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Summary 
The realization of semiconductor-based devices which make use of the electron spin is of 
great academic and industrial interest, mainly due to the large spin lifetime in 
semiconductors. A spin polarization in these devices can be obtained by injection of spins 
from a ferromagnetic electrode. If the magnetization of the electrode is perpendicular to the 
surface, the majority spins have a perpendicular orientation, which makes optical detection 
of spins easier compared to an in-plane orientation. This study focuses both on the creation 
and optimization of a spin injection device, and on the optical creation and detection of 
spins in such device. In particular the development of perpendicularly magnetized electrodes 
was researched.  

Our spin injection device consists of a GaAs based semiconductor heterostructure, 
an AlOx tunnelbarrier and perpendicularly magnetized electrodes. The AlOx tunnelbarrier 
was grown in order to suppress the conductivity mismatch. The perpendicularly magnetized 
electrodes were created by sputter deposition of ultrathin (~1 nm) alternating Co/Pt layers. 
A detailed study was performed to establish optimal magnetic properties for a stack with the 
magnetic Co directly grown on top of the AlOx. The latter is a requirement for optimal spin 
injection. We succeeded in making these perpendicularly magnetized electrodes, resulting in 
a new and not previously reported material combination.  

Using devices with these optimized electrodes, we performed basic electronic 
measurements and photocurrent studies. Furthermore, time-resolved magnetization 
modulation spectroscopy was used to study spin relaxation and precession in the GaAs 
heterostructure. The influence of a magnetic electrode on the dynamic behavior of spins was 
investigated. The final step was hot electron injection from the perpendicularly magnetized 
electrode into the GaAs semiconductor. Due to the imperfect doping of the GaAs 
heterostructure, the very thin magnetic Co layers (in contrast to the Pt spacer layer) and the 
high barrier height, no spin injection was measured yet. Solutions to avoid some of the 
problems are discussed. 
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1. Introduction 
Almost everyone uses electronics in everyday life, but because people always strife for more, 
there is a constant quest for smaller, faster and less energy consuming computers, cell 
phones, mp3 players etc. These demands present serious challenges for conventional 
electronics. For years, several measures of digital electronics have been improving at 
exponential rates related to Moore's law, including the size, cost, density and speed of 
components. This exponential increase forces researchers to explore unfamiliar territory in 
the quest for increased performance and to keep up with Moore’s law and the demands of 
the consumers. 

The core of a computer is its processing chip, which manipulates data according to a 
list of instructions. Because a computer is a binary device, the stream of data entering the 
chip is a long list of “0” and “1” states. These states consist of low currents (“0”-state) or 
high currents (“1”-state) which are processed by the chip. Thus, a modern computer works 
on the charge of electrons. However, electrons have another interesting property that can be 
used, which is called “spin”. In a classical picture, the spin can be thought of as arising from 
a rotating charge which creates a magnetic moment. If this moment is pointing upwards it 
can be called “spin-up” and when pointing downwards “spin-down”. The manipulation and 
usage of this electron spin can add another degree of freedom to the field of electronics. The 
research field that studies the behavior and the applications of this intrinsic electron spin is 
called Spintronics.  
 Spintronics is a rapidly growing field which holy grail is the usage and manipulation  
of spin-polarized transport (where the majority electrons are for example directed spin-up) in 
nanoscale devices. Its applications based on metallic ferromagnetic nanostructures such as 
magnetic hard drive read heads based on giant magnetoresistance (GMR) and tunnel 
magnetoresistance (TMR) have already been commercial successes. A GMR sensor consists 
of at least two ferromagnetic layers separated by a spacer layer. When the magnetization of 
the two ferromagnetic layers is in the same direction (parallel), electrons with their spin 
direction parallel to the ferromagnet will experience less scattering, so the overall electrical 
current will flow with low resistance. If the magnetization is anti-parallel both spin directions 
scatter equally and the overall resistance of the system is higher. This effect is shown in 
Figure 1 and is also used in industry in the GMR sensors of modern hard disks. If one uses a 
tunnelbarrier as spacer the structure is called a TMR device. Another promising spintronic 
device is a for example a magnetic random access memory (MRAM’s). Unfortunately, other 
applications such as reprogrammable logic, are still some steps away.  
 

Parallel configuration Anti-parallel configurationb)a)

 
Figure 1: Conduction electrons passing through a multi-layered GMR structure with a) parallel or b) anti-
parallel configuration. In the parallel configuration, the spin-up electrons experience no scattering, which result 
in a low resistance, while in the anti-parallel configuration both spin directions scatter and the resistance is 
higher. 
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Tremendous effort and research are however being put into this interesting and promising 
field of physics. This effort has been rewarded in 2007 with a Nobel Price in Physics for the 
discovery of the GMR effect.  

A hot spintronic topic at the moment is the creation of a spin injection and detection 
device using semiconductors because the spin lifetime in semiconductors can be much larger 
then in metals. Furthermore, semiconductors are already widespread used in conventional 
electronics. The first essential step is creating a spin-polarized current in a semiconductor, 
which subsequently can be manipulated and detected. The simplest method of creating a 
spin polarization in a semiconductor is by directly exciting electrons with circularly polarized 
light. For practical applications and devices, the general (indirect) approach is however 
electrical injection of electrons from a ferromagnet in which the spins are aligned. Very 
recently, electrical injection and detection of spin transport in lateral ferromagnet–
semiconductor devices was measured1 in the device shown in Figure 2. This device consists 
of ferro-magnetic electrodes positioned on a semiconductor substrate. The electrodes have 
an in-plane magnetization, which aligns the spins of the electrons flowing through these 
electrodes. If this alignment (spin direction) persists after the spins are injected into the 
semiconductor, a spin polarization is created. These spins can be transported towards 
another electrode, where a specific spin state can be detected. Detection can be achieved for 
example by a spin valve effect, where the electrical resistance depends on the direction of 
magnetization of the electrodes and spins. Theoretically, if the spins are then manipulated 
during transport (for example by an electrical field2) the direction of the spins could be 
changed, which could change the resistance of the device. In this way a device can be created 
which utilizes the spin of the electrons and works in analogy to the “0” and “1” current 
states in a normal processing chip.  

The goal of this master thesis is achieving spin injection from a perpendicularly 
magnetized ferromagnet into a semiconductor, as is shown in Figure 3. This is new 
fundamental research, which allows for an easier optical study of the injected spin. Because 
the injected spins are detected optically, detection of ultrafast spin dynamics and spin 
transport or accumulation measurements throughout the complete device are possible. The 
purpose is fundamental research, because for eventual applications, electrical detection is 
necessary. The electrical spin detection electrodes shown in Figure 2 are therefore not 
incorporated in the schematic spin injection device shown in Figure 3. Another difference 
with the device from Crowell et al. (Figure 2) is that the direction of the magnetization is 
perpendicular to the surface, instead of in-plane. The spins injected from the electrodes in 
this device also have their spin directed upwards. This makes optical detection easier because 
the spins are perpendicular to the surface and thus parallel to incident light, which is an 
requirement for detecting the spin orientation.  

 

 
Figure 2: An all-electrical injection and detection device for in-plane magnetized spins with five electrodes. 
Spins are injected from electrode 3 into the semiconductor. Electrode 3 and 4 are ferromagnetic. 
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Normal magnetic structures have their magnetization directed in-plane, which means that if 
these in-plane spins are injected, a magnetic field is needed to turn these spins out-of-plane 
for detection. When perpendicularly oriented spins are injected, there is no need for an 
external magnetic field which induces side effects, and which makes measurements more 
difficult. The creation of a spin injection electrode with perpendicular magnetization is far 
from easy, but is possible by using nanometer thin multilayers of alternating Co and Pt layers 
as will be shown in this report. The semiconductor underneath the metallic electrode is in 
this project GaAs because it is a well known material, it has a direct bandgap which allows 
direct detection of spins via specific optical selection rules, and the possibility of (well-
defined) doping.  

Very recently, spin injection with perpendicular FePt electrodes was obtained 
through a MgO tunnel barrier on GaAs, with a spin injection efficiency of 3,3% at room 
temperature.3 No papers have yet been published on Co/Pt electrodes deposited on AlOx 
tunnelbarriers for spin injection measurements. As will be discussed in this master thesis, this 
material combination can possibly also lead to even higher spin injection efficiencies.  

This thesis can be divided into two parts. The first part consists of descriptions for 
growth and optimization of perpendicularly magnetized spin injection devices, while the 
second part consists of descriptions of optical detection techniques and actual measurements 
on such a device. The thesis starts with a theoretical basis of the principles of spins, spin 
injection or creation, spin transport, and spin relaxation in metals and semiconductors in 
chapter 2. The chapter describes all processes in each building block of the device: the 
semiconductor, the tunnel barrier and the metallic electrode. The most important and 
difficult parts of this specific device are however the perpendicularly magnetized electrodes. 
The magnetism, magnetization direction, growth and optimization of these electrodes is 
discussed in chapter 3. The main part of this chapter deals with the growth of these 
electrodes on an AlOx tunnel barrier, a difficult and scarcely researched new material 
combination. With this background, it is possible to proceed to the actual creation of such a 
spin injection device. In chapter 4 the creation of an entire spin injection device is discussed 
along with all problems that have arisen. The electrical properties of the device and the 
behavior of injected and created electrons are discussed in chapter 5, along with optical spin 
detection measurements. A final conclusion with recommendations is presented in chapter 6. 

Eventually the goal of such a device is electrical spin injection of perpendicularly 
aligned spins and direct optical detection of these spins. Electrical injection was out of the 
scope of this specific project, nevertheless the spin injection devices are also designed for 
electrical spin injection. This in order to allow someone else to quickly build upon this work, 
and focus solely on the issues of electrical spin injection.  
  

Co/Pt Detection

GaAs heterostructure

+-M

 
Figure 3: The schematic design of an all-electrical spin injection and detection device with a perpendicularly 
magnetized electrode for injection, a bias to induce electron drift in the semiconductor and a second electrode for 
detection. 
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2. Electron spin in a spin injection device  
This chapter focuses on the theoretical aspects and principles behind the electronic 
processes that take place in a spin injection device. The final goal of this project was to 
create a spin injection device with perpendicularly magnetized electrodes. In this chapter, we 
look to the device itself and leave the details of this specific magnetization of the electrodes 
for chapter 3. The spin injection device shown in Figure 3 consists of ferromagnetic 
electrodes deposited on a semiconductor substrate. First, the electron spin itself is explained 
in section 2.1. In section 2.2 important aspects for achieving successful spin injection from 
ferromagnets into semiconductors are discussed. A more detailed device description is put 
forward and the possibilities for optimization of the individual parts (tunnelbarrier, 
semiconductor) are discussed. There are two routes when one wants to optically create a 
majority of spins (spin polarization) in a semiconductor. First, one can directly create a spin 
polarization in a semiconductor with optical selection rules. Second, one can optically excite 
spins in the electrode and subsequently transport them towards the semiconductor by “hot 
electron” injection. This means that electrons travel over the tunnelbarrier instead of 
through it. The direct optical creation of a spin polarization in a semiconductor is described 
in section 2.3. A measurement technique (MOKE), which is extensively used in this report is 
also discussed. In section 2.4, spin polarization in a ferromagnet, barrier transmission and 
hot electron transport are discussed. Finally, section 2.5 describes the (scattering) processes 
in the semiconductor that lead to spin relaxation after the spins have been injected.  
 

2.1. Electron spin 
Spintronics is a research field that tries to make use (and to manipulate) the spin state of 
electrons. Electrons are fundamental subatomic particles that exhibit some basic properties 
like their (negative electric) charge, their mass and their spin. The spin quantum number 
parameterizes the intrinsic angular momentum of the electron. Because electrons are 
fermions, they have a half-integer spin and are indistinguishable. The electron has a fixed 
spin quantum number of 1/ 2s =  and given an arbitrary direction z as the quantization axis 
(usually determined by an external magnetic field), the spin z-projection is given 
by 1/ 2zs = ± . When measuring the intrinsic spin of an electron, one will therefore always 
find the electron in one of two quantized spin states, which are called “spin-up” and “spin-
down”, as shown in Figure 4.  
 

 
Figure 4: Electrons rotating around their axis in a spin up and down state. 
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In a material, the shells of atoms combine in order to form a bandstructure. If bands are split 
and shifted above the Fermi level, a minority and majority spin population can be created. If 
a majority spin population is present without application of an external field (spontaneous 
magnetization), the material is called ferromagnetic. Examples of ferromagnetic materials are 
iron (Fe), nickel (Ni) and cobalt (Co). Co has a partly filled d-band that is split due to 
exchange interaction as shown in Figure 5. The amount of spins with spin up is larger then 
the amount of spins with spin down which creates a magnetic metal. There can be also a 
difference in the density of spin states at the Fermi level. If electrons are (optically) excited 
from the Fermi level, more electrons of one specific spin type are excited, which results in a 
spin polarization of the excited electrons. For Co a full spin polarization (100% of one spin 
type) cannot be achieved (even for very high spin splitting) because of the electrons in the 4s 
state at the Fermi level.  
 

2.2. Semiconductor spin injection 
Besides spins in ferromagnets, spins can also exist in semiconductors. Semiconductors 
furthermore has some important properties such as a long spin lifetime4, possibility of 
doping (impedance), possible low carrier densities (which allows for easy manipulation of 
carriers) and a widespread use in current industry. This makes semiconductors an excellent 
material for the devices which try to use electron spins, as was discussed in the Chapter 1. In 
order to create a spin polarization in semiconductors one can try to create magnetic 
semiconductors5 but that is to complex and a complete research project on itself. Another 
option is to optically create spins in a semiconductor, but from a device perspective, the 
most interesting possibility is electrical injection of spins from a ferromagnetic metal into a 
semiconductor. This method is also used in this report for the design of an electrical spin 
injection device. There is, however, a (significant) problem, namely that the change in device 
resistance for parallel and anti-parallel magnetization of the contacts is much smaller then 
the device resistance itself when a ferromagnet is deposited directly on top of a 
semiconductor. This effect leads to a negligible spin polarization in the semiconductor and is 
called the conductivity mismatch6.  
 

 
Figure 5: Density of states for a Co atom which shows splitting due to exchange energy.  
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2.2.1. Conductivity Mismatch Problem 

The conductivity mismatch problem arises because of a low spin-dependent resistance of the 
ferromagnet in comparison to a large spin independent resistance of the semiconductor. In 
ferromagnets a difference in the density of states between the two spin states exists. 
Therefore the conductivity is governed by either spin-up or spin-down electron 
contributions, depending on the magnetization direction. This results in a spin dependent 
resistance, which leads to majority spin injection with high conductivity and minority spin 
injection with low conductivity. The effective resistance of a semiconductor ( scR ) is much 
higher than the effective resistance of a ferromagnet ( fmR ) which is shown in Figure 6. The 
effective resistance is limited to the surface region by the spin diffusion length in the 
semiconductor or ferromagnet. The figure also shows the small difference in resistance for 
spin up and down for the ferromagnet. This small difference in the effective ferromagnetic 
resistance has very little effect on the overall resistance of the device. With a typical effective 
resistance ratio of 4/ 10fm scR R −≤ , the effect of a difference in resistance for a specific spin 
state in a ferromagnet is for the complete device 104 times lower. The spin polarization in 
the semiconductor will therefore be a factor 10-4 smaller then in a ferromagnet, which makes 
it almost impossible to detect. 

The spin injection efficiency is controlled by the element of the device having the 
largest effective resistance. A solution is incorporating a large spin-dependent resistance in 
the device. One can for example include a tunnel barrier7, a Schottky barrier or a dilute 
magnetic semiconductor8 in between the ferromagnet and the semiconductor. In this thesis, 
a tunnel barrier was used between the ferromagnet and semiconductor. However, 
semiconductors normally already have a Schottky barrier at their metal-interface, because of 
the high density of additional electronic states due to breakdown of the periodic boundary 
condition9. Because the reciprocal wavevector of these surface states is imaginary, the surface 
states do not obey Bloch’s theorem. Therefore, these localized states do not relate to the 
band structure of the rest of the material. As a consequence, the Fermi level is always pinned 
by these states, because it is almost impossible to put enough charge in these states to fill 
them. In GaAs these states occupy a narrow band of energies near the middle of the 
bandgap. Because of this charge accumulation, the conduction band and valence bands shift 
up in energy, and a Schottky barrier is formed, which is shown in Figure 7. For high spin 
injection efficiency, the injection barrier should be thin, so this Schottky barrier should be 
suppressed by adding doping to the interface. 
 

 
Figure 6: The resistance model for a semiconductor ferromagnet contact. Both spin channels are shown with a 
much higher semiconductor resistance compared to the ferromagnet resistance. The resistance for spin up in the 
ferromagnet is also (slightly) higher. The resistances sizes are not drawn proportionally. 
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Increasing spin injection efficiency is still a very active field of research and spin injection 
efficiencies of already 70%10 have been achieved with use of MgO barriers. For future 
devices this efficiency could and should be increased. These results show however that 
suppression of the conductivity mismatch problem is possible. The device described in this 
thesis is designed for efficient electrical spin injection by using a semiconductor structure 
and a tunnelbarrier.  
 

2.2.2. Semiconductor substrate 

When these problems of conductivity mismatch are suppressed, the road towards real 
devices which use (and manipulate) spins is open. As discussed before, a device for spin 
injection will contain a ferromagnet, a tunnelbarrier and a semiconductor substrate (wafer). 
In this thesis, the focus will be on GaAs as a semiconductor. GaAs has a zinc-blende crystal 
structure for which the bandstructure is shown in Figure 8. GaAs has a direct bandgap at k 
= 0 (Γ -point), and close to this point the energy bands have a parabolic shape. In 
semiconductors with a cubic or diamond crystal structure, the lower conduction band 
predominantly consists of states with an s-like character. These electrons do not have any 
orbital momentum (L = 0), which results in a well-defined spin quantum number according 
to the uncertainty principle. The electrons in the top of the valence band mainly have p-like 
symmetry and thus have an orbital momentum (L = 1). As an additional effect, the spin-
orbit interaction splits the valence band and pushes the split-off band down in energy. 

In order to reduce the Schottky barrier width and to create a transport channel, 
additional doping of the semiconductor was used. The structure of the semiconducting 
wafer is shown in Figure 9 and was made by W. Van Roy at IMEC by Molecular Beam 
Epitaxy (MBE). MBE has a slow deposition rate, which allows deposited films to grow 
epitaxially and well defined. It even allows for single layer deposition. It was already 
discussed before that at the GaAs interface, the Fermi level is pinned about 0.8 eV beneath 
the conduction band of GaAs due to free surface states, which results in the formation of a 
Schottky barrier.  

 

 
Figure 7: a) A (not connected) metal and semiconductor with work-function mϕ  and sϕ  respectively, 
semiconductor electron affinity sχ  and valence and conduction band energies cE  and vE . b) The 
equilibrium state after connection of the metal and semiconductor including the Schottky barrier. Electrons 
travelling from the metal to the semiconductor must overcome a barrier of msE  while electrons travelling in the 
opposite direction must overcome a barrier of smE .  
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For direct tunneling at low bias, it is essential to suppress the Schottky barrier depletion 
region with high doping at the surface region in the GaAs wafer. This thin Schottky barrier 
then leads to an increase in tunnel probability, while the conductivity mismatch can be 
suppressed by a tunnel barrier. Therefore, a delta-doping was introduced 3 nm underneath 
the surface by doping with 3×1013 cm−2 Si. The Schottky barrier height can be changed by an 
applied bias. In order to inject electrons more easily, one can use the external bias to reduce 
the barrier height.  

Below this surface a 100 nm thick GaAs layer with a Si doping of 1×1017 cm−3 was 
grown. This is the active layer where spin transport takes place and which is optimized for 
long spin lifetimes. The spin lifetime in bulk GaAs with Si doping of 1×1017 cm−3 can be in 
the order of 10 ns at 5K4. Underneath this spin channel is an undoped Al0.3Ga0.7As layer for 
electrical confinement of all carriers in the active n-GaAs layer. This wafer design is however 
not optimal. The doping of the active spin transport layer is too high, a Si doping of 5×1016 
cm−3 should have let to even longer spin lifetimes. Furthermore, asymmetric I-V curves and 
a large resistance area product of 1 GΩμm at 200 mV were measured by J.J.H.M Schoonus2. 
This indicates that the Schottky barrier is not sufficiently suppressed inside the wafer11, since 
then a resistance area product of 1-10 kΩμm2 is to be expected. This indicates that the 
doping is too localized and possibly too high. Because of the high doping concentrations 
only part of the silicon might be active or silicon even acts as an acceptor. This could be 
solved by inserting a doping region of 8 nm n++=1.5×1019 cm−3 and 4 nm n++=7×1018 cm−3 
at the surface11. It is even better to create a slope in the doping concentration, which allows 
for even better Schottky barrier suppression into the GaAs. For this study it was only 
possible to use the imperfect wafer with a delta-doping described in Figure 9.  
 

 
Figure 8: The bandstructure of GaAs which shows the conduction and valence band and the bandgap.  
 

GaAs Substrate

100 nm AlGaAs

100 nm n GaAs

δ doping n++ GaAs

 
Figure 9: The structure of the GaAs wafer used in this report. The proportions are not correct. 
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Full electrical spin injection and detection is therefore not possible with this wafer, but 
because in this report optical spin injection and detection techniques (see section 2.4) are 
used, this less ideal wafer can still be used.  
 

2.2.3. Tunnelbarrier 

On top of the GaAs substrate, a tunnelbarrier was grown by W. Van Roy at IMEC in order 
to counter the problem of conductivity mismatching. The band diagram for the wafer 
including the AlOx tunnelbarrier was modeled by J.J.H.M Schoonus12, the resulting band 
structure is shown in Figure 10. The band structure shows a high tunnel barrier, the 
(suppressed) Schottky barrier, the active layer and the Al0.3Ga0.7As layer for electron 
confinement in the active layer. The tunnelbarrier which is used should be chemically stable 
on GaAs, which is the case for both AlOx and MgO. To achieve the device resistance-area 
product necessary, the tunnel barrier is constrained to be ultrathin (~ 1nm). However, these 
ultrathin barriers commonly have pinholes, unoxidized regions and can lead to oxidation of 
the magnetic surface.  

Pinholes lead to large parasitic currents which reduces the efficiency of electrical spin 
injection drastically. Furthermore, the barrier needs to be smooth, because roughness of the 
barrier can lead to inhomogeneous currents and very local heating which leads to breakdown 
of the barrier. However, high spin-injection efficiencies have been shown for both AlOx13 
and MgO14 barriers. AlOx was chosen for this project because it allows for much easier and 
“nicer” oxidation compared to MgO. The highest experimental injection efficiencies have 
however been measured with MgO.  

According to Fert and Jaffrès15 in the case of n-type GaAs with a doping of 1016 cm−3 
at room temperature, the tunnel barrier resistance for optimal spin injection efficiencies is 
about 7 kΩm2. This should be achieved with a 1.2 nm thick AlOx barrier and the interfacial 
doping discussed in section 2.2.1. The optimization of the resistances for the lowest 
conductivity mismatch is a very delicate process where doping, surface resistance, the barrier 
and channel resistance all play a role. The AlOx on this wafer layer is relative thick so 
pinholes should be minimized. 

 

 
Figure 10: The band structure of the electrode, AlOx barrier and the wafer from IMEC.  
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An AlOx tunnelbarrier is created by oxidation of already deposited Al (see section 4.1.2). 
When oxidizing the Al in order to create an AlOx tunnelbarrier, one can over or under-
oxidize the Al. Under-oxidation leads to remaining Al atoms which (electrically) behave like 
a metal and can conduct a (unpolarized) current to the semiconductor. However, for these 
very thin layers one cannot speak of a real remaining Al layer underneath the AlOx layer 
because layers are not that well defined. Over-oxidation leads to an excess of O-atoms which 
can oxidize the GaAs or even the electrode grown on top. This effectively increases the 
isolating layer, which can be seen as an additional resistance or tunnelbarrier. It is therefore 
essential to precisely tune the oxidation process. With the semiconductor substrate, the 
surface doping and the tunnelbarrier one can build a spin injection device by depositing 
electrodes on top of this. This device is shown in Figure 11. 
 

2.3. Optical spin orientation 
A majority of spins in one of the two specific spin directions is called a spin polarization. A 
spin polarization already exists in the ferromagnetic electrodes, but it can also be created in 
the GaAs substrate of the sample described above. As already mentioned a spin polarization 
in a semiconductor can be achieved optically by making use of the selection rules of zinc-
blende crystal structures.  
 

2.3.1. Optical spin creation in a semiconductor 

A photon with an energy ( hν ) larger then the bandgap ( gE ) of the semiconductor 
( gh Eν ≥ ) can excite an electron from the valence band into the conduction band under 
conservation of energy and angular momentum. When an electron is excited, a hole is left 
behind in de valence band. In semiconductors a spin polarization can exist both in the 
valence and conduction band. In the valence band, one speaks of spin-polarized holes; a hole 
with spin up is in fact a missing electron with spin down.  

The selection rules for optical transitions in bulk semiconductors are given by the 
scheme shown in Figure 12. This scheme shows that illumination of GaAs with circularly 
polarized light ( 1mΔ = ± ) with an energy g so gE h Eν+ Δ > ≥  results in the creation of spin-
polarized electron-hole pairs.  

 

Co/Pt Detection

+-M

n-GaAs

AlGaAs

AlOx

 
Figure 11: The design of an all-electrical spin injection and detection device with a perpendicularly magnetized 
electrode, an AlOx tunnelbarrier, a doped transport channel and a second electrode for detection. 
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For example, circular polarized light with 1mΔ = +  leads to excitation from the 3/ 2zJ = −  
state to the spin down state ( 1/ 2zS = − ) in the conduction band and to excitation from the 

1/ 2zJ = −  state to the spin up state ( 1/ 2zS = + ) with a ratio 3:1. The resulting initial 
electron spin polarization is given by 
 

0.5n n
n n

↑ ↓

↑ ↓

−
Π = =

+
        (1) 

 

with n↑ and n↓  the densities of spin-up and spin-down carriers respectively. Shortly after 
excitation, the electrons in the valence and conduction band will thermalize to the lowest 
energy available in the (same) band. If the energy of the incident photons is large enough 
( g soh Eν ≥ + Δ ) to also inject spins from the 1/ 2zJ = −  state in the splitt-off band, the spin-
up/down ratio will be 1:1 and the spin polarization is lost.  

The processes that take place in the GaAs after absorption of a photon are: hole spin 
relaxation, electron-hole recombination and electron spin relaxation. Hole spin relaxation is 
very fast due to spin-orbit coupling and typically in the order of a few ps. This is because the 
orbital momentum carried by the hole allows for efficient exchange of orbital momentum 
with phonons. The holes will however still exist, only their spin polarization is lost. This 
eventually results in formation of excitons with the excited electrons in the conduction band. 
The formed excitons can then recombine. Already during spin relaxation, a part of the spin 
polarization in the conduction band can be lost due to faster recombination of the majority 
spins. When the valence band is filled by recombination, spin relaxation of the remaining 
electrons in the conduction band is the only process that remains. Typical time scales for 
recombination can be 100 ps, while spin relaxation can be in the order of 100 ns for n-type 
GaAs at 5 K4. The processes responsible for relaxation of the spin polarization to 
equilibrium are described in section 2.5. The rate with which the spin relaxation process 
takes place is given by 
 

 
Figure 12: The selection rules for interband transitions in III-V and II-VI semiconductors with zinc-blende 
crystal structure. 
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with n↓ and n↑ the respective spin down and up densities and sτ the spin relaxation time 
[sec].  
 

2.3.2. Optical detection 

A way to optically measure the spin polarization of a sample is by using the Magneto-Optic 
Kerr Effect (MOKE). The Magneto-Optic Kerr Effect leads to changes of light reflected 
from magnetized media. These changes are both in the polarization and in the reflectivity of 
the light and originate from the off-diagonal components (the complex Fresnel coefficients) 
of the dielectric tensor ε. Geometrically, MOKE can be categorized by the direction of 
magnetization with respect to the reflecting surface and the plane of incidence. One can 
distinguish between polar, longitudinal and transversal MOKE as is shown in Figure 13. 
Polar MOKE is used in this report and can be measured when the magnetization is 
perpendicular to the surface and parallel to the plane of incidence. One then looks under 
near normal incidence at the sample. Longitudinal MOKE looks under a larger angle at the 
sample. The magnetization is then parallel to both the surface and the plane of incidence. In 
both cases, linear polarized light becomes elliptically polarized (Kerr ellipticity) and the 
polarization direction rotates (Kerr rotation) as is shown in Figure 14. These changes are 
directly proportional to the magnetization and can be measured by filtering out the original 
polarization and measuring the remaining intensity with a simple detector.  

 

 
Figure 13: The three orientations for different MOKE measurements. 
 
 

 
Figure 14: Kerr effect of light reflected on a magnetic sample. Both the Kerr rotation ( kθ ) en Kerr ellipticity 
( kε ) are shown. 



Spin injection with perpendicularly magnetized electrodes    - 15 - 

A third method is measuring when the magnetization direction is perpendicular to the plane 
of incidence and parallel to the surface. This method is called transversal MOKE and also 
looks under grazing incidence, but instead of a change in polarization, the reflectivity is 
measured. This change in reflectivity is proportional to the component of magnetization that 
is perpendicular to the plane of incidence and parallel to the surface. 

Because the beam can be focussed into a spot of 50 μm on the sample one can 
locally measure the magnetization. MOKE is only sensitive for the magnetization in the 
layers the laser penetrates, which is governed by the penetration depth.  
 

2.3.3. TiMMS 

In order to inject and detect spins optically with different time delays, two lasers pulses can 
be used. The first pump-pulse creates a spin polarization by circularly polarized light, while 
the second probe-pulse detects a rotation in polarization with linear polarized light. By using 
an ultrafast femtosecond pulsed laser, one can measure spin polarization at ultra short 
intervals after spin creation/injection, which creates the possibility of spin relaxation 
measurements. Normally a single pulsed laser is used, from which the beam is split in two, in 
order to create a pump and a probe beam. In order to have a pump and probe pulse 
simultaneously at the sample, the length of both paths needs to be the same. By altering the 
length of a path, one can change the delay time between the probe- and pump-pulse. This 
allows for measuring the spin relaxation of the spins created by the pump pulse. 

Within FNA, this pump-probe technique is used in the TIme-resolved Magnetization 
Modulation Spectroscopy (TIMMS) setup as is shown in Figure 15. The figure shows the 
pump and probe beam focused on the sample, while the signal from the probe beam is 
reflected onto a detector. Before the probe beam is focused on the sample, the beam is 
linearly polarized by a polarizer. After reflection from the sample the light is directed 
through a crossed polarizer (called the analyzer) to remove most of the initial linear polarized 
light. Only the rotation of the polarization due the Kerr effect is measured by a change in the 
detected light-intensity. The probe-beam was also modulated with a chopper and a lock-in 
amplifier at a frequency of ~80 Hz in order to remove pump scattering  

 

Pulsed laser PEM

chopper

Delay line

polarizer cross-polarizer

polarizer

sample

detector

analyzer

pump

probe

 
Figure 15: The TIMMS setup for pump-probe spin injection with circularly polarized light and spin 
detection using the magneto optical Kerr effect. Two lock-in amplifiers are used the retrieve the signal 
modulated by the PEM and chopper. 
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A high sensitivity is achieved by a modulation of the polarization of the pump beam by a 
photoelastic modulator (PEM). This PEM operates at 50 kHz and changes the polarization 
from left circularly polarized, to linearly polarized and to right circularly polarized. The laser 
pulse repetition rate (~80 MHz) is much higher which means that “trains” of circularly 
polarized pulses creates a spin polarization in the sample. The modulation of the polarization 
leads to a modulation of the magnetization, which result in an oscillating MOKE signal, 
which is filtered at the PEM frequency using a lock-in amplifier. The advantage of using this 
lock-in is that one is able to measure with a high sensitivity and without a background signal. 
Because the intensity of the modulated beam is not changed, nonmagnetic artifacts are 
excluded.  
 

2.4. Hot electron injection 
In an electrical spin injection device a current is spin polarized when it is passed through the 
ferromagnetic electrode. This spin polarized current tunnels through the barrier into the 
semiconductor. It was however shown before that the wafer is not optimal for this type of 
injection. All the spins measured in the semiconductor are therefore created optically in this 
report. The creation of a spin polarization in a semiconductor can be directly via the optical 
selection rules or indirectly by exciting spins in a metal which subsequently traverses the 
tunnel barrier into the semiconductor. This type of spin injection is called hot electron 
injection because the electrons have to be given enough energy to travel over (instead of 
through) the tunnelbarrier. This section explains hot electrons injection and describes the 
transport and scattering processes that occur in the electrodes and tunnel barrier before 
spins before electrons reach the semiconductor.  
 

2.4.1. Spin polarization in a ferromagnet 

In ferromagnets, spin polarization exists as a natural state, while in other materials an applied 
magnetic field is required. This means that in a ferromagnet no additional polarization is 
achieved when it is pumped with (circular polarized) light. The electrons are, however, given 
more energy. Spin transport through a ferromagnet has both a diffusion (variations in local 
spin density) and a drift (due to the electric field) component. Spins may flip through 
electron-magnon scattering and spin-orbit interactions (see the Elliot-Yafet mechanism in 
section 2.5.2). The mean free path in metals is much shorter than for semiconductors. 
Because of the overlap between d orbitals and the strong s-d hybridization between the core 
3d electrons and the conduction band s-p states, the magnetization of the 3d metals is passed 
onto the conduction electrons. One has to keep in mind that the spin flip length is not the 
same as the spin scattering length as will discussed in section 2.5.2.  

In order to determine the amount of photoexcited electrons, one should first know 
the amount of absorbed photons in the material. A model to calculate the absorption and 
subsequently the electron transport in a multilayered stack was developed by P.H.P Koller16 
and is used is chapter 5.2. It calculates the flow of electromagnetic energy in a sample in the 
form of a time-averaged Poynting vector. The derivate of this Poynting gives the absorption 
at each point of the stack, which in turn gives the amount of photoexcited electrons per unit 
volume at each position of the structure. When the refractive indices and the elastic and 
inelastic mean free paths are known17 one can also calculate the flow of electrons through 
the material.  
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2.4.2. Electron Scattering 

Electrodes normally have a polycrystalline or amorphous structure, which leads to an 
isotropic momentum distribution for photoexcited electrons. In this report the electrode 
consist of a multilayered stack, in which the momentum and energy distribution of the 
electrons becomes strongly modified due to elastic and in-elastic processes. The energy loss 
should be low, so transport of electrons from the electrode over the barrier into the GaAs is 
possible. The transport through an electrode is a diffuse process that is governed by the 
following scattering processes: 
 

Inelastic scattering 
Hot electrons (electrons with large kinetic energy) can lose part of their energy by 
exciting other electrons from below the Fermi level due to Coulomb interaction. After 
such an event, it is possible that the electron doesn’t have enough energy left to transport 
over the tunnel barrier if the initial hot electron energy is not much higher then the 
barrier height. The volume density of empty states into which hot electrons can scatter 
determines the mean free path for the electrons. 
 
Elastic scattering 
Besides losing energy, electrons can also only change momentum during a scattering 
event. Such an elastic scattering effect can occur due to the presence of defects, 
impurities and lattice mismatches. We will see in chapter 3 that lattice mismatch can 
occur at interfaces in multilayers with perpendicular anisotropy. In our samples these 
interface can lead to additional elastic scattering. Because no energy is lost, transport 
over the barrier is still possible, however transport through the sample is minimized 
because of the random direction of the spins after scattering.  
 
Interface scattering. 
At an interface electrons can be partially reflected due to different band-structures of the 
materials. Furthermore, diffusive scattering due to interface roughness can occur, 
however these effects are elastic and isotropic, which means that transport over the 
barrier is still possible if the electron’s direction is not changed to much.  
 

2.4.3. Barrier transmission 

For spin injection one needs a tunnel barrier in order to minimize the conductivity 
mismatch. Upon arrival of a hot electron at the barrier interface, only the electrons with high 
enough kinetic energy and momentum perpendicular to the barrier are able to cross the 
barrier. There is always a possibility that an electron will tunnel through a barrier but with 
these high photon energies, tunneling plays a minor role compared to hot electron injection. 
If excitation is just above the barrier height, inelasticcally scattered electrons cannot pass the 
barrier, so the electrons which do pass the barrier are not scattered and have a low energy 
spread. When the photon energy Fh Eν (the Fermi Energy) the transmission over a 
barrier is given by the Fowler relation18: 
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with φ  the barrier height [eV]. This equation shows a barrier transmission which 
quadratically depends on the photon energy close to the barrier height. This equation can be 
used to determine the barrier height from experimental photoconductance measurements as 
is done in chapter 5.2. Scattering and excitation inside the barrier is not discussed in this 
report because the barrier is very thin compared to the other layers. Theoretically, the 
tunnelbarrier thickness also is of no influence on the barrier height, but this was discussed in 
more detail in section 2.2.3. The material used for the tunnel barrier (which directly results in 
the barrier height) is however important for hot electron injection and the photon energies 
which can be used. For an eventual electronic device the barrier thickness is also important 
because a thicker barrier leads to a lower tunneling probability and possibly to a lower 
injection efficiency.  

In contrast to tunneling, hot electron injection might not be spin depended because 
higher energies in the density of states may quickly lose their spin polarization. For Cobalt 
this loss of polarization occurs around 1 eV above the Fermi level, while the typical barrier 
height in this report is ~1.2 eV above the Fermi level. So with the electron energies used in 
this report for transport over the barrier, the spin-dependence is lost, which limits the spin 
injection efficiency.  

In normal undoped semiconductors at room temperature, most of the levels up to 
the Fermi level are filled, but relatively few electrons also have energies above the Fermi level 
(governed by the Fermi-Dirac distribution). The bandgap of GaAs is in the order of electron 
volts, whereas the thermal energy kT is only about 0.025 eV at 293K, which minimizes the 
effect of temperature on thermal electron excitation (in comparison to optical excitation). 
The thermal effect can however be larger for doped semiconductors, because at room 
temperature the dopant electrons can also be excited to the conduction band, which can 
increase the conductivity substantially.  
 

2.5. Semiconductor spin relaxation 
After the injection of spins into the semiconductor, the next step is transport, manipulation 
and detection of these spins, so eventually one has a working spintronic device. The spin 
polarization in a semiconductor decreases in time, due to recombination or spin relaxation 
processes. In this section the spin relaxation is discussed, but first the spin relaxation time 
needs to be defined and explained.  
 

2.5.1. Spin relaxation time 

Spin is a quantum-mechanical property of an electron, according to Bloch it is however 
possible to describe the time-dependence of a spin ensemble using classical equations of 
motion. The total spin angular momentum is given by i

i
S s=∑ , while the average electron 

spin is given by 
 

/
n

i
i

S s n=∑          (4) 

 
with is the spin of the individual electrons and n the amount of electrons. The degree of spin 

polarization Π  in the direction of the average electron spin is given by 2 SΠ = ⋅ . When an 



Spin injection with perpendicularly magnetized electrodes    - 19 - 

external field (B [Tesla]) is applied, the spins experience a torque which causes the spins to 
precess at the Larmor frequency 
 

2 e

eg B
m

Ω =          (5) 

 
with e the electron charge [C], me the electron mass [kg] and g the effective Landé factor19. 
The number of spin in a sample changes in time, which is caused by individual spin 
relaxation and the creation or recombination of electrons. Taking these phenomena into 
account, the evolution of the average spin S in an external magnetic field can be described as 
follows: 
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with TS the spin lifetime [sec], defined as 1 1 1

s sT τ τ− − −= +  with sτ  the spin relaxation time 
[sec] and τ  the electron lifetime [sec]. Spin relaxation is the relaxation of a non-equilibrium 
spin polarization towards the original equilibrium spin polarization  
 

2.5.2. Spin relaxation mechanisms 

As discussed before, non-equilibrium spin lifetime in bulk n-type GaAs can be in the order 
of 100 ns4 at 5K, after which a spin equilibrium returns. There are three mechanisms which 
could result in spin relaxation in a nonmagnetic system: D`Yakonov-Perel, Elliott-Yafet and 
the Bir-Aronov-Pikus mechanism 
 
D`Yakonov-Perel 
The first and in this case most important spin relaxation mechanism in semiconductors is the 
D`Yakonov-Perel mechanism20. It predominantly occurs in semiconductors which lack 
inversion symmetry, which leads to a spin splitting in the conduction band.  The spin 
depended splitting of the conduction band can be seen as an effective magnetic field. The 
precession of the electron spin in this effective field is responsible for the spin relaxation. A 
rapid scattering of the electron momentum results in a frequent change in precession axis, 
which retards the relaxation. This means that the spin relaxation rate goes down at higher 
impurity concentrations. This mechanism is mainly important for group III-V and II-VI 
semiconductors with high electron (or low hole) concentration and/or high temperature. 
Group IV semiconductors such as Si or Ge do exhibit inversion symmetry, which results in 
no splitting of the conduction band and no D`Yakonov-Perel scattering mechanism. 
Therefore the spin lifetime in group IV systems can exceed the spin lifetimes in III-V 
semiconductors by orders of magnitude. 
 
Elliott-Yafet 
Another important mechanism is the Elliott-Yafet mechanism21,22 which initiates spin 
relaxation through momentum scattering by charged impurities, defects, phonons etc. 
Because the electron states in the conduction band are not purely of spin up and spin down 
character, but a (small) admixture of both. This leads to (elastic) spin flip scattering. The spin 
relaxation rate in this case is proportional to the impurity concentration and inversely 
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proportional to the momentum relaxation time. This spin relaxation mechanism is only 
important for semiconductors with high impurity concentrations (doping), metals and 
materials with low temperatures and small Eg.  
 
Bir-Aronov-Pikus 
The third spin relaxation mechanism is the Bir-Aronov-Pikus mechanism23. It occurs only in 
p-type semiconductors where conduction electrons could lose their spin due to exchange 
interaction between electrons and a holes. The spin relaxation time in this case is inversely 
proportional to the hole concentration. However, the p-doping should in that case be higher 
then 18 310 cmp > . Because only n-doping is used in this report this spin relaxation 
mechanism is of no further importance.  
 
Recent experimental studies24 at room temperature showed that the D'yakonov–Perel’ (DP) 
interaction is the most effective spin relaxation mechanism in undoped and n-doped GaAs.  
 

2.5.3. Temperature dependence of spin relaxation 

At very low temperatures (  5 K) the mechanism which limits sτ  in low doped n-GaAs (nd 
152 10< ⋅ cm-3) is considered to be the hyperfine interaction with the spins of lattice nuclei25. 

The D`Yakonov-Perel mechanism will however again start to dominate the spin-relaxation 
when the doping becomes so high that the metal-insulator transition is passed, as is also 
shown in Figure 16. From this figure one can conclude that the optimum doping 
concentration is indeed 165 10dn = ⋅ cm-3. At low temperatures the large non-equilibrium spin 
lifetime (  100 ns) allows for an almost complete conservation of the orientation of the 

electron spin during transport in GaAs over a distance of more than 100 µm. 26 In the case of 
undoped and n-doped GaAs, typical τs at high temperatures (  room temperature, 293K) is 
at most several tens of picoseconds27. 

 
Figure 16: The relaxation time25 as a function of the doping concentration for GaAs at low temperatures. It 
shows a relaxation times of ~100 ns for doping concentrations of  152 10⋅ cm-3 < nd 

165 10< ⋅ cm-3 . 
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3. Perpendicularly magnetized electrodes 
The most difficult, but commercially most useful, spin device uses electrical injection and 
detection of spins. These kind of devices are already investigated, as was discussed in the 
chapter 1. The specific goal of this project is injection of spins with a perpendicular 
magnetization orientation (with respect to the surface) as was shown in Figure 3, instead of 
with the magnetization direction in-plane. In section 2.2 the (optimum) semiconductor 
structure and tunnelbarrier for the device were discussed. This chapter builds further upon 
this structure with the perpendicularly magnetized electrode. If it is possible to create these 
electrodes on top of the semiconductor with tunnel barrier one has a spin injection device. 
The creation of a good perpendicularly magnetized electrode is however far from easy. The 
physical phenomena behind the magnetization direction are discussed in section 3.1 with the 
emphasis on perpendicular magnetization. In section 3.2 the formation of magnetic domains, 
the memory effect of a magnetic sample and the saturation of magnetization is discussed. 
The design and structure of a perpendicularly magnetized electrode is discussed in section 
3.3. Unfortunately, growth of such an electrode is not easy, especially on an AlOx 
tunnelbarrier. The expected growth of specific layers is discussed in section 3.4. The 
roughness of the layers and its (positive or negative) influence is discussed in section 3.5.  
 

3.1. Magnetization direction 
The magnetization of a sample can be strongly directionally depended. This directional 
dependence of a material's magnetic properties is called the magnetic anisotropy. It is 
defined as the change in magnetization for a material when measured along different axes. 
The most preferential direction is called the easy-axis, while the direction in which the 
magnetization is hardest to direct is called the hard-axis. There can be many physical 
phenomena responsible for magnetic anisotropy:  

• Magnetocrystalline anisotropy: the crystal structure (the alignment of the atoms) 
introduces a preferential direction for the magnetization. It arises from spin-orbit 
coupling between the spins and the lattice of the material. Spin orbit coupling is 
explained in more detail in section 3.1.1.  

• Shape anisotropy: occurs when a particle is not perfectly spherical, the demagnetizing 
field (created by the surface charge distribution) will not be equal for all directions, 
thus creating one or more easy axes. For thin layers this usually leads to a strong in-
plane magnetization.  

• Stress anisotropy: tension alters the dimensions of a sample (magnetostriction) and 
therefore also the magnetic behavior 

• Surface anisotropy: Occurs at interfaces and plays a vital role in very thin-layered 
structures. The surface anisotropy is explained in more detail in section 3.1.2. 

• Exchange anisotropy: Anisotropy that arises when antiferromagnetic and 
ferromagnetic materials interact. 

 
The most important types of anisotropy in this report are magnetocrystalline and surface 
anisotropy, they will play a vital role in the creation of a device (chapter 3.3). The goal is to 
create an electrode with strong (out-of-plane) anisotropy (Ks) and low magnetocrystalline (in-
plane) anisotropy (Kv). Therefore, the bulk of a magnetic layer should be minimized, so only 
surface anisotropy remains. This means that the magnetic layer should be very thin as is 
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schematically shown in Figure 17. Surface anisotropy is typically most dominant for layers of 
a few monolayers magnetic material. If the structures become very small (for eventual 
electrical injection devices), not only surface anisotropy may lead to perpendicular 
anisotropy, also stress-induced and shape anisotropy may start to play a role.  
 

3.1.1. Spin-orbit coupling 

Subatomic particles can interact by angular momentum coupling, more specifically in the 
case of the electron spin interacting with its orbital motion around the nucleus of an atom 
the coupling is called spin-orbit coupling. The spin-orbit coupling introduces a separation in 
energy of the internal states of the atom, for example in a spin-aligned state and a spin-anti-
aligned state. Normally there is no difference between spin up and down states, but in this 
case the electromagnetic interaction between the electron's spin and the nucleus's electric 
field causes preferential spin direction (magnetocrystalline anisotropy) inside a material. Spin-
orbit coupling is a weak magnetic interaction but it is still enough to introduce anisotropy in 
the material. Spin orbit coupling is of importance when a sample consists of relative light 
atoms (Z < 30) and low external magnetic fields. Within heavier atoms the nuclear charges 
are higher and spin-orbit interactions can be as large than spin-spin or orbit-orbit 
interactions. 

 

3.1.2. Surface anisotropy 

Surface anisotropy leads to perpendicularly magnetized layers for thin layer thicknesses as 
was shown in Figure 17. A strong perpendicular magnetization can be created at the surface 
between magnetic 3d transitions and non-magnetic (spacer) metals, for example Co/Pt and 
Co/Pd. At this moment, there is no defined theorem to theoretically explain surface 
anisotropy, there is still a lot of discussion. However, three explanations have been put 
forward. The first elementary theorem formulated by Neél, states28 that the local symmetry 
of surface atoms is different from bulk atoms, so their contribution to the anisotropy energy 
is also different. 
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Figure 17: The schematic representation of the magnetization direction as a function of layer thickness. For 
very thin layers the magnetization is turned out-of-plane by the surface anisotropy (Ks), while for thicker layers 
the in-plane volume anisotropy (Kv) dominates. 
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This effect should occur when the dimensions of the material are below 100 Å. The 
magnetization could then be turned out-of-plane by these surface states. However, in a 
multilayer system, the only influence of this nonmagnetic spacer layer on the perpendicular 
magnetization is by the formation and growth of the magnetic layer on top. A variation in 
thickness (and therefore structure) of the spacer layer underneath a magnetic layer could 
influence the growth of the magnetic layer and therefore influence the perpendicular 
anisotropy. This behavior was shown by P. Bruno29. However, for very thin spacer layers, the 
crystal structure of the spacer layer does not change as a function of layer thickness. The 
magnetization of the magnetic layer is then also expected not to change. Experiments show 
however a strong dependence of magnetization on thin spacer layer thickness. 

The effect of symmetry reduction (by a surface) on the anisotropy can also be 
explained by an itinerant (conduction band) electron model30. It can also take a coupling 
between two surfaces of one layer (which are very close) into account because electron states 
can extent inside the material. This model and its results are explained in more detail in 
chapter 3.3.1 and is for example most readily used when the spin-orbit coupling was 
incorporated using perturbation theory.  

The third idea is that magnetoelastic effects could create the surface anisotropy31. 
However, the strain from the lattice misfit should then be inversely proportional to the layer 
thickness. This is because the surface anisotropy becomes stronger when the (magnetic) layer 
thickness is decreased. There is however no experimental evidence for this because the exact 
structure of multilayer’s is still not well known, and is hard to determine. 
 

3.2. Magnetic Hysteresis 
The magnetization of a ferromagnet tends to remain for some extent in a specific state if the 
applied field is removed. This memory effect is called hysteresis. The magnetization plotted 
as a function of the applied field is called a hysteresis curve and an example is plotted in 
Figure 18. If an increasing external field is applied to the sample, more spins will align with 
the applied field until all spins are aligned and the magnetization saturates. These aligned 
spins are coupled in so-called domains. The plot also shows the remanence and coercive 
field of magnetic material. The coercive field gives an indication of the “strength” of the 
magnetization. 

 
Figure 18: A hysteresis curve. At first the applied field is zero, the applied field is then increased and the 
magnetization saturates. The field is then decreased until the magnetization saturates in the opposite direction 
and back again. The plot also shows the remanence and coercive field of the material. 
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The coercive field is the magnitude of the applied magnetic field needed in the opposite 
direction in order to switch the magnetization (after the magnetization of the sample was 
first saturated). When the coercive field is large, the ferromagnet is called a hard or 
permanent magnet. The magnetization is then strongly directed in one direction. When the 
coercive field is small, the ferromagnet is called soft. In that case, it is easy to change the 
macroscopic magnetization direction by an applied field. 

The fraction of the magnetization that is retained when the applied field is removed 
after saturation is called the remanence. The remanence is a measure for the amount of spins 
that switched their magnetization direction to anti-parallel after the removal of the applied 
field and how “permanent” the ferromagnet is. If the remanence is 100%, all spins remain 
aligned.  

It was shown before that magnetization is anisotropic. The easy-axis of a sample is 
the energetically favourable direction of magnetization. The opposite is called the hard-axis. 
Because the magnetization is different, the hysteresis loops are also different when measured 
in the hard and easy axis direction as is shown in Figure 19. 
 

3.2.1. Domains 

Unfortunately, not all spins in a sample behave the same, and the representation of the 
magnetization by a single macro-spin is not valid. Spins tend to align in domains, which are 
well-defined regions of different directions of magnetization32. Classically, magnetic dipoles 
will tend to anti-align, and over long distances the exchange energy advantage may be 
suppressed by this electromagnetic effect. As a result, the magnetic layer will form (Weiss) 
domains with well-aligned spins in order to minimize its energy. A typical domain has 
dimensions of 10-3 to 10-5 mm and includes about 106 to 109 atoms33. A bulk ferromagnetic 
material will usually have many domains with a randomly oriented spin direction, which 
results in zero net magnetization. A small applied magnetic field aligns all these domains and 
the material becomes “magnetized” as is shown in Figure 20. The resulting magnetization 
will be a large multiplication from the original applied field. The multiplication factor is 
called the relative permeability. Not all domains will however be aligned if the applied field is 
to low. The region between two adjacent domains with a different magnetization direction, 
where the spin gradually (over hundreds of atoms) flips, is called a domain wall. If the 
applied field is removed and the domains remain oriented, a “permanent” magnet is created.  
 

 
Figure 19: Typical hysteresis loops. The dashed line shows the easy axis loop while the solid line shows the 
hard axis loop.  
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3.2.2. Domain Growth 

As discussed before, an increasing external field results in an increase in the number of spins 
aligned with the applied field. This increase will lead to a rise, and eventually to saturation of 
the magnetization. If the magnetization of a sample is saturated in one direction and a large 
field is applied in the opposite direction, some spins immediately turn their magnetization in 
the direction of the field. These sites are called nucleation centers. These nucleation centers 
first start to grow in time in a forward motion (the field direction) as can be seen in Figure 
21. If the centre reaches the top of the material, a domain is formed which starts to grow in a 
sideways motion (at expense of their neighbors). This behavior can be modeled by the 
Fatuzzo model34, which describes the time dependence of switching a ferromagnetic sample. 
Depending on the type of domain wall, the coercivity of the domains, the domain wall speed 
(which can be up to 100m/sec35) and the number of nucleation centers, the switch time can 
be calculated for a complete sample. Normally it is in de order of milliseconds34. If the 
applied field is however not high enough, only a part of the complete sample will switch as is 
shown in Figure 22. The saturation magnetization is then not yet obtained. When measuring 
a hysteresis loop, the applied field should therefore be increased slowly enough, in order to 
stabilize the magnetization at every step.  
 

 
Figure 20: Domains in ferromagnetic material. (a) Random domains which results in no net magnetization. 
(b) Alignment of the domains by an applied magnetic field.  
 

 
 Figure 21: (a) A few spins flip and form a nucleation centre. (b) The centre grows in forward direction and 
forms a domain. (c) The domain grows sideways and new nucleation centers form. (d) The domains keep 
growing until the magnetization of the complete sample is flipped. (e) and (f) show the experimentally 
measured growth of two domains measured experimentally as a function of applied field36 
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If there is a sharp switch in magnetization (square-like shape of the hysteresis loop) when a 
field is applied in the opposite direction, all spins switch at the same applied field. This is 
only possible if there is only one large domain, or all domains switch at the same applied 
field. If there is a range of domains that switch at different applied fields, the hysteresis loop 
gets an S-like shape37 as can be seen in Figure 23. Typically, there is a sharp onset and a slow 
saturation behavior. This shape shows that an increase in the external field leads to an overall 
magnetic intensity change. This indicates that there are a large number of unreversed 
microscopic magnetic areas, requiring a larger external field for magnetization reversal 
compared to the regions in the vicinity of the initial nucleation. There is a distribution in the 
switching field. The minimum stable domain diameter38 is given by 
 

w

s c

cd
M H
σ

=          (7) 

 
with c a positive proportion factor (depended on the domain shape), wσ  the domain wall 
energy density [Joule/m3], sM  is the saturation magnetization [Tesla] and cH  the coercive 
field [Tesla]. 
 

 
Figure 22: Expansion of the magnetization in time in a ferromagnetic Co/Pt/Co sample at constant 
applied field36. If the applied field is not high enough for complete saturation of the magnetization, some spin 
remain their original orientation. Saturation is then not yet reached.  
 
 

 
Figure 23: The S-like shape (black curve) and the square shape (dotted curve) of a hysteresis loop of a sample 
consisting of multiple small domains.  
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Formula 7 shows that if the coercive field is high, smaller domains are also stable. The 
domain wall feels a force 
 

w
collaps

s

cH
M d
σ

= −         (8) 

 
arising from the domain wall energy33. The minimum external field needed to reverse a 
domain is then given by 
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which shows that it is possible to reverse a small domain by an external field extH  smaller 
then the coercive field cH , because of the force collapsH  acting on the domains. This results 
in the earlier onset of magnetization reversal of the hysteresis loop. The magnetization can 
therefore be partially reversed even before the magnetization is applied in the opposite 
direction. According to equation 8, the force acting on a domain increases when smaller 
domain are also stable. This shows that the S-like hysteresis shape can be explained by 
different domain sizes. For high applied fields one can imagine still some small isolated cells 
which are enclosed by already reversed areas. These cells are then highly stabilized by the 
demagnetizing field of the adjacent cells, which counteracts the external field. All 
ferromagnets have a maximum temperature above which the ferromagnetic properties 
disappears because of thermal agitation. This temperature is called the Curie temperature, 
above which the ferromagnet becomes a paramagnet and losses its magnetized domain 
structure. 
 

3.3. Electrode design 
The objective of this study was spin injection with a perpendicular magnetization, which 
implies that the electrode grown on top of the wafer and tunnelbarrier should also have a 
magnetization orientation perpendicular to the sample surface. The crucial aspect of the 
design is that the layer in contact tunnelbarrier should also be perpendicularly magnetized. 
Then, the spins travelling through the electrode still have a spin polarization when they 
arrive at the barrier. Furthermore, the saturation magnetization and remanence should be 
high, which means that without applied field the magnetization will still be high. Recent 
papers indicate that a high remanence of the electrode is crucial for high spin injection3. As 
was discussed before in section 3.1, surface anisotropy arises at the interfaces of a 
ferromagnet and induces perpendicular anisotropy. If the magnetic layers are made as thin as 
possible, the in-plane anisotropy becomes lower and the perpendicular anisotropy starts to 
dominate (as was shown in Figure 17). The ideal thickness of the magnetic layer is generally a 
few monolayer’s39. In this report, Co/Pt multilayers are used because of their strong 
perpendicular anisotropy, high remanence and easy growth due to the setup used within the 
group. Angelakeris et al showed that well-defined Co/Pt multilayers (instead of alloys) still 
exists at the monolayer limit, indicating that spontaneous layer mixing is limited for Co/Pt. 
A perquisite for perpendicular anisotropy is that the surfaces are flat and well-defined. There 
are also experiments performed with Co-Pt and Co-Pd alloys, however multilayer structures 
give a higher magnetization because of optimized coupling between well-defined layers is 
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possible. Co/Pt multilayers have a magnetization corresponding to the volume ratio of Co 
and multilayers are expected to behave like continuous thin films. The Co/Pt multilayer 
grown on the IMEC wafer with an AlOx barrier (in order reduce the conductivity mismatch) 
is shown in Figure 24. There is still not very much information about the differences 
between Pd and Pt as a spacer for these multilayers, but recent studies on Co with Pd-Pt 
alloys try to solve this lack in understanding40. The properties of both material combinations 
are therefore investigated during this project. Co/Pd might however grow more in ill-defined 
layers41 as will be discussed in section 3.4.  
 

3.3.1. Coupling Mechanisms 

Adding multiple interfaces in a perpendicular stack so that the surface anisotropies can 
couple, leads to a multilayered perpendicularly magnetized electrode. Magnetic layers 
separated by as many as 15 to 20 atomic layers of a non-magnetic metal can be magnetically 
coupled42. This long range magnetic order depends on the nature and thickness of the spacer 
layer separating the magnetic films. The dominant physical mechanism of the coupling is via 
polarization of the conduction electrons of the spacer layer, as they interact with the 
polarized electrons of the magnetic metal. Another possibility is direct contact of the 
ferromagnets through pinholes in the spacer material. This may occur but is not the main 
source for coupling43. Another possibility is magnetostatic (dipolar) interaction. For very flat 
layers the fringe fields are however too small to have such a long-range effect. Only 
imperfect surfaces with high roughness can lead to this type of coupling.44 All these effects 
make modeling of these long-range effects very complex, almost impossible and certainly 
outside the scope of this report. The best way to determine the optimum spacer thickness is 
by measuring it experimentally. One important aspect is that for the spacer layer (in contrast 
to the ferromagnetic material) the optimum thickness is not the thinnest thickness.  

Measurements of the angular dependence of the remanence and the coercivity of Co-
Pt multilayers revealed that sputter deposited Co-Pt films behave like particulate materials. 
This means that (coupled) parts of the material can switch under different conditions45, 
which is called incoherent switching. This leads to the S-like shape of the hysteresis curve 
with a sharp drop in magnetization but slow saturation of the magnetization as is shown in 
section 3.2. This incoherent switching and S-like shape can also be seen with arrays of single 
domain particles46. However, one can also have slightly thicker materials such as thick 
overlapping metallic Co-islands which behave like a single layer and switch with a remanence 
of nearly 100%.  
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Figure 24: The Co/Pt electrode with perpendicular magnetization grown on top of the semiconductor 
substrate and tunnel barrier.   
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Theoretically, simultaneous switching can also occur with uniformly distributed particles 
with the same size, which are strongly coupled and switch at the same applied field. These 
uniform particles are however unlikely with the growth techniques used in this report, so 
simultaneous switching of a complete layer points in this case to flat and connected layers. 
The source of the high coercivity of Co-Pt multilayers is argued to be the interfacial 
homogenous region between the Co and Pt layers, or boundaries between columns47.   
 

3.3.2. Perpendicular anisotropy enhancements 

Extensive research into multilayered structures with perpendicular magnetization resulted in 
some possibilities to enhance the perpendicular anisotropy, for example by tuning the layer 
thicknesses and increasing the number of repetitions. One could also think about using an 
alloy of a magnetic material and a spacer. Using an alloy will however lower the amount of 
magnetic material directly at the interface and introduce more possibilities for scattering. 
Scattering might also arises when intermixed or ill-defined (Co/Pd) layers are grown. 
Therefore, plain Co/Pt multilayer materials should be used.  

For achieving high spin injection efficiencies one preferably wants to starts with a 
perpendicularly magnetized Co on top of the AlOx tunnelbarrier. This is because the 
perpendicularly magnetized layer should be as close to the semiconductor as possible. 
Unfortunately, the Co layer has then only one surface with Pt, which gives rise to 
perpendicular anisotropy. The bottom Co layer may then not be perpendicularly magnetized. 
One can introduce a very thin Pt layer underneath the bottom Co layer48, which creates a 
second surface. Such layer could however lead to additional scatter events. On the other 
hand, the growth of Pt is better than Co on AlOx 

49. A Pt underlayer might thus increase the 
perpendicular anisotropy and growth, but lower the possible spin injection efficiency. 
 Another possibility for enhancing the growth and perpendicular magnetization is 
over-oxidation of the AlOx barrier, thereby creation of a very thin CoO layer. Calculations 
performed in section 3.4 showed that this doesn’t occur at room temperature, but it may 
occur during annealing. The influence of annealing on the structure in the IMEC wafer is 
however unknown. Surprisingly, Co-O bonds at the interface between AlOx and Co lead to 
perpendicular anisotropy50. However, an additional oxide barrier can be deadly for spin 
injection, so formation of CoO was not further investigated in this report.  

Other magnetic materials, instead of Co, can also be used. One example is Fe, but 
the resulting perpendicular anisotropy is less, meaning that it is harder to create 
perpendicularly magnetized electrode. According to literature, one can use CoFe alloys for 
perpendicular magnetization51. The advantage is then that one can investigate the influence 
of different crystal structures of Co and Fe. Unfortunately, it is difficult to speak of a crystal 
structure for these very thin layers and furthermore sputter deposition leads to even more 
polycrystalline growth. The growth of these materials can however be different, possible 
even resulting in island formation or increased roughness. Overall, one can argue that 
polycrystalline growth can have a positive effect, because it reduces possible 
magnetocrystalline anisotropy. This may lead to stronger perpendicular anisotropy due to 
only a surface and shape anisotropy contribution. FNA has extensive knowledge about 
CoFeB, which grows amorphous and which therefore can be an interesting bottom layer for 
the multilayered structure. The perpendicular anisotropy as a function of the growth mode 
(by using different material) is therefore interesting to investigate. The use of these materials 
is discussed in more detail in section 4.3.5.  
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3.4. Layer growth 
For the creation of the perpendicularly magnetized electrode, a Co/Pt multilayer had to be 
grown on top of the AlOx tunnelbarrier. As discussed before, the bottom layer should be 
made of Co in order to have spin polarized electrons at the barrier. The combination of 
perpendicularly magnetized Co/Pt multilayers with a first Co layer on AlOx is a new and not 
previously reported material combination. In general growing a good quality layer of any 
material on AlOx is difficult due to the fact that AlOx is relatively rough and has a high 
surface free energy. For epitaxial growth the lattice constants of the two materials should 
also match in order to minimize strain, but the layer deposited in this case are already far 
from epitaxial due to sputter deposition. In general, each system that is not in 
thermodynamic equilibrium will result in driving forces pushing the system back to 
equilibrium. In this case, for example mass-transport (diffusion) can be generated to reduce 
the free energy in the system. This is possible because soon after exposure of the substrate to 
incident material, a uniform distribution of small but highly mobile clusters or islands exists. 
This results in a tendency for some materials to grow in clusters/ island on AlOx.  

In general, there are four distinct growth modes for growth of metals on oxides. 
First, there is straightforward layer-by-layer growth also called Frank van de Merwe growth. 
A film wets the surface and subsequent growth occurs in flat layers. The other extreme is 
Volmer-Weber growth (also called island growth) where the film does not wet the surface 
but grows by increasing small clusters or islands. In between is Stranski-Krastanov growth 
where first a few monolayers wet the surface, but subsequent growth is island-like. Another 
possibility is columnar growth, where cylindrical shapes grow in the direction perpendicular 
to the surface, but this type of growth is quite rare. The type of growth is governed by the 
material, substrate and interfacial free energies. Wetting of the surface can occur if the 
substrate-film interfacial free energy iγ  [mJ/m2 ] balances or is less than the difference 
between the surface free energy of the substrate (in vacuum) sγ and of the film fγ . So 
wetting does not occur if 
 

fi sγ γ γ> − .         (10) 
  
When this is the case, the metal will grow in Stranski-Krastanov or Volmer-Weber mode 
instead of Frank van de Merwe growth. Basically, growth is a balance between the energy it 
costs to cluster (using energy to create additional area) and the energy of forming bonds. For 
Co on Al2O3, sγ = 650-925 mJ/m2, fγ = 1870 mJ/m2 and iγ  ~ 1500 mJ/m2 so according to 
formula 10 wetting does not occur. This implies that Co will grow in a three-dimensional 
manner with significant roughness and an ill-defined crystalline structure. To solve this 
problem, one can use a buffer layer in between the Co and AlOx  (section 3.3.2) or create 
sufficiently small clusters which have a random distribution. In order to avoid pinholes in 
Co, one needs to grow thick and uniform layers. Therefore, surface diffusion should be 
limited, which can be obtained by lowering the growth temperature. 

The excess oxygen in oxidized AlOx tunnelbarriers can cause problems. However, 
from considerations regarding the Gibbs free energies (Al2O3 is 

o
fGΔ = -378 kcal/mol, CoO 

is o
fGΔ = -51.5 kcal/mol or Co3O4 is

o
fGΔ = -184 kcal/mol) for formation of 2Al + 3CoO  

Al2O3 + 3Co it follows that Al2O3 + 3Co is the stable configuration52. It is therefore 
expected that when Co is deposited on an oxidized AlOx surface it will not "steal" oxygen 
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atoms form AlOx. This is important since additional oxidized Co is detrimental to the 
efficient injection of spins. 

The bottom layer has only one surface which contributes in perpendicular 
anisotropy, the Co layers on top are however surrounded by two of these surfaces. This 
means the contribution of additional layers on the anisotropy is more for these layers than 
for one single layer bottom layer. But how is the growth of these layers on top? Therefore 
the surface free energies can be compare. The surface free energy of Pd is Pdγ  = 2.043 J/m2 
and of Pt is Ptγ  = 2.691 J/m2 which is lower than that of Co with Coγ  = 2.709 J/m2 at 298.2 
K53, unfortunately the interfacial free energies of Co/Pt are not known for these thin layers. 
The large difference between Co and Pd may lead to three-dimensional growth of Co islands 
on Pd. Furthermore, the lattice mismatch between Co and Pd is large (epitaxial growth 
would lead to 9.1% compressive strain) opposing smooth Co films. The growth of Co on Pt 
is however by Stranski-Krastanov growth, which means the first two monolayers form flat 
layers, after which islands start to grow54. The same article states that Co adatoms on Pt( 111) 
surface can only diffuse into the first few layers after an annealing treatment. This indicates 
that Co/Pt multilayers should be used due the growth in more well-defined and uniform 
layers.  

The roughness of the layers in the Co/Pt multilayer stack is determined by the 
roughness of the bottom layer (AlOx) and the growth mechanism of Co on AlOx. The 
roughness of the Co/Pd stack is increased (in comparison to a Co/Pt stack) by additional 
formation of islands in the stack itself. Intermixing and roughness plays a larger role when 
using a Co/Pd multilayer electrode instead of a Co/Pt electrode. 

 

3.5. Roughness 
Roughness (and intermixing/interdiffusion of the atoms) at a surface can have a major 
consequence on the material properties. When using sputter deposition (as is done in this 
project) growth kinetics plays an important role in the presence and degree of both 
intermixing and roughness at an interface55. The most important aspects in this case are the 
substrate temperature and the energy of the incident material. Roughness can be 
characterized by an average fluctuation amplitude σ  with a mean lateral size ξ  of the 
terraces and craters as is shown in Figure 25. A surface is flat when σ  is small and ξ  is 
large. When there is a lot of roughness, two layers will become more mixed. When σ  
becomes as large as the distance between the two surfaces t, the layer is completely mixed 
and one can practically speak of on alloy.   

In a practical situation, it is impossible to achieve perfectly flat layers, there is always 
some roughness, as can be seen from a typical cross-section of a Co/Pt multilayer shown in 
Figure 26. However, in the case of perpendicular anisotropy some roughness can have a 
positive effect. Roughness can induce a positive dipolar surface anisotropy resulting in an 
increase of its perpendicular magnetic property56. Another way of looking at this is by 
realizing that in crates, local demagnetization fields at the surface reduce the shape 
anisotropy.  On the other hand, roughness can reduce magnetocrystalline anisotropy31 for 
example by step-atoms. Furthermore, defects from interdiffusion also play a negative role57 
because diffuse interfaces introduce randomness in the magnetic pair bonds.  

Depending on the strength of each contribution, perpendicular magnetic anisotropy 
may be enhanced or reduced by the surface roughness. Experimentally, this interplay 
exhibits complex behavior and depends for example on the growth method used for Co/Pt 
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multilayers58. It is even shown that perpendicular anisotropy arises on rough substrates while 
it does not exist on smooth substrates59. Also for Co/Pd, the perpendicular remnant 
magnetization and Co orbital moment can be enhanced by a rough interface60,61. The 
magnetization of such imperfect structures is of course also imperfect in the sense that there 
cannot be one magnetic domain. Figure 27 shows the domains in a typical Co/Pt multilayer 
after saturation in one direction and applying the coercive field in the other direction. 
Finding the optimum multilayer configuration (with large perpendicular magnetization, high 
remanence and well defined layers) and its corresponding growth “recipe” is a very delicate 
process and can only be investigated experimentally. In this case, it is especially difficult due 
to the roughness of the IMEC wafer and its AlOx barrier, which are fixed parameters and 
cannot be optimized any more.  

Two techniques for experimentally determining the roughness of a sample are 
Atomic Force Microscopy (AFM) and X-ray Diffraction (XRD). The AFM is a very high-
resolution type of scanning probe microscope. It is able to obtain a resolution of a ~ 1 nm in 
height by scanning the surface of a substrate with a microscale cantilever with a very sharp 
tip at the end. An AFM measures the topography of the sample by using the effect that 
when the tip is brought close of a sample surface, forces (mechanical contact force, the Van 
der Waals forces, chemical bonding, electrostatic forces and magnetic forces) between the tip 
and the sample lead to a deflection of the cantilever. The deflection is measured using a laser, 
which is reflected from the top of the cantilever into an array of photodiodes. In this report, 
the cantilever is externally oscillated at its resonance frequency which eventually results in a 
loss of oscillation amplitude when the tip is brought close to the sample. This method of 
measuring the height and surface profile of a sample is called the semi-contact mode.  

Another powerful and non-destructive tool used to obtain information on the 
structure of a sample is XRD. Normally one uses the XRD in the 2θ θ−  mode, which 
means that x-rays are incident on the sample under an angle θ  and one measures the 
intensity of the x-rays scattered from the sample under an angle 2θ . 

 

 
Figure 25: Representation of a thin film with thickness t with a surface roughness governed by σ  and ξ . 
 

 
Figure 26: A typical cross-section of a Pt/Co multilayer on top of a multilayer made by Carcia et al58.  
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At low angles ( 2 0 12θ ≈ − degrees) a single periodic density variation perpendicular to the 
film plane with a period d (for example the distance between two atomic planes) leads to 
intensity maxima in the diffraction profile. These intensity maxima occur at positions kθ  
determined by the Bragg law 2 sin kd kθ λ=  with k an integer and λ the wavelength of the 
x-rays. The width of these peaks is then inversely proportional to the distance in which the 
density is constant. In a perfect grown film, this distance would be the layer thickness. Using 
a computer program called IMD 4.1.162 one can fit the diffraction profile and extract layer 
thicknesses, surface roughness and surface diffusion etc. of multiple layers in a multilayer 
stack. One should however keep in mind that the penetration depth of the x-rays is small so 
one can extract only information from the top layers in the stack.   

 
 

 
Figure 27:  Three-dimensional view of the magnetic up (gray) and down (black) domains measured with 
MFM on an out of plane magnetized Co/Pt multilayer at applying exactly the coercive field by Wu et al.33  
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4.  Device creation and optimization 
In the previous chapters the theory and design of a spin injection device was discussed. In 
this chapter the creation and optimization of such a device is investigated. The equipment 
for the growth and structuring of these devices is explained in section 4.1. The Schottky 
barrier at a metal-GaAs interface could help reduce the conductivity mismatch. An imperfect 
barrier might not be a problem when using hot electron injection of spins. Therefore, first 
the growth of a perpendicular electrode on plain undoped GaAs is investigated in section 
4.2. The influence of roughness on growth and magnetization is also discussed in this 
section. The eventual device uses a tunnelbarrier in order to further reduce the conductivity 
mismatch. The growth and optimization of a perpendicularly magnetized electrode on an 
AlOx tunnelbarrier is discussed in section 4.3. Finally, these electrodes are deposited and 
optimized on the IMEC wafer (with the n-doped GaAs channel, delta doping and AlOx 
tunnelbarrier wafer) in section 4.4. Structuring of these electrodes is also discussed in this 
section. 
 

4.1. Device manufacturing 
Before measurements can be performed, one first has to physically create the sample 
described in the previous chapters. In order to deposit material on top of the IMEC wafer 
with AlOx barrier our research group has the Eindhoven University nano-Film depOsition 
Research and Analysis Centre (EUFORAC). The EUFORAC is an ultrahigh vacuum system 
for deposition, oxidation, and in situ characterization of samples. 
 

4.1.1.  Sputter deposition  

After cleaning of the substrates, the wafer is directly mounted on a holder and loaded into 
the load-lock of the EUFORAC, where the air around the sample was evacuated. From 
there one can sputter-deposit layers with a Kurt J. Lesker Ltd. Magnetron sputtering system 
or plasma oxidize a layer in the oxidation chamber. Both chambers along with the 
connecting UHV transport system are shown in Figure 28. The sputtering system operates 
with a base pressure of ~ 10-9 mbar and has six magnetron sputter sources which can 
operate in dc or rf mode. Each sputter source can contain a specific material which can 
subsequently be deposited on the sample. The materials used in this report along with the 
most important growth properties are shown in Table 1. DC Sputtering is a process by 
which incident Ar atoms from an Ar plasma collide with the target surface atoms. If their 
kinetic energy is large enough they can eject atoms from the target surface. A voltage 
difference of 100 - 1000 Volt is needed to create the specific Ar plasma and direct it to the 
target. The ejected target atoms ballisticly disperse outwards and are deposited on the 
substrate which is positioned underneath the sputter target. One can use a mask to deposit 
structures on the substrate instead of films. These principles of the sputter deposition 
technique are shown in Figure 29. RF sputtering was invented as a means of depositing 
insulating thin films. This is because the high resistivity of the materials would mean that the 
voltage difference needed, would become too high. However because electrons are more 
mobile than ions and have little difficulty following an ac electrical field, they can result in a 
negative target bias when an ac current is provided. The target self-biases to a negative 
potential, resulting in dc target behaviour where positive ion bombardment sputters away 
target atoms.  
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Table 1: Sputter data of the materials used for this report.  
Material Growth rate [Å/sec] Power [W] Ar flow [sscm] 
Co 0.31 10 7.0 
Pt 1.09 60 2.1 
Pd 0.63 20 2.1 
Al 0.53 20 7.0 
Co90Fe10  0.438 20 7.0 
Co60Fe20B20 0.61 20 7.0 
Co60Fe32B8   0.369 20 7.0 
SiO 0.237 120 (RF) 1.4 
 
Thin sputtered layers are usually polycrystalline. By using a shutter one can precisely 
determine how long material is deposited on the substrate and therefore how thick the 
formed layer is.  
 

 
Figure 28: The sputter and oxidation chamber connected with the UHV transport . One can also see the 
position of the sputter targets and the load-lock for insertion of sample. 
 

 
Figure 29: The principle of the sputter deposition technique, using an Ar-plasma to extract atoms from a 
target and deposit it on a sample (through a mask).  
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4.1.2. Oxidation 

In order to create an AlOx tunnelbarrier, an Al layer can be thermally oxidized, or one can 
use plasma oxidation. The 1.2 nm AlOx barrier grown by W. Van Roy at IMEC was grown 
in two steps and after each step oxidized thermally for an optimum AlOx layer without 
pinholes. Thermal oxidation of Al is a relative fast process until a depth of 0.5 nm. Then a 
monolayer of the reaction product (AlOx) separates the two reactants (the Al layer and the 
incident O). This means the oxidation process becomes exponentially slower with increasing 
thickness. Thermal oxidation of 1 nm Al takes for example 15 hours. For layers thicker than 
1 nm, one can grow the sample in two steps of 0.5 nm or plasma oxidize the sample. 

For faster oxidation, an additional step is needed for the reaction to continue, namely 
the transport of the reactants towards each other. This can be achieved with plasma 
oxidation63. Contrary to simple logic, it appears that the Al moves towards the surface 
instead of the energetic O towards the Al64. For the oxidation of Al layers of 1 nm or less, 
plasma oxidation is too rough and not sufficiently controllable, possibly resulting in 
interdiffusion of Al and GaAs atoms and oxidation of the GaAs. For thicknesses of more 
then 1 nm plasma oxidation is shown to work very well and fast64. Plasma oxidation is used 
in this report in order to create AlOx barriers for testing of growth principles without having 
to use the structured GaAs wafer from IMEC. Thermal oxidation of these samples was not 
possible without exposing the samples to normal air (with dust etc) so therefore the (fast) 
plasma oxidation setup was used. The samples created with the plasma oxidation setup are 
created in order to investigate the growth properties of other layers on top of this barrier. All 
spin injection/ detection measurements in this report are however performed on samples 
with a thermally oxidized barrier from IMEC.  

In order to create an AlOx tunnelbarrier from sputter deposited Al, the sample is 
transported to the oxidation chamber of the EUFORAC through the UHV transportation 
chamber. The oxidation chamber has a base pressure of < 10-9 mbar. The holder is 
positioned underneath an Al ring electrode with a potential of -750 V with respect to the 
grounded top electrode which is shown in Figure 30. A ring shaped ground plate was placed 
2 cm underneath the electrode to prevent ion bombardment and additional Al deposition on 
the sample. In order to create a non-flowing plasma, O2 gas is let into the oxidation chamber 
till a pressure of 0.1 mbar. Then the valve is closed and the voltage is turned on creating a 
rotational symmetric DC glow discharge (Oxygen plasma). This closed system implies 
however that the composition of the oxygen gas changes during plasma operation, due to 
the reactions of the plasma and desorption of the walls. The setup used in the group is 
optimized in order to oxidize 2.3nm Al in 200 seconds at 7.5 mA.  
 

 
Figure 30: The plasma oxidation setup as used in this report. 
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4.1.3. Structuring of layers 

Structuring can be achieved by sputtering through a mask. A mask can be placed on top of 
the sample which prevents atoms from being deposited in the covered regions. Because the 
mean free path of electrons is short in the Argon plasma (p =10-2 mbar, mean free path ~10 
mm) compared to the distance between the target and the sample (~20-30 cm), the target 
atoms are deposited under all angles on the sample. If a mask is placed on top of the sample, 
shadowing effects are induced which results in sloped edges of the deposited structure as is 
shown in Figure 31. In order to minimize this shadowing effect, the walls of the mask can be 
made under an angle of ~45° and the mask should be made as thin as possible. If the 
deposited structures are small, the holes in the mask are small and the shadowing effect has 
an overall influence op the deposited structure. The result is fewer deposited atoms per 
surface area compared to normal sputtering. The difference in height between a normally 
sputtered layer and a small structure sputtered through a mask (with the same amount of 
target atoms) is given by the tooling factor. The deposition height increases linear with the 
deposition time. Therefore, this tooling factor can be used to deposit longer, which results in 
the same height of the small structure compared to sputtering of layers without a mask. If 
the sample is not positioned directly on top of the substrate, one can also deposit some 
target atoms underneath the mask. 
 

4.2. Growth on GaAs 
At first we look at experiments performed on plain undoped GaAs. In order to create a spin 
injection device and to overcome a possible conductivity mismatch problem, one could grow 
an AlOx tunnel barrier or use the Schottky barrier which is created at a metal-interface. Of 
course this Schottky barrier is far from optimum, but for hot electron this isn’t of to much 
importance. GaAs has however a native oxide layer, so first the oxide layer had to be etched 
away. For the removal of the native oxide of GaAs one can use solutions of HCl in water65, 
ethanol66, isopropanol67, a H2SO4:H2O2:H2O solution68 and an aqueous solutions of 
ammonia69. In this report a 25% aqueous solution of ammonia is used for 90 seconds. The 
next step is then annealing the sample at 450 °C for 30 minutes, so restructuring of the 
surface can take place. Etching of a surface will always lead to an (significant) increase in 
roughness, however during the annealing step some diffusion of the atoms to their 
energetically favorable position may reduce the roughness. Furthermore, the annealing step 
allows for removal of excess elemental atoms on the surface. However, due to problems 
with the hot-stage of the sputter facility the anneal step was not possible. This presented an 
excellent opportunity to investigate the result of roughness on the out-of-plane 
magnetization. Because of this etching step, the GaAs wafer was not additionally cleaned. 
Furthermore, the wafers came directly from the manufacturer and are expected to be clean.  
 

mask

wafer

Incident flux

 
Figure 31: A deposited structure through a mask. The rounded sides of the deposited structure are due to the 
height of the mask which limits some targets atoms from being deposited. 
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If one looks at the low angle XRD profile plotted in Figure 32 one sees a clear difference 
between etched and unetched GaAs. The unetched curve shows an intensity maximum at 
2.5°, which means there is a density variation in the sample. This density variation is caused 
by an oxide layer on top of GaAs which is indeed removed after etching. The curve drops 
off steeper for etched GaAs which means that etched GaAs is rougher than unetched GaAs, 
as was expected. Fitting of the unetched curve leads to an oxide layer thickness of 27Å with 
a roughness of 8Å. According to literature70, the surface height and roughness increase 
during oxidation, as can also be seen from Figure 33. The curves become steeper in time, 
which means an increase in roughness. Fitting this data results in a roughness of 8,3 Å after 1 
minute, 9,83 Å after 1 hour and 18,58 Å after 17 hours. Because of the high roughness, the 
intensity peak seen in Figure 32 is not visible any more.  
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Figure 32: A diffraction profile measured by XRD of an etched and an unetched GaAs sample. Above the 
kink at 20000 counts, the drop-off is too fast to measure and only governed by the XRD detector. 
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Figure 33: A diffraction profile measured by XRD of an etched GaAs sample in time. 
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It was shown in section 3.1.2 that perpendicular magnetization arises at the surface between 
Co and Pt. If a 6 Å Co and a 22 Å Pt layer (estimated values from literature) are deposited 
on top of an etched and unetched GaAs substrate, the measured diffraction profile becomes 
quite complex as can be seen in Figure 34. The software is not able to fit these intensity 
peaks from three different layers correctly, but one immediately sees that there are no peaks 
measured from the etched sample. This means that there is no well-defined density variation 
and that the Co/Pt layers are completely mixed with the GaAs as a result of the high 
roughness. The unetched surface was less rough which does result in clear peaks and well-
defined layers. 

Besides looking at one Co and one Pt layer, one can also deposit a Co/Pt multilayer 
on etched and unetched GaAs, as is done for the measurements in Figure 35. The deposited 
structure consists of three times a 6 Å Co and 22 Å Pt multilayer. There is still a difference 
between the etched and unetched sample, but even the etched sample shows some intensity 
peaks. XRD only looks at the surface layer, which means that the top layers of the etched 
multilayer are less mixed that the bottom layers measure before. The first Co/Pt layers give a 
flatter base on which the other layers grow in more well-defined layers.  

From these measurements, one can conclude that Co/Pt grows indeed in well-
defined layers and even if the roughness of the bottom layer is too high, the top layers 
become more well-defined. It is interesting to see what the magnetization of this 
multilayered Co/Pt structure (from Figure 35) grown on etched and unetched GaAs is. The 
corresponding polar MOKE loops are shown in Figure 36. On clearly sees that well-defined 
layers without too much roughness lead to a square hysteresis loops, while mixed Co/Pt 
layers show less perpendicular magnetization. Even the (somewhat flatter grown) top layers 
are not perpendicularly magnetized. This means that roughness has a high (negative) 
influence on the perpendicular magnetization, and should therefore be minimized.  

For a working spin injection device the native oxide layer on top of the GaAs should 
be etched away. Because of the high roughness etching induces, no further experiments are 
performed with plain GaAs and spin injection through a Schottky barrier.  
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Figure 34: A diffraction profile measured by XRD of an etched and an unetched GaAs sample, both with 
an additional Co/Pt layer deposited on top.  
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From this section we can conclude that: 
- Etching of the native oxide on GaAs increases the roughness significantly. 
- High roughness leads to mixed layer growth. 
- Perpendicular anisotropy is reduced by high roughness. 
- Creation of a spin injection device based on a Schottky barrier is not possible (with 

the current growth setup).  
 

4.3. Growth on AlOx 
The next step towards a spin injection device was growth on AlOx tunnelbarriers. The initial 
experiments are performed on simple glass substrates (because they are easy to clean, easy to 
handle, flat and cheap). The glass plates are cleaned in an ultrasonic ammonium bath for 
about 10 minutes, an ultrasonic ethanol bath for 10 minutes, and an ultrasonic isopropanol 
bath for 5 minutes. 
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Figure 35:  A diffraction profile measured by XRD of an etched and an unetched GaAs sample, both with 
an additional [Co/Pt]3 multilayer deposited on top. 
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Figure 36: The polar MOKE loops for etched and unetched GaAs/[Co/Pt]3.  
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The ammonium was used in order to remove fat and organic residue on the glass plate. The 
ethanol was used to remove the ammonium, while the isopropanol was used to dry the plate 
without stains. It was showed in the previous section that roughness can ruin perpendicular 
magnetization. Therefore, an AFM picture of a glass substrate was made, which is shown in 
Figure 37. These AFM measurement show that average fluctuation amplitude 0.5σ ≈ nm 
with a mean lateral size 100ξ = nm, which means the substrate is within the requirements 
for obtaining good magnetic properties. Perpendicular magnetization arises at the surface 
between Co and Pt. The MOKE measurements of two sputter deposited Pt surfaces around 
a Co layer is shown in Figure 38. It shows that perpendicular anisotropy with Co/Pt 
multilayers is indeed possible and a square loop with high remanence can already be obtained 
with a single Co layer. If the layer thickness is increased, the coercivity and saturation 
magnetization become larger. The saturation increases linearly with the deposited amount of 
Co as should be expected. This means all Co atoms participate to the net magnetization, but 
only after a single layer (~ 3 Å) is deposited. The square hysteresis loop shows that all 
domains switch at the same applied field.  

 

 
Figure 37: An AFM measurement of a glass substrate of 500nm x 500nm.  
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Figure 38: a) The deposited structure. b) The coercive field, remanence and saturation of the hysteresis loops 
for different Co thicknesses measured with polar MOKE. The dashed line shows a linear increase in 
saturation. In regions where there was no signal but only noise, the calculated remanence and coercivity could 
be enormous, therefore everywhere the signal only consisted of noise, the resulting remanence and coercivity have 
been set to zero. c) The square hysteresis loop at 7 Å Co. 
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This is an indication that there are well defined and continuous layers deposited, which was 
also expected from section 3.4. After deposition of 8 Å Co the magnetization turns in-plane 
because the bulk anisotropy comes into play. Perpendicular magnetization can thus be 
achieved by depositing 3 Å till 8 Å Co in between Pt. At 3 Å the coercive field is low which 
means the magnetization can be easily switched by an external field. The coercive field is 
highest at 7 Å, one then creates a “harder” magnet. 
 

4.3.1. Bottom layer 

As was shown in section 3.4, the growth of Co on AlOx can lead to problems (higher 
roughness and a non-uniform layer). The Pt/Co/Pt magnetization showed that the creation 
of a perpendicularly magnetized stack is possible, the bottom layer should however still be 
investigated. If 2.3 nm Al is sputter deposited on the glass substrate and plasma oxidized, 
there is no difference measurable with the AFM; one does not see large island formation, 
high roughness etc. However, if one grows Co on top of the Glass/AlOx structure one gets 
the AFM measurements as shown in Figure 39. Unfortunately, the Co layer was capped with 
Pt in order to prevent oxidation of Co, which reduces the ability to see the Co islands. Figure 
39b does however show an increase in roughness in contrast to Figure 39a, which means the 
Co layer underneath may not grow perfectly flat. In comparison to the glass/AlOx/Pt 
sample, the average fluctuation amplitude seems to be increased from 0.5σ ≈ nm up to 

1σ ≈ nm, but the mean lateral size is decreased from 300ξ = nm till 100ξ = , for 
glass/AlOx/Co/Pt. This means that the Co grown on AlOx introduces more roughness. 
This indicates that the Co layer may not be a uniform flat layer. 

Unfortunately, we did not succeed in achieving a square perpendicular hysteresis 
loop from one layer of Co deposited on AlOx and capped with Pt as is shown in Figure 40. 
The saturation as a function of Co thickness is shown in Figure 40b which shows a peak 
between 0.6 and 0.75 nm while the coercivity and the remanence remain zero.  
 

a)

b)

 
Figure 39: AFM images for glass/AlOx substrates with: a) 0 Co and b) 2.0 nm Co deposited and capped 
with 2 nm Pt. The height scale is different for both measurements. 
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The saturation slowly increases towards its linear behavior, which indicates that until 6 Å not 
all Co atoms contribute to the magnetization. This indicates that flat layer growth is difficult, 
and that at 6 Å all islands behave as one. In the same figure (Figure 40c) the corresponding 
hysteresis loop with a Co thickness of 0.61 nm is shown. For larger layer thicknesses (more 
then 7.5 Å) the magnetization turns in-plane (due to bulk anisotropy). The S-like shape of 
the hysteresis loop means that there are domains which switch at different applied fields. 
This is an indication for islands of different sizes or an ill-defined layer.  

The discussed samples only have one surface responsible for perpendicular 
anisotropy. Furthermore, Co typically does not grow in flat layers. A very thin Pt layer 
underneath the Co layers creates an additional surface for perpendicular magnetization (as 
discussed in section 3.3.2). The measurements performed on a sample with a Pt dusting layer 
are shown in Figure 41.  
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Figure 40: a) The deposited structure. b) The coercive field, remanence and saturation of the hysteresis loops 
for different Co thicknesses measured with polar MOKE. The dashed line shows a linear increase in 
saturation magnetization. c) One of the most “square” hysteresis loops with 6.1 Å Co deposited. 
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Figure 41: a) The deposited structure. b) The coercive field, remanence and saturation of the hysteresis loops 
for different Co thicknesses measured with polar MOKE. c) The hysteresis loop when only 0,5 Å Pt is 
deposited. 
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An additional Pt layer only leads to perpendicular magnetization at large thicknesses, 
completely diminishing any anisotropy one would expect for thin Pt thicknesses, where one 
almost has the original glass/AlOx/Co/Pt structure. There is however a very small 
contribution of a very thin Pt layer (until 0.1 nm) on the perpendicular anisotropy, but this is 
less that the original results (without Pt underlayer) shown in Figure 40. This means a 
dusting layer of Pt on top of the AlOx barrier leads to less perpendicular anisotropy. This 
might be because Pt also grows badly on AlOx and therefore introduces additional 
roughness. Furthermore, because the possible negative influence on spin injection 
efficiencies, this Pt underlayer is not used in this report. 
 

4.3.2. Cobalt/Platinum multilayers 

If one increases the number of repetitions in the multilayered stack, each additional Co layer 
will be surrounded by two Pt layers and the perpendicular magnetization will be enhanced. 
The Co layer grown on top of AlOx showed already some tendency for out-of-plane 
magnetization. With a second magnetic Pt/Co/Pt layer on top of this bottom layer one 
might be able to align all spins in the bottom layer. Therefore, it is interesting to manufacture 
a coupling of the bottom layer with two or three well defined Co layers embedded in Pt on 
top. Based on the previous measurements one could grow a Co layer (which is varied by 
thickness), a 22Å Pt spacer (based on literature), a second 5 Å Co layer, and a 30 Å Pt 
capping layer on AlOx (see Figure 42a). The second Co layer should then be perpendicularly 
magnetized everywhere on the sample. The remenance and coercive field of this double-
layered Co/Pt structure are shown in Figure 42b. The perpendicular saturation 
magnetization from the single AlOx/Co/Pd structure (coercive field and remenance are 
zero) is also plotted in the same figure. It shows that if the saturation of the bottom layer 
starts to increase, the remanence and coercive field are reduced. The (random) magnetization 
of the bottom layer reduces the magnetization of the top layer, which means both layers are 
coupled. Another effect may be the roughness induced by the irregular grown Co, which also 
reduces perpendicular magnetization. The saturation of a single layer increased linearly with 
an increase of thickness between 6 Å and 8 Å. In this region a single layer has a tendency for 
out-of-plane magnetization as was seen by the S-like shape of the hysteresis curve in Figure 
40c. The out-of-plane magnetization was however still no easy-axis.  

The double layered structure has in the same region again a bit stronger tendency for 
out-of-plane magnetization as is shown by the increase of coercive field (towards its initial 
value). In this region the hysteresis loop shows an S-like shape with a coercive field as is 
shown in Figure 42c (2). The S-like shape arises from different switching fields of domains. 
Some (small) domains in the bottom layer tend to keep their initial magnetization direction, 
while larger domains couple with the second Co layer and their magnetization direction is 
pulled perpendicular. This in analogy with the influence of the external fields on domain 
sizes discussed in 3.2.2. After 8 Å the magnetization of the bottom layer turns completely in-
plane, pulling the top layer also in-plane. A typical hard-axis (Figure 42c (3)) is measured for 
this region.  

This measurements show that the magnetic layers are indeed coupled, as could be 
expected with a thin Pt spacer layer of only 22Å. Especially for larger Co bottom layer 
thicknesses, the out-of-plane magnetization (which should always be present) is pulled 
completely in-plane. These results indicate that if this structure is optimized, its complete 
structure might become perpendicularly magnetized. 

The first optimization can be achieved by increasing the number of repetitions in the 
multilayered stack. One could for example deposit a Co layer (which is varied by thickness), 
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a 22Å Pt spacer, a second 5 Å Co layer, a 22Å Pt spacer, a third 5 Å Co layer and a 30 Å Pt 
capping layer on AlOx (see Figure 43a). The resulting coercive field and remanence are 
plotted in Figure 43b. The measurements show that a remanence of 95 % is maintained until 
8 Å. The hysteresis loop in this region is perfectly square (Figure 43c (1)). The coercive field 
reduces slightly from 4 Å onwards, indicating that the bottom layer comes again into play. 
After 8 Å the magnetization is pulled in-plane due to the bottom layer (which is again due to 
coupling) and an S-like shape with coercive field is measured (Figure 43c (2)). Even for 18 Å 
the hysteresis loop shows an s-like shape. This indicates that the two top Co layers are so 
strongly magnetized perpendicular that even such a thick bottom layer starts to have a small 
tendency for out-of-plane magnetization. This result shows that growth of a perpendicularly 
magnetized electrode is possible, even on AlOx. Because the layers are strongly coupled the 
bottom layer is also expected to be perpendicularly magnetized for thicknesses of 6 Å – 8 Å.  
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Figure 42: a) The deposited AlOx/Co/Pt/Co/Pt multilayer, b) The coercive field and remanence of the 
multilayer where the thickness of the bottom layer is varied, along with saturation magnetization of a single 
AlOx/Co/Pt structure(red). c) the perpendicular hysteresis loops at some specific layer thicknesses (1.75Å, 
6.75Å, 10.25Å). 
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4.3.3. Spacer layer optimization 

This structure can however still be optimized further. An important parameter to optimize is 
the Pt spacer layer thickness between the two Co layers. The results obtained by three 
specific bottom layer thicknesses while varying the Pt spacer layer and with 7 Å Co as a 
second layer (because of the large coercive field) are plotted in Figure 44. The coercive fields 
and saturation is almost the same, but the magnetization turns the faster out-of-plane for a 6 
Å Co bottom layer. For a spacer layer of 20 Å till 25 Å the magnetization is out-of-plane. 
The saturation is larger for a thinner spacer layer, indicating that the coupling is then 
stronger. This shows that the optimum structure for the electrode on AlOx is: 6 Å Co, 21 Å 
Pt, 7 Å Co and a Pt capping layer. A thicker Co bottom layer tends towards more in-plane 
magnetization, but a thicker layer may lead to more surface coverage because islands tend to 
grow and form a connected layer.  
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Figure 43:  The coercive field and remanence of a AlOx/Co/Pt/Co/Pt multilayer where the thickness of 
the bottom layer is varied, along with the polar MOKE loops at some specific points (2.25Å, 11.5Å, 18Å).  
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A 6 Å Co layer can be pulled the easiest out-of-plane, but for higher spin injection 
efficiencies, a thicker Co layer could be better, because it may result in a more uniform layer 
with possible even more surface coverage. Figure 44 implies structure consisting of 7 Å Co, 
25 Å Pt, 7 Å Co and a Pt capping layer also shows perpendicular anisotropy. The 
magnetization is then however slightly less. These results show however that it is perfectly 
possible to obtain a Co/Pt perpendicularly magnetized electrode with only two Co/Pt layers 
grown on AlOx. The underlying layers might influence the growth and magnetization of the 
layers above. Therefore, it is interesting to again look at the second Co layer thickness, in 
order to further improve the electrode. The hysteresis loops with three specific bottom layer 
thickness are measured while varying the Pt spacer layer and with 5 Å Co (instead of 7 Å Co) 
as a second layer. The results are plotted in Figure 45 and show that with a thinner second 
layer the magnetization is also turned out-of-plane. The out-of-plane magnetization is 
achieved with an even thinner spacer layer (18 Å until 25 Å). The coercive field of 5 Å 
deposited in between two Pt layers was lower then for 7 Å Co, as was shown in Figure 38. 
Nonetheless the multilayered structure with a 5 Å Co layer in between Pt shows a higher 
coercive field. This high coercive field may prevent the electrode from switching due to an 
external applied magnetic field. From these measurements performed on glass one therefore 
can conclude that the best perpendicularly magnetized electrode is created by depositing: 6Å 
Co, 18 Å Pt, 5 Å Co and 20 Å Pt on top of AlOx. However, for an even better 
perpendicularly magnetized electrode one can simply increase the number of repetitions of 
the Co/Pt layers. 
 

4.3.4. Palladium 

Beside using Pt as spacer material, one could think of using Pd. The coercive field, 
remanence and saturation of a Co wedge deposited on AlOx and capped with Pd in shown 
in Figure 46. In contrast to the AlOx/Co/Pt, this sample does show perpendicular 
magnetization between 5 Å and 9 Å deposited Co. The hysteresis loop shown in Figure 46c 
is also perfectly square. The saturation magnetization of the sample increases linearly till 11 
Å, but the rise in saturation magnetization already starts at 1 Å Co. This shows that sputtered 
Co/Pd has even for very thin layers a tendency for perpendicular magnetization.  
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Figure 44: The coercive field, remanence and saturation of the hysteresis loops for glass with: a) 6Å Co, b) 
7Å Co c) 8Å Co bottom layer and a varying Pt spacer layer, a 7 Å Co layer and a Pt capping.  
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For these very thin thicknesses one can however not speak of a single layer, because for a 
single layer at least 2,5 Å (lattice constant) should be deposited. The only possibilities are that 
a Co/Pd alloy is formed, or that Co islands are formed which have a larger thickness and 
which show perpendicular anisotropy. But even with only one surface which contributed to 
the surface anisotropy, Pd is thus able to create a square hysteresis loop with high 
remanence. The perpendicular anisotropy of a single layer with two Co/Pd surfaces is even 
stronger. One would therefore think that Co/Pd is an excellent material for the electrode, 
however Co/Pd grows strongly intermixed and literature suggests that one might even speak 
of a Co/Pd alloy in this case41. Depending on whether  there are clusters of Co and Pd or 
both atoms form a uniform alloy, the resulting structure may introduce additional spin-flip 
possibilities. Surface scattering may then be possible throughout the complete layer instead 
of only at a single surface. This might decrease the spin polarization injection efficiency of 
the electrode. However, this should be investigated when spin injection efficiencies can be 
measured. Nevertheless, this result shows it is perfectly possible to make a Co/Pd electrode 
from the magnetization point of view.  
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Figure 45: The coercive field, remanence and saturation of the hysteresis loops for glass with: a) 6Å Co, b) 
7Å Co c) 8Å Co bottom layer and a varying Pt spacer layer, a 5 Å Co layer and a Pt capping. 
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Figure 46:  The deposited structure. b) The coercive field, remanence and saturation of the hysteresis loops for 
different Co thicknesses measured with polar MOKE. c) The square hysteresis loop at 7Å Co. 
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4.3.5. CoFeB Bottom layer 

Besides the spacer material, also the magnetic material can be optimized. Therefore, some 
more samples are made using Co90Fe10, Co60Fe20B20 and Co60Fe32B8 grown on glass covered 
with AlOx. This in order to achieve better growth (flatter layers, no islands, less roughness) 
and perpendicular magnetization as was discussed in 3.3.2.The resulting difference of the 
surface roughness between Co60Fe20B20 and Co is shown in 
Figure 47. The average fluctuation amplitude and the mean lateral size of the fluctuations is 
much larger for Co. If the mean lateral size is however large enough, the larger fluctuation 
amplitude might be no problem. It is then still possible to form a connected and uniform 
layer on top. It seems however that Co60Fe20B20 grows in flatter layers, which was expected 
because of its amorphous growth. However, more important than the structure is the result; 
are the samples perpendicularly magnetized or not? Of course a perpendicularly magnetized 
layer will lead to higher spin polarized injection efficiencies then separate perpendicularly 
magnetized clusters/islands.  

The resulting MOKE measurements are plotted in Figure 48 for deposition on AlOx 
and capping with Pd. The measurements show that when the ratio Co:Fe is decreased in the 
favor of Fe, the out of plane magnetization becomes less and eventually vanishes. It is 
however still possible to achieve a perpendicular magnetization with Co90Fe10, Co60Fe20B20, 
the saturation magnetization is however less then with normal Co. The different coercive 
fields make these composite materials useful when harder or softer electrodes are needed. It 
is however remarkable that amorphous Co60Fe20B20 still shows perpendicular magnetization. 
When grown in between two Pd layers, all three materials showed again improved out-of-
plane magnetization (in comparison with growth on AlOx). The saturation and remanence 
are however less than with normal Co. It is therefore better to use Co. The measurements 
show that (within limits) an amorphous growth and less roughness does not (significantly) 
increase the perpendicular magnetization. For such thin layers, even normal Co layers have 
no well-defined crystal structure. The measurements indicate that for the magnetic properties 
only the amount of deposit Co is important. 

 

 
Figure 47: a) 0.7 nm Co grown on top of glass/AlOx, b) 0.7 nm Co60Fe20B20 grown on top of 
glass/AlOx. Both samples are capped with 2 nm Pt. 
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In order to optimize the number of aligned spins in a current passing through the electrodes, 
the eventual electrode for an electrical spin injection device should be thicker than the 5 nm 
thick structures deposited until now. Especially of there are non-uniform layers deposited. 
For this reason (and the even better magnetization), a multilayered structure of alternating 
Co/Pt or Co/Pd layers is needed. In this section we have seen that both materials can be 
engineered to make an electrode with perpendicular magnetization, even for the bottom 
layer. However, because the already discussed mixed growth of Co/Pd in alloys which may 
lead to additional spin scattering, the optimized Co/Pt multilayered stack is used for the rest 
of the report. For spin injection measurements it might be interesting to investigate both 
material combinations.   
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Figure 48: The structure, coercive field, remanence and saturation of the hysteresis loops for : a) different 
Co90Fe10 thicknesses along with the hysteresis loop at 5,5 Å, b) different Co60Fe20B20 thicknesses along with 
the hysteresis loop at 6 Å and c) different Co60Fe32B8 thicknesses along with the hysteresis loop at 6 Å.  
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From this section one can conclude that: 
- A single Pt/Co/Pt structure shows high remanence and saturation magnetization. 
- A AlOx/Co/Pt structure shows no remanence, there is however a tendency for 

perpendicular magnetization. 
- For thin Pt spacer thicknesses, two magnetic layers can be coupled 
- Multilayers deposited on AlOx lead to high remanence and saturation magnetization, 

even for the bottom layer. 
- Optimization of the perpendicular magnetization for a high remanence (95%) and 

saturation magnetization was performed. 
- AlOx/Co/Pd shows strong perpendicular anisotropy and a square hysteresis loop. 
- AlOx/Co90Fe10/Pd and AlOx/Co60Fe20B20/Pd showed perpendicular anisotropy with 

a square hysteresis loop, the saturation magnetization is however less then with 
AlOx/Co/Pd.  

 

4.4. Semiconductor heterostructure 
With these results (the well defined Co/Pt multilayers with strong out-of-plane 
magnetization) the next step was growing this electrode on the final wafer with AlOx tunnel 
barrier. GaAs is very brittle and cannot be cleaned in an ultrasonic bath, therefore the wafer 
was cleaned by holding it 5 minutes in an Acetone bath, 5 minutes in an Ethanol bath and 2 
minutes in an Isopropanol bath. It was already shown that too much roughness ruins 
perpendicular magnetization, so first the surface of this IMEC wafer is investigated with 
AFM, the resulting image is shown in Figure 49a. This image shows a low average 
fluctuation amplitude and a low mean lateral size of the roughness of the wafer. The 
roughness of the wafer  is comparable with the glass plate. 

The optimized structure (6 Å Co, 18 Å Pt, 5 Å Co, 30 Å Pt) from section 4.3.3 was 
then deposited on the IMEC wafer. Because of possible small deviations, the bottom Co 
layer was grown in a wedge from 5 Å till 8 Å Co. The resulting AFM image is shown in 
Figure 49b, which shows that the roughness is not changed by the growth of additional 
layers on the wafer. The coercive field, remanence and saturation magnetization resulting 
from MOKE measurements on the deposited structure are shown in Figure 50. This shows 
that the out-of-plane magnetization is preserved. If the bottom layer becomes larger than 6 
Å, the in-plane magnetization of this bottom layer comes again into play. This indicates that 
the layers are also coupled in this case. The hysteresis loop (Figure 50c) shows a sharp drop 
in magnetization and a relative slow increase towards saturation magnetization.  

 
a) b)

 
Figure 49: a) An AFM image of the IMEC wafer on a scale of 2 μm x 2μm. b) An AFM image of the 
same sample with the ideal electrode deposited on top.  
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This indicates that some domains in the bottom layer have more difficulty switching, but for 
high enough applied fields they do switch. The remenance after saturation remains high, so 
all spins (even the bottom layer) keep aligned. Further optimization can be achieved by 
increasing the number of layers in the stack. Based on the optimization on glass, one can try: 
6 Å Co, 18 Å Pt, 5 Å Co, 18 Å Pt, 5 Å Co, 30 Å Pt. This stack along with a Co wedge for the 
bottom layer is shown in Figure 51, which again clearly shows an improvement in coercive 
field, remanence and saturation magnetization from the double-layered structure. The 
specific form of the hysteresis curve with a relative slow increase towards saturation is also 
measured in this case.  
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Figure 50: a) The deposited structure. b) The coercive field, remanence and saturation of the hysteresis loops 
for different Co thicknesses measured with polar MOKE. The expected rise in saturation based on the 
amount of deposited Co is also drawn (dashed line). c) The square hysteresis loop at 5,8 Å Co. 
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Figure 51: a) The deposited structure. b) The coercive field, remanence and saturation of the hysteresis loops 
for different Co thicknesses measured with polar MOKE. The expected rise in saturation based on the 
amount of deposited Co is also drawn(dashed line).  c) The square hysteresis loop at 6,0 Å Co. 
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Increasing the number of layers with this recipe would further optimize the magnetization of 
the electrode. More layers make optical spin polarization detection through these electrodes 
however more difficult, as will be discussed in chapter 5.4. For electronic injection through 
this electrode, more repetitions in this Co/Pt structure is an advantage. However, the 
perpendicular magnetization of the bottom layer is crucial and should always be taken in 
consideration. 
 

4.4.1. Structuring 

Finally, spatial structuring of the electrode is investigated. This type of structuring leads to 
shaped and smaller electrodes on the wafer and can be obtained by sputtering through a 
mask. The mask and the eventual device that consisted of a small Ta electrode and a small 
Co/Pt multilayered electrode are shown in Figure 52. This sample is created for 
photocurrent and spin injection measurements as will be discussed in chapter 5. Therefore, 
two normal electrodes and a ferromagnetic electrode with perpendicular magnetization are 
created on top of the wafer. For photocurrent measurements, the electrodes should then be 
as small as possible to avoid leakage current, so therefore a mask was used. The mask was 
designed in order to have a bare channel of 120 μm width left, while the rest of the sample 
can be covered with isolating SiOx. The mask can then be turned 90 degrees in order to 
deposit the electrodes on top of the SiOx. The electrodes are then deposited vertically on 
top of the bare channel. This leads to electrodes with a size of 120 x 150 μm on the 
uncovered wafer. These steps performed in order to create the device shown in Figure 52b 
are shown in Figure 53. 

In order to minimize the rounding of the edges of the deposited structure (section 
4.1.3), the walls of the mask are designed under an angle of ~45°. Furthermore, to reduce 
sputtering underneath the mask, the mask was bolted into the sample holder, resting directly 
on top of the sample. The Scanning Electroscope Microscope (SEM) image and the surface 
profile of an electrode sputtered through this mask are shown in Figure 54. The SEM image 
shows a well-defined electrode, but the sides of the electrodes are not very sharp. The 
Gaussian shape of the deposited electrode is confirmed by the surface profile. It shows that 
not all atoms from the sputtering process reach the surface because of the mask. In this case 
17 nm Pt was deposited, however there should be 20 nm Pt deposited according to 
calibration settings without the mask. This means that the tooling factor of this specific mask 
is 20/17. 
 

a) b)

Imec Wafer

Pt

Ta AlOx

Imec Wafer

AlOxCo/Pt Co/Pt
SiOx SiOx

120 μm

100-200 μm 100-200 μm

Co/Pt
SiOx

Imec Wafer

Pt

Ta AlOx

Imec Wafer

AlOxCo/Pt Co/Pt
SiOx SiOx

120 μm

100-200 μm 100-200 μm

Co/Pt
SiOx

 
Figure 52: a) The top view of the mask used in this report. b) The eventual structure for photocurrent and 
spin injection measurements.  
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The sloped sides pose a threat to spin injection because the magnetization is probably not 
out-of-plane in these regions, so spins injected from these regions may not have a 
perpendicular orientation. A hysteresis loop of a double layered Co/Pt electrode is plotted in 
Figure 55 which shows that the magnetization was still directed out-of-plane. Due to the 
deposition through a mask, the saturation magnetization, remanence and coercive field are 
lower. Therefore one should use lithography processes in order to create the eventual 
structuring of the electrodes. This non ideal magnetization further lowers the spin injection 
efficiency obtainable with this device. 
 
As discussed in recent papers3, the remanence of the electrode is crucial for high spin 
injection. The remanence obtain by the ferromagnetic Co/Pt ad Co/Pd electrodes designed 
in this master thesis is with 95% much higher then a remanence of 70%71 or less3 presented 
in papers. Spin injection efficiencies with this device can therefore possibly be higher than 
previously reported other material combinations.   
 
 

a) c)b)

IMEC wafer
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Figure 53: The three major steps in spatial structure creation. a) First the thick SiOx insulating layer was 
deposited. b) Then the mask was rotated 90 degrees and the Ta electrodes capped with Pt are deposited. c) 
Finally the Co/Pt multilayer electrode was deposited.  
 

a) b)

0 50 100 150 200 250 300 350 400

0

4

8

12

16

20

H
ei

gt
h 

(n
m

)

Distance (um)

80 um

17nm

155 um

 
Figure 54: a) A SEM image of an electrode sputtered through the mask. b) A surface profile made by a 
dektak 150 surface profiler of an electrode sputtered through the mask. The width and height of the profile 
are indicated. 
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From this section one can conclude that: 
- The optimized Co/Pt multilayers can also be grown on the GaAs heterostructure 

with AlOx barrier. 
- Structured spin injection devices can be created by sputtering through a mask. 
- The magnetization of the structured electrodes shows perpendicular anisotropy and a 

square hysteresis loop. 
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Figure 55: The hysteresis loop of a double Co/Pt electrode structured with a mask on the IMEC sample.  
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5. Towards Optical Spin Injection 
In this chapter, we study the optical injection of electrons into the spin injection device. 
Applying a voltage over the device can already lead to electrical spin injection if a current 
from the ferromagnetic electrode is induced as is shown in Figure 56a. Because it is unclear 
what precisely happens in the spin injection device, the spins are investigated optically. 
Unfortunately, it is difficult to measure the injected spin under the electrode optically, 
because then the Kerr rotation induced by the ferromagnetic electrode is also measured. 
Therefore, the amount of injected spins can be modulated, which offers the opportunity of 
detecting only these modulated spins with a lock-in amplifier. Modulation of the amount of 
electrical injected spins can be obtained with electrical pulses, which requires waveguides and 
short, but well-defined, pulses. Unfortunately, the used GaAs heterostructure is not optimal 
for electrical spin injection. Another possibility is optical excitation of spins in the 
ferromagnet, which can travel over the tunnelbarrier as is shown in Figure 56b. The Schottky 
barrier is then of no influence. This type of optical injection raises some questions, which 
relate to the fundamental processes governing the electron spins in the device. In this 
chapter, the underlying principles of optical spin injection are addressed by answering these 
questions:  
 
• Can electrons be transported throughout the device? 

For injection of spins, it is essential that spin can travel over the barrier, but also 
throughout the entire device. This question will be answered in section 5.1, along with 
which parts of the device are limiting conductance.  

 

• What is the barrier height? 
Hot electrons have to travel over the tunnelbarrier. In section 5.2 and 5.3 the barrier 
height in comparison to the GaAs bandgap is investigated by performing photocurrent 
measurements.  

 

• Is hot electron injection theoretically possible? 
When spins are excited in the electrode, it is possible to also excite electrons in the 
underlying GaAs. The influence of these electrons and the fundamental problems that 
oppose hot electron injection are discussed in section 5.3  
 

• Can injected spins be detected underneath the electrode? 
In order to investigate if spins can be detected through the electrode, spins are directly 
created in the GaAs heterostructure by optical selection rules. The feasibility of detecting 
these spins is discussed in section 5.4.  
 

FM
GaAs

a)

FM
GaAs

b)

 
Figure 56: a) Electrical spin injection due to tunneling trough the tunnelbarrier and Schottky barrier. b) Hot 
electron spin injection due to optically excited electrons in the Fm over the tunnel barrier. 
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• How long is the spin lifetime? 
In order to detected spins and for eventual transport of spins throughout the device, the 
spin lifetime is investigated in section 5.4 by using the TiMMs setup. The influence of 
temperature and an electrode on the spin lifetime is also investigated.  
 

• What is the dynamical behaviour of spins in the semiconductor? 
In section 5.5 the dynamics of spins and the influence of their high energy is 
investigated. Furthermore, the influence of a magnetic electrode is investigated.  

 

• Is it possible to detect injected hot electron in GaAs? 
The fundamental issues regarding hot electron injection are discussed in section 5.3 , in 
section 5.6 we investigate if it is experimentally possible to detected hot electrons 
injected into the spin injection device or if the injection efficiency is too low. 

 

5.1. Device resistance 
For hot electron spin injection, electrons have to travel over the barrier into the device. If 
these electrons cannot escape the device, a charge will be build up. This charge can reduce 
the spin injection efficiency and even destroy the spin injection device. In section 4.4 the 
device for spin injection measurements is described. The device consists of two Ta 
electrodes (later also Cu, when a Cu sputter target became available) and one Co/Pt 
electrode deposited on the IMEC wafer. All electrodes of the photocurrent sample are 
grown on top of the AlOx tunnelbarrier. Furthermore, the Schottky barrier underneath the 
electrode are not completely suppressed. In order to prevent a charge build-up, the Ta 
electrode should preferably be an ohmic contact, directly on the transport channel. A 
perpendicular structure with the Ta electrode underneath the sample was impossible because 
of the AlGaAs layer. This layer limits electron transport towards the bottom. Therefore, the 
electrodes had to be placed laterally on top of the AlOx barrier. The sample was however 
designed with two separate Ta barriers. This created the possibility of destroying these tunnel 
barriers by applying a high voltage over the electrodes and creating a large current, burning 
“holes” through the tunnel barrier. The resulting spin injection device is shown in Figure 57.  

Scratching the tunnel barrier or ion bombardment of the tunnel barrier was also 
possible, but destroying the tunnel barrier by applying a voltage leads to the possibility of 
measuring with and without the tunnel barrier underneath the Ta electrode. The electrodes 
are wire-bonded to larger contacts on a chip carrier, which allows placement of the sample in 
a cryostat for low temperature measurements.  
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Figure 57:  The setup for spin injection measurements with the second electrode directly on the n-GaAs 
channel. A laser creates spins in the samples, while the resulting current is being measured. A bias can also 
be applied. 
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Because all electrodes are wire-bonded twice (on either side of the electrode), the resistance 
of an electrode with two wire-bonds (in the cryostat) could be measured. This resistance was 
in all cases ~40Ω. The tunnel barriers are burned by applying an increasing voltage over the 
Ta electrodes. Below 6 V no current was measured, but at 9 V the tunnel barrier was 
suddenly burned, resulting in a current of 500 μA (which is the limit of the power supply). 
After burning the tunnel barrier, a current of 16,3 μA was already measured at 0,1 V. The 
typical resulting channel resistance was ~5 kΩ. 

The I-V characteristics (without any light on the sample) give an insights in which 
type of contacts are present. The I-V curves of the spin injection sample, which consists of 
two electrodes and barriers separated by GaAs (as is shown in Figure 57), are plotted in 
Figure 58. The curves show a linear behavior at room temperature and a non-linear behavior 
at low temperatures. In both cases the tunnel barrier underneath the Ta electrode should 
have been destroyed. Linear behavior is typical for an Ohmic contact or resistance because 
Ohm's law gives a linear relationship between the applied voltage and the resulting electrical 
current. The resistances present in the device are the Schottky barrier, tunnel barrier and the 
GaAs transport channel resistance. The tunnel and Schottky barriers result typically in non-
linear I-V behavior, while the GaAs channel acts as a normal resistance. The linear curve 
means that the transport channel has the largest resistance and that electron transport is thus 
limited by the transport channel. The transport channel resistance is in this case 3,1 kΩ, 
which is roughly the same in between the two burned Ta electrode. Because the electrodes 
are far from each other (~ 3mm) this channel resistance becomes the governing resistance, 
larger then the resistance from the Schottky barrier or the electrodes itself.  

From these measured I-V curves one can further conclude that at lower 
temperatures the overall resistance increases. It was however mentioned before (section 
2.5.2) that scattering of the electrons decreases at low temperatures, which means that the 
channel resistance should decrease for low temperatures. On the other hand, less (dopant) 
electrons are thermally excited to the conduction band which increases the channel 
resistance. With the relative low doping used in this report, the channel resistance is expected 
to become less for lower temperatures72. The contact resistance at low temperatures can 
however increase significantly73. Because the reverse Schottky current depends heavily on 
temperature, the contact resistance increases strongly as the temperature is lowered. The 
reason for the temperature dependence of the Schottky barrier is because at low 
temperatures (< 100 K) the current carriers in the metal are confined to the metal electrode 
by the potential barrier.  
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Figure 58: The I-V curves of the photocurrent sample at room temperature and 4 Kelvin. 
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At higher temperatures, the current carriers (electrons in the metal and holes in the 
semiconductor) can progressively start to cross the barrier between the two, so the resistance 
decreases. Also the resistance of the tunnelbarrier increases for lower temperatures. The 
barrier resistances (tunnel and Schottky) become the largest resistance at low temperatures 
and govern the I-V curve.  

The I-V curve shows a non-linear behavior for low temperatures, which is an 
indication for (tunnel- and Schottky-) barrier effects. When the tunnel barrier underneath the 
Ta electrode was burned, the electric current went through a (/some) pinhole(s). This means 
there is a short in the AlOx layer, but the largest part of the doping and Schottky barrier 
underneath the electrode remains intact. A single Schottky barrier has a diode function and a 
non-symmetrical I-V curve because of the difference in barrier heights for reverse and 
forward currents. The measured I-V curve is however symmetrical. If only the tunnel barrier 
is destroyed by “burning” the device, there will still be two Schottky barriers in opposite 
configuration in the device. This results in a symmetrical I-V curve due to the two Schottky 
barriers and the symmetrical way of measuring. Each of the Schottky barriers behaves like 
the largest resistance of a specific current direction. The tunnelbarrier is burned underneath 
the Ta electrode, but still exists underneath the Co/Pt electrode. A tunnelbarrier will also 
lead to a non-linear (but symmetrical) I-V curve. The non-linearity is thus caused by two 
opposing Schottky-barriers and a single tunnelbarrier. 

The channel and barrier resistances are shown in Figure 59 for low temperatures (4 
Kelvin) and room temperature (293 Kelvin). This figure shows which resistance is of 
importance, depending on the temperature and current direction. At low temperatures, there 
might be still some influence (linear behavior) of the channel resistance visible in the I-V 
curve.  
 
It is possible to transport electrons throughout the device, although the second Schottky 
barrier is not removed. This indicates that a bias voltage might be needed to transport 
electrons over the second barrier. Otherwise, a charge build-up can be created in the device. 
The overall charge might be zero due to tunneling of holes, by “charging” the creation of a 
high electron density in the conduction band in meant. At room temperature the transport 
channel limits transport, while at low temperatures the channel and barriers both have an 
influence on electron transport. 
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Figure 59: a) The resistance model for forward and backward currents at room temperature, where the 
channel resistance is the largest and governs the I-V characteristics. b) The resistance model at low 
temperatures where both Schottky barriers play a more important role.  
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5.2. Photocurrent measurements 
Now the basic electrical properties of the sample are know, the barrier height has to be 
investigated. One can only inject hot electrons into the device if they have enough energy to 
travel over the barrier. Therefore, the photon energy should be higher than the barrier 
height. In order to investigate the barrier height, photocurrent measurements are performed. 
Photocurrents are currents induced in the sample by light. When photons are absorbed, they 
excite electrons. In this specific device, electrons can be excited both in the GaAs and the 
Co/Pt electrode. If the photon energy is high enough these electrons can cross over the 
barriers (hot electrons) and through the device. A rise in current through the device is then 
measured. Because this technique only measures the number of electrons and not their spin 
direction, it is not important if circular or linear polarized light is used. The setup used in this 
report in shown in Figure 60. A lock-in and a chopper are used in order to specifically 
measure the electrons created by the laser (and not by background lighting). For 
photocurrent measurements without bias the voltage source is not used. 

As discussed in section 5.1, the device consists of two electrodes and barriers 
separated by GaAs. Due to the lateral geometry and small spot size (~20 μm), electrons are 
only excited in the Co/Pt electrode and a small part of the GaAs as can be seen in Figure 60. 
This leads to hot electron injection if the photon energy is above the barrier height, and 
electron and hole creation in the GaAs if the photon energy is above the bandgap. The 
GaAs electrons can only contribute to the photocurrent if they are close enough to the 
barrier, and have enough energy to be excited from the valence band to a conduction band 
above the barrier height. There is also a number of electrons which can tunnel through the 
barrier, but if the photon energy is above the barrier height, the probability for hot electron 
injection is higher. Recombination in the bulk (traps) or at the surface (localized surface 
states) and scattering decreases the number of hot electrons. Because only electrons in the 
GaAs under (and therefore close to) the Co/Pt electrode are injected, all electrons travelling 
towards the Ta electrode recombine or lose their energy before they reach the barrier. 
Therefore, there can be only hot electron fluxes over the first (Co/Pt) barrier. Underneath 
the second electrode is still a Schottky barrier, even if the AlOx barrier is burned. As we have 
seen in section 5.1 this could limit electron transport out of (or in to) the device.  
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Figure 60: The setup used for photocurrent measurements. The laser excites electrons both in the Co/Pt 
electrode and the GaAs. The current resulting from the laser is filtered out using a chopper and a Lock-in 
amplifier. 
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In all photoconductive measurements performed in this report, a positive current is defined 
(and measured) towards the Ta electrode, while a negative current flows towards the Co/Pt 
electrode. The valence band of GaAs lies lower then the Fermi level in the electrode. This 
results in much higher photon energies required for hot electron injection from GaAs over 
the barrier towards the electrode as is shown in Figure 61a. This bandstructure is a schematic 
representation of the bandstructure shown in Figure 10. For hot electron injection from the 
GaAs, the electrons have to be excited to a conduction band above the barrier. This requires 
however photon energies of ~4 - 5 eV. The transmission of a barrier increases quadratically 
with an increase in photon energy above the barrier as was discussed in equation 3 (section 
2.4.3). This schematic model shown in Figure 61b builds upon this transmission of the 
barrier in order to predict possible photocurrents. It shows that a photocurrent is expected 
when the barrier height is overcome. The barrier height can thus be found by an increase in 
photocurrent.  
 

5.2.1. Absorption 

In order to get more insight in the absorption in the individual parts of the sample, the 
model of P.H.P. Koller74 (section 2.4.1) was used. The specific configuration of this sample 
with a double Co/Pt layer, an AlOx barrier and a GaAs semiconductor was put into the 
model. The model calculates the Poynting vector (the energy flux created by the incident 
electro-magnetic field) and the resulting absorption profile in a multilayer stack. The 
Poynting vector and the absorption for this specific sample is plotted in Figure 62. Because 
the photon energy used in the model is 2 eV, no electrons are excited in the AlOx barrier. 
The model shows a lower absorption in GaAs than in the electrode. In the real sample the 
GaAs layer is 30 times thicker, which means that in reality the total number of absorbed 
photons in GaAs is higher than the total amount of excited electrons in the electrode. Within 
the electrode, the number of absorbed photons in a Pt layer is ~6 times higher than within a 
Co layer. Excited electrons in Pt are not spin polarized. Only the electrons excited in the 
(thin) Co layer are spin polarized. The resulting spin polarization of all electrons excited in 
the complete electrode is thus low. These spins can however become spin polarized by 
passing through a Co layer, although the Co layers are thin. The mean free path for electrons 
in Co and Pt in between inelastic collisions is ~10 nm17 (without influence of surfaces). After 
an inelastic collision, an electron cannot travel over the tunnelbarrier anymore (if the initial 
energy is just above the barrier height). The mean free path for elastic collisions of electrons 
is ~2 nm for Co and ~5 nm for Pt (without influence of surfaces).  
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Figure 61: a) A schematic representation of the band diagram of the sample. φ  represents the barrier height, 
Δ the bandgap, Y+ currents to the right and Y- currents to the left. b) The predicted photocurrent yield and 
the influence of the barrier height and bandgap. 
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The calculations indicate that a perpendicularly magnetized Co bottom layer is important for 
optimal spin injection. Otherwise most electrons excited close to the barrier (in the Pt layer) 
will have no spin polarization. Due to the low absorption in Co and these short mean free 
paths, the spin injection efficiencies obtainable with optical excitation in this specific 
electrode might be low. 
 

5.2.2. Room temperature measurements 

The laser light used for photocurrent measurements is provided by a Spectra Physics 
Tsunami fs pulsed Ti:Sapphire laser (tunable between 1,3 – 1,75 eV) at 2,5 mW and by a 
continuous HeNe laser (632 nm) at 1,1 mW. Because of the linear dependence of 
photocurrent on the amount of incident photons, the difference in laser power could be 
accounted for. The laser was focused on and through the Co/Pt electrode. The photocurrent 
yield is the amount of electrons contributing to the current per incident photon. From the 
wavelength and power of the laser beam, the number of incident photons can be calculated, 
while from the measured current, the number of electrons contributing to the current can be 
obtained. The photocurrent yield measured as a function of the wavelength is plotted in 
Figure 63 without an applied bias, and with the tunnel barrier underneath the Ta electrode 
“destroyed”.  

At room temperature, the photocurrent measurements show overall a small increase 
in negative photocurrent yield, but the current remains small (~nA) and no quadratic rise is 
measured. Furthermore, the photocurrent measurement shows a peak at 1,38 eV. The low 
photocurrent yield can be caused by three phenomena: 

 
- The electron fluxes in both directions are (almost) equal, resulting in a low net 

photocurrent. However, no electrons should be excited in the GaAs for low photon 
energies.  

- No hot electrons could be crossing the barrier due to high inelastic (surface) scattering. 
In section 5.2.1 it was however mentioned that the mean free path between inelastic 
collision was quite large. According to the model used in section 5.2.1, the number of 
excited electrons in Co and Pt is also high enough to expect a photocurrent over the 
barrier.  
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Figure 62: a) The Poynting vector and b) the absorption in a double-layered Co/Pt stack grown upon AlOx 
and GaAs. The absorption in GaAs is much lower then in the metallic layers.  
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- The most likely is that electrons excited in the electrode cross the barrier, and become 
trapped in the transport channel between the two barriers. 

 
If the electrons become trapped and a continuous laser is used, the number of electrons 
injected over the barrier increases in time. If the electron density is high and the barrier is 
thin, the probability of tunneling through the barrier back to the electrode (leakage current) 
becomes larger. In equilibrium, this results in only a very small net photocurrent. This 
behavior is shown in Figure 64a. The probability for electrons to escape through the Ta 
electrode instead of the Co/Pt electrode is lower due to the channel resistance and the 
remaining Schottky barrier. The measured photocurrents are very low, typically in the order 
of a nA, which indicates that tunneling can indeed play a role.   
 When photon energies above the GaAs bandgap are used, electrons are excited from 
the valence band to the conduction band in the semiconductor. This further increases the 
number of electrons trapped in the transport channel. The amount of excited electrons in 
the electrode and in the semiconductor is roughly the same. However, only a small amount 
of all excited electrons are transported over the barrier. This leads to a larger increase of 
electrons in the conduction band by absorbed photons than from hot electron injection. The 
leakage current through the barrier will increase, while the number of electrons transported 
over the barrier remains the same. This will result in a net negative photocurrent towards the 
Co/Pt electrode. The schematic representation of the currents created in the device above 
the bandgap is shown in Figure 64b. The resulting expected (photo)current is schematically 
plotted in Figure 64c. This (photo)current corresponds well with the performed 
measurements shown in Figure 63. This theorem implies that the onset of negative current is 
at the bandgap energy of GaAs (which is 1,42 eV at room temperature). Indeed the 
measured photocurrent curve turns negative at this value.  
 The measurement shows also a peak in (photo)current at 1,38 eV. The origin of this 
peak is not yet perfectly clear. It occurs just below the bandgap of GaAs, indicating that it 
might be related to the donor states.  
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Figure 63: The photocurrent yield for the structured ideal sample with a laser focused on and through the 
Co/Pt electrode at low (4 Kelvin) and high (293 Kelvin) temperatures.  
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5.2.3. Low temperature measurements 

The measurements performed at low temperatures (Figure 63) show a larger photocurrent 
yield. This indicates that electrons are travelling throughout the device and one 
(photo)current has become more predominant. The photocurrent yield turns again negative 
for higher photon energies. For high photon energies, electrons are excited in the GaAs, 
which are able to tunnel towards the Co/Pt electrode (resulting in a negative photocurrent). 
The onset for a negative photocurrent starts at 1,5 eV, which is again the height of the 
bandgap. The bandgap of GaAs increases for lower temperatures, because the interatomic 
spacing decreases. This increases the potential seen by the electrons in the material, which in 
turn increases the bandgap energy. Theoretically, the bandgap for GaAs at 4 K is 1.521 eV, 
which corresponds well with measurements. The higher (photo)current yields measured at 
low temperatures is due to reduced scattering, which leads to more electrons available for 
tunneling. 
 The peak in photocurrent is shifted to 1,5 eV by low temperatures. This indicates 
that the peak is indeed related to the bandgap of GaAs and the donor levels. At low 
temperatures the donor levels are (partially) filled, which can explain the lower peak. 
 

5.3. Photocurrent measurements with applied bias 
Due to charging and leakage currents, no barrier height could be measured without bias. 
Applying a bias might however reduce the charging of the sample, because the bias may 
reduce the second Schottky barrier height and induce an electron drift in the sample. This 
drift may lead to less electrons underneath the Co/Pt electrode and a higher possibility of 
tunneling through the Ta electrode. The photocurrent can be measured with the setup 
shown in Figure 60.  
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Figure 64: a) A schematic representation of the band diagram showing hot electron injection into the GaAs, 
a charge build-up, and the resulting leakage current. b) The band diagram where the bandgap is passed, 
which leads to more excited electrons in GaAs and a larger leakage current. c) The expected net 
(photo)current yield combined from separate current contributions.   
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The current is measured by a lock-in amplifier and a chopper, which removes possible 
influences of the background light and leakage currents. The voltage is applied by a voltage 
source. If a bias is applied, the barrier potential is modified. Depending on the bias, the 
Schottky barrier becomes lower or higher with respect to the GaAs. If the Schottky barrier 
underneath the Co/Pt becomes lower, the leakage current will increase. However, if the 
Schottky barrier underneath the Ta electrode becomes lower, the leakage current towards 
that electrode will increase. The ideal situation is when the first Schottky barrier becomes 
higher, while the height of the second barrier is reduced. In the photoconductive 
measurements performed in this report, the applied voltage is defined with respect to the 
Co/Pt electrode. Under positive bias voltage, the electrons tend to flow towards the Ta 
electrode. Applying a positive bias result thus in a lower second Schottky barrier and drift of 
electrons towards this barrier as can be seen in Figure 65a. With a positive bias (local) 
charging of the sample is reduced and the hot electrons transported of the Co/Pt barrier are 
measured. If a negative bias is applied, the electrons tend to drift towards the Co/Pt barrier, 
which increases the tunnel probability and the leakage current as can be seen in Figure 65b. 
 

5.3.1. Room temperature measurements 

The photocurrent measurements performed at room temperature under different biases are 
shown in Figure 66. They show a completely different behavior then expected from Figure 
65. The measured photocurrent yield is an order of magnitude larger than without bias. This 
means that indeed electrons are transported through the device by the bias (even 
over/through the second barrier). The measurements shows a steep rise in photocurrent, a 
kink and a slower rise for larger photon energies. Bases on the predictions from Figure 65, 
the photocurrent should be always positive below the bandgap.  
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Figure 65: a) The (schematic) band diagram and expected photocurrent yield for a positive applied bias 
voltage. The leakage current is suppressed. b) The (schematic) band diagram and expected photocurrent yield 
for a negative applied bias voltage. Electrons are confined to the Co/Pt electrode and the leakage current 
further increases. 
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It is not possible that more electrons tunnel back through the electrode then there are 
initially transported over the barrier. The measurements show however otherwise.  

The leakage currents induced by the voltage are filtered out of the measurements by 
the lock-in. These continuous leakage currents (measured with the laser off) are an order of 
magnitude higher than the (photo)currents. The resistance of the system can be altered by 
absorbed photons if incident photons increase the number of electrons excited to the 
conduction band. The changing resistance changes the continuous leakage current, but 
because the change in resistance is caused by the incident light, the change in continuous 
leakage currents throughout the entire device are also picked up by the lock-in amplifier. 
This change should only occur from 1,42 eV onwards, because then electrons have enough 
energy to be exited to the conduction band. Indeed the (photo)current rises sharply below 
1,4 eV, while the rise above this values is slower. The absorption of electrons to the 
conduction band increases with the square root of energy, whichs explains the slow rise even 
after 1,4 eV. The currents measured below 1,42 eV might be due to exciting electrons to 
donor states below the GaAs bandgap, which also increases the conductivity of the device. If 
one takes a better look at the curves it shows that under negative bias the photocurrent yield 
at -0,2 V bias and with 2 eV is 0,0030 elect/ incident photon, while at 0,2 V bias the 
photocurrent yield is 0,0028 elect./incident photon. This means there is still a small tendency 
for negative photocurrent, in agreement with photocurrent measurements without applied 
bias.  
 

5.3.2. Low temperature measurements 

The same measurements performed at low temperatures are plotted in Figure 67. The 
measurements show a steep rise in (photo)current until the bandgap is reached at 1, 5 eV. 
For low photon energies, the donor states are again filled until the bandgap is reached.  
Above the bandgap, the number of excited electrons gradually increases with photon energy. 
The curves seem to be shifted to higher energies, as is the bandgap of GaAs for low 
temperatures. The (photo)current yields are a factor 4 higher at low temperatures, which is 
due to the lower channel resistance and the longer mean free path resulting in higher 
(leakage) currents.  
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Figure 66:  The photocurrent yield at room temperature for different biases.  
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The question addressed in the previous sections was: What is the barrier height? Due to 
trapping of electrons and leakage currents, the barrier height could not be obtained by these 
measurements. In order to do so, one has to create a real Ohmic electrode without Schottky 
barrier, and the electrodes should be close, which lowers the influence of the channel 
resistance. Calculations by J.J.H.M Schoonus showed a barrier height of 0,82 eV of this 
AlOx barrier with regard to Co90Fe10 75. This indicates that at low temperatures there is a 
region between 0,8 eV and 1,5 eV where hot electrons are injected, but where no electrons 
are excited in the conduction band of GaAs. The question did however show a fundamental 
problem, namely charging of the sample by injected (or created) spins. This charging can 
unfortunately not be overcome by applying a bias (which results in large leakage currents). In 
order to prevent a charge build-up in the device by injecting (spin polarized) hot electrons, 
an Ohmic contact on the spin transport channel is crucial. Further issues that possibly 
oppose successful hot electron injection are: 
 

• The imperfect magnetization of the structured electrodes.  
• The low (optically created) spin polarization in the electrode due to low absorption in 

the thin Co layers. 
 
The answer to the question “Is hot electron injection theoretically possible?” is therefore that it is 
possible; the resulting spin injection efficiencies will however not be optimal. The two most 
important situations for electron injection and creation in the spin injection device (at low 
temperatures are: 
 

• Electron excitation in GaAs and spin polarized injection into GaAs by hot electrons 
when the photon energy higher then 1,55 eV  

• No direct electron excitation in GaAs, but spin polarized injection into GaAs by hot 
electrons when the photon energy is higher then the barrier but lower then 1,55 eV. 
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Figure 67: The photocurrent yield at low temperature (4 Kelvin) for different biases.  
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5.4. Spin relaxation measurements 
With the electrical properties of the device investigated, the next question regarding optical 
spin injection was: Can injected spins be detected underneath the electrode? In order to investigate if 
spins can be detected, spins are optically created in the GaAs via the optical selection rules. 
In order to measure the resulting Kerr rotation, the TiMMS setup (section 2.3.3) was used. 
With this setup, the behaviour of a created spin ensemble in time can be investigated. In 
Figure 68, the spin relaxation measurements on the plain GaAs heterostructure (“IMEC 
wafer”) and the same wafer with a double or triple Co/Pt layer are plotted. From these 
measurements, one can conclude that it is possible to optically create a spin polarization by 
circular polarized light in the GaAs substrate. Because the laser photon energies do not 
exceed 1,6 eV, no spins are excited from the split-off band, which could reduce the spin 
polarization (section 2.3.1). In GaAs, excitation from the split-off band occurs from 1,76 eV 
at room temperature.  

The incident photons increase the kinetic energy of the electrons in the ferromagnet, 
but they have no effect on the spin polarization in the electrode. The contribution from the 
ferromagnetic electrode on the Kerr-rotation is filtered out by the lock-in. The only 
contribution on the measured signal is from the spins in GaAs. The measurements 
performed on the Co/Pt layers show however that it is possible to inject and measure 
through these layers. The measurements show that three Co/Pt multilayers is the maximum 
if one wants to optically measure spins through the multilayers with a reasonable accuracy. 
For electrical injection, more layers are a requirement (as discussed in section 4.3.2).   

The measured signal is larger on plain GaAs due to less reflection and absorption of 
the Co/Pt layers. This was expected by the high absorption calculated in the metallic layers 
in section 5.2. The spin relaxation measurements on plain GaAs and through the Co/Pt 
electrode of the photocurrent sample are shown in Figure 69. In correspondence with Figure 
68 a lower signal is measured while injecting and detecting through the electrode.  
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Figure 68: Room temperature spin relaxation measured with the TIMMS setup on the IMEC wafer and 
through double or triple Co/Pt multilayers. The y-scale of the first measurement is a factor 10 larger.  
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The spin relaxation curves are fitted with an exponential function:  
 

(- / )e sty A τ= ,         (11) 
 
which allows for extracting the spin relaxation time ( sτ ) for a relaxation processes. In this 
formula y stand the measured Moke signal [a.u.]. The spin relaxation in a semiconductor with 

171 10dn = ⋅ cm-3 at room temperature is typically in de order of ~100 ps. The room 
temperature measurements on the photocurrent sample give a spin relaxation time of 70 ± 1 
ps on the wafer and 63 ± 3 ps underneath the electrode. The error margins are fitting errors, 
in reality the error margins may be larger. The spin relaxation underneath the electrode is 
slightly faster, but still in the same order of magnitude. The difference in relaxation times 
might be due to the high noise and shorter fitting range, resulting is a less accurate fit. 
 
The same measurements performed at low temperatures (4 Kelvin) on the photocurrent 
sample are shown in Figure 70. Because two separate relaxation processes seem to occur 
with different timescales, the spin relaxation curves are fitted by two exponential functions: 

 
1 2(- / ) (- / )

1 2e es st ty A Aτ τ= + ,       (12) 
 

which allows for extracting two spin relaxation times ( 1
sτ  and 2

sτ ) for the two relaxation 
processes. The measurements show a significant increase in spin relaxation times. On the 
GaAs the spin relaxation times are 92 ± 1 ps and 590 ± 8 ps, while through the Co/Pt 
electrode the spin relaxation times are 65 ± 2 ps and 1196 ± 26 ps.  

It was shown in section 2.5.3 that for a semiconductor with doping of 
171 10dn = ⋅ cm-3 the governing spin flip mechanism is D`Yakonov-Perel. Due to the 

temperature dependence of the D`Yakonov-Perel scattering mechanism (chapter 2.5.3), an 
increase in spin relaxation times is expected for lower temperatures. The D`Yakonov-Perel 
mechanism does however not explain the two different spin relaxation times and the 
difference between plain wafer and underneath an electrode.  
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Figure 69: Room temperature spin relaxation measurements a) on the wafer and b) on the Co/Pt electrode 
with a photon energy of 1,53 eV. The spin relaxation times are 70 ± 1 ps on the wafer and 63 ± 3 ps 
through the Co/Pt multilayer.  
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Because a photon energy of ~1,5 eV is used, and the bandgap of the Al0.3Ga0.7As layer is 
around 1,8 eV at room temperature, there are no spins created in the Al0.3Ga0.7As layer. Spin 
can however be created in the GaAs substrate underneath the Al0.3Ga0.7As layer. Because 
there is no doping, less scattering and shorter spin relaxation times are predicted in this 
GaAs substrate by the D`Yakonov-Perel spin scattering mechanism (chapter 2.5.2). This can 
however not explain the changing spin relaxation times underneath the electrode. 

According to D`Yakonov-Perel, the spin relaxation time depends strongly on the 
number of electrons. The measurements performed in this report are in the (relative) high 
fluence regime. This means the excited electron concentration is comparable or higher than 
the intrinsic donor concentration. Therefore, recombination and band alignment (which 
both effect en ) are probably important parameters that affect the spin relaxation time. The 
first spin relaxation mechanism is due to recombination of spins. Changing the pump power 
did not lead to a change in the second (slower) spin relaxation time, which indicates that 
there is no fluence dependence. This indicates that en  is the same after recombination, 
regardless the fluence. A change in band alignment can however still result in a different en , 
and thereby a different spin relaxation time. If the bands are bend, electrons and holes will 
be separated and recombination will be slower, leading to a longer spin lifetime. This process 
explains the longer spin lifetime underneath the electrode. From Figure 70 one can deduce 
that the initial peak is less underneath the Co/Pt electrode, while the “tail” remains. If the 
two spin relaxation processes were due to the spin channel and substrate, the peak/tail ratio 
would however be constant.  

Although the explanation is not yet perfectly clear, it seems that an electrode 
influences the spin relaxation in the transport channel. In this specific case, the spin lifetime 
has been doubled underneath the electrode. 
 
From these measurements we can conclude that it is possible to measure spin through the 
Co/Pt multilayers, and that a spin lifetime of ~1 ns is achievable with this wafer. More 
striking is however, that the spin lifetime is doubled underneath the Co/Pt electrode.  
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Figure 70: Low temperature spin relaxation measurements a) on the wafer and b) on the Co/Pt electrode 
with a photon energy of 1,55 eV. The spin relaxation times are 91,9 ± 0,6 ps and 590,2 ± 7,6 ps for on 
the wafer and 65,4 ± 1,7 ps and 1195,7 ± 25,7 ps for through the Co/Pt multilayer. 
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5.5. Precession of  spins 
The next question regarding the fundamental properties of the spin injection device is: What 
is the dynamical behaviour of spins in the semiconductor? In order to investigate the spin dynamics, 
spins are again directly created in the GaAs with optical selection rules. These spins are then 
subjected to an externally applied magnetic field. If the applied magnetic field has a 
component perpendicular to the average injected spin (which means an in-plane applied 
field), the injected spins start to precess around the field. The (dynamical) behavior of the 
spins is again detected with the TiMMS setup. 

The spin relaxation measurements through the Co/Pt electrode and on the plain 
wafer with an applied field are plotted in Figure 71a and Figure 71b respectively. The spin 
relaxation signal measured without applied field goes through the maxima of the spin 
precession measurements. The applied field does not rotate the (majority) spins further out-
of-plane than the initial situation without field. This indicates that the (majority) spins 
measured in the previous section are already magnetized perfectly perpendicular to the plane 
surface. This was also expected because the pump beam is almost perpendicular to the 
sample surface. If the spin precession frequency is assumed constant during measurements, 
one can extract the spin precession frequency from the magnetization curve by fitting with:  
 

( ) ( ) ( )
1 2- / - /

1 2 cos 2s st ty A e A e ftτ τ
π φ⎛ ⎞= + +⎜ ⎟

⎝ ⎠
     (13) 

 
in which A1 , A2 ,

1
sτ  and 2

sτ  are the fit parameters from equation 12, which are obtained from 
a measurement without applied field. f  and φ  are the new fit parameters with f  the spin 
precession frequency and φ  a shift in onset of the spin precession. The spin precession 
frequency versus applied field of all these measurements is plotted in Figure 72. It shows an 
identical behavior for the plain wafer and underneath the Co/Pt electrode. This means that 
the magnetic field from the Co/Pt ferromagnetic electrode does not influence the spins. If a 
large additional field component was present, a different spin precession frequency should 
have been measured. This indicates that the stray fields of the perpendicularly magnetized 
electrode are minimal within the sample.  
 The shifted onsets of saturation (φ , obtained by the fits), are shown in Table 2. They 
indicate that the start of the precession is (slightly) delayed. The fit (and therefore the onset 
of precession) are largely determined by the maxima and minima measured after 500 ps. 
Because spins immediately start their precession if they are created (in a constant applied 
field), the measured shift (φ ) indicates that the spin precession is not constant throughout 
the entire measurement. Due to the high carrier concentrations, the conduction band is filled 
until high energies. Because of the dependence of the Landé g-factor on the energy of the 
electron in the conduction band4, the spin precession is slower high in the conduction band. 
Directly after excitation, electrons can indeed occupy these high states, which results in a 
slower spin precession shortly after excitation. Eventually the electrons relax to the bottom 
of the band, where they precess with the measured (and fitted) spin precession frequencies.  

From the spin precession frequency ( f ) and the applied field ( B ), the Landé g-
factor can be calculated. The spin precession frequency can be calculated by equation 5 
(section 2.5.1). With the values of f  versus B  plotted in Figure 72, the Landé g-factor 
becomes 0, 44g = . This is in agreement with values discussed in papers76. The value of g is 
smaller than the free-electron value (+2), due to spin-orbit interaction.  
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Table 2: The time shift of the start of spin precessions in GaAs or Co/Pt as a function of applied field 
Co/Pt GaAs 
Applied field (kG) Time shift (ps) Applied field (kG) Time shift (ps) 
3,66 9,2 3,66 24,7 
3,39 10,7 3,31 29,4 
3,05 19,1 2,81 30,6 
2,45 8,0 1,65 44,2 
1,345 38,0   
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Figure 71: The spin relaxation measured with the TIMMS setup with applied field. The black curves are 
without applied field. a) The spin relaxation underneath the electrode. b) The spin relaxation on the plain 
IMEC wafer. 
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Figure 72: The spin precession frequency versus the applied field of the spins underneath the electrode and in 
the plain wafer.  



Spin injection with perpendicularly magnetized electrodes    - 73 - 

In the beginning of the chapter the question “What is the dynamical behaviour of spins in the 
semiconductor?” was formulated. Spins can precess with a Landé g-factor of 0,44, which is in 
agreement with theory. More important is that the injected spins are perfectly perpendicular 
when injected and that there is no influence of the magnetic electrode on the spins (due to 
magnetism).  
 

5.6. Two colour experiments 
With the spin behavior studied into detail, and with the issues opposing hot electron 
injection studied, the next step is investigating if injected hot electrons from the electrode 
can be optically detected. For spin injection, the photon energy should be above the barrier 
height, but below the bandgap of GaAs. However, in order to detect these spins in GaAs, 
the photon energy should be above the bandgap. Furthermore, the amount of photons 
should be low in order to minimize a charging effect. For this purpose, two separate lasers 
for pumping and probing spins are used. Ideally an photon energy of 1,6 eV is used for the 
probe beam and 1,4eV for the pump beam. Unfortunately, not all lasers can operate in these 
wavelengths. 

A possibility for the second (pump) laser is a continuous HeNe laser. In order to 
compare the pulsed and a continuous laser, the average amount of created spins is calculated 
(assuming both lasers have the same output power and photon energy). The pulsed Spectra 
Physics Tsunami fs pulsed Ti:Sapphire laser, with a laser output at the sample of 1 mW and a 
pulse frequency of 80 MHz at 2 eV (assumed for these calculations for direct comparison), 
delivers roughly 73,9 10⋅ photons per pulse. A continuous HeNe laser delivers 153,1 10⋅  
photons per second at 1 mW and 2 eV. However, with a spin relaxation time in the order of 
100 ps at room temperature, the average amount of spins in the continuous case is much 
lower. The average spin S was given in formula 6 (chapter 2.5.1) and gives without applied 
field and in a continuous case  
 

0 sS S τ=          (14) 
 
with sτ  the spin relaxation time [sec] and 0S the average number of injected electron spins 
per second. If the magnetization yield (perpendicular spins per incident photon) is taken 1 
for both processes (the material and absorption are the same). The average amount of spin is 

53,1 10S = ⋅  spins (with a spin relaxation time of 100 ps) for a continuous laser. In the case 
of the pulsed laser, the pulse temporal width is much smaller then the spin relaxation time, 
so 73,9 10S = ⋅  spins for a pulsed laser, which is two orders of magnitude higher. Therefore, 
a pulsed laser should be used as a pump laser. The difference decreases however at lower 
temperatures due to the longer spin lifetime. 

The original TIMMS setup is shown in Figure 15, while the altered (two lasers) setup 
is shown in Figure 73. For the pump laser a pulsed diode laser (1,91 eV) was used, which 
also pulsed at 80 MHz. No other lasers were at our disposal. The Tsunami fs pulsed 
Ti:Sapphire laser was locked at exactly 80 Mhz, and the diode laser was triggered by each 
pulse of the Tsunami fs pulsed Ti:Sapphire laser. It was possible to align and focus both 
lasers at exact the same spot on the sample and set the delay line for time-overlap of the 
pulses. Unfortunately, no injected spins could be measured. This may however be due to the 
very low intensity of the probe (diode-laser) beam at the sample (0,1 mW) and the large spot 
size on the sample. The power of the diode laser was probably to low, which results in only a 
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few photons penetrating the Co/Pt layer, which cannot be detected without too much noise. 
These type of experiments should ideally be performed by two tuneable pulsed Tsunami 
Ti:Sapphire lasers with well-defined pulses, small spot-sizes and a high output power.  

Even more important for successful hot electron injection is that the magnetization 
of the structured electrode is imperfect, the optically created spin polarization in the 
electrode is low and the sample can be charged (due to the second Schottky barrier). This 
may result in an injected spin polarization which is too low compared to the detection limit.  
 
Unfortunately, injected hot electrons could not be detected. Nevertheless, the questions 
introduced in the beginning of the chapters were discussed and some important 
considerations or possibilities for hot electron injection have been addressed. The answers to 
the question were:    
 
•  Can electrons be transported throughout the device? 

It was shown that electrons can indeed travel throughout the device if a bias is applied, 
although the second Schottky barrier was not destroyed. At room temperature the 
transport channel limits transport, while at low temperatures the channel and barriers 
both have an influence on electron transport. 
 

• What is the barrier height? 
Photocurrent measurements gave no decisive answer due to charging of the sample and 
large leakage currents. Nonetheless, the measurements showed that hot electrons can 
indeed be injected.    

 
• Is hot electron injection theoretically possible? 

Hot electron injection is possible; the injection efficiencies will however be low. The 
photon energies and their polarization needed for injection are discussed   
 

• Can injected spins be detected underneath the electrode? 
Spins can be detected (at 4 and 293 Kelvin) in the spin injection device, even through the 
triple Co/Pt multilayers.  

 
• How long is the spin lifetime? 

The spin lifetime is ~70 ps at 293 Kelvin. At low temperatures (4 Kelvin) two spin 
relaxation processes can be distinguished. The spin lifetime is ~ 600 ps on GaAs and 
even ~1,2 ns underneath the Co/Pt electrode. 
 

• What is the dynamical behaviour of spins in the semiconductor? 
Injected spins are directed perpendicular and that there is no influence of the magnetic 
electrode on the spins precession. The spins precess with a frequency as expected. 

 
• Is it possible to detect injected hot electron in GaAs? 

Hot electrons could not be detected in GaAs. The injection efficiency and the spin 
polarization is too low.  
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Figure 73: A schematic representation of the altered TIMMS setup for two different pulsed lasers.  
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6. Conclusion 
In this thesis, we have investigated spin injection with perpendicular magnetized electrodes. 
The spin injection device consisted of a perpendicularly magnetized ferromagnetic electrode 
deposited on an AlOx tunnelbarrier (in order to suppress the conductivity mismatch) which 
was grown upon a GaAs based semiconductor heterostructure. The semiconductor was 
doped in order to achieve a long spin lifetime and to suppress Schottky barrier formation. A 
spin polarization in the semiconductor heterostructure can be obtained by injection of spins 
from the ferromagnetic electrode. In this thesis, hot electron injection was investigated. 
 
Perpendicular magnetized electrodes 
The spins injected by hot electron injection have a perpendicular spin direction when the 
ferromagnetic electrode is perpendicularly magnetized. Perpendicular magnetization arises at 
the interface between Co and Pt, which was also demonstrated in this report. The magnetic 
layer (Co) should be grown directly on top of the tunnelbarrier in order to obtain a high spin 
injection efficiency. Unfortunately, Co grows non-uniformly on AlOx and an AlOx/Co 
surface does not induce perpendicular magnetization. It was demonstrated that a high 
roughness is detrimental for perpendicular magnetization. From studying the growth and 
magnetic properties of Co/Pt multilayers, the following conclusions have been drawn: 
 

• A Pt/Co/Pt structure shows high remanence and saturation magnetization.  
• A AlOx/Co/Pt structure shows no remanence, there is however a tendency for 

perpendicular magnetization. 
• For thin Pt spacer thicknesses, two magnetic layers can be coupled, which leads to 

improved perpendicular magnetization 
• Multilayers deposited on AlOx lead to high remanence and saturation 

magnetization, with a completely perpendicularly magnetized bottom layer. 
• Optimization of the perpendicular magnetization for a high remanence and 

saturation magnetization was successfully achieved with a remenance of 95%. 
 
Furthermore, it was demonstrated that Co/Pd exhibits strong perpendicular magnetization 
with only a single Co/Pd layer deposited on AlOx. Unfortunately, this structure might not 
result in well-defined layers, which can reduce the spin injection efficiency. Co90Fe10 and 
Co60Fe20B20 deposited on AlOx and capped with Pd also showed perpendicular 
magnetization, although the saturation magnetization is less then with normal Co. The latter 
material combinations are however useful for tuning the coercive field. 
 The Co/Pt multilayers were structured on s spin injection wafer. Structuring was 
obtained by sputtering through a mask. It was possible to obtain a small perpendicularly 
magnetized electrode, the remanence and saturation magnetization were however (slightly) 
lower due to non-uniform thickness.  
 
Towards optical spin injection 
Basic electronic measurements performed on the spin injection device showed that electrons 
could travel throughout the device if a bias is applied, although the second Schottky barrier 
was not destroyed. Photocurrent measurements could not retrieve the barrier height due to 
charging of the sample and large leakage currents. The issues opposing high efficiency hot 
electron injection into the spin injection device are: 
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• The magnetization of the structured electrodes is not perfect. 
• The optically created spin polarization in the electrode is low because of the low 

absorption in the thin Co layers (compared to Pt). 
• Charging of the sample with (eventually unpolarized) electrons due to the second 

Schottky barrier. 
 
Due to the high accuracy and the possibilities for local spin detection, spins were detected 
optically. Time-resolved magnetization modulation spectroscopy was used to study spin 
relaxation and precession in the GaAs heterostructure. The results obtained by these 
measurements are: 
 

• Spins can be detected (at 4 and 293 Kelvin) in the spin injection device, even through 
the triple Co/Pt multilayers. 

• Spin lifetime ~70 ps at 293 K and ~600 ps at 4 K are measured. At low 
temperatures, two distinct spin relaxation processes can be distinguished.  

• The spin lifetime is larger underneath the Co/Pt electrode (~1,2 ns at 4 K). 
• An influence of a magnetic field of the electrode on the dynamic behavior of spins 

can not be detected.  
• The efficiency for detecting injected hot electrons is too low due to a low injection 

efficiency and low initial spin polarization.  
 
In order to detect injected spins with a higher efficiency, electron tunneling (instead of hot 
electron injection) is recommended. The doping structure of the semiconductor should the 
however be optimized, and the electrodes should be created by photolithography steps. 
Electrical spin injection does not have the issues of absorption (in both Pt and GaAs), and it 
lies closest to a real working device. 
 
Further recommendations 

- Optimization of the wafer. 
As discussed, the delta-doping is to high. A more ideal doping structure was 
presented (section 2.2.2), but could be further optimized with a gradual doping 
profile.  

- Spin injection using Co/Pd. 
A strong perpendicular magnetization of Co/Pd deposited on AlOx was measured, 
which was not possible with Co/Pt. If spin injection efficiencies can be measured, 
the spin injection efficiencies of Co/Pd with respect to Co/Pt would give an 
interesting insight in the requirements for a spin injection electrode. (what is the 
influence of increased scattering? Or is the effect limited by the improved 
perpendicular magnetization?)  

- Optimizing the effect of the electrode on spin lifetime. 
A larger spin lifetime was measured underneath the electrode, probably due to band-
bending and separation of the electrons and holes. It would be interesting to study 
and optimize this effect in order to create even longer spin lifetimes in the spin 
injection device. 

- Investigating the influence of a Pt dusting layer on spin injection efficiencies. 
According to literature a Pt dusting layer might increase the tunneling anisotropic 
magnetoresistance (TAMR)77. TAMR arises when the electrical resistance is 
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dependent on the angle between the direction of electrical current and direction of 
the magnetic field. The rise in TAMR might indicate that a Pt underlayer has a 
positive effect on spin injection efficiencies.  

- Optimal magnetization of structured electrodes 
The magnetization of the deposited structures was not optimal due to the shadowing 
effect. If photolithography or e-beam lithography is used, the sides of the deposited 
structure will be sharper, resulting in an overall better magnetized electrode. 

- Improving sensitivity TiMMS 
It was only possible to measure through three Co/Pt layers with a high signal/ noise 
ratio. If the sensitivity is improved, lower spin injection efficiencies could still be 
measured.  
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