“Ultra-Violet Ozone Cleaning System”). However, the samples
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containing a 2 nm thick aluminum oxide barrier show no photogenerated current under the
light illumination (the main reason for that will be further described). In the rest of the thesis
we will confine ourselves to the junctions with the two other types of oxides. All the

semiconductors substrates are n-doped, so the majority carriers are electrons.

1. The junction Pd (5 nm) / Fe (4 nm) / Uvocs (10 A) / n-GaAs, hereafter referred to as
GaAs_1, which is the “canonical” junction, has been successfully studied in our group
[Rougemaille03, Lamine07, Rougemaille08]. It will be used as the reference sample to
give evidence to the effects due to the nature of barrier in the transmission

experiments.

2. The junction Pt (3 nm) / Co (5 nm) / MgO (100) (2 nm) / n-Si (100), hereafter referred
as MgO_1, to study the spin-dependent electron transport in Si. The choice of the
MgO barrier is dictated by a barrier height higher (3.7 eV for an ideal MgO tunnel
barrier, assuming that the Fermi level is pinned mid-gap, i.e. in the absence of fixed
oxide charges, see Fig.2.2-b) than the amorphous Al,O3; barrier of 2.6 eV and by a
higher magnetoresistance in the magnetic tunnel junctions. According to the
deposition process worked out by Bernos et al in Nancy [Bernosl10], the MgO layer,
which is RF sputtered on a unoxided silicon surface is textured with a very good
planarity. The Figure 2.2-a shows the high-resolution cross-section image of the
sample after annealing obtained by transmission electron microscope: starting from
the Si (100) substrate, an amorphous Si layer followed by the 2 nm thick barrier can

be successively observed.

3. The bilayer structure Pt (2 nm) / IrMn (7.5 nm) / Co (5 nm) / Cu (3.5 nm) / Co (5 nm)
/ MgO (3 nm) / n-Si (100), denoted by MgO_2. It contains two ferromagnetic layers
decoupled by a thin non-magnetic Cu metallic layer. One of the cobalt layers is
covered by the antiferromagnetic layer IrMn, which shifts the cobalt hysteresis loop

due to the exchange interaction at the interface of both layers. To crystallize the MgO
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junction and to block the exchange layer, the structure has been annealed for 1 hour in
an external field of 200 Oe directed along its easy axis. This structure is designed to
form a spin valve for hot electrons. The first cobalt layer polarizes the electron beam
by passing a spin direction. The second cobalt layer stops or transmits the polarized
electrons depending on its magnetization orientation with respect to the one of the

polarizing layer.

The two last samples were grown at the Laboratory of Material Physics (LPM), at the

Nancy University.

11.2.2  Electric characterization of the samples

11.2.2.1 Current transport in metal / oxide / semiconductor structures

As previously mentioned, all the samples dedicated to the electron transmission
experiments should present the rectifier electrical properties, so that the junction resistance is
much larger than the access resistance of the junction. Here we start to give a short survey of

the electronic transport in metal / insulator / semiconductor structure.

In MIS structure, the current-voltage characteristics critically depend on the insulator
thickness, since the tunneling probability varies exponentially with the thickness. If the
insulator layer is sufficiently thick (for instance, for the Si-SiO, system greater than 7 nm
[Av-Ron78]) the carrier transport through the insulator layer is negligible and the MIS
structure is equivalent to a conventional MIS capacitor. On the other hand, if the insulator
layer is very thin (less than 1 nm), little hindrance is met by carriers flowing between the
metal and the semiconductor, and the electric behavior looks like a Schottky-barrier diode at
least at low bias voltages. Then most of the biasing voltage will be applied to the

hl/Z

semiconductor. In this case, the tunneling probability term exp(- d h™), where d is the oxide
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thickness and h is the mean barrier height (Figure 2.1), is close to unity and the tunneling
current can be approximated by an expression similar to the standard thermionic-emission
equation for Schottky barriers. Samples having an ultra-thin oxide layer (< 2 nm) should
correspond to the latter case. The basic transport mechanisms are the thermionic emission and
tunneling. The tunneling current dominates when the width of the depletion layer is thin
enough. Here we recall that the depletion-layer width decreases with the impurity
concentration of the semiconductor. So for heavily doped semiconductors the tunneling
current may become more significant. The major expected differences of MIS structure
compared to the conventional metal / semiconductor contact should be a reduced thermionic
current of electrons because of the additional interfacial layer without affecting the minority
current, a lower barrier height (the existence of defect states across the interfacial layer), a
higher ideality factor, and the possibility of modulating the carrier concentration at the
semiconductor surface by bias voltages (then all the applied voltage drops across the oxide
barrier). Along this thesis, by ease of use we will designate our samples as Schottky-barrier

diodes.

When measuring the |-V characteristics of Schottky-barrier samples, some specific care
has to be taken because of recurrent high contact resistances. Figure 2.3 shows such a case,
where the back side contact has a high contact resistance. The two-terminal device essentially
corresponds to two metal / semiconductor contacts connected back to back, i.e. two Schottky
barriers connected back to back. When a low negative voltage is applied to the
metal-semiconductor contact 1 with respect to Contact 2, the barrier @, is reverse-biased and
&, is forward-biased. The applied voltage is shared between these two contacts but most of
the voltage drop will occur across the depletion region of Contact 1. The electron current is
due to the thermionic emission of electrons from Contact 1. Note that the current continuity
requires that the reverse current for the Contact 1 is equal to the forward current for the

Contact 2, assuming same areas for both contacts. Therefore to avoid the voltage drop across
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the barrier of the Contact 2, we need to have an Ohmic contact with a very small contact
resistance compared to the semiconductor resistance. A criterion to check the nature of
transport across the back side is to measure the current-tension (I-V) characteristics under
light illumination of energy larger than the semiconductor energy band gap. Indeed electrons,
which are photoexcited across the semiconductor energy band gap, will diffuse toward the
back side of junction in the same direction as the reverse saturation current, which gives an
augmented current. The absence of such a photocurrent in I-V curves under reverse bias
means that most of the carriers are blocked by a Schottky barrier on the back side. We will
now briefly describe the 1-V characteristics of an ideal Schottky diode, which we will use to

analyze the rectifying electrical properties of our samples.

(a) Contact 1 Contact 2

Metal Semiconductor Metal

(b)

Metal \ Semiconductor Metal

Figure 2.3: Schematic diagram of (a) a two-terminal device constituted of a Metal / Oxide / n-doped

Semiconductor structure with the metallic contacts on both sides, whose high contact resistance at the
back side (Contact 2) leads to two Schottky barriers connected back to back (the oxide layer is not
shown), and (b) the corresponding band energy diagram at thermal equilibrium, where @, and @, are
the barrier heights for electrons and Vp; and Vp, are the built-in potentials for contacts 1 and 2

respectively [Tantraporn70].
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Forward Reverse

Metal Semiconductor Metal Semiconductor

Figure 2.4: (a) Energy band diagram of metal on n-type semiconductor under different biasing
conditions V. The electron flow is more important under Forward bias (V > 0) than under Reverse bias
(V< 0). And (b) its equivalent circuit including the (access) series resistance Rs and the differential
resistance Rpincluding the resistance due to the Schottky barrier and the resistance due to leak current
through the junction. The differential capacitance of the space charge region is omitted. In the electron
transmission experiments, the resistance Rs will be assimilated to the contact resistance rg.

(cf. Figure 2.20)

In the assumption of an ideal Schottky diode with moderately doped semiconductor, the
main transport mechanism is the thermionic emission of majority carriers from the
semiconductor over the potential barrier @ into the metal. The current density flowing in the
junction under an applied voltage V is given by the well-known equation:
J=Jo [exp (€V/KT)—1], where Jo=A"T?exp (-@ /kT) is the saturation current density
[Rhoderick78]. The effective Richardson constant A™ is equal to 8.64 A em? K™ for GaAs,
246 A em? K for silicon in (100) directions, and 258 Aem?K™? for silicon in (111)
directions, respectively. The equivalent circuit of a Shottky barrier includes the series

resistance Rs which accounts for the contact resistance and the resistance of the neutral
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semiconductor region between the ohmic contact and the depletion region (Figure 2.4).
Therefore the voltage drop across Rs causes the actual voltage drop across the depletion
region to be less than the applied bias V. So in the above equation, the applied bias V has to be
replaced by the effective bias Ver =V —IRs, | being the current through the diode, which

stands for the real potential drop across the barrier.

The following parameters fully characterize the electrical performances of our Schottky diodes:

- Jo, the dominant electron flow from the metal to the semiconductor for low reverse bias V.
We thereafter refer to reverse bias as positive voltage applied to the n-type semiconductor
back side with respect to the metal side. For small V values, J= J, eV /KT, and 1 mV bias
gives a current density J=Jy/ 25, which constitutes the lower limit of the polarization
current. Therefore since our transmission experiments will be performed at zero bias, the
samples must have values of Jq as low as possible. The additional argument for minimizing
Jo is that the mean square noise current of shot noise for the Schottky junction is
proportional to J,. We will show that values of dark current of a few nA can be strongly

detrimental for the detection of transmitted current.
- @z, the potential barrier.

- The ideality factor n=e /KT [dV /d(In J)], whose deviation from unity indicates that the

thermionic transport is not the only dominant mechanism.

- The dynamic resistance of the Schottky barrier Ry =S (dJ/dV)*=kT/[eS I+ Jo)]
measured at zero bias (S is the surface of the sample), arising from the space charge region,
where electrons are depleted in n-type semiconductor. Note that for several tenths of a volt
of reverse bias J = — Jy and Ry becomes infinite. The Ry resistance determines the Johnson

noise of the junction.
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11.2.2.2 How to measure I-V characteristics
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Figure 2.5: Three-terminal |-V measurement. (a) Experimental setup. The voltage is applied across the
back terminal, 1 is the measured current through the MIS structure and Ve corresponds to the genuine
voltage applied to the back contact. Since the voltmeter has very high impedance, the current flowing
between the back side pads is practically zero. (b) Equivalent circuit. D and D’ correspond to the back

junction and the front junction respectively.

We perform all the measurements with three-terminal system to directly get the real

applied voltage V.5 to the back side of the sample, as shown in Figure 2.5.

To form an ohmic contact on the semiconductor backside, we deposit a drop of liquid
metal, a gallium based alloy. The bias voltage Vap, is applied to one pad on the back side and
the voltage effectively applied Ve is measured on the other pad. Then the voltage difference
Vapp — Verr COrresponds to the voltage drop across the back side contact due to contact
resistances and local junction resistance of non perfect ohmic contact. Two voltage followers
are used to provide enough current gain. A soft gold tip is gently pressed on the top metal

surface of the sample to measure the total current I, which is then converted into the output
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voltage Vo of the amplifier with respect to the ground. Another gold tip is used to
mechanically hold the sample. The I-VV measurements can be easily performed in the dark and

under illumination (630nm, 1.4mW).

In this configuration, the voltage is applied to the semiconductor side of the sample,
which is opposite to the convention generally used in the measurement of I-V. Thus, in order
to simplify the analysis of the electrical measurements and avoid any ambiguities, our 1-V
curves will be drawn to be compatible with the usual configuration, where the voltage is

applied to the metal side of the diode.

11.2.2.3 Electrical characterizations of the samples

11.2.2.3.a Pd (5 nm)/Fe (4 nm) / Uvocs (1 nm) / n-GaAs, (sample GaAs_1): An excellent

Schottky diode

For simplicity, bias denotes the real voltage applied to the junction of the sample V. The
I-V curves (Figure 2.6) present the electrical characteristics of a Schottky-barrier diode. A
forward bias (positive voltage applied to the metal) decreases the potential barrier for
electrons moving from the semiconductor into the metal. As the bias increases the current
densities measured in the dark and under illumination follow an identical increase. On the
other hand, in the reverse direction, a nearly constant difference of 1875 uA/cm? between the
two measured densities appears as the negative bias increases. It leads to a photovoltage of
0.24 V, which corresponds to the positive shift of the minimum of the absolute current density.
The existence of a photocurrent demonstrates that electrons generated in the conduction band
of the semiconductor diffuse toward the metal contact on the back side, while holes created in
the valence band diffuse toward the front metal contact. Let us emphasize that this

photocurrent can be collected without bias.
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The analysis of the I-V curves measured in the dark can be done by fitting the
thermionic-emission equation (dashed line in Figure 2.6), which leads to the extraction of the
following parameters (Rp is calculated from the raw data because of the deviation of the
fitting curve from the measured one in case of high forward bias, the same treatment also for

the other samples):

Rs= 233 Q, Rp = 4.41 MQ, Ro=160 kQ, n=1.003, &g = 0.71 eV, and the saturation

current density Jo = 0.78 pA/cm?.
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Figure 2.6: Measured and calculated (dashed lines) I-V curves for the n-type sample GaAs_1 (surface
0.35 cm?) in dark and under irradiation by a red laser (1.96 eV, 2.15mW). (a) Current density versus
Bias in semi-log scale; (b) Absolute current density versus Bias in semi-log scale. A constant
photocurrent density of 1.875 mA / cm? and a shift of 0.24 V of Bias is detected at zero bias under laser

illumination. The dashed lines correspond to the fitting to the thermionic emission equation.

Let us recall that this procedure allows comparing different samples but does not take into
account the oxide thickness. We can only assert that the 1-V curves of GaAs_1 samples are
very well described by electron flow driven by the thermionic emission from the
semiconductor to the metal. The high value of the parallel resistance Rp ensures that there is

nearly no resistance-dependent leakage current. Also the relatively small series resistance Rg
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indicates that almost all the voltage drop is on the metal-semiconductor contact but not on the
metal itself. The value of the semiconductor barrier height @gis in agreement with the one
previously found [Rougemaille03]. This sample satisfies the electrical conditions listed in

Section I1.1.

11.2.2.3.b Pt (3 nm)/ Co (5 nm) / MgO (2 nm) / n-Si (100) (10*° cm™®) (sample MgO_1): A

situation intermediate between a Schottky diode and an MIS structure
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Figure 2.7: Measured -V curves for the n-type silicon sample MgO_1 (surface 0.25 cm?) in dark and
under red laser illumination (1.96 eV, 1.4 mW). (a) Current density versus Bias in linear scale; (b)
Absolute current density versus Bias in semi-log scale. A constant photocurrent density of 900 uA/cm?

and a shift of 0.12 V of Bias at zero current are detected under laser irradiation.

As the oxide layer thickness increases from 1 nm (sample GaAs 1) to 2 nm (sample
MgQO_1), we can observe the transition from the Schottky barrier (sample GaAs_1, which has
an interfacial layer essentially transparent to tunneling electrons) to a MIS-like structure
(sample MgO_1). The I-V curves measured at room temperature show a nonlinear behavior
(Figure 2.7). The rather unexpected result is that the presence of MgO oxide allows current
flows of several orders of magnitudes for forward (positive bias) and reverse bias. As

explained below, it indicates that the MgO layer effectively acts as a tunnel barrier. The
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presence of the oxide layer allows the band structure of the metal and Si to displace in energy
relative to one another. The tunneling current therefore depends on the position of the metal
Fermi level relative to the band edges of the semiconductor, which in turn depends on the

voltage across the oxide layer.

Before describing the different regimes of the I-V characteristic of the MgO MIS contact
(Figure 2.7), let us mention that a thorough characterization of these regimes requires
complementary capacitance measurements (C-V curve), in particular to evaluate the
contribution of the surface band bending, the total interface-trapped charge, and the depletion

depth. Such measurements cannot be performed in our laboratory.

At low bias, the surface of the n-type Si is depleted, leaving a positive charge due to
uncompensated ionized donors (Figure 2.8). In the forward bias range (Bias > 0 in Figure 2.7)
two different slopes are observed: at the lower voltage, the current increases exponentially
over two decades due to the thermionic emission, while at higher bias voltage, tunneling
occurs through the MgO barrier. As the bias is increased in forward direction, the
semiconductor surface goes from depletion to accumulation and the changes in applied
voltage are primarily absorbed across the oxide. This causes the metal Fermi level to move
downwards on the band diagram relative to the semiconductor, until it reaches the energy of
the valence band edge in the silicon. At this point (small hump at 0.2 V in the I-V curve) the
tunneling current (from semiconductor valence band to metal), rapidly increases with bias.
The reverse bias is associated with the tunneling current from the conduction and valence
bands in Si to metal. On reverse bias the large concentration of holes creates a strong oxide
field, which leads the metal Fermi level to move upwards to the conduction band edge of Si.
At this point the tunneling current between the metal and the conduction band becomes small.
As mentioned above, considering the absence of the additional information given by C-V
curves, it is impossible to settle whether the silicon surface stays depleted or becomes inverted

in the reverse regime.
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Figure 2.8: Energy band diagrams for ideal n-type MIS diode (a) under zero bias and (b) under

forward bias for the conditions of (a) depletion and (b) accumulation.

If we consider the thermionic-emission model of electrons over the barrier @g without
taking into account the oxide layer, in order to fit the 1-V curve at low applied bias, we get the

parameters:
Rs =25.9 Q, Rp = 2.28 kQ, Ry = 1.2 kQ, &g = 0.63 eV, n = 1.005, Jo = 497 pA/cm’.

The fit reproduces very well the I-V curve at low bias and the transition to the asymptotic
regime in the reverse bias but fails to describe the forward regime. The access resistance Rs is
decreased by the order of 10 Q. The evaluated barrier height is in agreement with previous
values reported in the literature for magnetic tunnel junctions of similar MgO thickness, such

as CoFe / MgO / Si [Kiyomura00, Uhrmann08].

11.2.2.3.c Pt (2nm)/IrMn (7.5 nm) / Co (5 nm)/ Cu (3.5 nm)/ Co (5 nm)/ MgO (3nm) /
n-Si (100) (10™*° cm™) (Sample MgO_2): Towards an MIS diode
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Figure 2.9: Measured I-V curves for the n-type silicon sample MgO_2 in dark and under laser
illumination (1.96 eV, 1.4 mW). (a) Current density versus Bias in linear scale; (b) Absolute current
density versus Bias in semi-log scale. A constant photocurrent density of 1000 xA4/cm? and a shift of
0.086 V of the Bias at zero current are detected under light illumination (surface sample 0.5 cm?).
Note the increase in the reverse current with respect to the sample MgO_1 of thinner oxide layer. This

comes about as a result of an increase in the Fermi energy of the metal relative to the Si surface.

From the measured I-V curves (Figure 2.9), we conclude unexpectedly that a thicker
oxide layer increases the reverse-bias current. The mechanism for the reverse current results
from tunneling through the oxide, when the metal Fermi level increases towards the Si
conduction band edge Ec. Since enough voltage is dropped across the oxide, the metal Fermi
level can move up to Ec. A thinner oxide layer will sustain a smaller voltage and there will be
fewer electrons in the metal above the energy Ec. The decrease in the reverse current
compensates the increased transmission due to a thinner oxide layer. Notice that the
pronounced hump at 0.2 V is caused by the resultant increase in tunneling electron current
from Si valence band edge to metal. The irradiation of the red laser (1.96 eV, 1.4 mW)
generates a density of photocurrent of 1x<10° pA/cm? which leads to a photovoltage of
0.086 V at the minimum of the absolute current density. The parameters obtained from the

fitting procedure are:
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Rs =11 Q, Rp =253 Q, Ry = 180 Q, &g = 0.64 eV, n = 1.015, Jp = 336.7 pA/cm’.

One again that the fit procedure overestimates the forward regime as shown by the
departure of the ideality factor from unity but gives a reliable result for the reverse regime

with an identical barrier height and an access resistance Rs of the same order of magnitude.

11.2.3  Magnetic characterizations

It consists in measuring the hysteresis loop to determine the coercivity and the easy axis

of magnetization.

11.2.3.1 Sample GaAs_1

1 !

—a— difficult
-=— easy

0.5

sat

M/ M
o

-0.5

-400 -200 0 200 400
Applied Field (Oe)

Figure 2.10: Hysteresis loop of the sample of the junction GaAs_1 measured by MOKE. The magnetic
field is successively applied along the easy axis and the difficult axis. The magnetization is normalized

by the magnetization at saturation.
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According to the preparation of the sample, the magnetic easy and difficult axes of the
sample are known. The hysteresis loops of the sample GaAs 1 are measured by
Magneto-Optic Kerr Effect (MOKE) in geometry of reflection in the directions of the easy
axis and the difficult axis, as shown in Figure 2.10. The magnetization is normalized by the
magnetization at the saturation. The measured coercivity of the ferromagnetic layer is around

75 Oe.

11.2.3.2 Sample MgO_1

The hysteresis loop of the sample MgO_1 obtained by SQUID in the direction along the
planar easy axis, is shown in Figure 2.11. The magnetization is calculated by dividing the
measured average magnetic moment by the sample surface. A saturation of the magnetization
of 3 <10 emu/cm? is reached along with a coercivity of about 15 Oe. Note that the remanent
magnetization (3 x10™) /(5 x107) = 600 emu/cm® is quite low compared to the expected

bulk value of 1400 emu/cm® in Co.

Magnetization (10 emu/cm?)
o

-50 25 0 25 50
Applied field (Oe)

Figure 2.11: Square hysteresis curve of the sample MgO_1 measured by SQUID along the planar easy
axis (5 nm thick Co). The magnetization saturates at 3x10* emu/cm? and the hysteresis loop has a

coercivity of 15 Oe.
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11.2.3.3 Spin-Valve sample MgO_2 with exchange bias

The hysteresis loop of the sample MgO_2 measured by SQUID reveals two cycles
shifted from one another of 130 Oe in the field axis, i.e. the exchange bias (Figure 2.12). The
top ferromagnetic layer (the pinned layer) in contact with the antiferromagnetic layer has the
shifted loop, while the other ferromagnetic layer (the free layer) has a conventional hysteresis
loop centered at zero field. Thus there is a field range, where the two ferromagnetic layers
have antiparallel (AP) magnetizations. The field needed to reverse completely the
ferromagnetic layer in contact with the antiferromagnetic layer is larger because an extra field
is required to beat the microscopic torque. An external magnetic field of 50 Oe is enough to
switch from the parallel (P) configuration to antiparallel configuration of both ferromagnetic
layers. The saturated magnetizations of both layers are equal to 5 x10* emu/cm?

(i.e. 1000 emu/cm?®) and are much larger than that of the sample MgO_1.

12

Soft layer (buried Co)

Magnetization (10'4 emu/cmz)
o

-12 | | | I I
-200 -150 -100 -50 0 50 100

Applid field (Oe)

Figure 2.12: Easy axis major and minor magnetization loops of the sample MgO_2 measured by
SQUID. The two cycles are separated one from the other by an exchange bias of 130 Oe. P= parallel

configuration AP = antiparallel configuration
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11.3  Electric transmission measurements

As opposite to GMR experiments, we plan to inject spin-polarized electrons into sample
at energies well above the Fermi level of the ferromagnetic layer. All our transmission
experiments focus on the spin-dependent transport in the unoccupied bands of the metal layers.
The approach applied in our experiment has two main advantages: first the energy of the
incident electrons is easily tunable and second the spin polarization of the incident electron
can be optically modulated, since the electron emitter is decoupled from the sample. We

briefly give an overview of the main features of our experimental setup.

11.3.1  The experimental setup
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Figure 2.13: Scheme of the experimental setup. The spin-polarized electrons, which are photo-emitted
from the p-type GaAs photocathode, are focused on the Ferromagnetic Metal / Oxide / Semiconductor
junction. The spin polarization (vertical arrows) is parallel to the in-plane magnetization. The energy
of the incident electron is given by the applied voltage Vgampe. The two coils enable to reverse the
saturated magnetization. The absorbed current Ig is measured at the metal side (M or base) and the

collected current I¢ is measured at the back side of semiconductor (SC or collector).
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The principle of the experiment is schematically described in Figure 2.13. In the
ultra-high vacuum chamber, the spin-polarized electron beam is generated by optical pumping
of p-type GaAs. The electrons are then injected from the vacuum into the metallic surface of
the sample via an electron optics. The currents collected at the front and the back sides of
sample are labeled respectively as the base current Ig and the collector current Ic. The energy
of the electrons impinging the sample surface can vary from 0 to 3 keV by applying the same
voltage on both sides of the samples. Note that this configuration requires measuring both

currents under high voltage, which turns out to be a non trivial task.

The main components dedicated to the transmission experiment are: the photoelectron

emitter, the electron optics, and the detection chain for measuring very weak currents.

11.3.2 How to achieve an electron source

@ S, cB (b)
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Figure 2.14 [Lampel68]: Optical orientation in GaAs: (a) schematic band structure of GaAs near the
center of the Brillouin zone, where Eg is the band gap and A, the spin-orbit splitting; CB, conduction
band; HH, valence heavy hole; LH, light hole; SO, spin-orbit split-off’ subbands; Is7g are the
corresponding symmetries at the k = 0 point; (b) selection rules for interband transitions between the
sublevels m; for circularly polarized light ¢* and o”. The circled numbers indicate the relative

transition probabilities for both excitations (depicted by the arrows).
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The polarization of the electron beam is acquired by the optical pumping technique,
whose basic principle is recalled in Figure 2.14. The main point is that absorption of o*
circularly polarized infrared photons of the energy hv close to the GaAs band gap Eg
(Eg<hv<Eg+4so) gives a theoretical spin polarization P =(n"—n’)/(n"+n)
=(1-3)/(1+3)=-50% [Lampel68, Meier84, Hermann85]. Due to a difference in
transition probabilities three times more electrons of spin —1/2 are excited by o light into the
conduction than electrons of spin 1/2. The actual value of the spin polarization of the electron
beam at room temperature, which was experimentally determined by Mott scattering
[Drouhin85b], is reduced to —25 % due to the spin relaxation of electrons in the band bending
region before being emitted into vacuum. The sign of polarization is inversed by switching the

polarization of the infrared excitation from ¢* to .

(a) Vacuum level  (b)
. =
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Clean surface Surface after cesiation

Figure 2.15 [Pierce75]: Lowering of the p-doped GaAs work function by surface activation in
negative electron affinity (N.E.A.). (a) Clean GaAs surface. (b) GaAs surface N.E.A. activated by Cs
and O, deposition. y stands for the electron affinity and @gaas is work function of GaAs. In optical
pumping process, the spin orientation axis of the photoelectrons is parallel to the direction of light

excitation.

If p-type GaAs surface is shined by infrared light of energy close to E4, no electrons can
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come out since their energy is too low to cross the vacuum barrier of the amplitude between 4
and 5 eV. Therefore we need to well lower the work function below the bulk conduction level
of GaAs in order to free photoexcited electrons into vacuum. This technique is called
Negative Electron Affinity (N.E.A.) activation (see Figure 2.15) [Pierce75]. The N.E.A.
activation process is now well controlled: it consists in evaporating an alkaline metal such as
Cs (or Na, K [James69, Pierce75]) under oxygen flow to form a monolayer over the surface of
GaAs, until the vacuum level at the GaAs surface shifts below the bottom of the bulk
conduction band. Then the final work function is about 1 eV and any electron near the surface
in the conduction band can escape into vacuum. The following task is now to obtain a stable

electron source, whose work function does not steadily step up over few hours.

In order to realize a stable photocathode, some treatments should be done before and after
introducing the photocathode into vacuum. In practice, we choose the p-doped GaAs [001]

with two different doping levels of 2.1 x10" cm™® and 8.3 x10" cm,

Prior to the introduction of the photocathode into vacuum, the following chemical

cleaning and surface passivation process are done ex-situ:

1) Dip the GaAs crystal in the solution of acetone and wash it with ultra-sonic excitation

for 15 min;
2) Dry the crystal with gas flux of propyl;
3) Etching the crystal in concentrated sulfuric acid solution for 5 min;
4) Rinse the crystal in pure deionized water for several times;
5) Etching the crystal in piranha solution (H,SO4+H,0,+H,0);

6) Rinse the crystal with pure deionized water for several times and dry the surface with

isopropyl.
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Figure 2.16: Cesiation process monitored in real time by the excitation of a 1.96 eV red laser (630nm,
0.85 mW) with the measurement of the photoemitted current. The subsequent jumps of pressure are the
oxygen inlets, which kick the photoemitted current. The quantum yield of the resulting photocathode is
Mvlggn [ P = 2.53 %.

After the GaAs crystal is chemically cleaned, it is introduced into vacuum and then
activation is done. To activate the GaAs surface in N.E.A. in the vacuum, an in-situ surface
cleaning needs to be achieved by heating the crystal uniformly at a high temperature between
570 < and the evaporation temperature of GaAs (about 600 <C) for a period of tens of
minutes. Then the Cs dispenser is turn on and the control of cesiation process is achieved by
the excitation of a red laser of 1.96 eV, with the measurement of the photoemitted current. The
onset of current occurs when the work function at the surface of GaAs reaches a value close to
1.96 eV. The peculiar “yo-yo” behavior of the photoemission comes from continuous Cs

evaporation and repeated oxygen inlets (process shown in Figure 2.16).

A photocathode should be heated and activated many times to give a stable current. Also
the basic pressure of the vacuum should be maintained in the 10™ Torr range. In the best case,

the pressure remains in the 10 Torr range during the heating process and in the 6 <10™ Torr
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range during the cesiation process. Typically in optical pumping conditions in the experiment,

an excitation at 780 nm gives a stable photoemitted current of 1~2 pA.

1.3.3  How to focus and inject the electron beam
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Figure 2.17 [Houdre85]: Scheme of the electron spectrometer comprising two 90< cylindrical
electrostatic deflectors: the rotator and the energy selector. The electron beam, after rotation is first
collimated, decelerated in three element cylinder lens, and then energy selected. The size of the
electron spot focused on the sample surface is less than 1 mm and is kept invariant with the incident

energy by adjusting the lens voltages. The arrow designates the spin orientation of the electron beam.

An electron optics is necessary to direct the photoemitted electrons from the
photocathode to the front side of the sample. The type of electron optics that we have used
consists of a group of electrostatic lenses. It has been designed in our group in the 1980s to

work as a high resolution and high luminosity electron spectrometer, made up of two parts: a
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90<rotator, which transforms the longitudinal spin polarization of the photoemitted electron
beam into transverse, and a selector, which allows to achieve a narrow energy distribution of
electrons (cf. Figure 2.17) [Drouhin82, Drouhin85a, Drouhin85b]. In the experiment, the
performance of the electron spectrometer has been downgraded by working at an energy
resolution of 200 meV, which corresponds to a total transmission of the electron optics of
about 5 %. Working with a better energy resolution means the drastic reduction in the number

of electrons entering the sample.

Selector

EO = eVsample + @Au

Electrons source Dy I Es
GaAs photocathode
) M ‘ SC
Golden electronic : ) )
Optics Sample of metal-semiconductor junction
\ ) | J\ J
/ !
Emitter Base Collector

Figure 2.18: Energy diagram of the operating mode of the experiment. To select electrons of kinetic
energy Ec, a negative bias is applied to the photocathode, so that electrons have a zero kinetic energy
at the zero potential of the gold lenses of the spectrometer. The spectrometer acts as a pass band filter
with a bandwidth of 200 meV centered at zero total energy. The injection energy E, of the electron
beam is given by the voltage Vmpe applied on the sample junction (@a,: work function of the gold

electrodes of the selector). Vertical scale is the total energy E (kinetics and potential).

Below we give the main lines of the operation mode of the electron spectrometer. The
basic idea is to vary the photocathode bias to scan the electron energy distribution in front of

the entrance slit of the spectrometer. In this case all voltages applied to the electrostatic
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deflectors are kept fixed (cf. Figure 2.15). The conservation of the total energy requires that
the kinetic energy Ec of the photoemitted electrons satisfies the following equation
(Figure 2.18): @ay = Ec + @ath — €Veath, Where @gn and @a, are the work functions of gold
and the GaAs photocathode, respectively, and V. IS the potential applied on the
photocathode which is negative. The injection energy Eq can be defined by Eq = €Vsample + @Pau,
where Vsample IS the potential applied to the sample. So the injection energy is equal to the
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Figure 2.19: (a) Sample holder on top of the electron optics: The sample lies at the end of the cylinder
(a magnetic material). The Base and Collector connections are insulated from one another. Two coils
allow applying an external magnetic field in the plane of the sample. And (b) Energy distribution
curves of the absorbed current Iz and the transmitted current Ic for an injection energy of 500 eV
obtained by scanning the cathode potential for the sample GaAs_1: Iz =78 nA and Ic = 14 nA. Note
that the full width at half maximum of the curves is quite large, typically 0.3 eV. A better resolution of

the electron spectrometer will curtail the current maxima.

The injected electrons enter the metal layer and the absorbed current or base current is

measured on the front side by a gold circular diaphragm. The transmitted contribution is
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measured on the back side via an InGa droplet to ensure an ohmic contact. The so-called
currents Ig and Ic correspond to the maxima of the energy distribution curves (EDCs) of the
respective currents (see Figure 2.19-b). For a given injection energy, we scan the voltage
applied to the photocathode to precisely determine the maxima of both EDC’s. To give an idea
of the imperative sensitivity of our current measurement, let us consider the values of I¢
obtained by the measurement of the transmission through the sample GaAs_1. The spin
dependent signal for I is obtained by measuring the difference between Ic* obtained in case
that electron polarization of + 0.25 and Ic” obtained in case that the electron polarization of
—0.25. The polarization variation will produce two EDC’s centered at the same cathode
potential but accordingly shifted in amplitude due to the spin filter effect. Looking at the EDC
of the current Ic measured for injection energy of 500 eV (Figure 2.19-b), it means two EDC
curves shifted of 7.8 pAl Practically the difference between Ic™ and I¢ is acquired by
modulating at 1 kHz the polarization of the light excitation between o* and o~ via an
electro-optic modulator. The signal detected by a lock-in is then directly proportional to the
difference Ic” — Ic” = Alc. Then we have to check the magnetic signature of the signal Alc, i.e.
its change in sign upon reversal of magnetization. It is done by running a pulsed or a DC
current into the magnetic coils surrounding the sample (see Figure 2.19-a) depending on the

coercitive fields of the samples.

11.3.4  Current detections and noise considerations

Our specific goal is to be able of measuring an electron current flowing through a
junction of finite impedance ranging a few tens of fA up to a few hundreds of nA. So it is
mandatory to give an estimate of all the noises, which can hamper the current measurements
and to identify the significant sources of noise. In our experiment the noise can be traced back

to three sources:
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1) Noise coming from the electron source.

The noise associated with the electron photocathode is the well known shot noise
(2eBlg)Y? where B is the bandwidth of our measurement and Io the incident electron current.

For Ip = 100 nA, fluctuations of the injected current is about 0.2 pA/(Hz)".

2) Noises inherent to the junction.

Before considering the parasitic current flowing into the junction when crossing by a
current, we have to estimate the noise inherent to the junction with no injected current. One
can show that at zero current the junction noise originates from the Johnson-Nyquist noise
given by (4keB / Ro)“*where Ry is the dynamic resistance of the junction and  the absolute
temperature. For Ro = 1 MQ (or 100 kQ) the current noise of the junction is 0.13 pA/(Hz)*?

(or 0.4 pA/(Hz)*?) at room temperature.

We now calculate the current noise when a current is injected in it. We will show that it
comprises a constant current noise independent of the transmission T and fluctuations of

currents Ig and ¢ linked to the fluctuations of the incident current I,.

- “Background” component. As previously stated, currents Ig and Ic are separately
measured at zero bias, but leakage currents will limit their detection. In our geometry,
the base current is collected by an insulated circular diaphragm and not by a
current-carrying tip as in the [-V measurements. Four-point-probe resistance
measurements performed on the metal layer of our samples gives values of resistance
of few tens of Ohms over a distance of 1 mm. Therefore we expect a contact resistance
of the metal layer across the all area between the impact point of the electron beam
and the diaphragm, which will induce a bias voltage and then a contact current. Our
experimental configuration of collecting currents can be schematized by the contact

resistance rg in parallel with the junction resistance Ro (Figure 2.20). The injected
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current Iy splits into the two currents Ic=Tlp and Ig=(1—T) lo, where T is the
transmission across the junction. The subsequent bias at the junction terminals A and
B is Va—Ve=lo[rs—T (rs + Rg)]. When the transmission becomes negligible,
Va—Vg =g rg. For lp =100 nA and rg = 10 Q the bias voltage is of the order of pV.
Considering a typical junction resistance value of Ry =1 MQ, it means a parasitic
current of 1 pA arising only from the contact resistance rg itself, whatever the injection
energy. It then corresponds to a transmission of T = Ic / lo = 10” for 100 nA injection.
This transmission value fixes the lower detection threshold of the genuine

transmission signal across the junction barrier.

i_ Vsample

Figure 2.20: Equivalent circuit of the junction of resistance R, inserted into the measurement circuit.
Since rc << Rq, the backside resistance rc is neglected. Incident current: Iy = Ig + I¢. The resistance
rg represents the spreading resistance due to the annular geometry for colecting the Iz current under
vacuum. At zero bias the leak current Ic =rg/Rg lg determines the lower limit of transmission
T=lc/lo=rg/Ro/ (L +1c/lg)=rg/Ry.

- Transmission dependent components. Using propagation error formula, it can be
shown that both the transmitted current Ic and the absorbed current Ig being

proportional to the incident current Iy undergo fluctuations due to the shot noise and
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vary as (3.2 10728 T? + 3.2 x10"%° T)"2 A/(Hz)Y2. Therefore one can expect that both
T contributions referred as source noise will not be preponderant for low values of

transmission (less than 0.05 pA/(Hz)Y? for T < 107) .
3) Noise introduced by the measuring instruments.

To measure the currents Ic and Ig under high voltage bias, a dedicated picoammeter has
been worked out in our laboratory. It has two stages electrically insulated up to 5 kV via an
optical coupler 1SO100. In the first stage the input current flows through the feedback
resistance of 100 MQ of a low noise operational amplifier OPA111, whose power supply is
provided by a battery to get rid of the 50 Hz noise. The inverting terminal of the op-amp is
connected to the voltage Vsmpie applied to the sample. The second stage provides a voltage
amplification to visualize the signal either with a bandwidth of 2 kHz or with a filtered output
of 10 Hz. Three main sources of noise can be distinguished in the detection chain: the Johnson
noise coming from the feedback resistance of 100 M, which is 0.013 pA/(Hz)"?, the voltage
noise and the current noise of the detection chain (amplifier and junction). The last part is
negligible (8 fA/(Hz)"?) considering the OPA111 electric characteristics. On the contrary, the
voltage noise, which depends on the ratio of resistances 100 MQ / Rpgives a current noise of
0.15 pA/(Hz)"? considering the voltage noise of the OPA111 itself of 15 nV/(Hz)"? and a
junction resistance Ro =100 kQ. Actually the value of the voltage noise determined
experimentally with a 100 kQ junction resistance is found equal to 0.8 pA/(Hz)*?. Note that

this value is of the same of magnitude as the Johnson noise produced by a junction of 100 kQ.

Taking into account all the noise contributions, we can draw the variations of the
fluctuations of Ig and Ic as a function of the transmission T. Looking at the I¢ fluctuations
calculated as an example in Figure 2.17, we conclude that the Johnson noise of the junction
mainly drives the current fluctuations in a large range of transmission. At high transmission

the T dependent terms contribute to hamper the accuracy of the current measurements. The
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same conclusion prevails for Ig current. One can also assert that a junction resistance Rp of
several orders of magnitude smaller than the feedback resistance of the amplifier will increase

the voltage noise, which is detrimental for the accuracy in the current measurements.

11.3.5  Instrumental asymmetries.

Spin dependent asymmetry A =AT/2T is expected to be about 102 at least at low
injection energy. Therefore residual instrumental asymmetries have to be kept below this
value. Looking at our experimental procedure, we have identified two sources of asymmetries.
One is linked to the optical modulation between &* and o polarizations. Such an optical
polarization is achieved by an optical modulator, a transverse Pockels cell, which operates at 1
KHz (square voltage modulation) between + 280 V to —280 V. It is necessary to achieve
accurate circular polarizations and above all to have perfect symmetry between o* and o
Controlling the alignment procedure of the Pockels cell, we are able to control the differences
of light intensities between o and o~ at best in the range 10™. In this condition, by measuring
the base current Is, we detect an asymmetry of 4 x10™, mainly due to the weak spatial
displacement of the focused electron beam on the sample. To give an estimate, a base current
of 40 nA at low injection energy gives a difference of 1 pA between the two electron spots of
identical size, i.e. a variation of 10 on the absorbed current Iz and therefore at least a
variation of 10°® on the transmitted current lc. In any case such a current asymmetry does not
mar the AT signal. The other source of instrumental asymmetry occurs when reversing the
magnetization of the sample by running a pulse current through the coils. The electron beam
is spatially deflected after a pulse of magnetic field. So to curb such effect we turn off the
electron beam, when reversing the magnetization. Actually we never modulate the magnetic
field: it only help us to unambiguously identify the signature of the spin dependent signal by

its change in sign and to disentangle instrumental asymmetries.
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Figure 2.21: Calculated variation of the total noise attached to the transmitted current Ic versus the
transmission of an incident beam of 100 nA, at room temperature and for three values of junction

dynamical resistance. It is mandatory to dispose of Schottky-type samples with very high junction

resistance.
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1.4 Experimental results

In this section we describe the experimental results obtained on samples of different

oxide barriers, when varying the injection energy of the incident electrons.

11.4.1  Spin-filter effect in the junction Pd (5 nm) / Fe (4 nm)/ Uvocs (1 nm) / n-GaAs:
sample GaAs_1 (Ro = 160 kQ)

We use this sample as a benchmark since it exhibits an electron transport very sensitive to
the oxide barrier height and a high spin selectivity. The relevant normalized quantities to
analyze the experimental data are: the transmission T, the spin-dependent transmission AT and
the transmission spin asymmetry A, the latter characterizing the ability of the spin filter to

discriminate between two opposite orientations of electron spin.

11.4.1.1 Transmission of unpolarized electrons

Figure 2.22 shows the variations of the base and collector currents and that of their sum I
versus the injection energy from 0 to 2 keV. The incident electrons start to enter the sample as
soon their energy is equal to the vacuum barrier of the sample, i.e. for Vsample = 6@, 5@ being
the difference between the work functions of gold electrodes of the electron optics and the
metal side of the junction. In the energy range 6@ < Ey < 100V, the base current is dominant
lo = Ig, since the transmitted current I¢ is totally negligible. As far as E increases, Ig becomes
zero at 630 eV, which means Ic = lp and the transmission T = Ic / lp equal to unity. Therefore
we collect one electron while injecting one. At higher E, values, the gain in transmitted
current continues to increase over 2 orders of magnitude to reach a value close of 100 (cf.

Figure 2.23). This amplification process arises from the generation of secondary electron
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cascade inside the metal. The transmission T varies over 5 orders of magnitude and reveals
three regimes (numbered in Figure 2.23): in the low energy range up to 100 eV a linear
increase in T, followed by a more pronounced increase up to 350 eV and finally an abrupt
increase beyond unity. The electron transport through the metal layer can be described by an
electron distribution of primary and secondary electrons. This internal electron distribution
broadens in energy, when the injection energy is increased. As shown in previous theses
[Rougemaille03, Lamine07], the three different regimes are associated with secondary
electron multiplication (first regime) and electron crossing of two successive barriers of
different heights: the Schottky barrier of 0.7 eV (Eo > 100 eV) and the oxide barrier of 4.5 eV
(Eo > 350 eV). Electrons blocked by these barriers build up the base current Ig. For electrons
having energies much higher than the last barrier, the metal / semiconductor interface is
passing. At high injection energy, the slowest T variation stems from the multiplication of
secondary electrons by ionization impact in the semiconductor itself. Note that the onset of
transmission is 2.7 <10, which corresponds to a contact resistance rg = 1.2 kQ, quite much
larger than the rg value of 23.3 Q extracted from I-V curves by three-point contact probes. It

means that the sheet resistance of the metal layer is inhomogeneous.
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Figure 2.22: Variation of the base current Ig, the collector current I, and the total injected current
lo =g + Ic versus the injection energy E, for sample GaAs_1. (a) Energy scale from 0 to 2 keV,
(b) Zoomed in curve up to 700eV. At 630 eV, Iz = 0 and I, = Ic. The conservation of |, is verified over a

large range of Eq.

11.4.1.2 Transmission of spin-polarized electrons

To make sure of the orientation of the saturated magnetization, we apply an external
magnetic field pulse of 75 Oe for 2 s along the easy axis of the sample. Then for the given
orientation of magnetization, we modulate the spin polarization of the incident electron beam
at 1 kHz between —0.25 and + 0.25. The transmitted currents Ic* and ¢ are respectively
associated with the polarization values of +0.25 and —0.25. We now consider the two
relevant quantities: the spin-dependent transmission AT, and the transmission spin asymmetry
A=Alc/ (Ic"+1¢) = AT/ 2T which is the spin selectivity of the sample normalized to the

incident spin polarization.
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Figure 2.23: Measured current transmission T =Ic/ (g + I¢) and its spin dependence AT versus
incident energy for sample GaAs_1. The three transmission regimes are clearly identified by plotting
on a logarithm scale. From 10 eV to about 100 eV, T increases linearly, while AT is almost constant.
From 100 eV to 470 eV, T increases by two orders of magnitude up to 1 and AT slowly increases. From

470 eV to 1 keV AT gains 3 orders of magnitude. Beyond 1 keV AT starts to decreases.

The spin-dependent transmission AT is defined as the difference of the transmitted
currents Ic* and Ic, when the incident electron polarization is reversed: AT = Alc/ (I + Ic),
where Alc = Ic" — I¢". Figure 2.23 shows the variation of AT versus the injection energy from
the vacuum level of the sample up to 2 keV. Once again, it reveals three regimes, which are
shifted in energy relative to the T curve. From 0 to 100 eV, AT is constant. At 100 eV, AT
slowly starts to increase but it definitively rises up at 470 eV, even faster than the variation in

T (3 orders of magnitude).

Looking at the transmission spin asymmetry A (Figure 2.24), the previous three regimes

are retrieved: a plateau at low energy followed by a sharp drop-off of more than 2 orders of
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magnitude associated with the strong increase in T and beyond 500 eV the rise due to the
sharp AT increase. It is worth mentioning that working at 860 eV ensures a transmission spin

asymmetry of the order of 1 %. It means a spin selectivity as good as the conventional Mott

detector, but with a much lower operating voltage.
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Figure 2.24: Transmission spin asymmetry A = AT/ 2T versus injection energy for sample GaAs 1

(log. scale). Up to 470 eV, A is driven by the T variation. Minimum at 500 eV and maximum at 860 eV.

11.4.1.3 Determination of the hysteresis loop of the iron layer by electrical measurement

While flipping the spin polarization of incident electron beam from + 0.25 to — 0.25, the
currents Ig and Ic are modulated. The total current conservation yields Alc =— Alg. The
“n-phase shift” means that a decrease in Ig corresponds to an increase in Ic for a fixed
incident polarization. Then the variation of I¢ can be also detected via the detection of that of
Is and the AT measurement can be achieved by indistinctly measuring the variations in Ig or
Ic. If one wants to measure the spin filter effect with a very high sensitivity, the trick is to

operate at 630 eV, where Ig vanishes. In this condition, if we measure the variations of the
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current Ig versus pulse amplitude of the magnetic field, we can reproduce the hysteresis cycle
of the sample (see Figure 2.25). The largest variations are reached when high magnetic field
pulses are applied in the configurations where the spin polarization is parallel and antiparallel
to the saturated magnetization of the iron layer. Let us remark that the electrical measurement
of the hysteresis cycle can also be performed by unpolarized electron beam, using the
spin-valve effect or polarizing-analyzing effect. In this case, the first ferromagnetic layer
polarizes the electron beam by passing a spin direction, while the second ferromagnetic layer

detects the projected spin component.

Alg Hysteresis loop
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Figure 2.25: Exploiting the spin-filter effect: Electrical measurement of the hysteresis loop by
measuring the spin dependent variation of the base current Ig at 630 eV (dots). The total injected
current is about 46 nA (cf. Figure 2.22). External magnetic field pulses are applied to sample GaAs_1
step by step from — 60 Oe to + 60 Oe (field pulse to the saturation in reverse direction is applied

before each step). Scaled magneto-optic cycle (line).

1142 Spin-filter effect in the junction Pt (3 nm)/ Co (5 nm) / MgO (2 nm) / n-Si

Let us recall that this sample has a total metal layer of same thickness than the sample

GaAs_1.
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11.4.2.1 Transmission of unpolarized electrons
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Figure 2.26: Measured currents Ig, Ic and I, versus energy for sample MgO_1. (a) Up to 3 keV. (b) Up

to 1.5 keV. The transmitted current Iz vanishes at 1.4 keV

The variations of Igand I currents are shown in Figure 2.26 as a function of the incident
energy up to 3 keV. In comparison with the case of junction GaAs_1, one can conclude: i) the
injection energy required to achieve a unity transmission (Ic = 0) takes place at much higher
energy of 1.4 keV, ii) the onset of the transmission starts at 470 eV, evidencing the effect of a
thicker oxide barrier (Figure 2.27-a). The transmission T varies over 5 orders of magnitude
and reveals three regimes: the first one up to 470 eV, the second one between 500 eV and
700 eV over one order of magnitude and the last one steeper up to 1500 eV. The T variation in
the regime 2 steps up more abruptly than the one observed in sample GaAs_1. The T variation
in the regime 3 has the same slope as the third regime of sample GaAs_1. Based on the
transport model developed for GaAs_1, we can interpret these two regimes as the crossing of
the Schottky barrier and the oxide layer. Like for sample GaAs_1 the crossing of the Schottky
barrier needs 250eV to be completed. The minimal transmission value of 8 %107

corresponds to an access resistance of 1 Q. In final at 3 keV this sample has an electron gain
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of 17, i.e. 17 electrons collected for one incident.

11.4.2.2 Transmission of spin-polarized electrons
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Figure 2.27: a) Measured current transmissions T and AT for sample MgO_1. b) Transmission spin

asymmetry A = AT / T versus the injection energy.

The variation of the spin dependent transmission AT only reveals two regimes
(Figure 2.27-a). At low injection energy AT is constant and equal to 1.2 x10°. Beyond 800 eV,

AT increases over almost 4 orders of magnitude with the same slope as the T slope.

The transmission spin asymmetry is reproduced Figure 2.27-b. It starts to decrease at
500 eV over 2 orders of magnitude to reach a minimum at around 1000 eV. However, unlike
the case of sample GaAs_1, the maximum of the asymmetry is not attained, showing that the
crossing over of the MgO barrier height is not completed at 3 keV. At 3 keV only a variation
of 1 order of magnitude is obtained. Notice that for sample GaAs_1 the increase in A occurs

over 2 orders of magnitude before going through a maximum.
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1143  Spin-valve effect in the junction Pt(2nm) /IrMn (7.5nm)/Co (5nm)

/ Cu (3.5 nm)/ Co (5 nm)/MgO (3 nm) / n-Si (MgO_2 sample)

The junction of this sample is thicker (26 nm) than that of the previous one (10 nm) with

the same type of oxide barrier. So we expect a weaker transmitted current.

11.4.3.1 Transmission of non polarized electrons
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Figure 2.28: (a) Measured currents Ig, Ic and I versus incident energy for sample MgO_2 and (b) I¢
zoom in the energy range up to 2 keV. The onset of the transmitted current I occurs at 1.6 keV. Ig
vanishes at 2.75 keV. The magnetic configuration is on the parallel state. Zoom in of I, showing the

negative transmitted current below 1.6 keV.

The base and collector currents Ig and Ic are drawn as function of injection energy in
Figure 2.28 for parallel saturated magnetizations in both Co layers. The current I¢ starts to
step up at 1.6 keV. As expected the current Ic is quite low: at 3 keV it is equal to 220 nA, a
value which was reached in the sample Mgo_1 for an injection energy of about 1700 eV. The
unity transmission is obtained at 2750eV. At 2450eV the transmission is 0.5
(cf. Figure 2.28-a), which means an attenuation of a factor 10 with respect the sample MgO_1

at the same energy. However the most intriguing feature is the negative sign of the current I¢
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before changing sign at 1600eV. The corresponding transmission is —7.5 =107
(Figure 2.28-b). The negative sign of Ic means that the electrons are actually coming out of
the Si collector, when incident electrons enter the front layers. A possible scenario to explain
the blockage of transmitted electrons is the trapping of the incoming electrons above the metal
Fermi level at the metal / semiconductor interface or within the MgO band gap. In this case a
negative charge builds up on the entrance side of the insulator attracting holes on the other
side. It is equivalent of having an effective negative bias at the metal side: the valence band
and conduction band edge bend upward near the surface allowing the tunneling of either
electrons from the Si conduction band to the metal or holes from the metal to the Si valence
band. The fact that the Ic current remains constant up to 1.6 keV tends to say that it is
probably the minority current which tunnels: the current is limited by the rate of supply

through the n-type semiconductor, like the saturation current in a p-n junction.

11.4.3.2 Spin-dependent transmission of unpolarized electrons.

Injecting unpolarized electrons across a spin valve structure is equivalent of performing a
coupled experiment of spin polarizing and spin analyzing of the travelling electrons. Each
ferromagnetic layer can be characterized by its spin discriminating power, which is the
polarization acquired by unpolarized electrons when passing through the spin filter. A perfect
spin-valve effect (unity discriminating power for each ferromagnetic layer) would yield a zero
transmitted current in antiparallel (AP) states in order to achieve the extinction condition. The
experiment consists in measuring the difference in transmitted currents Ic for the two
saturated magnetization configurations: parallel (P) and antiparallel (AP), the latter
corresponding to zero magnetization (cf. hysteresis loop in Figure 2.9). The resulting
transmissions are shown in Figure 2.29. The two curves are measured after applying external
magnetic field pulse of amplitudes of 70 G either parallel or antiparallel to the direction of the

easy axis of the sample to attain the P and AP configurations respectively. The difference of
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transmission is always positive, meaning that the largest transmission is obtained in the
parallel configuration and increases to reach 0.1 at 3 keV. It can be shown [Cacho02] that the
asymmetry in transmitted currents I between P and AP states (Ic” — Ic™") / (Ic” + 1) yields
directly the value of the product of spin discriminating power of each ferromagnetic layer. We
found a value of 3 % above 1.6 keV, which indicates that the poor spin selectivity of our
sample does not meet at all the criteria of a high-efficiency spin polarimeter, at least in this
energy range. We recall that asymmetric ferromagnetic cobalt bilayer such as
Au (18 nm) / Co (0.8 nm) /Au (2.2 nm) / Co (1.3 nm)/ Au (1.5 nm) gives a value of 70 % at

very low injection energy (typically 4 eV above the Fermi level).
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Figure 2.29: (a) Transmissions of unpolarized injected electron beam in P and AP configurations
versus the injection energy for the junction MgO_2 in linear scale from 0 to 3 keV. Insert: Zoomed in

scale from 0 to 2keV. (b) Difference between the transmissions in P and AP configurations and the

transmission T = I¢ / |,.

We have tried to measure the transmission asymmetries of a polarized beam between two
magnetic states + P and — P at 3 keV, the latter — P state being reached by applying magnetic
field amplitude of 200 G according to the hysteresis loop. As expected the difference in

transmitted currents I¢ is not significant enough for reliable analysis.
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111.4.4 What to conclude from the transmission experiments?

Let now see whether we can extract some common features in the transmissions curves
for the different junctions. The table sums up all the energy values, for which the crossing of
the Schottky barrier, the transport over the oxide barrier and the unity transmission are

achieved (Table 2.1).

Table 2.1 Energy values necessary for crossing barriers

Samples (junction thickness) | Eq for over &g Eq for over @gyige Eo for T =1

GaAs_1 (10 nm) 100 eV 350 eV 630 eV
MgO_1 (10 nm) 470 eV 750 eV 1400 eV
MgO_2 (26 nm) 2400 eV X 2750 eV

- A first remark can be made concerning the last column for the first two samples of
equal metal thickness (metal cap layer + Co layer). A unity transmission means one
entering electron produces one transmitted electron via the generation of secondary
electrons. The property of secondary emission is the total yield, i.e. the total number of
electrons emitted per incident primary electrons as a function of the energy of the
incident primaries. It is known that the yield reaches its maximum value for the
characteristic energy Esdepending upon the atomic number. Looking at the Es values
reported in the literature [Dekker58] there is a ratio of 2.4 between the metal Pd (top
layer of GaAs_1) and the metal Pt (top layer of MgO_1). It is the same ratio as the
energy ratio 1400/630 experimentally found. Increasing the thickness of the metal
layers means an increase in the escape depth of the secondary electrons and a shift of
Es towards the high energy range. Also the value of 2750 eV for MgO_2 can be

considered as an averaged electron yield of the different materials composing MgO.
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Second comment, which can be made: samples GaAs_1 and MgO_1 have the same
thickness of metal layers, similar Schottky barrier heights of 0.71 eV and 0.63 eV. It
means that the internal electron distribution has the similar energy distribution when
reaching the oxide interface. However, the crossing of the Schottky barrier through the
oxide layer does not occur at the same energies. We need to go over almost 500 eV to
observe such a crossing in sample MgO_1. Therefore it is the convincing signature of
the MgO barrier, which is thicker and might be denser with less defect densities. Note
that about 250 eV are necessary to complete the transport over the Schottky barrier in
both materials. Unfortunately from our experimental results we cannot deduce the
height of the MgO barrier, which is 3.6 eV for an ideal MgO tunnel barrier, less than

the 4.5 eV of Uvocs layer obtained by the transport model in sample GaAs_1.

The last comment concerns the high energy regime linked to the ionization impact
observed in the semiconductor of GaAs. Such a mechanism depends on the energy gap
of the semiconductor. Therefore it is expected that it should be much efficient in Si

than in GaAs, since the band gap of Si is lower.

Electrical detection of the transmission basically relies on the rectifying behavior of the

metal / semiconductor interface. Also the most important parameter for this junction is the
metal-insulator barrier height and the chemical composition of the interface due to the thermal
oxidation. All parameters affect the ideal metal / semiconductor characteristics. So the ability
to readily tailor the Schottky barrier is an elusive goal to pursue and it is out of scope of this
thesis. An alternative approach to study the electrical spin injection and the spin-dependent
transport is to take advantage of one of the intrinsic properties to the semiconductor, which is
the radiative recombination of carriers and the consequent light emission. We know that the
spin-polarized light emitting diode or spin-LED provide a quantitative measure of the electron
spin polarization in the semiconductor [Fiederling99, Ohno99, ZhuOl]. The primary

advantage of performing optical detection of electron injection is to get rid of the need of
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having very high junction impedance. Moreover through the electron-photon conversion we
avoid the difficulty of measuring very low currents under high voltage. So one of the
objectives of the next chapter will consist in investigating the cathodoluminescence

experiments on structures combining ferromagnetic metal / semiconductor junctions.
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Optical detection of spin-filtering effects in
ferromagnetic metal / semiconductor
junction

We present a cathodoluminescence experiment, where the
transmission of spin-polarized electrons through a ferromagnetic metal /
semiconductor junction is detected by measuring the light emitted from
the recombination of the transmitted electrons with holes in the
semiconductor collector. Departure with respect to the electrical detection
of electron transmission is observed in the variation with injection energy

of both the overall electron transmission and the spin-filtering effect.
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This chapter aims at investigating the transport of spin-polarized hot electrons in
ferromagnetic metal / semiconductor junctions by detecting the light emitted from the

recombination of the collected electrons with holes in the semiconductor.

The detection of the luminescence is a usual tool used in spintronic devices such as
spin-LED (Light Emitting Diode) to study the injection of spin-polarized electrons from a
ferromagnetic metal into a semiconductor. In such devices, electrical electron injection
requires to design a specific junction which basically consists in a MIS structure with a thin
oxide interfacial layer which allows electron tunneling from the metal into the semiconductor
under reverse-bias operation of the junction. Such a tunneling process helps overcome the
resistance mismatch between the semiconductor and the ferromagnet to get a successful spin
injection. Then, the use of an optical detection technique does not introduce any additional
requirements on the electrical properties of the junction and is thus not limiting for the spin

injection properties of the device.

To that respect, our experimental approach presented in this chapter is similar although it
is based on different criteria. We study hot-electron transport and as previously explained we
want to free ourselves from the requirements on the quality of the rectifying properties of the
metal / semiconductor junction which provides limitations on the electrical detection of weak
transmitted currents. We expect that the optical detection of the collected electrons will allow
us to overcome these limitations and to achieve the measurement of spin-filtering effects even

through an abrupt metal / semiconductor interface with poor rectifying character.

71



Chapter 11

I11.1 Ferromagnetic metal /  semiconductor  structure  for

cathodoluminescence

InGaAs quantum wells

AlGaAs
Electronsg  / > e

Figure 3.1: Structure of the GalnAs_1 junction: Pd (2nm) / Fe (4nm) / p-GaAs (20 nm) /
p-1ng.18Gagg2As (10 nm) / p-GaAs (20 nm) / p-Ing18GaggAs (10 nm) / p-GaAs (20 nm) / p-Aly3Gag 7As /
GaAs:Si (100 nm) / n*-GaAs epi-ready. The InGaAs layers constitute the quantum wells. The
cathodoluminescence (CL) process which provides electron-photon conversion is schematized. The
electrons are injected in the metal layers and the light emission due to the electron-hole recombination

in the QW's is transmitted through the GaAs substrate and detected at the sample back side.

In this section, we will describe and characterize the device structure, hereafter referred
as InGaAs_ 1, dedicated to cathodoluminescence experiments. The whole structure
composition is schematized in Figure 3.1. The structure of the semiconductor collector is
designed specifically to allow cathodoluminescence measurements in transmission geometry,
i.e. through the collector substrate. The optically active region consists of two 10 nm thick
InGaAs quantum wells (QW’s) limited by 20 nm thick GaAs barriers. The conversion of
transmitted electrons into photons occurs in the quantum wells. The Ing 1sGao s2As band gap is
close to 1.18 eV, as estimated from the work of Porod et al (1983) [Porod83], smaller than the
GaAs direct gap of 1.42 eV. The electron transmitted through the metal layer recombine in the
QW’s producing light of energy smaller than the GaAs substrate bandgap which can be

detected on the back side of the sample. An AlGaAs layer provides a potential barrier which
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keeps the injected electrons in the optically active region and allows to improve the QW’s
luminescence efficiency. The AlGaAs layer is grown on an epitaxial Si-doped GaAs buffer
layer. The substrate is a commercial wafer of n*-doped GaAs which insures an ohmic back
contact on the metallic sample holder. The structure of the semiconductor collector ends up
with a GaAs layer. Well controlled epitaxial growth of iron can indeed be achieved on
(100)-GaAs [Tereshchenkoll]. The (100)-oriented GaAs surface was chemically treated in
HCl-isopropanol solution to remove native oxides and then annealed at 550 <C to obtain
Ga-rich (4 x2) surface before Fe deposition [Tereshchenko99]. The deposition of the metal
layers is carried out in our laboratory in an ultra-high vacuum chamber separated from the
cathodoluminescence set-up. The growth conditions are similar to those used for the GaAs_1
sample preparation described in Chapter 2. A 4nm thick Fe layer is grown at room
temperature covered by a 2 nm thick Pd layer. As shown in many previous studies (see for
instance [Filipe97]) Fe grows epitaxially on the (100) GaAs surface and the magnetization of
a thin Fe layer has the same value than that of a bulk slice of same thickness

[Tereshchenko11].

We will now present the electrical, magnetic and optical properties of our sample prior to

the cathodoluminescence experiment.

111.1.1 Electrical characterization

The I-V characteristics of the InGaAs_1 junction are measured in-situ under high vacuum
in the dark with a front contact on the Pd top layer and an ohmic back contact on the n*-doped

GaAs substrate.

Our sample actually combines a Schottky barrier on the front side (metal layer on the
p-type GaAs) in series with a p-n junction. Knowing the respective doping levels of the n-side

(2 x10%) and of the p-side (7 x10*"), we calculate a built-in potential of 1.34 V for an abrupt
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p-n junction, which corresponds to a depletion layer width of 60 nm. The equivalent circuit of
this two-junction structure is two diodes connected back to back. Because of the high doping
levels in the semiconductor structure, the two junctions have a poor rectifying character with
no saturated current under reverse bias. This allows the current flow in both bias directions as
seen in the I-V curve (a) of Figure 3.2. Positive bias applied to the metal layer corresponds to
the forward regime of the p-n junction and to the reverse regime of the Schottky junction
formed at the Fe / p-GaAs interface. From the slope of the 1-V curve at zero bias, we extract
the value of about 12 kQ for the dynamic resistance linked to both junctions. This value is

much smaller than the usually required values for electrical detection of electron transmission.

1000

Bias (V) Bias (V)

Figure 3.2: 1V curves of sample InGaAs_1. Insert: Band structure of the p-n junction. @ is the built-in
potential of the p-n junction at zero bias. (a) Current density versus voltage bias; Note that the p-n
junction and the Schottky junction are biased in opposite directions. (b) Absolute current density in
logarithm scale versus voltage bias. Rp =4 kQ, Ry=11.75 kQ and Rs= 1.4 kQ. (All the values are

calculated from the raw data, since the thermionic-emission theory is not appropriate in this case.)

I11.1.2 Magnetic characterization

The magnetic characterization of junction InGaAs_1 is performed in air by MOKE
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(Magneto-optic Kerr Effect) measurement with a scanning frequency of 0.1 Hz of the
magnetic field applied along the in-plane easy axis (see Figure 3.3). It can be directly
compared with the one of the GaAs_1 junction, measured in the same conditions. The squared
hysteresis loop gives a coercive field of 25 Oe, much smaller than that of GaAs_1 sample

(70 Oe). This difference may be attributed to different phenomena like:

— the difference in the Fe growth on the GaAs surface of sample InGaAs_1 with respect

to the Fe growth on the Ga,Oj3 surface of the GaAs_1 substrate;

— the difference in the surface roughness;

— the difference in the thickness of the Pd layer.

However, calibration of the absolute magnetization shows comparable values for the

4 nm thick Fe layer of both samples.
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Figure 3.3: Magnetic hysteresis loop of the GalnAs_1 sample. The magnetic field is applied along the

direction of the in-plane easy axis at a scanning frequency of 0.1 Hz. The coercive field H is 25 Oe.
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111.1.3 Optical properties

The optical properties of our sample are characterized by photoluminescence (PL)
spectroscopy. We performed these experiments in air at room temperature on the
semiconductor structure prior to the deposition of the metal layers. We have used four
different measurement configurations. First, the excitation beam is shined onto the front side
of the semiconductor structure and the PL spectrum is measured either on the same side
(reflection (R) mode) or on the back side through the semiconductor substrate (transmission
(T) mode). The front side excitation addresses the QW’s region and the comparison between
reflection and transmission geometries will allow us to evaluate the efficiency of the detection
of the QW’s luminescence through the GaAs substrate which corresponds to the
cathodoluminescence measurement configuration. Then, the laser beam is shined onto the
semiconductor substrate and the PL spectrum is measured both on the same side (Reverse
Reflection mode) and on the opposite side (Reverse Transmission mode). These two
geometries allow to isolate the contribution of the substrate to the photoluminescence

spectrum.

We have also performed experiments with different excitation wavelengths, 378 nm
(3.28 eV, UV light), 532 nm (2.34 eV, green), and 660 nm (1.88 eV, red) in order to identify
the contributions of the different regions of the structure to the luminescence spectrum.
Indeed, the light intensity | decreases exponentially with depth x inside the semiconductor:
I = 1o exp (-ax), lp being the light intensity transmitted at the air / semiconductor interface.
The absorption coefficient a depends on the wavelength: the absorption is much higher for
short-wavelength light than for long-wavelength light. So, in the R-mode photoluminescence
experiment, UV light is mainly absorbed in the QW’s region while visible (red and green)
light deeply penetrates inside the structure up to the n* substrate. This is illustrated in
Figure 3.4, where the variation of 1/ 1y is reported relative to the distance from the sample

surface. The calculated light attenuation profile plotted here is performed for bulk GaAs.
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Figure 3.4: Attenuation of the excitation light in the InGaAs_1 structure for different wavelengths. For
UV excitation (378 nm), most of the light is absorbed before hitting the second GaAs layer. For green
(532 nm) and red (660 nm) excitation, light penetrate up to the n-GaAs substrate. Here the attenuation

is calculated by considering the whole sample as a pure GaAs crystal.

The PL spectra measured in reflection geometry (R mode) for the three excitation
wavelengths are plotted in Figure 3.5. With red light excitation, three luminescence peaks are
observed. The peak at 984 nm (1.26 eV) originates from quantum wells (QW’s). The peak at
870 nm (1.43 eV) corresponds to the recombination at the GaAs bandgap. The broad structure
centered at 1070 nm (1.16 eV) corresponds to the emission from the heavily doped GaAs
substrate. This is confirmed by the spectra obtained with larger excitation energies. For green
light, the intensity of the peak at 984 nm increases with respect to the intensity of the peaks at
870 nm and 1070 nm, and for UV excitation only the peak at 984 nm is observed. As already
discussed, when increasing the excitation energy, the absorption length decreases and for UV

excitation light is almost fully absorbed in the QW’s region so that no luminescence from the
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GaAs substrate is observed. Note also that the GaAs layers which limit the quantum wells do
not contribute to the luminescence spectrum which means that conduction electrons excited
ahead of the AlGaAs layer all recombine in the QW’s. So, in the cathodoluminescence
experiment, electrons transmitted through the metal and injected into the semiconductor
should be efficiently trapped and recombined in the QW’s. Moreover, the photoluminescence
spectra measured in the transmission geometry (T mode) for both red and green excitation
energies do not exhibit the peak at 870 nm since the GaAs substrate acts as a high-pass filter
in wavelength with a cut-off at 900 nm, but the QW’s luminescence peak at 984 nm has an
even larger intensity than in the reflection geometry. Thus, light emitted from the
recombination in the QW’s can be efficiently transmitted through the substrate and detected in
the transmission geometry which corresponds to configuration of the cathodoluminescence

set-up.

In the RR mode photoluminescence spectrum only exhibits the GaAs substrate
contributions centered at 870 nm and 1070 nm. In this configuration we do not observe the
QW’s luminescence peak, since excitation light have not reached the QW’s layers. The broad
structure at high wavelength (around 1070 nm) comes from the recombination on deep donor
levels of the n*-substrate. This broad structure of energy smaller of the bandgap width of all
the layers is the only contribution that remains in the RT mode spectrum while the 870 nm

peak is not transmitted.

Finally let us mention that the QW’s bandgap energy is 1.19 eV while the QW’s
luminescence peak singled out with UV light excitation in the R mode is centered at 984 nm,
which is 1.26 eV, with a full-width at half maximum 37 meV. It is the signature of
electron-hole recombination between the first quantized conduction level and the quantized
heavy-hole level. One notices a peak shoulder at low wavelength located around 940 nm
(1.31 eV), which might be attributed to the recombination from the second conduction

quantized level.
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Figure 3.5: Photoluminescence (PL) spectra of the junction InGaAs_1 obtained (a) with red excitation
(660 nm or 1.88 eV, 2.3 mW) (b) with green laser (532 nm or 2.33 eV, 10 mW) and (c) with UV
excitation (378 nm or 3.28 eV, 7 mW). For each spectrum an inset shows the measurement geometry
with respect to the sample structure, the dark area on the sample schematics indicating the QW's
position. The different measurement geometries are labeled R for reflection mode, RR for reverse
reflection mode, T for transmission mode, RT for reverse transmission mode. The peak at 984 nm
(1.26 eV) originates from quantum wells (OW's). The peak at 870 nm (1.43 eV) corresponds to
recombination in GaAs. The broad structure centered around 1070 nm (1.16 eV) corresponds to the

emission from the heavily doped GaAs substrate.
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I11.1.4 Electrical detection of electron injection and transmission in the InGaAs_1

junction

Considering the band structure of the sample, one consequence of having electron
injection in a p-type GaAs semiconductor is that the effective potential barrier that the
electrons must surmount in order to be collected into the semiconductor when coming from
the metal is equal to the GaAs band gap width, which is 1.42 eV at room temperature. This
effective barrier is larger than the Shottky barrier height of the order of 0.7 eV seen by the
electrons at the metal / n-type semiconductor interface in the samples studied in the previous
chapter. It is thus expected to obtain lower electron transmission. However, the absence of
interfacial oxide layer should increase the electron transfer probability from the metal into the
semiconductor. Moreover, the Pd cap layer is thinner on the GalnAs_1 sample than for

instance on the GaAs_1 sample, and this should favor electron transmission.
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Figure 3.6: Injection and transmission of unpolarized electrons through the InGaAs_1 junction. (a)
Variation of the metallic base current Ig, the collector current I¢, and the injected current I, (total current)

versus electron injection energy. (b) Electron transmission versus electron injection energy in logarithmic

scale. Note the high value of T at low injection energy.

80



Optical detection of spin-filtering effects in ferromagnetic metal / semiconductor junction

We have first used the electrical detection technique to measure the electron transmission
through the GalnAs_1 structure. In this experiment, electrons are injected into the metal side
of the junction, the base current and the collector being simultaneously measured.
Figure 4.6 (a) shows the variation of the injected current lo, the metal base current Ig and the
collector current Ic as a function of the injection energy. Surprisingly a large collector current
is detected which corresponds approximately to half of the incident electrons. This value is
almost constant from the very low injection energy range right from the injection threshold,
I.e. the surface work function, up to about 1200 eV. Considering the access resistance rg
which is usually of the order of 10 Q and the dynamical resistance Ry of the structure
extracted from the I-V curve which is of the order of 10 kQ, we estimate the value of the
parasitic transmission (which gives the lower limit of the measurable transmission) of about
10/10%* =103 This value cannot explain the actually measured transmission of 5 = 10,
Since the offset current is as large as half of the injected current and almost constant with
injection energy, it is very improbable that it is due to direct injection of electrons into the
semiconductor collector through pinholes in the metallic layer. This will be confirmed by the
cathodoluminescence experiment. Considering the geometry of our experimental setup, it is
also hardly conceivable that this parasitic collector current is due to a leakage current directly
collected on the back side of the sample. At this stage, we can only assert that an unusually
large offset of collector current prevails at low injection energy up to about 1 keV, which is
only detected when electrons are injected in the metallic base. But we are unable to conclude

where this offset comes from.

The high value of I which results in a quite large and constant transmission of about 0.5
in the low injection energy range is followed by a modest increase above 1.5 keV of injection
energy (cf. Figure 3.7). However, above 2 keV, the collected current becomes larger than the
injected current and the base current becomes negative. This strongly indicates that electrons

indeed pass through the metallic base where they relax their energy by excitation of a
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secondary electron cascade before being collected into the semiconductor. At 2500 eV, which
is the highest injection energy used in this experiment, the transmission reaches the value of 2.
By comparison, in sample GaAs_1, transmission reaches a value of 2 for an injection energy
of only about 700 eV and is as large as 100 at 2 keV (see Chapter 2). So, in the sample
GalnAs_1, transmission measured by the usual electrical detection technique is found to be
orders of magnitude smaller than in any other samples studied up to now. This difference
could partly be related to the higher barrier given by the GaAs band gap in the p-type
collector but, as already discussed, other sample characteristics should favor electron

transmission so that the weak actual values of the transmission are not understood.

When injecting spin-polarized electrons, a spin-dependent transmission signal is hardly
detected only for injection energies larger than 1500 eV [Figure 3.7 (a)]. It corresponds to a
spin asymmetry in the transmitted current of the order of a few 10 [Figure 3.7 (b)]. The
uncertainty on these results is large. A signal-to-noise ratio larger than one could indeed

hardly be obtained on these measurements.
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Figure 3.7: Spin-dependent electron transmission in junction InGaAs_1 versus injection energy. (a)

Transmission T and its variation AT in logarithmic scale; (b) Asymmetry of T in logarithmic scale.
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I11.2 Cathodoluminescence experiments

As previously demonstrated by the photoluminescence experiment, we can detect the
luminescence generated by the electron-hole recombination in the QW’s in the transmission

geometry. The issues that we will address in this paragraph are:
i)  Can luminescence be also detected upon electron transmission?

i)  Does the luminescence intensity depend on the orientation of incident electron spin

polarization with respect to the Fe layer magnetization?

We will first start to describe our experiment dedicated to the cathodoluminescence
measurement. The experiment set-up has been modified to implement a luminescence

spectroscopy in transmission mode.

I11.2.1 The optical detection setup

The optical detection of the electron transmission through metal / semiconductor structure
has first required the design of a new sample holder which, on one hand, allows taking
electrical contacts on both the front and back terminals of the sample and, on the other hand,
is equipped with a lens of short focal length and large numerical aperture to efficiently collect

the luminescence emitted from the backside (substrate) of the sample (Figure 3.8).
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Figure 3.8: Schematics of the sample holder. The front contact is taken on a diaphragm which limits
the injection area. The back contact is taken on a metallic cylinder isolated from the front contact by

a ceramic cylinder. The luminescence collecting lens is held on the top of the back contact cylinder.

A window just behind the sample backside gives a free optical access for luminescence
detection. The luminescence spectroscopy setup is installed outside the UHV chamber. A
spectrometer is coupled to a photomultiplier tube equipped with a S1 cathode (see Figure 3.9).
We use a high pass (in wavelength) optical filter with an 800 nm cut-off in order to eliminate
visible parasitic light. When performing cathodoluminescence experiments we measure

simultaneously the total injected current at the collector (substrate) of the junction.

Optical alignment is first obtained by performing PL measurement. A red laser at 660 nm
is used to excite the GaAs substrate through a cold mirror. The collected GaAs
photoluminescence spectrum is fully reflected by the cold mirror and focused on the entrance

slide of the spectrometer.
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Figure 3.9: Cathodoluminescence setup combining electron injection and luminescence detection.
The luminescence spectrum is measured with a spectrometer (a diffraction grating of 600 lines/mm
blazed at 1 xm) coupled to a photomultiplier tube cooled at 200 K. All components of the optical
detection are enclosed into a dark chamber in order to minimize the dark current of the
photomultiplier. A red laser can be used to illuminate the GaAs substrate of the sample through a
cold mirror. This allows photoluminescence measurements for alignment and calibration of the

luminescence spectroscopy setup.

The Figure 3.10 compares the photoluminescence spectrum measured in the UHV setup
with the one measured previously with the sample outside the chamber. Both spectra are

recorded in the RR geometry with red lasers of different powers. As expected no
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luminescence signal from QW’s is observed since all the light is absorbed in the GaAs
substrate. Our optical setup connected to the ultra high vacuum chamber allows to retrieve the
GaAs PL results obtained in air. The main difference comes from the shape of the broad peak
beyond 1000nm. This difference comes from the photomultiplier detector response in the high

wavelength range.
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Figure 3.10: Comparison of the PL spectra recorded with sample under vacuum and in air in RR

mode.

The CL spectrum can then be measured when turning on the electron beam. Setting the
injection energy at 2.5 keV, where a large number of secondary electrons are generated in the
front layer of the sample, we obtain the CL spectrum of Figure 3.11 for 100 nA of injected

current. It exhibits the luminescence peak centered at the QW’s ground state transition energy
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(1.26 eV) and no contribution from the GaAs is observed. By comparison we show the PL
spectrum recorded ex-situ in the transmission mode with red light excitation. The broad
high-wavelength peak associated with the luminescence in the n*-substrate seen in the PL
spectrum does not appear in the CL spectrum. It means that transmitted electrons all
recombine in the QW’s and none have enough energy to overcome the AlGaAs barrier and

recombine into the n*-doped GaAs region.
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Figure 3.11: Comparison between the cathodoluminescence and the photoluminescence spectra in
the same excitation geometry. CL spectrum is obtained for an injected electron beam of intensity
100 nA and of energy 2.5 keV.

Since the cathodoluminescence spectrum only exhibits the contribution from the QW’s,
electron transmission can be more efficiently detected by integrating the optical signal over

the whole luminescence spectrum. This can be straightforwardly obtained by suppressing the
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spectrometer and detecting directly the total luminescence light intensity. Figure 3.12
compares the CL signal collected with and without spectrometer for an injection energy of
1 keV. The cathode potential is scanned between — 4.2V and — 3.2 V so that the measured
luminescence signal replicates the injected electron distribution curve (EDC) measured
simultaneously and plotted on the same graph. The EDC maximum coincides at — 3.65 V with
the maximum of CL signal and no luminescence signal is detected out of the EDC.
Interestingly enough working without spectrometer leads to gain a factor 6 on the CL intensity
without any parasitic signal. Therefore we will adopt this configuration for the next CL

experiments.
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Figure 3.12: Variation of the cathodoluminescence signals versus the energy distribution of the
injected electrons for the injection energy of 1 keV. (a) CL signal detected with the spectrometer; (b)
CL signal detected without the spectrometer. The spectrometer is set at the maximum luminescence
peak (984 nm). The background noise increases from 3 counts/s on average with spectrometer to 8-10

counts/s without spectrometer.
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I11.2.2 Cathodoluminescence intensity versus injection energy

While fixing the voltage on the photocathode at the EDC maximum, i.e. at — 3.65 V, we
measure at the same time the injected current and the CL signal as a function of the injection

energy. In Figure 3.13, the CL intensity is compared to the electrically-detected transmission.
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Figure 3.13: Cathodoluminescence induced by injecting unpolarized electrons in the junction
InGaAs_1 (normalized to 100 nA of injected current) versus injection energy (a) in linear scale and

(b) in logarithmic scale. The CL acquisition time is 10 s per point. The background is subtracted.

The onset of the cathodoluminescence signal occurs at 400 eV. Below this injection
energy, no luminescence signal is detected while the transmitted current exhibits a high and
constant value. Since CL is directly proportional to the number of electrons transmitted into
the QW’s region of the semiconductor collector, it is clear that the absence of a CL signal
correlated with the high detected transmitted current at low injection energy tends to indicate
that this high collector current does not correspond to hot-electron transmission through the
metal / semiconductor junction. One could bring up the presence of pin holes in the metal to
explain the high collected current at low injection energy. But the overall pinhole cross
section would be very large since the collected current corresponds to half of the injected

current. In this case the luminescence signal should exhibit a much larger value even at low
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injection energy [Breehet88, Fromme89, Alperovitch05].

Above 400 eV of injection energy, the cathodoluminescence signal increases by three
orders of magnitude between 400 eV and 3000 eV of injection energy while the collector
current start to increase significantly only above 1200 eV, and at 2500 eV it reaches a value

only about four times larger than its low energy value.

At this point, the only correlated features between the variations of the luminescence
intensity and the collector current as a function of the injection energy is the increases
exhibited by these two signals at high injection energy. But it appears difficult to obtain

coherent interpretations of these two quantities especially below 1200 eV.

Let us consider the variation of the CL intensity versus the injection energy. The

luminescence intensity is related to the number of transmitted electrons in the semiconductor.

We can describe the transmission through the junction by the following expression:

o)

T ~ j a(e)F(e)de (3.1)
0

where F(¢) is the electronic distribution at the metal / semiconductor interface and a(¢) is the
transfer probability from the metal into the semiconductor. Let us consider the simple case
where a(e) is zero for electron of energy ¢ smaller than Eg (the GaAs bandgap width) and a(¢)
is equal to 1 for electron of energy ¢ larger than Es. We also consider a convenient
exponential shape for the electron distribution: F(¢) =Mexp (—&/Eym), Where M is a
multiplication factor which accounts for the secondary electron cascade and Ey is the mean
electron energy. When assuming that on average the injection energy Eo of an incident
electron is shared by M secondary electrons of mean energy Ey, the multiplication factor is

given by: M = Eq / Em. Then the transmission simply writes:
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T = ﬂex)o (— E) (3.2)
Ey Ey

The mean energy Ew characterizes the width of the electron distribution at the metal /
semiconductor interface. If Ey does not depend on Egy, only the intensity of the electron
distribution and not its shape depends on Eq and it is expected that T increases linearly with Eo.
This linear regime is usually observed in electron transmission experiments for low injection
energy (typically below 100 eV). Then, it is clear that any variation of T stiffer than linear
should be due to an increase in the electron distribution width, which is an increase in Ey. The
determination of the variation of Ey with Eq requires a model which describes energy and
momentum relaxation taking into account the variation of the electron mean-free-path over
the entire considered energy range [Rougemaille08]. It is clear that this kind of description
depends on many adjustable parameters and that the main virtue of such a model is that it
provides a physical image of the formation of the electronic distribution in the metal layer.
This image is all summed up in the variation of Ey versus Eo. Let us thus short circuit the
technical description of the formation of the electronic distribution in the metal and try instead
to find a simple and reasonable expression for the variation of Ey with Eq that allows to fit
with Eq. (3.2) the variation of the CL intensity versus E,. Since, as discussed above, it can be
assumed that in the low injection energy range Ey is constant, we may consider the following

expression for Ey:
Ey ~ EY + b(Ey) (3.3)

where Ey° is constant. For b (Eq) we can consider different functions which describe an
increase of Ey at high injection energy. We have tested basic power-law functions and we
have found that a simple quadratic expression b (Eo) = Eq® / 5 gives a satisfactory description
in the probed energy range. In Figure 3.14 we have plotted the variation of T versus Eg
calculated after Eq. (3.2) and (3.3) when taking Ep° = 0.14 eV and 8 = 10’ eV. It is compared

with the experimental variation of the CL intensity. The simple phenomenological model that
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we use to describe electron transmission accounts reasonably well for the variation of the CL
intensity as a function of injection energy. The linear regime predicted by the model at low
injection energy is not observed since it corresponds to CL intensities (for the present sample)
lower than the detection limit of our setup. But the transmission increase due to the
broadening of the transmitted electronic distribution at high injection energy reproduces very
well the variation of the CL intensity. We can thus reasonably conclude that the CL
measurement provides a reliable detection of the electron transmission through the metal /
semiconductor junction. Note that the discrepancy between optical and electrical
measurements of the electron collection into the semiconductor indicates that the
interpretation of the electrical measurements in the case of a poor rectifying junction is not

straightforward.
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Figure 3.14: Compared variation between the CL intensity (symbols) and the calculated transmission
(line) versus the injection energy. Note that the fitted transmission predicts a transmission value of 200
at 2000 eV when considering that the metal / semiconductor interface is fully transparent to electrons

of energy larger than the GaAs bandgap.
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Finally note that the variation of Ey versus Eg is very similar to the one obtained from the
full transport model previously proposed to describe electron transmission in metal / oxide /
semiconductor structure [Rougemaille08]. This model allowed to account well for the

electrical measurements of electron transmission in junctions with good rectifying properties

I11.2.3 Spin asymmetry in the cathodoluminescence intensity

I N e e

Figure 3.15: For a given saturated magnetization, the total injected current I, and the intensity of
cathodoluminescence L are measured at the same time, while the polarization of the injected electron
beam is modulated between spin parallel and antiparallel to the direction the magnetization. Typically
the cycle of light excitation (¢*, ¢) is a 2s run. The magnetic field applied to reverse the

magnetization is 100 G.

We use the following experimental procedure described in Figure 3.15. Switching
between positive and negative helicities of the light polarization allows us to modulate
electron spin polarization relative to the fixed magnetization. The spin-dependent

cathodoluminescence signal is given by the asymmetry Ac. = (L - L") /(L" + L"), where L"
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(respectively L) is the luminescence intensity when injecting electrons of polarization +Pg
(respectively — Py), excited by ¢* (respectively ¢) polarized light. The signature of the
spin-dependent effect is checked by reversing the saturated magnetization, since it gives a

change in sign of the asymmetry.

Ideally the injected current measured at one of the junction terminals should be constant,
whatever the exciting light polarization. But in the practical case, due to the conjunction of
temperature variation in the Pockels Cell and / or slight changes in the injected current when
switching the light polarization, we have to take into account the asymmetry of the injected
current: Aj;=(1"—=1)/(1"+1°), where 1" and |~ are the injected current intensities
corresponding respectively to the excitation of the photocathode with ¢* and ¢~ circular
polarized light. So the actual spin asymmetry of the cathodoluminescence A is obtained from
the difference between the measured CL asymmetry and the injected current asymmetry:
A =AcL —A.. The background on the CL intensity detection (of typically 10 counts/s) is
measured when switching off the photocathode light excitation (no electron beam) and is

subtracted from the L™ and L™ counting rates.

Let us now make a few comments concerning the counting statistics to estimate the
accuracy that should be associated with the luminescence measurement. We expect to
measure luminescence asymmetries of 10°. Considering that the raw counts follow a
Gaussian distribution, at least 10° photon counts are needed to attain the desired error bound.
Looking at the CL signal of Figure 3.13, the counting time should range from 10% to 10°s

depending on the injection energy.

In practice, we modulate the electron spin polarization between + Py and — Py) (i.e. the
excitation light polarization between ¢* and ¢") at a frequency of 0.5 Hz and we measure Ac,

and A, over each modulation cycle. Then we draw the running average variation of Acversus

the number of cycles. The running average value of A, after N cycles is defined as:
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N

— 1

Ac, = NZ Ac, (D) (3.4)
i=1

i being the cycle number. The total number N of cycles runs as long as the statistical accuracy

is not reached.

Figure 3.16 shows an example of the variation of the current and luminescence running
average asymmetries. It clearly shows how respective average values build up cycles after
cycles. Here the injected current is 100 nA and the injection energy is 1 keV. In these

conditions, at least 1000 cycles are mandatory to get reliable averaging.
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Figure 3.16: a) Evolution of the average asymmetries of luminescence and absorbed currents at 1 keV
as a function of the number of polarization modulation cycles. Negative asymmetry values are
obtained by reversing the saturated magnetization. The injected current is 100 nA4 for both ¢* and ¢~
polarizations. Injection energy of 1 keV. b) Evolution of the actual average CL asymmetryA = A, —

A, versus the number of polarization modulation cycles).

After 1500 measurements, the CL asymmetry is 0.26 %, when the magnetization is
parallel to the incident polarization and of — 0.18 % when the magnetization is antiparallel to
the polarization. The change in sign of asymmetries between + M and — M configuration

unveils the spin-dependent character of the electron transport. To give further details on the
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counting statistics, for all measurements done below 1 keV of injection energy, 5000
acquisition cycles have been performed. At higher injection energy, the signal-to-noise is
significant enough to reduce the number N of cycles to 1500. The complete variation of the
cathodoluminescence asymmetry is shown on Figure 3.17. The maximum value of asymmetry
is 2 <10 and it is obtained at 400 V, the onset of cathodoluminescence and around 1000 V.
Above 1200 V the signal becomes zero. Right now we cannot interpret this variation and we

will only give a qualitative description to explain the origin of asymmetry.
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Figure 3.17: Variation of the cathodoluminescence asymmetry Ac, versus the electron injection energy.
The curves referred as +M and —M correspond to the two Fe saturated magnetizations. The injected
current is 100 nA for each (¢7, ¢°) excitation cycles. The vertical bars are the error bars associated

with experimental data (the total length of the error bar is equal to two times the standard deviation).

We can give a quantitative description of the cathodoluminescence asymmetry induced
by the incident electron polarization Pg. Let us consider ny" and ny~ the numbers of injected

spin up and spin down electrons. For ¢* polarized light excitation we have ng' (¢7)
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=no(1+Pgy) /2and ny (¢¥) =no (1 —Pg) /2, where ng =ne" +ng is the total number of
injected electrons. ldentically, the ¢ light generates the population of spin-polarized electrons
N'(c)=no(1-Pg)/2and no(c)=no(L+Pg)/2. The spin-dependent transmission
through the Fe layer can be described by the diagonal transmission matrix

T = (to+ o). (3.5)

The number of transmitted electrons is then given by the relationship

() =7(e) @

We find that the total number of transmitted electrons is n(¢*") =n*+n~"=N (1 + s Py)
(t"+t)/2 wheres=(t"—t")/(t" +1t") is the Sherman function of the iron spin filter. The
luminescence asymmetry is proportional to the ratio (n*—n")/(n"+n’) =sPy. Thus, the
measured asymmetry is the combined effect of the initial spin polarization with the spin
filtering efficiency of the ferromagnetic layer. In the case of a perfect spin filter (s = 1), the
asymmetry is equal to the initial spin polarization P,. Taking for s a typical value of 0.4 and
Po =0.25, we find an asymmetry of 0.1. This estimation only accounts for ballistic electron
transport through the metal layer. However, since primary electrons relax their energy and
momentum across the metal by exciting a secondary electron cascade, one has to take into
account the effective polarization seen by the spin filter which is different from P,. Indeed,
according to the simple model presented in the previous section, at a given energy &, the total
number of electrons is given by E / ¢, that is the energy of the incident electron is spread over
Eo / & secondary electrons of energy &. Thus, assuming that the secondary electron distribution

is given by

F(e) = iﬂexp (— i), (3.7)
Ey Ey E,

the distribution of primary electrons which carry the polarization is
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F()_lEoe (e)_ls (g) 28
p(e) = exp —EMEMexp ) (3.8)

The primary electron transmission thus writes

[0

E E
Tp = .f a(e)Fp(e)de Fp(e) = (1 + —G> exp (— —G) (3.9)
En En
0
When considering that primary electrons carry a polarization Py and that the filtering
efficiency is given by s, we find for the asymmetry:

E; +Ey

Tp
ACL:P()S?:P()S EO

(3.10)

Note that Eg + Em represents the average energy of the transmitted electrons. Thus it is
expected that the asymmetry decreases like 1/E, because of the dilution of the incident
polarization by secondary electrons. However, a deviation from this simple law can be
observed when Ey increases. Moreover, for large value of Ey (compared to the exchange
energy in Fe) s may decrease. Thus, the variation of Ac. may be non monotonous in the
injection energy range where Ey varies significantly. This could explain the experimental
variation of Ac_ which exhibits a maximum for E,=1000eV. However, again taking
Po=0.25, s~ 0.4, and Eg =1.42 eV, a simple calculation shows that, for E; = 1000 eV, the
asymmetry should be of the order of 0.01 % which is about 10 times smaller than the value

actually measured.

As a conclusion, we have found that the CL emitted from the GalnAs_1 structure under
injection of spin-polarized electrons exhibits spin asymmetry which takes a maximum value
of about 0.2 % at an injection energy of 1000 eV. A simple estimation of the spin filtering

effect through the ferromagnetic metal layer as a function of the injection energy provides a
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value of the transmission spin-asymmetry about ten times smaller that the experimental CL
asymmetry. However, the measurement of the CL spin asymmetry is hampered by a poor
accuracy. The main drawback of the CL measurement is related to its very low efficiency (of
the order 10 photons per electron injected at 1000 eV). Further exploitation of CL technique
to the study of spin filtering effects would require improving the sensitivity of the
measurement set up as well as the efficiency of the CL process itself. On the other hand,
because of the complexity of the electron transmission process, calculations of the expected
asymmetry rely on very rough approximations which neglect spin relaxation and exchange
integral effects. The interpretation of the experimental data would thus require a better
understanding of the cascading process taking into account the different aspects of the spin

dependent interactions in the ferromagnetic material.
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Conclusion and perspective

We have studied the spin-dependent transport of hot electrons into a two terminal hybrid structure
composed of the Fe/ Oxide / n-doped GaAs and Co / Oxide / n-doped Si junctions. The collected
current corresponds to electrons, which have surmounted the oxide barrier height and the semiconductor
band bending. The electron injector being spatially separated from the target, the injection energy can be
easily scanned from 10 to 3000 eV and the initial spin polarization modulated between + 0.25 and — 0.25
to evidence the spin-filtering effect occurring during the crossing of the ferromagnetic layer. Such
transmission experiment amounts to achieve the energy spectroscopy of an electron distribution made
up of primary and secondary electrons, which propagates into the junction with a mean energy of a few
eV. The mean energy of the distribution depends on the injection energy and on the initial spin

polarization.

The investigation of the electron transmission was performed following two different approaches:
the electrical method based on the measurement of electrical currents and the optical detection based on
the measurement of the cathodoluminescence (CL) intensity resulting from the radiative recombination

of the transmitted electrons in quantum wells inserted in the p-doped GaAs collector.

The electrical approach ensures the separate and simultaneous measurements of the base and the
transmitted currents. However the price to pay relies on samples having excellent Schottky behavior
with a very high dynamic resistance of junction. To that effect, we have considered junctions with
different thicknesses of oxide layers sandwiched between the ferromagnetic layer and the
semiconductor substrate. However, it remains difficult to find out a compromise which provides at the

same time good electrical properties and detectable transmission at low injection energy.

On another hand, we did not succeed in unambiguously demonstrating a spin-valve effect by
injection of unpolarized electrons in a structure comprising two magnetically decoupled Co layers. We
indeed measure a weak spin asymmetry of the order of 3 % only at high injection energy while a much

higher value is expected. We do not have a clear explanation for this result.

On the other hand, the optical detection allows us to track electrons transmitted into the GaAs

101



Conclusion and respective

conduction band, without being restricted by the electrical quality of the Schottky junction. The CL
intensity indicates that electron transmission occurs into the GaAs conduction band despite the existence
of the band bending barrier. Moreover, the luminescence spin asymmetry evidences spin-filtering effect
through the magnetic layer. However the conversion rate defined as the ratio of detected photons per
incident electron is so low that it restrains our counting statistics. The figure below shows the variation
of the cathodoluminescence quantum yield as a function of the injection energy. One reason for this
inefficiency comes from the poor optical yield of the luminescence experiment. We are indeed very far
from the yield of doped GaAs which is known as a very efficient light emitter with external efficiencies

of the order of 107 [Craford97].
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Figure C.1: Variation of the cathodoluminescence external (left axis) and internal (right axis) quantum
yield (photons per incident electron) as a function of the injection energy. The solid line represent the
variation of the electron transmission (in arbitrary units) calculated after the model described in

chapter 3.

To ensure that the optical detection of injected electrons constitutes an attractive alternative, the
overall sensitivity of the experiment must be improved in particular at low injection energy. To do so, we
have to review the limiting factors in the light detection. First the photomultiplier, which is a S1 cathode,
has a quantum-yield of 10° in the energy range of the GalnAs QW’s emission. The following

geometrical factors also contribute to the weak detection efficiency: the aperture of the collecting lens is
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of the order of 1/3 and provides detection in a solid angle of about 2 % of the half space on the back side
of the sample; the light propagation through ten interfaces (lenses, filters, windows...), which gives a
loss of intensity of about a factor of 10; and finally the light extraction efficiency of the GaAs sample, i.e.
the fraction of emitted photons. Its value is limited by the light reflection, which traps photons inside the
sample. In the case of GaAs with n = 3.6, the light extraction in air is equal to 2 %. In total we end up
with an intensity loss of 107. Now we can estimate the internal quantum efficiency of the structure: it is
the fraction of electron-hole pairs reaching the junction, which recombine radiatively. It is limited by
non radiative recombination of electron-hole pairs in the band bending of the p-doped GaAs. We find the
internal quantum efficiency plotted in Figure C.1 (right axis). So, when comparing the experimental CL
guantum vyield with the calculated electron transmission variation, in order to achieve detection of the
CL signal at low injection energy we have to improve the overall quantum yield by at least 2 orders of
magnitude. This can be done by changing the detector and optimizing the collection optics. We might
expect to gain only a factor 10%. On another hand, since the internal quantum yield is particularly low in
our sample, we can envisage to fabricate a structure in which the non-radiative carrier lifetime is
increased. This could be achieved by placing the QW’s structure in the flat band regime either by

bandgap engineering or by applying a positive bias to the junction.

Finally, let us mention that working with light detection also provides the capability of measuring
the spin polarization of electrons [Bréehet88, Alperovitch05] once that they have crossed the spin filter.
Indeed, the degree of the recombination light polarization is directly proportional to the electron spin
polarization. In this case, to satisfy the selection rules of the optical orientation, electron polarization
must be parallel to the light detection direction. Thus, the structure must be characterized by a
magnetization perpendicular to the surface. Note that, when measuring the polarization of the
transmitted electrons, it is not necessary to inject polarized electrons, since electrons acquire
polarization across the magnetic layer. Moreover, the excitation of a secondary electron cascade does

not induce a polarization dilution and one can therefore fully benefit from its amplification effect.
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Appendix A

Details of samples introduced in the thesis

b)

d)

Sample GaAs_1 (corresponding to sample DP34_1 made in LPMC, Palaiseau)
> Structure: Pd (5nm) / Fe (4nm) / Uvocs (10A) / n-GaAs

>  Substrate: n-doped GaAs (10" cm™), (100)(0.5 deg) orientation

»  Surface: 5mm x7mm

Sample MgO _1 (corresponding to sample 1806R made in LPM, Nancy)

»  Structure: Pt (3nm) / Co (5nm) / MgO (2nm) / n-Si

>  Substrate: n-doped Si (10*° cm™®), (100)(20.5 deg) orientation

»  Surface: 5mm x5mm

Sample MgO_2 (corresponding to sample 1901R made in LPM, Nancy)

»  Structure: Pt (2nm) / IrMn (7.5nm) / Co (5nm) / Cu (3.5nm) / Co (5nm) / MgO (3nm) / n-Si
>  Substrate: n-doped Si (10* cm™), (100)(20.5deg) orientation

» Surface: 10mm x5mm

Sample InGaAs_1 (corresponding to sample InGaAs_1 made in LPMC, Palaiseau; the part
without the metal layers corresponds to sample 3246 (VS1-47) made in the Institute of

Semiconductor Physics, Novosibirsk)

»  Structure: Pd (2nm) / Fe (4nm) / p-GaAs:Be (7x10"" cm™) (20nm) / p-Ing15Gaps.As:Be
(7<10"cm®) (10nm) / p-GaAs:Be (710" cm™®) (20nm) / p-Ing15Gags.As: Be (7x10" cm™)
(10nm) / p-GaAs (20nm): Be (710" cm™®) / p-Aly5Gay7As: Be (710" cm®) (40nm) / GaAs:
Si (210" cm™) (100nm) / n*-GaAs

> Substrate: n"-doped GaAs epi-ready, (100) orientation

»  Surface: 7mm x4mm
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List of data files introduced in the thesis

All the paths here are following the root path “\thesis_xli\manuscript\data”

Chapter Il
Raw data file: IV\GaAs_1\data files\DP34 1 15 02_11-1545 |-V
i ”6 IV\GaAs_1\data files\DP34_1 15 02_11-1547_I-V
igure 2.
’ Treated data file: IV\GaAs_1\GaAs_1 IV_dark.QDA
IV\GaAs_1\ GaAs_1 IV_Redlaser2.15mW.QDA
Raw data file: IVAMgO_1\data files\Nancy 1806R_23 06 10-1237 |-V
- 57 IVIMgO_1\data files\Nancy_1806R_23_06_10-1239 _I-V
igure 2.
J Treated data file:  IViMgO_1\ MgO_1_IV_dark.QDA
IVIiMgO_1\ MgO_1_IV_laser.QDA
Raw data file: IVAMgO_2\data files\Nancy 1901R_16 06 10-1957 I-V
Ei 29 IVIMgO_2\data files\Nancy_1901R_16_06_10-1959 I-V
igure 2.
J Treated data file:  IVIMgO_2\ MgO_2_1V_dark.QDA
IViIMgO_2\ MgO_2 IV _laser.QDA
Raw data file: Hysteresis\data files\DP34_1 02 07_09 config 1
Figure 2.10 Hysteresis\data files\DP34_1 02_07_09_config_2
Treated data file:  Hysteresis\GaAs_1_hysteresis.QDA
) Raw data file: Hysteresis\data files\1806-R1-rest.res
Figure 2.11 ) ) )
Treated data file:  Hysteresis\MgO_1_hysteresis.QDA
- 51 Raw data file: Hysteresis\data files\1901-R3-MH_precis_300K-18h49.res
igure 2.
J Treated data file:  Hysteresis\MgO_2_hysteresis.QDA
Raw data file: Cesiation\data files\03_12 09-1713 cesiation_data
Figure 2.16 ) o o
Treated data file:  Cesiation\Cesiation.QDA
] Raw data file: EDC\data files\30_10 09-1139 EDC_data_average
Figure 2.19b

Treated data file:

EDC\GaAs_1_EDC_data_500V.QDA
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Figure 2.22 | Raw data file: T _lock-in_auto\GaAs_1\data files\09_12 09-2208 T_auto
Figure 2.23 T_lock-in_auto\GaAs_1\data files\09_12_09-2222 T _auto
Figure 2.24 | Treated data file: T_lock-in_auto\GaAs_1\GaAs_1 T lock_in_auto.QDA
Figure 2.25 | Data file: T _lock-in_auto\GaAs_1\Hysteresis DP34 1 reproduct.QDA
Figure 2.26 | Raw data file: T_lock-in_auto\MgO_1\data files\03_02_ 10 T auto_1806R_1
Figure 2.27 | Treated data file: T_lock-in_auto\MgO_1\MgO_1 T _all. QDA
Raw data file: T_lock-in_auto\MgO_2\data files\
Nancy 1901R_2 22 04 10-1902 T auto_data _normalized
T_lock-in_auto\MgO_2\data files\
Figure 2.28 Nancy_1901R_2 22 04_10-1932_T_auto_data_normalized
Figure 2.29 | Treated data file: T_lock-in_auto\MgO_2\
Nancy 1901R_2 22 04 10-1902 T auto_noFieldPulse.QDA
T_lock-in_auto\MgO_2\
Nancy 1901R_2 22 04 10-1902_T_all. QDA
Chapter 111
Fi 32 Raw data file: IVAInGaAs_1\data files\24 03 11 I-V_InGaAs_1
igure 3.
J Treated data file:  IMAInGaAs_1\ InGaAs_1 IV.QDA
Raw data file: Hysteresis\data files\
. 2Pd-4Fe-GaAs-InGaAs-45<Calibrated-5-average
Figure 3.3
Treated data file:  Hysteresis\InGaAs_1_hysteresis.QDA
Figure 3.4 | Data file: Lum_spetro\optical_absorption_GaAs.QDA
Figure 3.5 ] ]
] Raw data file: Lum_spetro\data files (folder)
Figure 3.10 )
] Treated data file:  Lum_spetro (folder)
Figure 3.11
Raw data file: T_auto\InGaAs_1\data files\
. InGaAs_Oleg_05 07_10-1917_T_auto_data_normalized
Figure 3.6
Treated data file: T_auto\InGaAs_1\InGaAs_1 T_auto_data.QDA
Raw data file: T lock-in_auto\InGaAs_1\data files\
Figure 3.7 InGaAs_Oleg 06 _07_10-2023 Lock_in_auto_data normalized

Treated data file:

T _lock-in_auto\InGaAs_1\InGaAs_1 T lock in_auto.QDA
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Raw data file:

EDC_lum\data files\

Figure 3.12

Treated data file:

InGaAs_1 15 02_11-1617_EDC_lum_data_average

EDC_lum\InGaAs_1_EDC_Lum.QDA

Figure 3.13

Raw data file:

Treated data file:

Lum_energy\data files\
InGaAs_1 17 09 10-1914 LumNonPola_energy data

T auto\InGaAs_1\data files\

InGaAs_Oleg 05 07_10-1917 T auto_data_normalized
Lum_energy\InGaAs_1 LumNonPola_energy data.QDA
T auto\lnGaAs_1\InGaAs_1 T auto_data.QDA

Figure 3.16

Raw data file:

Treated data file:

Lum_time_at_fixed_energy\data files\1000e\\
GalnAs_1 08 12 10-1702_LumPala_1000eV_-M_ data

Lum_time_at_fixed_energy\data files\1000e\\

GalnAs 1 24 01 11-1714 LumPola_1000eV_+M data
Lum_time_at_fixed_energy\

GalnAs_1 LumPola_at 1000V _field_plus_1500CL.QDA

Lum_time_at_fixed_energy\
GalnAs_1 LumPola_at 1000V _field_minus_1500CL.QDA

Figure 3.17

Raw data file:

Treated data file:

Lum_time_at_fixed_energy\data files (folder)
Lum_time_at_fixed_energy\selected (folder)

Lum_time_at_fixed_energy\GalnAs_1 LumPola_Asym_Ep.QDA
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