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Abstract
The race for smaller, faster and more efficient microelectronic systems has opened the door
for incredible developments in nanotechnology and nanomaterials. It has been found that
decreasing the dimensions of a material to the nanometre level has dramatic effects on the
material properties. Magnetic nanoclusters, clusters of magnetic atoms under 100 nm in
diameter, display a range of unique properties, such as superparamagnetism, and are thus of
interest in a range of applications from spintronics to medecine. There is a growing interest in
finding new controllable ways to synthesise nanoclusters and understand their properties.
The aim of this thesis is to understand the mechanisms underlying the growth of
nanoparticles through a process involving ion implantation and electron beam annealing in order
to provide ways of control to fabricate nanostructured materials with specific properties for
specific applications. The main hypotheses are that the diffusion and precipitation mechanisms
are driven by redox reaction and can thus be controlled using specific oxidising or reducing
environment or addition of oxidant or reducing compounds to the solid solution.
Metallic nanoclusters were grown at the surface of an insulator using low-energy ion
implantation and electron beam annealing. The unusual growth mechanism of these clusters
and the evolution of the magnetic, magneto-optical and magnetoresistance properties are
investigated. Complementary use of microscopy (TEM, AFM), x-ray spectroscopy (XPS, XANES),
and ion beam analysis techniques (RBS, MEIS) has provided an insight into the different
phenomena involved during the synthesis and which affect the materials properties as revealed
by SQUID magnetometry, magneto-optical Kerr effect and electron transport measurements.
Ion implantation leads to the formation of Fe nuclei which coalesce and protrude from the
surface under electron beam annealing. The mechanism driving these changes involves redox
reactions, oxygen mediated Fe diffusion, ripening, and surface diffusion. Dramatic variations of
the nanomaterial’s properties were correlated with these changes. For instance, the changes in
the Fe crystalline(core)/amorphous oxide(shell) structure and the position of the nanoclusters
relative to the surface observed for small annealing durations are shown to enhance the Kerr
effect resulting in a high coercive field and a high amplitude in the Kerr rotation and ellipticity.
The large room temperature magnetoresistance, which is likely to arise from a combination of
geometric magnetoresistance in the injection region and spin dependent tunnelling, changes
accordingly. Those properties present great interest for applications in magnetic field sensing,
high density data storage and nano/micro electromechanical systems.
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Chapter 1: Introduction
Advantages and unknowns around magnetic nanoparticles
Nanosciences and nanotechnology have taken an important place in many fields of sciences
and technology. The new horizon of potential opened by nanomaterials arises from their size,
obviously, and their unique properties. For instance, iron oxide nanoparticles can be taken up
harmlessly by leaving organisms and can be used for contrast enhancement in medical imaging.
Due to quantum size effects, nanostructures can also outstand over their bulk counterpart.
Some nanostructures are harder and more resistant to tensile efforts than the bulk.
Furthermore, having nanostructures allows for important surface to volume ratio which is
favourable for reactions occurring at their surface.
Magnetic nanoparticles embedded in or at the surface of an insulator are of particular
interest. Indeed, having very small magnetic domains, typically of the dimensions of the
nanoparticles or smaller separated by a thin insulator lead to very interesting properties. Firstly,
magnetic remanence, the property of some magnetic materials to remain magnetized even
without applying an external magnetic field, has potential for high density data magnetic
storage. Ideally, each nanostructure could represent a bit of data which would be written by
applying a transient magnetic field and read by measuring the magnetic field of the nanoparticle.
However, the smaller the magnetic domain, the smaller the anisotropy energy will be. This
energy impedes the magnetic moments in the magnetic domain, opposing changes and leading
to the remanent magnetisation. This effect is called superparamagnetism. For nano-domains the
anisotropy energy is often small enough to be overcome by thermal agitation over temperature
of reasonable use for devices.
Such materials also have the potential to show large magnetoresistance (MR). The
magnetoresistance is the property of a material to have its electrical resistance vary with an
applied magnetic field. In bulk materials the changes is usually negligible at room temperature
and very small at low temperature (5 K). However, particular geometries of materials were
shown to exhibit very large MR. Suitable geometries included stacks of magnetic and
diamagnetic

thin

films

leading

to

giant

magnetoresistance

(GMR)

or

anisotropic

magnetoresistance (AMR), or stacks of magnetic conductor and diamagnetic insulator thin films
leading to tunnelling magnetoresistance (TMR). Magnetic nanogranular ferromagnetic/insulator
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materials can be considered as a succession of magnetic domains separated by a thin insulator
and have potential for showing TMR.
Consequently, there is an interest in developing new nanogranular materials and finding
new pathways for synthesis of such materials.

Objectives of this study
This study aims to investigate a novel pathway to nanoparticles synthesis in order to provide
ranges of nanostructured materials suitable for specific magnetic application. The investigation
covers different levels from the fundamentals aspects involved during the synthesis of the
nanostructured materials, to the design of proof of concept devices which use the unique
features displayed by this class of materials.
The synthesis involves the use of low energy ion implantation and electron beam annealing
to form magnetic nanoparticles on an insulating substrate. This study focuses on the
implantation of atoms with potential for room temperature ferromagnetism, such as iron and
cobalt. The matrix chosen for this investigation is a thin film of SiO2 on a silicon wafer. This
matrix is widely used in the semiconductor industry and therefore could lead to easier
integration with standard electronics. While ion beam synthesis of nanoparticles in SiO2 has
already been investigated the understanding of the physico-chemical mechanisms underlying
the nucleation during the ion bombardment and growth during annealing still remain elusive. In
particular, the use of electron-beam annealing after low fluence ion implantation has not been
investigated.
Due to the scale of the observed features ( from 100 nm to less than 5 nm) there is, to date,
no single technique which can provide the structural and compositional information required
needed to reach an appropriate understanding of the mechanisms lying behind the growth of
the nanoparticles and those linking the nanoparticle properties to their composition and
structure. Therefore a set of complementary techniques was employed.
Several ion beam analysis techniques were used: Rutherford backscattering spectrometry
(RBS), nuclear reaction analysis (NRA), secondary Ion Mass spectrometry (SIMS) and medium
energy ion scattering (MEIS). Those techniques were used to investigate the materials
composition, stoichiometry and atomic migration. Atomic force microscopy (AFM) provided the
topography of the samples. Scanning and transmission electron microscopy (SEM and TEM) and
associated techniques provided key results on the structure, shape, distribution and crystalline
2

state of the nanoparticles. Oxidation state and local structure information were obtained using
X-ray photoelectron spectroscopy (XPS) and X-ray absorption near-edge spectroscopy (XANES).
The magnetic properties were investigated using Vibrating sample magnetometry (VSM) and
superconducting quantum interference device (SQUID). The optical and magneto-optical
properties were studied through spectroscopic ellipsometry (SE) and the Magneto-optical Kerr
Effect (MOKE). Finally, electron transport properties were investigated using two- or four-point
contact measurements in standard linear or Van-der-pauw configurations to obtain the I-V
characteristics and Hall coefficient.
These techniques are used to investigate four key aspects of these materials:
-

Effect of ion irradiation and self nucleation: the nucleation and precipitation under ion
implantation are investigated in Chapter 3. A theoretical model is presented in Chapter 4
and the results from Monte-Carlo simulations are compared with the experiments;

-

Effect of annealing on the diffusion, precipitation and growth of the nanoparticles: Both
experimental and theoretical aspects are presented in Chapter 5;

-

Evolution of the magnetic, magneto-optical and magnetoresistance properties during
the growth (Chapter6);

-

Influence of the implantation species, and substrate on the synthesis and properties
(Chapter 7);

Details of the techniques and experimental setup are given in the appendices. The
appendices also include details of the Monte-Carlo simulations of the ion implantation and
diffusion.

Research focus
In previous studies ion implantation, followed eventually by an annealing step, was shown to
be an excellent tool for nanoparticle synthesis on the surface, or embedded in, a wide range of
materials. In particular, implantation of magnetic materials in an insulator is an appropriate
method for fabricating nanostructured and nanogranular materials with interesting
magnetoresistance properties. The implantation technique is well suited to masking and
designing nanostructured patterns.
Due to the vast number of possible combinations implanted species/ implanted substrate or
matrix the key physic-chemical mechanisms driving the synthesis through ion implantation and
annealing. For instance, those mechanisms have been primarily studied using gold implantation
in order to have limited chemical interactions between the implanted specie and the implanted
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matrix. Therefore, a first aspect of the investigation is to provide a novel understanding of the
first step of the nucleation during ion implantation of Fe in SiO2.
A novel approach is then followed in order to produce magnetic nanoparticles at the surface
of SiO2 which involves the use of an electron beam. Indeed, previously annealing was often used
after implantation to allow for coalescence and better crystallisation of the nanoparticles. Large
implantation fluence was necessary to have sufficient sputtering to lead to the protruding of the
nanoparticles on the surface. The electron beam will be shown to lead to the desorption of the
SiO2 surface which favours the protruding of the nanoparticles and therefore allows the use of
lower fluence of implanted atoms.
An important drawback of ion beam synthesis processes is the difficulty in obtaining a
narrow distribution of size in the desired volume. Hence, it is necessary to find a means of
control over the growth of the nanoparticles. The effect of the electron beam on the diffusion
and precipitation of metal ions, with a focus on iron, is investigated and compared to other
annealing atmospheres. In addition to providing key new fundamental understanding of the
diffusion mechanisms of implanted metal ions in SiO2, this study will provide useful information
to control the growth and diffusion of the nanoparticles.
The magnetic, magneto-optic and electron transport properties of the materials at different
steps of the synthesis were then investigated. The link between the nanoparticles structural and
composition changes and those properties have been discussed. The knowledge gathered on the
growth allows for control of those properties enabling applications. Possible applications of the
materials are proposed at the end of the investigation, some of which have been developed to
proof of concept stage.
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Chapter 2: Ion implantation and magnetic nanoparticles
Several methods have been developed to produce nanoparticles of different shapes,
composition and size. The final products of these techniques can be found as powders, in
solutions and gels, or embedded in a single-crystal. Each assembly of matrix/nanostructures
presents advantages for one application or another.
These methods can be divided into two different categories: the chemical preparations in
which the active process is driven by chemical reaction, often involving precipitation, of solid
phase from gaseous or liquid solution; and physical techniques in which the nanoparticles are
created as a result of mechanical forces or thermodynamic reactions, often involving parcelling
matter into a fine grain assembly.
This chapter reviews the literature concerning nanoparticle synthesis and their application. A
detailed description will be given on the principles of the main techniques used to produce
nanoparticles, and more particularly magnetic nanoparticles. In particular, the methods used to
produce nanoclusters at the near surface region of an insulator, will be highlighted.

2.1

Ion implantation

Ion implantation is a purely physical process by which selected ions are accelerated to
energies usually in the range of a few tens of electron volts to several hundreds of kilo electron
volts ([eV]≡ 1.60217646 × 10-19 × [J]) in order to force them in the upper layer of a material.[1]
Under such treatments, the chemical composition and structural properties are modified within
the first few nanometres to several micrometres, therefore dramatically changing the surface
properties of the implanted materials. This process is also sometimes called ion beam
irradiation.
Higher energy ion bombardment, with ion energy in the MeV to tens of MeV range will not
be discussed. Such high energy ion bombardments have been used primarily to investigate the
impact of fission products on matter. Of interest, effects of high energy, heavy ion implantation
(swift heavy ion irradiation) on nanostructures is now studied intensively as a means to control
their shape, size and properties.[2,3,4,5]
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The main parameters for ion implantations are:


Acceleration voltage from V to kV which defines the ion energy and therefore the
depth of implantation, Note that a single charged ion accelerated at a voltage of 1 V,
and providing that the ion travels a sufficient distance in the electric field, will have a
kinetic of 1 eV;



Implantation fluence in at. cm-2 which is the number of implanted ions per unit area.
As ion implantation is an irradiation process, the term “dose” is sometimes
employed;



Temperature;



Current density, usually in µA.cm-2, which determines the duration of the
implantation and also affects the temperature of the implantation.

The incident ion kinetic energy and position is monitored during the cascade. In addition, as
the aim is to simulate dynamic changes in the implanted substrate composition and structure, it
is necessary to take into account the changes in the composition. The important variables to
track in each collision are the energies of recoiled ions, along with the scattering and recoil
angles.
The technical aspects of ion implantation are presented in Appendix A.

2.1.1

Ion/matter interaction

The details of the kinematics of ion/matter interaction are presented, along with the
corresponding modelling, in chapters 3 and 4.
When an energetic ions penetrate a material several interaction can occur which can modify
the material structure:


The incident ion can perform elastic collisions with the atomic nuclei of the target
material inducing atomic displacement,



Then an incident ion can perform inelastic scattering with the electron cloud of the
material, inducing excitation of the electron cloud, ionisation, and breaking of bonds
in the materials.

Each incident ion can perform several interactions before its kinetic energy becomes
comparable to the thermal motion in the material, i.e. it is stopped in the material. The ion
range is the depth the ion reaches before it is stopped. The path of several tens of ions in a
6

material, as well as the plot of the statistics of their range, is displayed in Figure 2.1. Displaced
and/or ionized atoms in the material will also interact in the material, inducing more
displacements in a cascade manner. As displayed in the Figure 2.1, the implantation profile and
collision profile are different. With the masses and energy chosen for that simulation, the energy
loss occurs mainly through nuclear collision. Most of the energy is deposited within the first
collisions of the cascade, leading to a collision (or damage) profile shallower than the
implantation profile. Monte-Carlo simulations for ion implantations, such as SRIM (the stopping
range of ion in matter) are available to predict the implantation range, profile and beam
damage.[6]

Figure 2.1 SRIM[6] simulations of path of Fe ion implantation, ion ranges and collision events (15 keV, into
SiO2)

2.1.2

Applications of ion implantation

Ion implantation finds application in most domains which require the modification of the
surface properties of materials. In the following, some common or original applications of ion
implantation will be covered. The use of ion beam irradiation and ion implantation for
nanoparticles synthesis directly relevant to this thesis will be detailed in the next section.

Semiconductor doping and microelectronics applications
Ion implantation is widely used in current microelectronics for doping of semiconductors.[7]
Indeed, this method allows inserting precise quantities of foreign atoms into semiconductors at
desired depths. As the implantation energy can be very low, very shallow doping can be
performed. This permits, for example, the design of very shallow PN junctions by implanting pdopant in a n-doped substrate.[8] As implanted dopants are seldom activated during low or
ambient temperature ion implantation, an annealing step is required. This annealing step also
cures the damage induced by ion implantation.
Ion implantation is also used to perform pre-amorphisation. Such implantations are
performed using the same atoms as the materials in order to induce damage within a controlled
7

region without changing the chemistry of the material.[7,9] Pre-amorphisation is usually
performed at low temperature in order to maximise the damage by quenching the selfannealing process occurring during the ion implantation. Self-annealing is related to the motion
of atoms upon irradiation from ballistic collisions and local temperature increase. Preamorphised materials are much easier to recrystallise and lead to fewer defects after
annealing.[7,9]
Another use of ion implantation in microelectronics consists of gas implantation to fabricate
thin films through a lift off process. Indeed, implanting gas atoms at concentrations above the
solubility limit can induce the formation of bubbles. With sufficiently high fluence, the stress
induced by the pressure of the bubbles on the crystal lattice can lead to blistering and
exfoliation. A controlled process involving this principle was developed in the late 80s for the
silicon on insulator (SOI) technology platforms and was called Smart-cut®.[10,11] He or H ions
are implanted within a semiconductor (Si) at fluences high enough to induce the formation of
bubbles but low enough not to induce blistering or exfoliation. The implanted wafer is then
thermally bonded on an oxide caped wafer (SiO2 on Si for instance). Annealing and lateral strain
is applied and induces the fracture of the implanted wafer on the plane defined by the bubbles.
This allows for the fabrication of SOI structures such as thin-Si/SiO2/Si-bulk.

Surface treatment of metals: from surface hardening to anti-microbial
applications
There is a constant need for hard materials for use in industrial tools and wear surfaces. The
materials must present very high hardness and also resist wear, aging and corrosion without
being excessively brittle. A range of solutions have been developed which include coating or
alloying of the tool head. The most common implants for surface hardening are nitrogen in steel,
nitrogen in chromium and carbon in titanium. Inclusion of the implanted atoms in the materials
modifies the surface through defects creation following mechanism explained above. Those
changes can lead to an expansion of the implanted surface which increase the constraints and
harden the surface. Formation of new phase within the implanted region such as chromium
nitrides or titanium can bring additional advantages such as better resistance to oxidation.[1]
Ion implantation can also be used to functionalise materials surfaces. Indeed, the chemical
changes occurring on a metal surface under ion implantation can give the materials completely
new properties. For instance, implantation of silver ions into surgical needles and surgical
implants gives self-anti-bacterial properties to the metal.[12,13] Indeed Ag ions have very high
8

anti-bacterial activity. They act as catalysts for the destruction of the lipid shell followed by cell
death.

2.2

The place of ion implantation in nanoparticles synthesis

2.2.1

Chemical methods for nanoparticle synthesis

Chemical preparations can be divided into two categories depending on which
thermodynamic phase is involved: liquid phase preparations and gas phase preparations.
Chemical syntheses are used for a wide variety of nanoparticles of different composition, size
and shapes. Magnetic nanoparticles, in particular, are often produced by chemical methods
[14,15]
For most of the common methods used, synthesis of nanoparticles involves the nucleation
and growth of a solid phase from a solution. Exceptions to this rules are usually “top-down”
methods, methods that create nanoparticles by parcelling a bulk material, as opposed to the
bottom-up methods involving growth of the nanoparticles from atoms.[15] Understanding
mechanisms governing nucleation and growth processes is crucial for the control of the
synthesis.

Liquid phase
Liquid phase methods are generally inexpensive and offer better yields of products as well as
ease of surface treatment. Liquid phase methods often involve precipitation from aqueous
solution as explained above. The different ways of controlling nucleation and growth define the
different techniques. Sol processes involve a control of the temperature and reactant
concentration, whereas chemical precipitation controls the anions and cations concentration
and the thermal decomposition synthesis uses the properties of high temperature/ high
pressure solvents.[16] Other liquid methods involve the use of an additional mechanism to
nucleate and grow nanoparticles. For instance, sol-gel methods will use inorganic polymerization
reaction in order to produce a gel which will enhance the nucleation and growth when the gel is
condensed and dried. Water-in-oil processes use micelles in order to create the nanoparticles.
Other processes will also be presented.
Sol processes
As explained on the previous part, for sol processes the control of the nucleation is
performed by controlling temperature and quantity of reactant.[15] The rapid injection of a
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reagent into the reactant solution hot enough to decompose the reagent will induce a rapid
increase of the concentration of reactant over the point of supersaturation. This allows a short
nucleation. As long as the consumption of the reactants by the growth of the particles is not
exceeded by the rate of precursor addition to the solution, no new nuclei form and the
additional material can only add to the existing nuclei.[16] Control of the duration and
concentration parameters allows a control of size distribution of nanoparticles. A similar process
is used where the supersaturation is driven by lowering the solution temperature.[17]
Heterogeneous nucleation can also be used for sol-processes. Addition of a solid phase in
the solution can help inducing the nucleation. For instance, noble metal nanoparticles generated
at low temperature prior to the desired nucleation were used as preferred nucleation sites for
CoNi nucleation.[18] This allowed the formation of nanometre sized CoNi nanoparticles. Another
example is the coating of carbon nanotube by metallic nanoparticles.[19] The heterogeneous
nucleation occurring at the surface of the nanotube is preferred to the homogeneous nucleation
in the solvent.
Because of the relative simplicity of this process, people are now able to produce sol process
using microreaction technology.[20] However this method, and more generally all liquid phase
methods, involves lots of side products, that are often difficult to remove from the desired
nanoparticles.
Chemical precipitation
Chemical precipitation methods are very similar to sol processes. The differences lie in the
thermodynamic control over the precipitation process. Once again, the aim of the method is to
control the supersaturation to produce one burst of nuclei. In this case, the control factors are
the concentration of reactants and ions in the solution, and the pH. The temperature also impact
on the process, however it is not used as an active parameter.[16]
Chemical precipitation allows the synthesis of nanoparticles of complicated shape and
composition. Co-precipitation, for instance, allows the synthesis of multiple compounds
nanoparticle such as NiCuZn ferrite.[21] Tetrahedral nanoparticles of CdS were also synthesised
with chemical precipitation.[16] Combining this method with flow injection analysis, it was
shown that it was possible to produce precisely oxide nanoparticles.[22]
Thermal decomposition synthesis
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At elevated temperature and pressure, water can solvate most of the inorganic compounds.
This is mostly because the changes the in ion hydration environments occurring with increasing
temperature and pressure give rise to changes in water activity, i.e. capacity of the water to
solvate, and solvate minerals in particular.[23] As a consequence, reactants properties in
aqueous solution also change with temperature.
Hence, high temperature high pressure solutions, vapors and/or fluids can play different
roles in the modification of a materials and the formation of nanoparticle more specificaly[24].
They can be used as a transfer medium for heat, pressure and mechanical energy, an adsorbate,
a solvent, and/or a reagent for solid materials.[25] The solvent is not limited to water but can
also be other polar or nonpolar solvents, such as benzene. If using water, the process is generally
called hydrothermal synthesis and solvothermal synthesis otherwise.
For instance, the solvothermal decomposition of Fe(CO)5 in octyl ether and oleic acid at
100°C, under a nitrogen flow, is known to produce γ-Fe2O3 nanoparticles between 5 and 19nm in
diameter.[24] The process involved the heating of the solution, reflux, cooling and centrifugation
in excess ethanol. The final solution can then been dried to obtain a nanopowder, or used as-is.
Because of the low-affinity of the nanoparticles in the ethanol at room temperature, this results
in a high purity powder.
The main advantages of hydrothermal synthesis are related to homogeneous nucleation
processes, very low grain sizes, narrow particle size distribution, single phase, controlled particle
morphology, and high-purity powders due to elimination of the calcinations step.[15,25]
Sol-gel process
Sol-gel processes usually include four steps: hydrolysis, polycondensation, drying, and
thermal decomposition.[16,26] During the synthesis, the formation of a precursor containing the
metal or the non-metal alkoxide is formed by hydrolysis with water [27,28] or alcohol.[29,26]
The precursor is then condensed as a polymer in the solution, allowing the regrouping of many
metal or non-metal monomers in one molecule. Because of the formation of a long polymeric
chain, the solution becomes a gel. Once dried, the polymers are no longer expanded but
bundled up. Thermal decomposition then removes the organic material and leaves inorganic
nanoparticles. A centrifugation step is sometimes necessary to collect the sols after
polymerization.[30,27] The following Figure 2.illustrates a sol-gel method used for the synthesis
of tin oxide nanopowders.
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Figure 2.2 Flow chart of the preparation of SnO2 nano-particles by polymerization-complexation sol-gel process
[31]

This method is mostly used to produce nanopowders. Magnetic Fe2O3-SiO2 nanocomposites
were produced by this method.[32] Nonetheless, some studies showed the possibilities of using
this method to produce nanoparticles embedded in a solid matrix. For instance, gold
nanoparticles embedded in alumina were formed by a sol-gel method where an alumina sol was
mixed with HAuCl4 before drying and heating.[33] Similarly silver and copper nanoparticles in a
silica film were prepared.[29]
Here again, this method can be used to produce narrow size distribution of nanoparticles,
but the formation of many side products, necessitates an additional heating step for purification.
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Micelles, water-in-oil process and microemulsions
Formation of micelles is the active principle when using soaps. The soap is a surfactant
composed of a hydrophilic head, usually an ionic functional group, and a hydrophobic tail
composed with an organic molecular chain. When an organic substance, such as oil, is mixed
with water and soap in an emulsion, the surfactant will surround oil droplet in order to present
its hydrophobic, lipophilic tails to the organic droplet. The micelle created this way is completely
soluble because it only shows a hydrophilic surface to the water.
In water, if the concentration of surfactant is sufficient, (above the critical micelle
concentration [16]) the surfactant molecules will group themselves in sphere-like systems where
the hydrophobic tails stays preferably inside, whereas the hydrophilic head are solvated by the
water molecules. In an organic solvent, the surfactant will group the other way around,
hydrophilic head inside, and hydrophobic tails outside. This behaviour is driven by the
thermodynamic of the surfactant solution in an aqueous or non-aqueous solution where micellar
aggregates are formed in a critical temperature range and above a critical micellar concentration
[34]. When adding a poorly hydrophilic substance to the solution, micelles can aggregate around
these impurities and reciprocally for hydrophilic substances in oil. This is this property which is
use to fabricate nanoparticles.[16,35,36,37,38,39] This process is also often called Water-in-oil
(W/O) or Microemulsion process.
The small dimensions of the micelles make this method interesting to aggregate small pieces
of matter in solution. Basically, reverse micelles (micelles which external surface is created by
the hydrophobic tails) are used in solutions in presence of reduction agent in order to reduce
metal salt. The shape (wire, sphere, tripod...) and the size of the micelle can be control by
controlling the temperature, concentration of surfactant and metal, and the ratio of the water
and oil.[35]
Nanoparticle compounds can also be formed as pictured in Figure 2.3 by mixing reverse and
normal micellar microemulsion and using several baths and finally drying. The micelles are used
in a carrier of the material to aggregates.
A wide variety of metal nanoclusters can be synthesised using this method, such as iron
oxides, iron based alloys, alumina in a very controllable way. However the chemistry in use for
this method often creates impurities difficult to remove at the end of the process (surfactant
adsorbed at the nanoparticle surface, high boiling point solvent...).
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Fig. (3) in ref [40] (requires acces to the journal)
http://www.ingentaconnect.com
/content/ben/nanotec/2009/00000003/00000002/art00001?token=003811a3e573
d257025702c236e467b404276313a657c4e7247250eb

Figure 2.3 Schematic diagram of a water-in-oil process to produce FeAu nanoclusters [40]

Sonochemical synthesis
Sonochemical synthesis was initially used to produce amorphous iron micro powder.[41] It is
using the properties of ultrasound (20 kHz to 10 MHz) to produce acoustic cavitations in water,
i.e. formation growth and implosive collapse of a bubble in an irradiated liquid creating a
transient localised hot spot, with an effective temperature of 5000 K and a nanosecond
lifetime.[42] The conditions reach during cavitations can break molecular metal precursors, and
enhance nucleation. Depending on the liquid used for the reaction the nanoparticle will be
preferably amorphous (volatile liquids) or crystalline (non-volatile liquids).[43]
Many different materials can be synthesised with this method, requiring less reactant than
other chemical methods. For instance, superparamagnetic Fe3O4 nanoparticles were synthesised
using sonochemical synthesis with iron acetate in water and 20 kHz excitation.[43] Different
shapes of particles were recently obtained such as nanorods [44] or spherical structures.[45]
Microbial synthesis
The last chemical liquid phase method presented here, is not strictly speaking a chemical
method. Indeed it implies the use of bacteria as a “catalyst” of the formation of nanoparticles.
[15] In some cases, microbial reactions show an incredible selectivity and precision in the
formation of the desired nanostructure, such as metal doped magnetite nanoparticles
formation.[46]
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Proteins produced at the membrane of some anaerobia bacteria (such as the iron-reducing
Shewanella putrefaciens or sulphate-reducing bacteria Desulfovibro vulgaris) can act as an
electron donor in the process of producing nanostructured materials [47] and thus are assumed
to act as catalyser in the process. A recent review of metal nanoparticle biological synthesis
shows the current advance of this still new domain.[48]

Vapour phase
Chemical Vapour Condensation
This method involves the use of thermal decomposition a molecular precursor compound to
induce the formation of nanoclusters.[15,16,49] These nanoclusters will then condensate on a
cold substrate where they can be collected through scrapping like displayed in Figure 2.4 or used
on the substrate. In the study where this drawing was extracted precursor compounds,
hexamethyldisilazane (HMDS) and zirconium tertiary butoxide, were used to synthesize n-SiCxNy
and ZrOxCy powders. This method was shown to be suitable for the formation of iron and iron
oxide nanoparticles.[50,51]

Figure 2.4 Schematic of a chemical vapour condensation processing apparatus [49]

Flame synthesis and pyrolysis
The yellow flame of a candle light is composed of incandescent nanoparticles which get
agglomerated into micrometre size clusters. This method, combined with the appropriate
chemical treatment of the soot, was shown to be a very simple and efficient way of producing
carbon nanoparticles.[52]
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Many nanoparticles can be synthesised similarly, either by directly burning a gas or liquid
containing the desired material or by injecting a liquid (flame spray pyrolysis) or a gas (Gas
mixing pyrolysis) carrying the desired material into the flame. The term pyrolysis refers to the
chemical process of thermal decomposition of the chemical precursor. In every case, after
combustion and/or pyrolysis in the flame atoms are condensed, coagulate and coalesce as larger
particles [53,54] as shown in Figure 2.5. The flame characteristics such as mixing configuration,
flame height, and temperature, are playing an important role in this process.[55] A precise
control of these characteristics using different flame injection configurations allows precise
control of the synthesis.[56,57]

Figure 2.5 Nanoparticle formation in flame [57]

In addition fast cooling, or quench-cooling, of the flame allows the production of smaller
nanoparticles by restricting the coagulation and coalescence.[57] An example of the injection
nozzle of a flame sprays pyrolysis system used for Ti/Silica nanoparticles is presented in Figure
2.6. Flamelets, small flames located near the injection, are used to assure stable combustion.
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Figure 2.6 Schematic diagram and photo of a flame spray pyrolysis system [58]

Other combustion apparatus were developed to trigger the pyrolysis. Laser pyrolysis for
instance,[15,59] allows very precise control of the combustion. A laser focused on a gas flow
containing a sensitizer that absorbed the laser energy by resonance, and the reactant which is
decomposed by pyrolysis due to collisions with energised sensitizer molecules.[60]
Flame synthesis methods are already widely used at large scales in industry to produce carbon
blacks for tire production and rubber, titania or zinc oxide for pigments.[58] The production
rates of this method go up to 25 t/h. In addition, the absence of solvent and the evaporation of
the unwanted waste, allows the production of high purity,[61] a wide variety of nanoparticles
(SiN4, W, TiN, Si, Al, Fe2O3-SiO2,) with the small production of side products.[56]

2.2.2

Physical methods

Direct ion beam techniques
Ion beam implantation self-nucleation

Figure 2.7 Principle of ion beam implantation nanostructure synthesis
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If the affinity of the implanted atom with the matrix substrate is low, implanted atoms can
move within the matrix. These atoms might encounter other implanted atoms and will tend to
group into small clusters. During the ion beam implantation the damage induced by energetic
ions will tend to break these small clusters and limit their growth. Theories and models predict
the formation of crystalline nuclei below 1nm diameter from ballistic interactions, which then
worked as seeds for the growth of larger clusters. [62,63,64]
However, with the appropriate current and temperature it is possible to have clusters. Large
fluences, low current ion implantation were shown to induce the formation of large
nanoclusters.[65] Such methods can also form surface nanoclusters as the beam can erode the
surface through ion beam sputtering.
This method is well suited for small size nanocluster (up to 50 nm) and can be applied to a
wide variety of substrates and implanted ions.
Ion beam induced clustering
The principle of this technique is to use other methods (ion exchange, plasma immersion,
CVD…) to dope well above the solubility limit the surface of a glassy substrate and then use an
ion beam to enhance aggregation.[66] The mechanism is illustrated in Figure 2.8. For instance
proton, helium and nitrogen irradiation of

ion-exchanged soda-lime glass was

shown to induce the formation of Ag clusters.[67,68]

Figure 2.8 Ion-beam induced clustering principle

Multilayer mixing
In this case, damage created by ion beam irradiation are used to disorganised a multilayer
and allow aggregation of spherical nanoparticles.
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Figure 2.9 Multilayer mixing principle

In a very similarly method to ion beam mixing method, electron-beam mixing methods use
the capacity of an ionizing particle beam to create damage into the multilayer stack using
electrons.[69]

Deposition techniques
Sputtering Deposition
It is possible to erode the surface of a material using an ion beam. Indeed the kinetic energy
of an incident ion can also induce the ejection of surface atoms or groups of atoms. Fine tuning
of the target temperature and sputtering rate allows the formation of surface nanoclusters
instead of a film.[70,71,72,73]
Cluster beam deposition
A low energy cluster beam can be used to deposit these clusters onto the target surface.[74]
Similarly to gas-phase methods the nanocluster size is control by the pressure and
temperature of the condensation chamber. To control the size and distribution of nanoclusters
in the beam even more accurately, aerodynamic lens systems were developed. These consist of
alternating series of chambers, with small aperture to allow a controlled flow of clusters of
particular diameters. Pressure and chamber dimensions are the control parameters.
Energies at which the clusters are accelerated must be controlled in order to reduce both
damage to the target and the fragmentation of the clusters. Sputtering by the impact of
nanoclusters is used to precisely monitor the deposited nanostructured layer.
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The system shown in reference and pictured in Figure 2.10 is the most simple cluster beam
deposition system.[75] The review published in 2006 by K. Wegner et al. gives a very interesting
and more detailed overview of this particular techniques and its application.[74]

Figure 2.10 Schematic diagram of a plasma cluster beam deposition apparatus [75]

Pulsed Laser Deposition
Pulsed laser deposition (PLD) is also called laser evaporation deposition. This method is very
similar to the ion beam sputter deposition at the difference that a powerful monochromatic
laser is used instead of an ion beam to induce the evaporation of the target
material.[76,77,78,79] Consequently this method allows using a low pressure atmosphere
instead of high vacuum. This permits using oxidation or reduction of the evaporated material
before the deposition. Also, this gives an additional degree of control on the deposited clusters
sizes in a similar way to cluster beam deposition. In this method the formation of the clusters
also come to a gas phase segregation of the evaporated material before the deposition.
In Figure 2.11 an example of an apparatus use for PLD, where two targets are alternated to
allow the consecutive deposition of nanoparticles and a film, is displayed. The atmosphere
conditions (partial pressure of argon or oxygen) together with the sample’s temperature
controlled by a heating holder are some of the parameters used to control the size of the
clusters.
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Figure 2.11 Pulsed laser deposition: a) Experimental apparatus and b) fabrication process, as shown in [80]

Other techniques
Ball milling
High energy ball milling is widely used in industry to produce nanosized powders.[15] In
particular, intermetallic nanoparticles were produced efficiently using a one-step ball milling
method.[81] It is a mechanical process that consists on finely grinding powders to the
nanometre size.[82] For that, powders are put together with heavy hard balls and shaken heavily
either by longitudinal vibration or high speed rotation.[83] High mechanical energy released by
the friction coming from this process allows low temperature alloying resulting in the formation
of alloy nanoparticles difficult to process otherwise.[84]

2.2.3

Advantages and drawbacks of ion implantation

Chemical methods usually lead to high production yields even with very simple processes.
Even though those methods produce secondary products, additional steps can be performed
which leads to high purity.[40] Those methods have been developed extensively and allow for
well-controlled synthesis leading to nanoparticles materials with well-controlled properties, such
as shape and size. Complex shape can be obtained. Ball-milling can be very-efficient but leads to
nanomaterials with generally lower quality. A detailed comparison table of chemical and
physical methods can be found in reference.[15]
Ion beam techniques have a particularly low mass yield and lead to embedded
nanoparticles but present certain advantages when considering specific applications. These
methods are particularly appropriate when the nanoparticles are required locally in the surface
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region of a material. Furthermore, the use of masks or focused ion beams allows for patterning
of the surface. The synthesis of a wide range of nanoparticles is possible. However, control of
the phase, shape and size for many systems still remains elusive.

2.3

Nanostructures and magnetism

2.3.1

Generalities about magnetism

In order to outline the differences observed between bulk magnetic materials and nano
magnetic materials, the different forms of magnetism are briefly introduced. To do so, an
important characteristic is the magnetic induction or magnetic flux density B. It is the sum of the
magnetic field H in free space and the response of a medium under the influence of this
magnetic field. In empty space B=H. Everywhere else B≠H and

(2.1) with

the

free space permeability.
Where M, the difference between B and H, is called the magnetisation. It is how a material
responds to a magnetic field. It can be viewed as the apparition of dipoles in the material,
aligned or anti-aligned to the applied magnetic field. The permeability µ and susceptibility χ are
derived from this relation such as:
(2.2) and

(2.3).

The most common magnetic behaviour is the diamagnetism. Such material has its
magnetisation, i.e. the magnetic field produced by the material in response to a magnetic field,
proportional and opposing to the applied magnetic field. All materials present a diamagnetic
response, although it may be masked by stronger magnetic behaviours. Diamagnetism can be
explained by the response of the orbiting electrons considering Lenz's law. This is a weak form of
magnetism that is non permanent and persists only while external field is applied. There is no
spin alignment in a diamagnetic material

and B is linear with H..

Paramagnetic materials present a magnetisation that is proportional to the applied field and
in the same direction. This arises from the existence of magnetic dipoles within the material
structure. Paramagnetism varies inversely with temperature and its magnetisation saturates at
high amplitude magnetic fields. This saturation corresponds to when a maximum of dipoles are
aligned with the magnetic field, the permeability
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and B is linear with H.

Antiferromagnetic substances have a small positive susceptibility at all temperatures. Their
particularity is below a critical temperature, called Neel temperature and usually noted TN
whereas the applied magnetic field tend to align the moments in the material, a negative
exchange forces in the material will tend to oppose the spins of neighbours atoms. This
behaviour becomes stronger as the temperature decrease below TN. At 0 K, the antiparallel
alignment is perfect even in the absence of a magnetic field.
Ferromagnetic materials present a much higher magnetisation than other materials. This
means that under the influence of an external magnetic field a ferromagnetic material will have
a strong magnetic response parallel to this field. Ferromagnetism arises from the strong coupling
between the neighbouring magnetic moment of atoms in the material. These materials can
present spontaneous magnetisation, and this gives rise to the hysteresis loops when the external
field varies alternatively between positive and negative field. If the applied magnetic field
amplitude is enough a maximum of the atomic moment aligned with the field will be reached.
Indeed because of the interaction between an atomic moment and its neighbours and the
geometry of the material regions of different magnetic orientation called domain. One domain is
characterized with a common direction of atomic moments of all the atoms in the domain.
Domain walls exist between domains where the atomic moments gradually change.
Domains are defined by the crystalline grains, defects and impurities of the material. Thus,
because of crystalline orientation, some materials present an easy axis, where the field required
to reverse all the magnetic moments is smaller when applied in the same direction of the easy
axis[85].
The effect of temperature over the alignment of atomic moments was presented for
explaining paramagnetic behaviour. Ferromagnetic materials are affected similarly by thermal
motion of atoms. If the temperature is above a critical temperature, the Curie temperature T C,
the thermal motion will overcome the alignment of moment, the material becomes
paramagnetic.
Ferromagnetic materials can be characterized by their permeability, Curie temperature
(temperature of the phase change to paramagnetic behaviour), coercive field (field strength
needed to demagnetize the material), and remanent magnetisation (magnetisation at zero
external field). Ferromagnetic materials usually show larger and non-linear permeability
.
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Ferrimagnetism appears when opposing moments appears in the material similarly to antiferromagnetism but the opposing moments are unequal and a spontaneous magnetisation
remains.

Figure 2.12 The different types of magnetism, spin schematic representation, and some typical material
showing these behaviours at room temperature [85,86]

Figure 2.12 illustrates the above mentioned magnetic behaviour in terms of spin alignment.
It also gives some examples of materials that exhibit this behaviour at room temperature. It is
important to note that the displayed spins come from unpaired electrons in the material
structure. The short and long range interaction of the electronic structure in the material direct
the orientation of the spins of these electrons.
The evolution of the magnetisation with the applied magnetic field is an important
characteristic. The magnetisation can be measured using magnetometer techniques such as
vibrating sample magnetometry (VSM), oscillating field magnetometry, superconducting
conductor interference device (SQUID) or torque measurements. Brief descriptions of these
techniques are given in Appendix E. Such measurements provide very interesting information on
the materials magnetic ordering. Figure 2.13 displays a schematic representation of such a curve
for a ferromagnet. A demagnetised material is brought to saturation and then undergoes a cycle
from positive to negative to positive high magnetic fields. The curve of first magnetisation is
shown in dashed line. If the number of atoms contributing to the magnetisation is known, the
magnetisation at saturation can provide an indication of the number of the magnetic ordering in
the materials. Typically, this gives a direct estimate the number of Bohr magnetons per atom, i.e.
magnetic moment theoretically produced by an electron. Notably, in the presence of different
phases ferrimagnetism or antiferromagnetism the analysis can be slightly more complex. The
hysteresis of the curve is used to determine the strength of a permanent magnets and how easy
a material can be magnetised. Hysteresis arises from the changes in the magnetic domains.
Indeed, flipping domain direction and displacement of domain walls under an applied magnetic
field is an irreversible process.[87]
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Figure 2.13 Schematic magnetisation vs. applied field characteristic curve for a ferromagnetic material.

Another interesting of magnetic materials is the possibility of rotating the plane of
polarization upon transmission or reflection of an incident light beam. This magneto-optical
property is referred as Faraday effect in the transmission case and Kerr effect in the case of
reflection. The rotation angle is dependent on the magnetic flux in the material , path of the
light in the material and a constant of the materials such as[88]:
(2.4)
Where

is the refractive index for a given wavelength. Consequently, the magnetisation can

also be retrieved using the magneto-optical Kerr effect (MOKE) or the Faraday rotation.

2.3.2

Magnetism at the nanoscale

As mentioned above, at the nanometre scale the magnetic behaviour changes due to the
small dimension of the magnetic material. For instance, superparamagnetism describes a
diverging magnetic behaviour of nanoparticles of ferromagnetic materials from the bulk. In
general the transition from ferromagnetism to paramagnetism only appears at elevated
temperatures above the Curie point, which is characteristic for each material. However, in very
small, single domain particles (d < 50 nm) this transition occurs at even lower temperatures [89].
In absence of a field the magnetic moment is normally confined to a so called easy axis due to
different sources of anisotropy. These are the magnetocrystalline, shape, stress and exchange
anisotropy. For nanoparticles this additional energy is small in comparison to its bulk
counterpart. It results that, under the influence of temperature, this anisotropy energy can be
overcome by the thermal excitation leading to a randomly flipping of the magnetic moment [90].
Consequently, placed under an applied field, nanoparticles in this state will behave like
paramagnets but with huge magnetic moments.
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It is possible to define a blocking temperature, TB, above which there is no irreversibility and
the magnetisation follows the applied magnetic field. This is a time-dependent phenomenon
where the average time τN for a nanoparticle to flip its direction of magnetisation due to thermal
excitation is given by[85,91]:
(2.5)
There τ0 is a time factor in the order of 10-9 s and characteristic for a material. V is the
volume of the particle, kB the Boltzmann constant and K is the anisotropy energy per unit
volume. The common transition time from stable to instable behaviour is taken to be 10 2 s. This
is equal to an energy barrier of approximately 25 kBT, which leads to the following equation for
the blocking temperature[92]:
(2.6)
where τM is the characteristic measurement time of the magnetometer. In a simple model
and in the absence of nanoparticle interactions, TB can be written as [93]:

(2.7)

where P is the average fraction of nanoparticles that have their moments relaxed to a more
stable demagnetized state in a time t, ν0 is the attempt frequency, r is the nanoparticle radius, Ku
is the magnetocrystalline anisotropy constant, kB is Boltzmann’s constant, and T is the
temperature. Thus, TB should increase with increasing nanoparticle radius. Those formulae can
be used to estimate the anisotropy energy or size distribution of the nanostructured materials.
The blocking temperature is found when measuring the evolution of the magnetisation
within a temperature cycle at a low applied field and after cooling from room temperature or
higher within a 0 T environment. This process is usually referred to as zero-field cooling and field
cooling measurements or ZFC-FC measurements. In Figure 2.14 are presented ZFC-FC
temperature dependence of the magnetisation of magnetic nanoparticles from ref [94]. Well
defined blocking temperatures can be observed in those cases. The blocking temperature is
depicted as the temperature where the two curves are diverging. In that case it also correspond
to the magnetisation of the zero-field cooled curve (bottom one). The differences observed for
different applied fields are indicative of the degree of coercivity of the material. The lower the
applied magnetic field, the higher thermal energy is required to allow for flipping of the
domains. The size-dependence of the blocking temperature is clearly observed in this system.
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The larger the average diameter of the nanoparticles, the higher is the blocking temperature. In
that case the increase in the blocking temperature was attributed to an increase in the
crystalline anisotropy.
Above the blocking temperature, and assuming noninteracting particles, the magnetisation
can be described by the Langevin-function:[85,91,93]
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where Ms is the saturation magnetisation and μ the magnetic moment of a single particle
with Volume V which can be written in the superparamagnetic regime as μ = MsV. The M/Ms vs.
H/T curves don’t display a superimposition. This could be related to the complex anisotropy in
the material, involving magnetocrystalline, shape anisotropy and exchange energy due to a
possible iron oxide formation as well as the role of the SiO2 as support material.[93]

a)

b)

Figure 2.14 ZFC-FC Temperature dependence of magnetisation for MnFe2O4 nanoparticles a) a diameter of10
nm under various magnetic fields from ref [94] and b) with different average diameters.

As mentioned above the sample is composed of Fe nanoparticles of different shape giving
different contribution to the magnetic moment. For that the average magnetic moment <µ> of
the nanoclusters is calculated taking eq. (3) into account and assume a log-normal distribution of
magnetic moment: [93]
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where µ0 is the average particle diameter and σ is the standard deviation.
Many nanostructured materials were shown to behave as superparamagnets such as: iron
oxide,[95,96] Co-Ferrite,[97,98] or iron [99,100] nanoparticles as nanopowders, iron
nanoparticles on [70] or embedded [65] in alumina, iron carbide nanocomposite thin films,[71]
FePt,[75] and CoPt [101] nanoparticles on SiO2.

2.2.3

Magnetoresistance

The term magnetoresistance is employed when there is a change in the resistance of a
material due to a magnetic field. The magneto resistance is often evaluated using the magneto
resistance ratio :
(2.10)
where B is the applied magnetic field and R(B) is the resistance at a particular magnetic field.
The magnetoresistance is negative when the resistance decrease with an applied magnetic field.
The simplest of these effects is the Hall Effect. Under an applied field the electrons will be
deviated from their trajectories due to Lorentz Forces. Their path is then longer and the material
resistance is larger. Hall Effect is usually small and generally less than a percent.
When two conductors are separated by a thin insulating layer quantum physic predicts that
if a voltage is applied between the conductors some electrons will tunnel through the insulator.
If the temperature increases, the probability of having electron tunnelling decreases. This
induces a decrease of the resistance.
If the conductors are ferromagnetic (FM) then the density of states is not the same for
electrons of spins up or down. This can lead to electron spin polarisation which takes the
following form:
(2.11)
where

is the density of state at the Fermi Energy for electrons with spins σ (up

or down).[102] In addition under an applied magnetic field the spins will get orientated.
Electrons tunnelling will depend on the magnetic orientation of the conductors. If the two FM
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layers have parallel the tunnelling electrons of either spin orientations will find a maximum of
available state on the other conductor. Reciprocally, if the two FM layers are anti-parallel,
tunnelling electrons will find a bottleneck. In other words, the resistance will decrease with the
magnetisation of the FM layer is getting parallel (Figure 2.15). Large magnetoresistance ratio up
to 50% can be obtained this way. The limitation of the 50% comes from the inherent splitting of
the spins which cannot exceed 50%.[85]

Figure 2.15 Schematic representation of spin dependent tunnelling. The FM layers in yellow are separated by a
thin insulator in white. Their magnetic orientation is displayed by the black arrows. The blue arrows represent the
current going through the junction.

In the case of FM nanoparticles dispersed in an insulator or a semiconductor tunnelling can
occur if the distance separating two nanoparticles is not too high. In the same way as explained
before, if their magnetisations are parallel the current will go through more easily inducing a
decrease of the magneto resistance ratio (Figure 2.16). As superparamagnetism is likely to be
happening for such small FM domains, a small magnetic field is required for all the nanoparticles
to be orientated the same way. Consequently, the magneto resistance will decrease quickly and
then saturate with an applied magnetic field, following the behaviour of the magnetisation of
the nanoparticles. If the nanoparticles are not all of the same size or not all of the same
magnetic material, they will get orientated at slightly different value of the magnetic field. In
these cases, the magneto resistance will first increase with increasing magnetic field, because
this will result in magnetic domains which are not all orientated the same way. As the main
conduction path of this process is electron tunnelling, the base resistance of the system is
expected to increase with decreasing the temperature.[102] A simple expression for the
magnetoresistance of spin-dependent tunnelling in granular system has shown great success in
describing experimental TMR results. The magnetoresistance ratio is described as a function of
the magnetic field and temperature such as:
(2.12)
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With

is the magnetisation function normalised to the saturation and can be

approximated to the Langevin function (2.8).[102]

Figure 2.16 Schematic representation of the FM domain in a FM-insulator or semiconductor nanogranular
system. The typical trend of the MR ratio with an applied magnetic field is displayed on the right.

A typical example of TMR in nanoparticles is given in Figure 2.17. The system is Co
nanoparticles coated with CO on sapphire. The nanoparticles which had an average diameter of
about 4.5 nm are likely to present superparamagnetic behaviour. Below the blocking
temperature (a) hysteresis can be observed whereas it completely disappears above the
blocking temperature (b). As expected, the base resistance is observed to increase greatly with
decreasing temperature. Interestingly, an increase of the TMR ratio was observed from a few
percent at high temperature to 50% around 4 K. The authors suggested greater spin ordering
and therefore higher spin polarization at those temperatures.
FIG 2 in ref [103] (requires acces to the journal)
http://dx.doi.org/10.1103/PhysRevB.67.224427

Figure 2.17 Typical magnetoresistance observed with Co/CO nanoparticles on sapphire at different
temperature. [103]

Other more complex mechanisms were shown to induce magneto resistance such as Giant
Magneto Resistance (GMR), the discovery of which reawakened interest in magnetoresistance as
it opened the door for its practical use.[104] The GMR effect is usually observed from stacks of
FM/diamagnetic/FM layers with a current going through longitudinally. In the FM layers, the
mean free path of an electron, i.e. the mean distance before it interacts with the material again
and get scattered, depends on the electron spin and the magnetisation of the layer. If the FM
layers are parallel the scattering will be small in both layers for both spin orientations. If the FM
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layers are anti-parallel then the majority of spin that travelled more easily in one layer will be
more scattered in the other layer, inducing an increase of the overall resistance. Thus, under an
applied magnetic field, such systems give rise to negative magnetoresistance. A multiple layer
configuration can increase the amplitude of the MR considerably. Also a positive magneto
resistance can be achieved by forcing one of the two FM layers not to become orientated. This is
done by pinning one of the FM layers magnetisation using a hard magnetic layer on top of it.
One major drawback of spin dependent tunnelling and GMR is that the amplitude of the MR
drops dramatically with increasing temperature because of the decrease of the Fermi level. Very
few other mechanisms also have high amplitude MR at elevated temperature (room
temperature and above).
Other mechanisms of magnetoresistance such as Coulomb blockade,[102] extraordinary
magnetoresistance,[105] geometric magnetoresistance,[106] injection magnetoresistance,
[107,108] and avalanche breakdown,[109] have been observed for nanostructured FM/insulator
and FM/semiconductor materials and lead to large magnetoresistance ratios. These are
presented briefly in Chapter 6.
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Chapter 3: Experimental investigation of the ion beam
synthesis of nanoparticles
As presented in Chapter 1, ion implantation of a foreign atom into a matrix above a certain
threshold can lead to the formation of a precipitate. This precipitate grows with increasing
implanted fluence. Several phenomena occur simultaneously during the implantation arising
from the energy transmitted by the incoming ion, as well as the chemical interaction of the
implanted species with the matrix. Previous studies have shown that the chemical compounds
forming can be predicted through thermodynamic considerations. Others have simulated the
nucleation of the precipitate considering ballistic considerations and simplifying the chemical
interactions.
The transfer of the kinetic energy of the incident ion on the implanted matrix leads to atom
displacements. Therefore the chemical interactions and local structure within the ion tracks is
significantly modified.[110] At higher fluence, the probability of having interactions between a
incoming ion and a previously implanted ion increase. The chemistry and thermodynamics of the
nucleation remains elusive due to the number of possible combinations of implanted ion and
substrate. The nucleation mechanism is investigated in detail for selected metal species as
described below.
While the mechanisms of nanoparticle growth are now well-known for most liquid and gas
phase preparation methods, the chemistry occurring in the solid state for methods such as ion
implantation is less well understood and demands further investigation. For instance, while the
physical mechanism driving the growth of nanoclusters for long, high fluence implantation [111]
or during annealing has been described,[112,113] understanding of the first steps of the growth
mechanism during the implantation, including the nucleation, still remain elusive. Two steps will
lead to the formation of a small precipitate of a different phase during ion implantation in SiO2.
First, below a certain fluence threshold the implanted species will stop and interact with the
implanted matrix to form chemical bonds. Second, and if the implanted fluence is high enough,
the probability of interaction between two implanted ion increase and allow the formation of a
metal or oxide precipitate.
In this chapter, an investigation of the physical-chemistry occurring during low-energy Fe ion
implantation into a SiO2 film and which lead to nucleation of nanoparticles is presented. The
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opposing contribution of cumulative ion damage and precipitation in the growth of the
precipitate is also investigated.
Low energy 15 keV Fe atoms were implanted in SiO2 so that the implantation profile remains
in the near-surface region and with low fluence 1016 at. cm-2. Such implantations allow the use of
a wide range of analyses, some of which are limited to the surface. The experimental results are
then compared to TRIM simulations which have been developed to consider the nucleation. Ion
beam analysis was used to investigate the structural and compositional changes of the SiO2 nearsurface region. 2.0 MeV He+ ions were used during RBS experiments. A detailed presentation of
ion beam analysis techniques can be found in Appendix B. Different X-ray spectroscopy
techniques were used to investigate the chemistry and local structure of atoms. XPS and XANES
were performed using a lab source, as well as a synchrotron source. High resolution TEM was
used to image the implanted region. Bright and dark contrast TEM imaging resolves the presence
of the implanted metal against the light matrix. EDX TEM was used on selected points to identify
the elemental composition.

3.1

Thermodynamics during ion implantation

Previous studies indicated that ion implantation in silica could result in the formation of
oxides, silicides or aggregates of the implanted species, depending on its electronegativity and
fluence. Semi-empirical studies by Hosono et al. indicated that electropositive implants (M)
react chemically with oxygen atoms in the substrate structure to form M-O bonds, whilst
simultaneously creating Si-Si bonds at concentrations comparable to the implants. Conversely,
electronegative implants (A) replace oxygen atoms in the substrate structure to form Si-A bonds,
liberating molecular O2 and peroxy radicals. Such implants may have weak chemical interactions
and occur primarily as a neutral state as homomolecules or colloids.[114] Another model
emphasizes the importance of chemical interactions during ion implantation.[115] Thus in the
Fe:SiO2 system, the formation of Fe-O bonds is expected to prevail over the Fe-Si bonds.
Studies of iron implantation into SiO2 suggest the formation of dispersed cationic iron during
the implantation. In particular, medium energy Fe-implantation of SiO2 with fluences above 1016
at. cm-2 was shown to result in the formation of metallic Fe, isolated Fe2+, and both Fe2+ and Fe3+
possibly in Fe3O4 nanoparticles.[111,116] Similar results were obtained with a ZnO
substrate.[117] It has been shown that Fe was observed in four different states depending on
the fluence, temperature of implantation and annealing parameters. Dispersed Fe2+ and Fe3+ are
seen at low Fe concentrations and low processing temperatures, Fe2+ in FeZnO4 at very high
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processing temperatures, while Fe metal is observed for higher fluence. In both cases, the
neutrality of the system is assumed to be conserved by the formation of anionic species. In the
case of the ZnO substrate, isolated Fe cations occupied tetrahedral sites substituting for Zn2+.
More recently, a similar study was performed to study the Co: ZnO system, where implanted
Co2+ substituted tetrahedrally coordinated Zn2+ and promoted nanocluster formation.[118]
Theoretical studies also predicted the formation of nuclei of a few angstroms in diameter after 1
s implantation of 1.5×1012 at. cm-2 s-1 of germanium in silicon oxide at 120 keV (Germanium has a
solubility limit of 1.01×108 at. cm-3 in SiO2).[115]
Table 1 Standard free energy change and enthalpy of formation calculated for different reactions with the
species involved during the implantation.[119]

Free Energy
#
1
2
3
4
5
6
7
8
9
10
11
12

Reaction

T= 300 K
P= 1 atm.
-856.1
604.3
-491.2
-740.5
-1011.7
347.0
334.5
543.6
700.5
364.9
777.7
1633.8

T=3000 K
P= 1 atm.
-363.3
-235.6
-162.7
-54.5
-250.7
148.2
349.9
490.4
475.9
200.6
294.2
779.2

Enthalpy
T= 300 K
P= 1 atm.
-910.9
713.2
-534.5
-823.0
-115.5
342.7
423.0
543.3
706.3
376.4
832.0
1740.6

T=3000 K
P= 1 atm.
-915.6
571.5
-496.6
-812.5
-991.7
441.5
516.7
560.9
839.4
419.0
851.9
1658.7

Even though ion implantation is a non-equilibrium process, comparing the enthalpies of
formation and standard free energy changes can provide useful information to predict the
different possible chemical compounds resulting from implantation of Fe in SiO2. For this
comparison several reactions are considered and presented in the above table. In this table,
reactions 6 to 10 are considering a mix between the 3 species involved during implantation Fe, O
and Si. Hosono’s criteria considers the reaction of the implanted species in their metallic form
with O2 gas formed in the implantation track and occurring at a fictive temperature of about
3000 K (reactions 1 to 5). Cattaruza’s proposed criteria adds the consideration of possible
chemical reactions involving SiO2 and the implanted species at the temperature of implantation,
here around 300 K (reaction 5 to 12).[115] Therefore, based on such thermodynamics
considerations Fe3O4 is more likely to form in the high energy regime while the Fe metal form is
more favourable in the low energy regime. Implantation fluence also needs to be taken into
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account. Indeed, low fluence ion implantation leads to low Fe concentration within the SiO2
matrix limiting the potential interaction between Fe atoms and impeding the formation of metal
clusters. In that case, oxidised states of Fe are to be expected. No silicides nor silicate formation
is favourable under such conditions. The formation of vacancies and SiO molecules during the
implantation is also expected.

3.2

HR-TEM and X-ray analysis of the nucleation process

As discussed above, medium and low energy ion implantation of Fe in SiO2 is likely to form
preferably Fe oxides over other possible chemical compounds at least in the low fluence regime.
The depth distribution and speciation of iron in the SiO2 substrate following ion implantation is
obtained through a combination of microscopy and X-ray analysis techniques.
In this case, low energy low fluence ion implantation was used in order to achieve a profile
of implantation in the near surface region of SiO2. 15 keV Fe+ ions were accelerated towards a
400 nm commercially available wet thermally grown SiO2 film on Si (100) with a fluence of 1016
at. cm-2. Under these conditions simulations performed using Dynamic-TRIM predicted a profile
with a maximum concentration of 8.5 % at about 15 nm. Notably, the concentration is not zero
at the surface. Hence even very near surface ( < 10 nm deep ) analysis methods can be used to
probe the implanted species (see Figure 3.1). In addition, the sputtering yield was estimated at
about 2.20 with yields of 0.61 for Si and 0.79 for O. With low implantation fluence the sputtering
is negligible.

Figure 3.1 Implantation profile retrieved from RBS and the calculated profile of provenance of the Fe 2p signal
for the XPS experiments at two primary photon energies. Concentrations are shown with a ~8 nm lateral resolution.
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TEM analysis (Figure 3.2) revealed the presence of a Fe-rich layer 5-30 nm below the silica
surface. No crystalline Fe or Fe oxide nanoparticles were identified by TEM. However, HR-TEM
showed the presence of 2-3 nm clusters within the implantation region. The onset of a
crystalline state was evidenced by the corresponding Fast-Fourier Transformed picture which
showed broken rings at distances which could correlate to planes in bcc-Fe or Fe3O4. This tends
to indicate the formation of nanoclusters during ion implantation.
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Figure 3.2 Cross section TEM and HRTEM and corresponding FFT image for Fe implantation at 10 at. cm .

Ion implantation is a non-equilibrium process. Indeed, the incident ions can induce structural
and chemical changes metastable with respect to thermal annealing, an effect that has long
been used in the formation of metastable alloys.[120] It is also known that ion implantation can
lead to a supersaturated solid solution which will quickly form precipitates under
annealing.[121] In a crystal, the implanted atoms can take interstitial or substitutional positions,
leading to different bonding environments in the crystal structure. In an amorphous material,
implantation will induce changes in the short range ordering due to point substitutions and
formation of new bonds.
RBS confirmed that in these experiments the implanted Fe stays mostly within the first 25
nm of the silica (Figure 3.1). The concentration of implanted iron reached a maximum ~ 15 nm
below the silica surface. In order to examine the speciation of the implanted iron, XPS
measurements at two different X-ray photon energies (hυ = 1486 eV and 900 eV) and Fe L-edge
XANES measurements were carried out on the samples. XPS is a powerful technique for nondestructive shallow depth profile analyses as the escape depth of emitted photoelectrons, and
hence the information depth, can be changed by varying the source X-ray energy or the angle of
collection of photoelectrons with respect to the sample surface.[122,123] The depth of the
electrons emitted from interaction of the incident X-ray with the implanted Fe atoms was
evaluated using the NIST Electron-Effective-Absorption-Length database (EAL)[124] and XCOM:
Photon Cross Sections Database. [125] The implantation profiles were produced by Dynamic36

TRIM simulations.[126] Note that the resolution of the standard RBS experiments could not be
used to resolve variations at the nanometre level. Nevertheless, the total amount of Fe, depth
of maximum concentration and implanted range retrieved from the simulation were in good
agreement with the values obtained from the RBS results. Details of the probing depth
calculations are given in Appendix B.
Figure 3.1 displays the results of the simulation for photon energies of 900 eV and 1486 eV
for Fe implantation at 15 keV and a fluence of 1016 Fe at. cm-2. Lower energy X-rays will produce
information from shallower depths in the sample. About 99 % of the measured Fe signal will
come from the first 5 nm for 900 eV X-ray, about 75 % will come from the same layer using 1486
eV X-rays. For comparison, the probing depth for the Total Electron Yield (TEY) XANES
measurements can be evaluated similarly at about 7 nm, with 50 % of the signal expected to be
emitted from the upper 4 nm.

Figure 3.3 Synchrotron XPS Fe 2p and XANES Fe-L-edge spectra for different ion fluences.
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Figure 3.4 XPS Fe 2p and XANES Fe-L-edge spectra of reference Fe compounds.

Figure 3.3 shows synchrotron Fe 2p XPS (hυ = 900 eV) and Fe L-edge XANES data for samples
implanted with iron at fluences of 5×1015, 1×1016 and 2×1016 at. cm-2. The Fe 2p XPS spectra
show features at 710.9 eV and 724.1 eV in a 2:1 peak area ratio, which are assigned to the Fe
2p3/2 and Fe 2p1/2 signals, respectively. The peak areas for the Fe 2p signals increase linearly with
fluence. By comparison with the synchrotron XPS for Fe, Fe2O3 and Fe3O4 reference samples
(Figure 3.4), which have Fe 2p3/2 binding energies of 707.1 eV, 710.4 eV and 710.9 eV,
respectively, it was confirmed that Fe was present in an oxidized state after ion implantation.
The presence of “shake up” satellites` on the high binding energy side of the Fe 2p signals for the
implanted samples supports this as such features are characteristic for Fe2+ or Fe3+.
Whilst the Fe 2p chemical shift for the implanted samples would appear to suggest the
presence of Fe3+, it must be remembered that the implanted Fe cations are dispersed in a silica
matrix which is expected to significantly change the Madelung potential around the Fe cations,
compared to a bulk Fe oxide and as such affect the Fe 2p binding energies.
Fe L-edge XANES measurements for the implanted samples indeed confirm that the samples
contain Fe2+. XANES is a technique more sensitive to coordination and bonding environment
than XPS as it probes the unoccupied electronic states of atoms, and as such can reveal
information about the crystal field (octahedral, square pyramidal or tetrahedral) that the Fe
cations occupy. Fe L-edge XANES spectra for the ion implanted samples are shown in Figure 3.3
and are dominated by a set of peaks around 708.2 eV (L3 region, 2p3/2 → 3d transitions) and
another set of peaks around 721.5 eV (L2 region, 2p1/2 → 3d transitions). Corresponding Fe Ledge XANES spectra for the reference materials are shown in Figure 3.4. In the case of Fe3O4 and
Fe2O3, the L2 and L3 features split further due to crystal field splitting effects (i.e. due presence of
non equivalent t2g and eg orbitals). In α-Fe2O3, Fe3+ ions sit in octahedral sites. In the case of
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Fe3O4, half of Fe3+ ions occupy in octahedral sites and half in tetrahedral sites while all Fe2+ ions
sit in octahedral sites.[127] The positions of the main Fe L3 peaks were noted at 708 eV for Fe0,
710.1 eV for Fe2+ and 711 eV for Fe3+.
The Fe L-edge XANES spectra for the as-implanted samples, indicate the dominant presence
Fe2+. In particular, those of the samples prepared at higher fluences are comparable with Fe Ledge literature data for FeO.[128] This tends to indicate that the samples contain predominantly
Fe2+ either dispersed ionic Fe2+ or from Fe(II) in FeO. Nevertheless, the slight increase observed
in the first peak (708.2 eV) relative to its shoulder (709.8 eV) could correspond to the presence
of more Fe0 with increasing the fluence. This suggests that the formation of a metallic precipitate
prevails over the formation of an oxide precipitate. However, the presence of FeO cannot be
completely discounted. Minimal crystal field splitting of the Fe L-edge peaks could be seen for
the ion implanted samples, thereby eliminating the possibility that these samples contained
significant amounts of Fe3+. This work demonstrates the value of using both XPS and XANES in
concert for this type of structural analysis.

Figure 3.5 Lab-XPS (1486.7eV) Fe 2p spectra for different implantation fluence.

Figure 3.5 shows XPS data collected at a photon energy hυ = 1486.7 eV on a laboratory XPS
instrument. At low ion fluences, the Fe 2p spectra show only the presence of Fe2+/Fe3+as was
seen in the XPS studies at hυ = 900 eV (Figure 3. 4). At high fluences (2×1016 at. cm-2) the
presence of weak shoulders on the low binding energy side of Fe 2p oxide peaks can be seen.
The binding energies of these features match perfectly of the Fe metal reference sample (Figure
3.4). This clearly indicates that metallic iron is formed during ion implantation at high fluences.
As shown in Figure 3., the depths of analysis for the different XPS experiments differed slightly,
with data collected at hυ = 1486.7 eV probing deeper in the bulk. A simplified profile of the
oxidation state of Fe over depth can be deduced from these two energies measurements. From
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the surface to about 5 nm depth, Fe is found nearly exclusively as Fe2+ possibly originating from
dissolved Fe2+ occupying tetrahedral sites substituting Si. The next 5 nm likely includes Fe2+ and
Fe0 probably in the form of sub-4 nm metallic nanoclusters. A proposed mechanism for the
substitution and nucleation mechanism is given in Figure 3.6. The incoming Fe atom which has
lost kinetic energy from several collisions in the material, will preferentially delocalize a Si atom
or sit in a Si-vacancy produced by the beam damage. This will also stabilize Si interstitials. When
the concentration is higher than a certain threshold, the probability of having interaction
between two Fe atom increases and Fe-Fe bonds are formed. If the clusters formed this way are
large enough, Fe0 bonds will be present in their center.

a)

b)
Figure 3.6 Substitution and nucleation under low energy Fe implantation. a) Schematic representation of the
substitution and nucleation mechanism. b) The proposed distribution of metallic and oxidized iron (dashed lines
indicates the depths at which the concentration is over the solubility limit).

The XPS evidence is in agreement with the depth where contrast changes can be observed
by TEM imaging (Figure 3.2), the XANES measurements and with the HR-TEM pictures. Indeed,
the XANES probing depth, which is defined mostly by the escape depth of the Auger electron
(651 eV), is similar to the lab XPS experiment. Thus, it is understandable that both will probe the
metallic phase deeper in the material compared to the 900 eV synchrotron XPS. Increasing the
fluence will tend to bring the formation of Fe metal nanoclusters closer to the surface. The
increase in the metallic iron shoulder between 1016 and 2×1016 at. cm-2, determined in the lab
XPS experiment (1486.7 eV), reflects this increase of Fe concentration nearer the silica surface.
These results are in accordance with previously published X-ray absorption and emission
spectroscopy investigation of 100 keV and 1016 at. cm-2 Fe implanted SiO2.[129]

As the

implantation is deeper and because the analyses cannot probe the region of higher Fe
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concentration, they have only depicted Fe2+. The approximate depths at which the concentration
is higher than the solubility limit are drawn on the qualitative profile in Figure 3.6b.
From the XPS analyses at two different photon energies (and hence information depths), it is
possible to estimate the depth at which the concentration of Fe atoms exceeds the solubility
limit of iron in the SiO2 matrix. This lies between 3.0-10.4 nm for the 1016 at. cm-2 implanted
sample. The lower value (3.0 nm) is the depth from which 90 % of the expected signal for a
photon energy of 900 eV is emitted, and the upper value (10.4 nm) is the depth from which 90 %
of the expected signal for a photon energy of 1486.7 eV is emitted. The depth where the Fe rich
region depicted using TEM is found (Figure 3.2) fits well within this range, and lends further
support to the hypothesis that the darker regions in the TEM image contain a metallic Fe phase.
Assuming a uniform SiO2 matrix and the concentration profile of Fe atoms to match the
simulated profile, a value for the solubility limit of Fe in the SiO2 matrix can be found in the
range 2.3 – 6.7 at.%, 1.8×1021 – 4.6×1021 at. cm-3 or 0.17 - 0.43 g.cm-3.
These values are above typical values found in the literature: 0.009 - 0.06 g.cm-3 in the 500 600 °C temperature range.[130,131] The large difference can be attributed to the fact that ion
implantation might allow supersaturation of the solid solution. Indeed the damage induced by
the incident beam may also dissociate the Fe metal nuclei. Also, differences with the literature
values are expected due to temperature differences, different hydration of the SiO2 matrix and
the use of ion implantation to dope the Fe, as compared to diffusion or co-deposition.
Alternatively, one could consider the solubility limit presented in this paper as the high
temperature solubility limit. The local temperature during the solvation process could be as high
as the “fictive temperature” Tf = 3000 K, estimated in previous studies to evaluate the Gibbs
energy of oxidation reaction during ion implantation in a silica matrix.[132] This temperature
was related to the “thermal spike” model of particle irradiation damage.[133] Indeed,
theoretical studies of ion/matter interactions often consider that every implanting ion brings the
material temperature to very high values along the ion path for a very short time.[134,135] In
the present case, once the ion is stopped, the temperature drops dramatically, which quenches
the material potentially allowing apparent supersaturation.
Further, the Fe solubility limit (1.4×1021 at. cm-3), obtained from taking the theoretical value
of Fe at the depth corresponding to the region of the Fe-rich layer furthest from the surface, is
about half the value calculated for the upper region (2.6×1021 at. cm-3). The energy losses at this
depth are known to be lower causing less damage and as a result the local temperature will be
much lower, thus allowing more nucleation.
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This indicates that in the first stage ion implantation of Fe into silica tends to break SiO2
bonds to form “iron oxide-like” species, which remain soluble in the silica matrix. Si atoms,
previously placed in the centre of a tetrahedral surrounded by four O atoms, are substituted by
Fe atoms. The most likely oxidation state for these is Fe2+. During the process, Si-Si bonds are
most probably created in concentrations similar to those of the implanted species as suggested
in previous studies.[115] Increasing the concentration of Fe increases the probability of
interaction between newly implanted Fe ions and the dissolved Fe2+, which results in the
formation of Fe-Fe bonds and thus metallic Fe nuclei. Thus, in the Fe-rich amorphous phase,
larger fluences induce the formation of metallic nuclei. Increasing the temperature of the
implantation is likely to further increase the solubility limit of Fe in SiO2 in silica.
A binary diagram can be drawn on which the transition from Fe:SiO2 solid solution to the
formation of a precipitate (Figure 3.7). The implantation leads to a slight increase in the
substrate temperature which results from the energy deposited during the implantation
cascades. Such an increase was not measured experimentally. It can be estimated from the
current density and energy of the beam such as presented in the litterature.[8] With the present
experimental setup, the temperature increase of the whole wafer was small (<10 °C). It also
results in an increase of the Fe concentration following a Gaussian like profile. Thus for a
particular depth and therefore a particular regime of implantation damage, the increase of the
concentration will lead to the formation of a metallic precipitate above a certain threshold. This
threshold is likely to be a function of the substrate temperature and the implantation energy.
The higher the temperature, the higher the solubility and therefore the higher this threshold
should be.

Figure 3.7 Representative temperature/concentration phase diagram during ion implantation with 15 keV for
the low concentration regime.

Such results have recently been reported from Monte-Carlo simulation and high resolution
TEM studies.[136] These simulations do not take into account the chemistry of the implanted
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species. Thus, more accurate models and simulations could consider displacement energies and
radii of capture of Fe atoms to form a cluster. These are collision cascade ballistic parameters,
the values of which are related to the chemical potential for the formation of Fe-Fe bonds from
an oxide.
As higher implantation energy also brings higher damage, the formation of the precipitate
will come at higher concentration. However, this could also lead to the formation of fewer and
smaller clusters without changing the overall number of Fe atoms in metallic configuration. In
the extreme, very large fluences above 5×1016 at. cm-2 have been shown to produce large
metallic nanoclusters on implantation.[89]

3.3

Structural and chemical changes during high fluence ion

implantation
Classically, the ion beam synthesis of nanoparticles is performed using higher fluences and
higher energy ion implantation than what is used in this thesis. The synthesis of the
nanoparticles was shown to involve beam damage and coalescence with a different range of
energies.
The implantation of Fe ions at 15 keV was performed on the same substrate as presented
above, at different fluences from 1016 to 1017 at. cm-2. A systematic analysis combining IBA, TEM,
XANES and XPS was performed for the Fe implantation.

Figure 3.8 Dynamic-TRIM simulations of Fe 15 keV in SiO2 for different fluences.
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This problem was first investigated using Dynamic TRIM simulations. The results of the
simulations performed assuming a SiO2 stoichiometry and 2.654 g.cm-3 density are shown in
Figure 3.8. Ion beam sputtering of SiO2 and Fe leads to a thinning of the SiO2 film as well as
resulting as a loss of Fe during the implantation. Consequently, the profile tends to move
towards the surface. The steady-state, where the sputtered ions are balanced by the implanted
ones and the profile no longer changes with further implantation fluence until the film is
completely removed, is not yet reached. In addition, the sputtering yield is non negligible.
Dynamic-TRIM predicts a sputtering yield of 2.52 which would lead to the removal of up to 33.6
nm of SiO2.

Figure 3.9 RBS spectra for different implanted fluence.

RBS analysis of the samples implanted with high fluences confirmed the expected simulated
profiles. As shown in Figure 3.9 the evolution of the Fe peak area is follows a similar trend
obtained with the simulated profiles. The small difference observed with the peak area between
the 5×1016 at. cm-2 and 1017 at. cm-2 matches the steady-state concentration. The sputtering is
also evidenced by the shift towards higher energies/ higher channel number observed on the
front, corresponding to Si at the Si/SiO2 interface. The measured sputtered thickness is about
17±5 nm.

Figure 3.10 Juxtaposition of TEM pictures retrieved for different implanted fluences
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TEM analysis revealed the micro- and nano- structure of the implanted region of the SiO2. As
presented in Figure 3.10. The implantation leads to the precipitation of a Fe-rich phase within a
depth matching the implantation depth. Formation of nanoparticles is clearly evidenced. At
higher fluences the nanoparticles appear on the surface from the sputtering of SiO2. Notably
higher fluence leads to the formation of a layer of large nanoparticles on the surface sitting on
top of a SiO2 layer containing smaller nanoparticles. Those nanoparticles are likely to originate
from nucleation in the tail of the implantation profile. High resolution TEM pictures of the
nanoparticles from the as-implanted samples clearly present crystalline ordering (Figure 3.11).
For 1016 at. cm-2 the crystalline nanoparticles are less than 5 nm while they are about 20 nm for
1017 at. cm-2. The fast Fourier transform (FFT) analysis, performed using the software
ImageJ,[137] showed d-spacings close to bcc-Fe (1.97 Å measured compared to 2.027 Å in the
literature [138]).
Interestingly, high fluence implantation leads to the formation of mostly crystalline
nanoparticles. One could have expected that the continuous incident beam would have led to
significant ion beam damage up to complete amorphisation within the implantation layer. FFT
analysis presents a slightly poorer crystalline quality for the 1017 at. cm-2 implanted samples.
There was no evidence for amorphisation such as what was observed for low dimension Co and
Pt nanoparticles under swift heavy ion irradiation.[139,140] . Even if ion implantation of Fe in
the Fe NPs leads to much shallower implantations, it did not lead to different layers within the
nanoparticles. Such an effect is clearly observed when using heavier ions as will be explained in
the Chapter 7. Absence of amorphisation suggests that, at this range of energy, the Fe
nanocrystal can accommodate additional Fe atoms with limited defects.
The absence of amorphisation under ion implantation could be explained by self-annealing
or self-healing of the defects during the implantation. Such effect is well known for dopant
implantation in crystalline Si or InP.[7] The energy deposited by the incident beam is sufficient to
lead to partial recombination of the interstitial and vacancies created during the implantation
cascades. The transient increase of temperature arising from the deposition of the energy of the
incident ion in a very confined volume can also account for the re-crystallisation of damaged
lattices. Under swift heavy ion bombardment, some nanoparticles in ion-deformable matrices
remain crystalline but displayed an elongated shape.[2,141] Different stress level and a
difference in the strain relief mechanisms of nanoparticles compared to their bulk counterpart
could also lead to the observed high resilience.

45

a)

b)

c)

d)
16

16

16

Figure 3.11 HRTEM and corresponding FFT image for different fluences: a) 10 , b) 2×10 , c) 5×10 , and d)10
at. cm

17

-2

X-ray spectroscopy techniques were used on those samples in order to investigate any
chemical changes occurring with increasing implantation fluence. First of all and as expected, the
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XPS survey scans show a higher signal arising from photoelectrons from Fe with higher
implantation fluences. As observed in Figure 3.12 the XPS Fe 2p spectra displayed a larger Fe0
component for the larger fluences. However, within the probing depth the amount of oxidized
Fe is still large. Notably, the Fe 2p ½ clearly showed two components which are even more
pronounced than for the Fe3O4.This is clearer for fluences of 2 and 5 ×1016 at. cm-2. Fe L-edge
XANES spectra present more changes. The evolution from 5 ×1015 to 2 ×1016 at. cm-2 has already
been discussed in this chapter. Surprisingly, the evolution of the Fe0/Fe2+ ratio of the L3 edge
components is reversed again for larger fluence. Indeed, while below 2 ×1016 at. cm-2 the Fe0
component increases with fluence at the expense of the oxidized state. Above this fluence, the
oxidized state increases again.

a)

b)
Figure 3.12 Chemical changes around Fe. a) XPS Fe 2p for different implanted fluences. b) XANES Fe L-edge for
different implanted fluences.

The increase of the oxidized state of Fe in the probing depth of the XANES analysis can
arise from a thicker oxide layer on the surface of the nanoparticles. The formation of an oxide
layer at the surface of the nanoparticles could be explained by their position in regards to the
SiO2 surface. Indeed, for lower fluence the nanoparticles are embedded in the SiO2 whereas they
are exposed to the atmosphere for larger fluence. Consequently the nanoparticles are likely to
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become partially oxidized. Furthermore, a slight broadening of the features can be observed for
the L3 edge for larger fluences. This could arise from the presence of additional transitions with
close energies.

Figure 3.13 XPS spectra of Si 2p for different implanted fluences

Investigation of the oxidation state of Si was performed with XPS. The Si 2p spectra
displayed a peak at 103.4 eV characteristic for Si-O-Si bonds in SiO2 . Another broad peak is
observed around 100 eV for fluence 5 ×1016 and which showed two components at 99.9 and
100.6 eV. This peak could account for the presence of FeSi2 which can be found in the literature
with the 2p doublet peaks at 99.8 and 99.1 eV.[142] The energies of the 2p doublet in Si with
native oxide was found at 99.3 and 99.8 eV. The presence of α-FeSi2 and β-FeSi2 would lead to
transitions at 707.0 eV and 708.7 eV in the Fe L-edge spectra and could account for the
broadening observed in the XANES spectra. [142]
The presence of such silicide phase potentially arises from a slightly higher sputtering yield
for O atoms compared to Si. With a lesser oxygen concentration, the formation of iron silicides
would become thermodynamically favourable. Alternatively ion beam mixing could occur from
ballistic recoil of Si atoms inside the Fe phase.
Consequently and similarly to previous studies of the Fe:ZnO system [117], it is possible to
draw a qualitative phase/fluence diagram taking into account the oxidation state of implanted
Fe as a function of the implanted fluence. For low implantation fluence Fe atoms primarily
substitute Si atoms in the local tetrahedral in a Fe2+ state. Above a certain concentration
threshold, Fe atoms will form metallic bonds. As discussed above, the concentration at which
the precipitate nucleates depends on the solubility limit of Fe in SiO2 and is affected by ion beam
damage as beam damage leads to cluster break-up. The precipitate will continue its growth with
higher implantation fluences.
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3.3

Concluding remarks

These studies have been directed towards examining in nanoparticles formed during
electron beam annealing following ion implantation. Ion beam synthesis of nanoparticles is not a
new process in itself, however in order to understand the growth of the nanoparticles, it is
necessary to have a clear idea of the initial state obtained in the implanted materials.
In this chapter, the physical chemistry behind ion implantation of Fe in SiO2 was
investigated. Experiments provided interesting new results and insights concerning the likely
scenario leading to nucleation and growth of a precipitate upon Fe implantation:
-

Low energy Fe ion implantation leads primarily to Si atoms substitution and therefore to
the presence of Fe2+ in tetrahedrally coordinated sites;

-

Above a certain concentration in the range of 5 to 8 at.%, Fe forms metallic precipitates
likely surrounded by Fe-O bonds;

-

A difference in the concentration threshold for precipitation was observed within the
implantation profile; a likely explanation is the effect of beam damage which tend to
break up the precipitate;

-

The Fe precipitate grows with increasing implantation fluence, showing good crystalline
quality;

-

Above 5×1016 at. cm-2 steady state is reached and the Fe implantation leads to the
formation of silicides; The silicides are likely to originate from a preferential sputtering
of O atoms decreasing the probability of formation of SiO2 and SiO over Fe silicides.
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Chapter 4: Modeling the nucleation during ion implantation
Different methods can be used to simulate ion implantation: the analytical approach, Monte
Carlo and molecular dynamics simulations. The analytical approach, while suitable at a larger
scale of implantation, has limitations at an atomic scale, due to difficulties in modelling
individual atom behaviour. Complex materials are handled very poorly by analytical simulation
software. Hence it is necessary to shift to a Kinetic Monte Carlo (KMC) or molecular dynamics
(MD) simulations at these dimensions. These tools allow for more complex target materials,
with the only limitation being the computer memory available. However these simulations
involve long simulation times, due to the necessity of modelling each atom individually. While
KMC uses reaction rates to provide an approximation of the physical interactions during the
process, MD considers the interactions individually. Consequently MD simulations require much
more computer power.
Several KMC simulations currently exist to model the implantation process, the most widely
validated being Ziegler’s TRIM (TRansport of Ion in Matter) model. However, this model does
not account for the clustering of particles that occurs during the implantation process. Other
TRIM simulations have since been developed to respond to particular needs. Dynamic-TRIM or
D-TRIM for instance consider dynamic changes of the composition.[126] Crystal-TRIM will
consider the crystal ordering of the implanted species.[143] Furthermore, CAD software
developed for use in the microelectronic industries takes into account geometric parameter
related to device process ( masks, shadowing,…).[144] Recent dynamic KMC modelling have
been developed which also take into account the formation of clusters. [62,145]
Simulations have been developed for modelling the clustering process under ion
implantation without considering the full penetration cascade and considering association,
dissociation rates along with diffusion during the implantation process. Such simulation have
shown excellent agreement with experimental results when Ostwald ripening and inverse
Ostwald ripening is occurring.[146,147]
In order to illustrate the effect of beam damage on the clustering process, a simple TRIM
simulation is developed which considers the entire implantation process, including the collision
cascade, sputter and back scatter analysis, as well as incorporating the clustering process.
Diffusion and related dissociation/recombination process will not be considered. It will be
verified that the concentration at which the first nuclei are formed is dependent on the beam
damage. The formulae used in the following examples and on which the simulation is based are
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taken from the works of J. Ziegler, J. Mayer and other scientists from the early days of ion
implantation.[126,148,149] Details about the actual KMC coding are given in appendix A.

4.1

Transport of ion in matter

4.1.2

Collision mechanics

Simulating ion implantation means simulating the successive implantation cascades for each
incident ion and their effect on the implanted matrix resulting from ballistic interaction. Hence
at the centre of the Monte Carlo simulation is the physics used to model the collisions between
atoms induced by the incident ion beam on the implanted material. In a first approximation, the
collisions are assumed to be binary, with only the incident and target atom considered. This
implantation is appropriate for low energy and low current ion implantation as the motion of the
atoms make ternary collision, i.e. involving three atoms, very unlikely.
The implantation cascade is simulated as followed. The incident ion will enter the material
and penetrate a certain depth before interacting with one of the atoms of the implanted
substrate. The length of this initial path is a function of its energy and the materials composition.
The position of all atoms of the substrate is not taken into account, therefore the nature of the
collided atoms is chosen randomly from the substrate composition. During the collision the
incident atoms loses kinetic energy to the collided atom and its trajectory is modified. The
distance travelled by the incident ion before a new collision is then calculated using the new
kinetic energy. Then the following collision is simulated in the same way. The cascade is
simulated as a succession of collisions and is stopped when the kinetic energy of the incident ion
falls under a threshold level. This energy is chosen so that the ion is considered static from that
point onward. This can be the energy from thermal motion in the substrate, or the energy under
which the ion cannot lead to further modification (if its kinetic energy is lower than the energy
required to displace atoms from a lattice site, or break a chemical bond for instance). The
clustering is modelled when the cascade is complete. A detailed description of the cascade is
provided in Appendix C.

4.1.2

Mean free path and distance between two collisions

Assuming an amorphous material, the mean distance travelled by each atom between
collisions, , can be taken simply as the mean distance required for an atom randomly
positioned inside the material and going in a straight line in a random direction to meet another
atom in the materials.
51

Considering only geometric properties of the material, the mean distance between
collisions is: [149]

(4.13)
Where

is the atomic density of the layer and

is the maximum impact parameter,

determined only by the target atomic density: [149]

(4.1)
Once the distance travelled has been calculated, it can be projected onto the x (depth), y,
and z axes using the angle of incidence of the ion.

4.1.3

Energy loss

As the incoming ion passes through the target material, it incurs energy losses due to
interactions with surrounding electrons and nuclei. The nuclear stopping cross-section is as
follows: [149]

(4.2)
The energy loss is proportional to the stopping cross-section:
(4.3)
Where r is the distance travelled by the atom.

is the reduced energy, and is given by:

(4.4)
The reduced nuclear cross-section depends on the value of

For

(4.5)

For

(4.6)

The electronic energy loss can also be calculated analytically.
formulation is used in this case.
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The Lindhard-Scharff

(4.7)
Where N is the atomic density of the target,

is the Bohr radius, and

is the initial

velocity. For the calculation and in order to increase the computation speed the energy loss are
calculated analytically.

4.1.4

Angle calculations

Two reference frames are used in this calculation. The first is the laboratory frame, which is
required for the end result as all projections and positions can only be calculated from this
frame. The laboratory frame is shown in Figure 4.1.

a)

b)
Figure 4.1: Angles in different reference frame: a) the laboratory reference frame, b) the centre of mass
reference frame.

While this reference frame is necessary for visualization of the system, for calculation of the
collision angles it is more convenient to apply a transformation to the centre of mass reference
frame (CM). This transformation results in the system being reduced to a single body problem,
which makes calculation of the scattering angle θc easier. Transformations between these two
reference frames are shown in Table 2.
Table 2: Conversion between laboratory and centre of mass reference frames. The 'c' subscript refers to a
value in the centre of mass frame
Centre-of-mass energy

(4.8)

Laboratory energy of the scattered
projectile
Laboratory angle of the recoil
nucleus
Laboratory angle of the scattered
projectile

(4.9)
(4.10)
(4.11)

53

Calculation of the scattering angle θc is the key aspect of modelling the collision, as all other
parameters are calculated from this. The classic scattering angle equation is: [149]

(4.12)
Where

is the impact parameter, made as a random selection between 0 and

. This

represents how close the incident atom passes to the target nucleus.
The interatomic potential

gives the repulsive force between the nuclei of the two

atoms considered: [149]
(4.13)
is related to the elementary charge, and is equal to 1.44 eV nm.

and

are the atomic

numbers of each atom.
is the screening function, which accounts for the reduction in interatomic potential due
to the nuclei being screened by electrons. Several models for the screening functions exist, such
as the Thomas-Fermi potential, the Moliere approximation, and the Lenz-Jensen approximation.
These are combined by Ziegler, Biersack and Littmark to derive the universal screening potential:
[148,149]
(4.14)
where

, and

, and

.

Solving the integral for each step of the cascade would lead to a very inefficient program. A
simplified version of the scattering angle can be taken such as: [149]

Where

4.1.5

.

(4.15)

Cell dimensions and mirror conditions

Such Monte-Carlo simulations are based on individual atoms simulations. Consequently the
volume of the simulated cell is limited as a large volume would require long computational
times. As the simulation is dynamic, taking into account composition changes, the number of
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atoms, volume size and fluence are related. In this TRIM simulation the implantation is
supposedly homogeneous over the top surface of the implanted volume (Figure 4.2). The
implanted area

in cm2 is calculated based on the known fluence

of atoms to be simulated

in at. cm-2 and set number

such as:
(4.16)

This provides the side width of the cell
(4.17)
In order to avoid edge effects, mirror conditions needs to be implemented on the sides of
the individual volumes. The mirror conditions used here are illustrated in the Figure 4.2. A ion
(red) penetrate the top surface and endure a cascade (red dashed lines). If it leaves a side of the
volume from a point B it is automatically considered as reentering the volume by the opposite
side on the symmetric point B’ so that the projections of the final positions on the first side A
and second side A’ are symmetric. Complementary, ions leaving the volume from the bottom,
for which depth dz is set, are considered lost. The backscattered atoms or sputtered atoms
which would leave the surface are counted but are not considered for further calculations.

Figure 4.2 Schematic representation of the implantation cell and mirror conditions.

4.1.6

Sputtering

Sputtering occurs when the incident ions and secondary ions provide enough recoil energy
to ions in the implanted matrix to leave the surface. For large implantation fluences, this leads to
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removal of the top most layers of the implanted material. The conservation of kinetic energy and
momentum during the incident ion/substrate interaction can be used to calculate the
theoretical sputtering yield under ion bombardment. In the elastic interaction approximation,
the sputtering yield of surface atoms assuming monoatomic targets for a given incident ion
energy can be taken as: [149]

(4.18)

With

the nuclear stopping power cross

section,

And

the electronic stopping power cross section,

where

,

,

and

.
The evolution of the sputtering yield is a non-trivial and this is even more so for multi
element targets. Pathway to analytically determine the sputtering yield in multi elements target
are given in reference [150]. During TRIM simulations of ion implantation the number of
sputtered atoms is usually recorded which allows retrieving the sputtering yield for complex
compounds.
Contrary to of Dynamic-TRIM simulations, the simulations developed here do not take into
account a loss of the sample thickness and are therefore limited to cases where the extent of
sputtering is low.

4.2

Nucleation

The basic principle driving the nucleation of a nanoprecipitate is the saturation. The
implanted matrix can be considered as a solid solution in which the concentration of foreign
atoms is increased. When a solution becomes supersaturated, homogeneous nucleation can
happen in order to reduce the overall free energy of the unstable system. However, ion
implantation is a non-equilibrium process where the incident beam will induce continuous
damage and locally induce transient increase in the temperature.
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In previous investigations, implantation induced nucleation has been approximated as a
purely ballistic phenomenon.[136] During the implantation, whenever two Fe atoms are
separated by less than a certain distance they will bind into a cluster. The distance is defined as
the capture radius Rcap. “The KMC simulations employed included five fundamental processes: (i)
implantation into an amorphous silica matrix at a rate F, (ii) the off-lattice random walk of
implanted atoms, represented by a diffusion coefficient D (the hop distance was chosen to be 5
Å), (iii) the attachment of atoms to each other and existing clusters followed by immediate
relaxation of all clusters to a spherical shape, (iv) the thermally driven detachment of atoms from
existing clusters, and (v) the ion damage induced fragmentation of clusters”.[145] In other
words, the simulation considers a constant flow of Fe atoms through the simulated cell, with Fe
atoms displaced randomly and a square-well potential of interaction for the nucleation such as
displayed in Figure 4.3. Attachment and detachment of atoms are simulated using rate
equations. The implantation damage is approximated as followed: when an incident ion hits an
already formed cluster, all its composing atoms are redistributed in random directions following
a Poisson distribution. The distance between the atoms are then evaluated in order to simulate
the formation of new clusters.
In this study the square-well potential approximation, such as illustrated in Figure 4.3, is
implemented within the TRIM simulation: (i) the ion induced cascades is simulated as explained
above, (ii) at the end of each primary and secondary cascades the distance of the closest
neighbour to displaced implanted atom are evaluated, if the distance is lower than a capture
radius Rcap, the two atoms will bond and the cluster is relaxed immediately to a sphere, (iii)
cluster growth is allowed as the closest neighbour can be inside an existing cluster, (iv)
implantation damage to the cluster is simulated within the cascade. Contrary to the previous
model, the thermally driven attachment/detachment of atoms from the clusters is not taken
into account. The solubility and binding energies are not specifically considered for this
simulation therefore limiting quantitative comparison with experimental data. Nonetheless
those parameters are related to the capture radius. Precise quantification of the process would
require to find relations between the solubility and biding energies to the capture radius.
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Figure 4.3 Square-well potential approximation.

4.3

Results:

Simulating

nucleation

during

low

energy

Fe

implantation
Having a tool which simulates the ion implantation induced nucleation is very useful to
understand the behavior observed experimentally. One fundamental aspect of this simulation is
to elucidate the difference of the solubility limit found on either side of the implantation profile.
Indeed it was hypothesized above that the damage is responsible for this asymmetry.
The model was implemented using MATLAB® thus allowing advanced plotting and analysis
tools to be employed, without requiring much concentration on coding. This choice is at the
expense of the computational speed. Preliminary computations with simple cascades were also
encoded in FORTRAN 77 to enhance computational speed. The figures in this section show
graphs which are produced from the MATLAB program. They have been generated using SiO2 as
the target material, and Fe+ as the incident ion. The implantation cascade can be tracked for
secondary and tertiary collisions. Figure 4.4 illustrates a few collision cascades with point
implantation and without mirror conditions.
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Collision cascade of iron in silica
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Figure 4.4: Collision cascade of iron into silica, showing 10 atoms. Blue lines indicate primary (incident) atom
paths, red lines indicate secondary (recoil) atom paths

The validity of the simulation hereby called Nanoparticles-TRIM (NP-TRIM) was investigated.
Different Fe implantations were simulated and compared with Dynamic-TRIM. The energy
dependence was first tested by simulating 1016 at. cm-2 ion implantation. The simulation was
performed at 1, 5, 15 and 30 keV. Qualitatively the trends observed with Dynamic-TRIM
simulations are also observed with NP-TRIM. However the projected range and concentrations
differ. The difference is likely to originate from the simplifications used in the energy loss as a
function of the composition and energy.

-2

Figure 4.5: Distribution variation with energy for 1016 at. cm implantations. Comparison between imulations
from Dynamic-TRIM and the present TRIM simulation NP-TRIM.

A better match is observed when comparing the two programs with fixed energy and when
varying the implantation fluence. However, Dynamic-TRIM simulations consider different
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binding energies as a function of the materials composition, take the sputtering into account and
update dynamically the thickness of each layer. Dynamic-TRIM shows a shift of the peak of the
implantation profile towards the surface. In contrast, the implantation profiles simulated by NPTRIM do not show this shift and the concentration near the surface diverges significantly from
Dynamic-TRIM. A better match could be obtained by considering different binding energies
when Fe atoms are in a nanoparticle. This would lead to a lower sputtering of Fe atoms and
increase the concentration in the near the surface region at high fluences.

Figure 4.6: Distribution variation with energy for 15 keV implantations and various fluence. Comparison
between simulations from Dynamic-TRIM and the present TRIM simulation NP-TRIM.

Using the ballistic approach for the clustering, the nucleation showed good qualitative if not
quantitative agreement with the experiments. A capture radius of Rcap=1 nm was chosen. Indeed
and as observed in Figure 4.7, the profile of nanoclusters follows the profile observed in the
experiments. Most of the clusters are found in the middle of the implantation region from 7 to
about 18 nm.
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Figure 4.7 Projection of the position of the atoms after 10 at. cm 15 keV Fe implantation. The clusters radii
are not to scale but the proportions are kept from one nanoclusters to the others. The plot on the top show the
corresponding Fe distribution.

The position of the clusters is clearly off center compared to the implantation profile with
significantly fewer big clusters in the upper layers than in the tail of the implantation subjected
to lower beam damage. The evolution of the concentration threshold at which the precipitate
nucleates with the implanted fluence was recorded and results are presented in Figure 4.8.
Examples of positions at which the concentrations were taken are shown in Figure 4.7. The
asymmetry between the concentration in the surface region and in the tail of the implantation
profile was observed for all fluences. Notably, when not considering the breakup of clusters
from beam damage (results not shown), no significant difference was observed between the
concentration thresholds in the near-surface region and in the tail of implantation.
The simulation takes into account the damage caused by the incident beam on the already
formed clusters. These results strengthen some of the hypotheses made above to explain the
difference in the concentration threshold observed in the near surface region compared to the
tail of the implantation. The incident beam has sufficient energy in the near surface region to
induce breaking of clusters. On the other hand, in the deeper regions, the incident ions have less
kinetic energy and will not induce recoil atoms in the nanoclusters. However, as the simulation
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does not take into account the effect of local temperature increase, or the differences in the
binding energies from having nanoclusters or diluted Fe atoms, these results are not
quantitative.

Figure 4.8 Evolution of the concentration threshold for nucleation with the implanted fluence at 15 keV.

As expected, the simulation of the clustering with increasing fluence diverged from the
experimental data for higher fluences. Indeed, for fluence above 2×1016 at. cm-2 experiments
showed large nanoparticles forming on the surface. As observed in Figure 4.9 the simulation
showed no nanoclusters on the surface region for higher fluences. The divergence originates
from having not accounting for sputtering appropriately.

16
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Figure 4.9 Projection of the position of the atoms after 10 at. cm 15 keV Fe implantation. The clusters radii
are not to scale but the proportions are kept from one nanocluster to the others. The plot on the top shows the
corresponding Fe distribution.
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4.4

Concluding remarks

A model for the nucleation under ion implantation was developed and simulations were
performed using KMC code. The code implements TRIM fundamental formulae and uses a
simplified nucleation mechanism as a square well interaction potential which considers
automatic attachment whenever two implanted atoms are closer than a certain capture radius.
As the model also considers beam damage the ballistic hypothesis made to explain the
difference in the solubility limit observed above and below the peak of implantation was
investigated.
The formation of clusters respect the overall distribution observed under electron
microscopy. When the beam damage to the clusters is taken into account, an asymmetry in the
concentration threshold at which clusters nucleate is observed. Near the surface, where the
clusters suffer larger beam damage, the concentration threshold is higher. In the tail of the
implantation profile, where the incident ions induce less damage, the concentration threshold is
lower. This supports the trend observed experimentally in Chapter 3. A better simulation could
be performed taking into account different binding and activation energies. This could allow
simulating the formation of particular chemical species.
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Chapter 5: Effect of annealing environment on the diffusion
and precipitation of implanted iron in SiO2
Ion beam synthesis of nanoparticles is often followed by an annealing step. This allows the
curing of defects and growth and ripening of the particles. During annealing, the implanted
species can diffuse, precipitate and undergo chemical changes.
Diffusion processes in glasses have been extensively studied in order to achieve better
control of materials properties after ion implantation,[151] deposition,[131,132]

or ion-

exchange.[152] However, a complete understanding the diffusion mechanism in amorphous SiO2
films on Si still remains elusive. For instance even though the diffusion of metal impurities is
important for microelectronics, there is very little data and theory available, specifically on the
solubility and diffusion of Fe in SiO2.[153] The diffusion sink phenomenon, observed as an
accumulation of Fe at the SiO2/Si interface, often leads to precipitation and has yet to be fully
explained.
Detailed studies of diffusion in thin films and nanomaterials have been presented.[154] Both
continuum theories and discrete/atomistic models have provided appropriate solutions to
complex diffusion process at these scales. In particular, many non-Fickian or “anomalous”
diffusion processes have been successfully modelled.[154]
Another much studied aspect in diffusion related problems is control of the diffusion of
metal impurities. Several pathways to prevent the diffusion of metal ions in solids have been
investigated. In particular, the incorporation of gettering layers to capture the undesired atoms
is a well-known technique. For instance, buried SiO2 layers produced from a lift-off process or
from O ion implantation, were shown to efficiently prevent metal diffusion in the subjacent
layers.[155]
The annealing atmosphere appears to be a critical parameter in the diffusion and clustering
mechanisms. Annealing under a reducing atmosphere of Ar and H showed the formation of
surface Fe-rich nanoparticles prior to the formation of silicon oxide nanowires.[156]
In this study, electron beam annealing is proposed as a suitable annealing method to induce
the formation of surface nanoparticles. The use of an electron beam for post-implantation
annealing has not been much investigated has it requires specific setup. Nevertheless EBA
present interesting advantages:
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- Rapid termal annealing; it can be used as a rapid thermal annealing process as the heating
rates can be large due to large beam current density and radiative heat losses with small
samples;
- High vacuum; it is performed under high vacuum conditions where only the sample is
heated, therefore limiting the formation of gaseous compounds (e.g. from the walls of a oven);
- Reducing environment: interaction of electron with materials can lead to excitation of the
electron clouds, formation of ions and radicals and modify the activation energy for chemical
reactions in the materials.
This chapter aims to provide an understanding of the diffusion and precipitation
mechanisms lying behind the synthesis of Fe nanoparticles embedded in and at the surface of
SiO2 and explain the effect of different annealing environment: Electron Beam Annealing (EBA),
Furnace annealing under vacuum (FA-vac) Furnace annealing in air (FA-air). A set of
complementary techniques were used to investigate the structural, chemical and composition
changes. Surprisingly, while vacuum annealing led to fast diffusion and precipitation, air
annealing displayed limited diffusion. The diffusion-limiting effect of O atoms in excess was
further explored by pre-implanting O below the Fe implantation range. The main hypothesis is
that the diffusion length of Fe is dependent on the concentration of O in the SiO2 film through
redox reactions. A Monte-Carlo based simulation was thus developed which considers random
walks of independent Fe atoms in SiO2.

5.1

Diffusion and precipitation of Fe in SiO2 under high vacuum

annealing
Annealing of the implanted SiO2 leads to the diffusion and precipitation of Fe. In this first
part, the general features of the diffusion and precipitation observed at different temperatures
and various annealing environments will be presented and discussed.

5.1.1

Fickian and non-Fickian diffusion

In a low pressure gas, the diffusion of a species results from the random motion, also called
Brownian motion, of the atom upon thermal agitation. The random motion is driven by the
collision between atoms and within a defined volume. This results in the atoms diffusing from
the highest concentrated parts of the volume to the lower concentration area.
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Fick’s laws describe the relationship between the evolution of the concentration in the
volume and the distribution of the diffusing species. If the diffusivity D is not a function of the
concentration or the time, the evolution of the concentration through diffusion can be described
following Fick’s first law:
(5.1)
With N the concentration at the coordinate

and the time t,

is the

amount of diffused species per unit of area per unit time.
In one dimension Fick’s first law can be written:
(5.2).
Therefore diffusion is “Fickian” when it follows such trends. The solution of Fick’s first law in
one dimension can be used to estimate the diffusion profile after a certain amount of time. In
the simple case where a solute diffuses from an interface considered as an infinite source of
constant concentration at the interface N(0,t)=N0 into a material, the solution can be written:
(5.3) where

is the diffusion length.

Such a description can also be applied to liquids and solids, with diffusivity values and
diffusion length varying greatly with the density of the media: typically cm to m in gas, µm in
liquids, and nm in solids. The chemical interactions and materials structures will drive the
diffusion mechanisms which might then differ from Fickian diffusion.

5.1.2

Fickian diffusion in the Fe implanted SiO2/Si system

The diffusion of Fe in SiO2 from a deposited layer and under a N+H annealing environment
has already been reported in the literature. An analytical description of the diffusion was
proposed which considers Fickian diffusion in the SiO2 on Si system from an infinite source of Fe
at the SiO2 surface.[131] A two-boundary diffusion model is used in order to account for the
difference in diffusivity in the SiO2 film and in the Si substrate. It considers Fick’s law for diffusion
in the layer of oxide sitting within depth – a to 0 and an infinite substrate for positive values such
as:
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–

With

and

(5.4),

are the concentration as a function of time and depth in the

oxide and the Si substrate respectively.
Such a model solves the continuity at the interface by considering the ratio of the solute
concentration in the different media at equilibrium. Such a ratio, the segregation coefficient
was fitted empirically with the following Arrhenius law

. The

concentration profile after annealing can therefore be calculated as:
(5.5),

(5.6),

With

,

,

and

.

The function of diffusivity of Fe in SiO2 over the temperature is also empirically described as
an Arrhenius law such as

(5.7).

Figure 5.1 Evolution of the normalised Fe peak area during in-situ RBS experiment performed at 770 °C. The
dashed line shows the best fit for the in situ RBS measurement.

At lower annealing temperature the concentration profile obtained from such equations is
consistent with the experimental data. An in-situ annealing of a 1016 at. cm-2, 15 keV Fe
implanted SiO2 sample was performed during RBS experiments which provides an acceptable fit
with Fickian diffusion (Figure 5.1). The details of the in-situ annealing experiment are given in
Appendix D. To limit the influence of the beam the beam spot was moved every two points.
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Similar diffusion behaviour was observed with furnace annealed samples at 800 °C under
vacuum.
This fit was obtained using a diffusivity of 1.1365x10-16 cm2/s whereas the diffusivity
calculated from the literature is 5.2057x10-14 cm2/s. [131,132] A lower diffusivity is expected
because the source of atoms is not infinite compared to the ideal two-boundary model used for
calculation.

5.1.3

Non-Fickian diffusion with high temperature, high vacuum

annealing
At high temperature, typically around 1000 °C and above, FA-vac quickly led to the
formation of an aggregate at the SiO2/Si interface. This fast, non-Fichian diffusion was
investigated with IBA. RBS was performed on samples annealed at 1000 °C for 60 s to 2 h. The
evolution of the Fe peak is shown in Figure 5.2. Even after only 60 s annealing, a peak located at
about 1.3 MeV is observed. This peak corresponds to the presence of buried Fe. The energy loss
leading to the shift in energy indicates that this accumulation of Fe atoms is located at the
SiO2/Si interface.

Figure 5.2 Evolution of the Fe signal from RBS with different annealing durations under FA-vac at 1000 °C.

The observed diffusion is much higher than expected and leads to a concentration of about
2.49x1020 at./cm3 after 60 s annealing. Using the analytical formula presented above and
diffusivity values found in the literature such concentration was found at only about 80 nm of
the source. In addition, Fickian diffusion would lead to having a significant amount of Fe in the
intermediate depths. This was not observed experimentally.
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5.1.4

Precipitation and Ostwald ripening

The nucleation, process with which the formation of a new phase begins [157], arises when
a solute is at higher concentration in a matrix than its solubility, i.e. the solution is at
supersaturation. Because the solubility of a compound can be changed by adding a proper
reactant to the solution, or changing the temperature, the nucleation can be triggered in many
different ways. It is interesting to note that in the case of a solid solution, the solute must have
enough mobility in the matrix in order to nucleate and grow. For this, it is often necessary to
bring thermal energy to the matrix. This will be important for understanding ion beam induced
nanoparticle formation.

Standard nucleation and growth mechanisms
There are three kinds of nucleation processes: Homogeneous, heterogeneous and secondary
nucleation. Secondary nucleation occurs from the decomposition of pre-existing nuclei under
the influence of the supersaturated solution through shearing or collisions and is not likely to
occur in the present system.[158]
In the absence of a solid interface, homogeneous nucleation occurs by combining solute
molecules to produce a nucleus. This is due to thermodynamics because the supersaturation
solution is not stable. The free energy needed to nucleate a spherical cluster this way is then
(5.8)
Where V is the molecular volume of the precipitated species, r is the radius of the nuclei, kB
is the Boltzmann constant, S is the saturation ratio and γ is the surface free energy per unit of
surface area for the material considered. When the solution is supersaturated, S>1, the free
energy has a positive maximal at a critical size r* with:
(5.9).
Heterogeneous nucleation happens when preferential sites, such as phase boundaries or
impurities are present. The presence of such preferential sites lowers the free energy barrier.
(5.10)
Where θ is the contact angle, and

. Heterogeneous

nucleation is sometimes used to allow nanoparticle coating of surfaces, presented in Figure 5.3,
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or to help the growth of nanoparticles using other nanoparticles. Here also, supersaturation
leads to crystallization with a critical size r*, only the nucleation will occur faster than its
homogeneous counterpart.

Figure 5.3 Heterogeneous and heterogeneous nucleation on carbon nanotubes and growth of nanoparticles.
[19]

Once a nucleus has been formed, the growth of the particle begins. Because of
thermodynamic forces, driven by the equation cited above, for a given value of the saturation
ratio, every particles with a radius smaller than r* will tend to dissolve whereas bigger particles
with radii over r* will grow and form stable particle. After nucleation, particles grow by addition.
In addition, particles with radius superior and close to r* will grow faster because their free
energy driving force is larger. The size distribution tends to be focused at this stage of the
growth. If the growth is stopped early in the growth, size distribution will be narrow. However,
the growth will consume the solute and irreversibly decrease S. At this stage, Ostwald ripening
will occur. Because S decreases, r* will increase in accordance with the equations cited above.
Smaller particles will see their radius going under the increasing critical size and be gradually
dissolved. Bigger clusters on the contrary, will continue growing by consuming the recently
dissolved material and the residual reactant. Because of this, the distribution gets broader
sometimes with a bipolar distribution.
In addition to this growth, aggregation of particles will occur. This secondary growth is
usually faster. When particles have reached a stable size, aggregation happens preferably with
smaller unstable nuclei.

Observing Ostwald ripening in Fe implanted SiO2 at low temperature
vacuum annealing
Ostwald ripening was observed using in-situ annealing during plan view TEM. The
measurements were performed by Dr. D.R.G. Mitchell at ANSTO, Australia. The ANSTO facility
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allows heating samples up to 850 °C in the TEM using a hot stage. It is then possible to take TEM
pictures of the same area on the sample at different temperature steps, which gives an overview
of the clustering mechanism on the surface. The following table shows the resulting pictures
taken after different temperature plateaus on the same region of interest. The sample used was
a 1016 at. cm-2 15 keV Fe implanted, 400 nm, SiO2 thin film on Si.
It appears that increasing temperature induces the agglomeration of the nanostructures into
bigger structures. The crystalline quality of the nanoparticles is observed to improve
progressively. The growth of larger nanoparticles is clearly observed at the expense of smaller
ones, as expected from Ostwald ripening. Interestingly, at higher temperature, the relative
positions of some nanoparticles are observed to change. Similar precipitation behaviour were
observed with ex-situ annealing and are shown later.
It also appears that a whole cluster can move during the process and agglomerate with
smaller structures on its way. This “snow ball” effect, enhanced under EBA, will be discussed
further in section 5.2.6.
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Table 3 Summary of the in-situ annealing during TEM plan view.
T(°C)

TEM plan view

Comments
(Bragg diffraction pattern at some heating steps)

0

Before heating the sample shows a homogeneous
amorphous surface.

200

400

Up to 400°C no clusters can be noticed at the surface. At
400°C some dots appears on the surface.
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500

At 500°C 1-3nm wide nanoparticles can be clearly seen on
the surface. Arrows indicate 4 clusters that will be followed
during the heating process. Nevertheless the surface shows
no improvement in crystallinity.

550

Heating increases the number of clusters and also induces
formation of additional bigger structures.

600

Nanoparticles are noticeably becoming crystalline.
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650

700

The crystalline state is improving.
The size of the nanoparticles slightly increases, and some
of the nanostructures disappear.

750
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800

850

The nanostructures are now much more crystalline. Some
of the nanostructures disappeared (circles) while the
others are getting bigger.

+8min

The phenomenon still occurs. On the left a nanoparticle
has moved from its former position to the place where
there was previously a smaller nanostructure.
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Crystalline state after FA-vac at high temperature

Figure 5.4 TEM, HR-TEM pictures and corresponding SADP for FA-vac annealed samples at 1000 °C and 1 h.

As observed in Figure 5.4, the materials resulting from 1000 °C FA-vac of 1016 at. cm-2 display
polycrystalline nanoparticles embedded within the implantation range. The formation of a
precipitate at the SiO2/Si interface was also noted (pictures not shown).

5.2

Electron beam annealing: effects of a reducing environment

Electron beam annealing is a very useful tool for materials annealing in a high vacuum
environment. It allows very controllable heat treatment for heat treatment from a few 100s °C
to more than 1000°C. An electron gun is used to generate an electron beam from a heated
filament. The electrons are accelerated towards the sample to be annealed by a negative
potential. Electrostatic lenses or magnetic quadrupole lenses and a scanner are used to focus
and scan the beam on the sample and increase the electron density for more efficient heating.
Here, the investigation will focus on the specificities of using an electron beam for the
synthesis of metal nanoparticles from 1016 at. cm-2, 15 keV Fe implanted SiO2 samples. The
electron beam will be shown to act as a reducing environment for annealing. The protruding of
the nanoparticles from the SiO2 surface will be explained in term of desorption of the SiO2 layer.

5.2.1

Medium/low energy electron matter interaction

Charged particles follow a range of interactions entering in matter. The length at which such
particle will be stopped depends on the probability of such interactions to occur and the energy
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lost during each interaction. The type of interactions depends on the mass, charge and kinetic
energy of the charged particle. The interactions will lead to a loss of kinetic energy of the
incident particle which can stop the particle.
During electron beam annealing as used in this study the electron energy is 20 keV. At such
energy, an electron will undergo mostly inelastic interactions with the electron cloud in the
sample. Inelastic interactions for which some energy is lost to the medium can take place with
Bremsstrahlung photon emission through Coulomb interaction with the nucleus, excitation and
ejection of electrons. Inelastic interaction prevails when the energy decreases. The Coulomb
interaction between the incident electron and electrons from the atoms lead to elastic
scattering of the incident electron and is significant at 20 keV but more prominent at higher
energies.
For such energy the maximum penetration range in SiO2 is in the micrometre range.[159] In
contrast to ions, which have a Gaussian distribution profile, the electrons will have a quasi
hemispherical distribution within the materials. This leads to a near uniform distribution of the
electrons within the oxide layer and below during the annealing. The electrons have a short
lifetime in the matrix before being captured or carried away to the closest ground potential (the
back of the sample). As the beam constantly scans the sample the material can reasonably be
considered to have a constant excess of free electrons. It is then possible that the electrons act
in the solid solution very similarly to radicals in liquid solutions. This validates the consideration
of the electron-beam as a reducing atmosphere during annealing. This reducing effect is likely
responsible for the higher activation rate of the implanted species observed for p-type doping in
ZnO.[160,161]
Long exposure to a focused electron beam induces changes in materials. Those changes are
particularly important on organic-based materials where the beam can induce great
modification through formation of radicals, backbone rupture and cross-linking. Electron beam
annealing has also been shown to induce surprising changes of the surface topography of flat
silicon substrates. Nanowhiskers of Si were observed after high temperature EBA.[162]
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5.2.2

Effects on the diffusion

Figure 5.5 Difference of diffusion between FA and EBA annealing. Fe peaks from RBS. Inset shows the
corresponding RBS spectra for EBA.

Fast diffusion leading to the aggregation at the SiO2/Si interface was observed similar to FAvac. RBS revealed that annealing at elevated temperature, 1000 °C and above, leads to fast
diffusion towards the SiO2/Si interface. In less than 60 s annealing, a significant amount of the
implanted material, up to 12 % is observed at the SiO2/Si interface. No peak corresponding to
the aggregation at the SiO2/Si interface was observed even with annealing up to 860 °C. This
suggests that the fast diffusion at the interface has a threshold behaviour.
Notably, there were no traces of Fe detected with RBS in the intermediate depths. This was
verified using SIMS experiments. Indeed, SIMS scan performed across the full oxide layer for a
sample showing the aggregation at the interface detected no significant Fe at intermediate
depths (see section 5.4.2).
In contrast with FA-vac, the Fe in the near surface region is retained more under EBA. The
out-diffusion observed for FA-vac does not seem to occur under EBA even if the nanoparticles
are exposed. The out-diffusion is easier to occur if Fe is in Fe:SiO2 rather than within a metallic
nanoparticle.
As presented above, precipitation related mechanisms such as coalescence and ripening
tend to lower the overall free energy. It is likely to be more favourable for Fe to stay in the
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precipitate rather as a solute in the SiO2 matrix. Fe atoms in a nanoparticle are less likely to
contribute to diffusion as there is an additional energy barrier related to the atom leaving the
precipitate.
The opposing contribution of precipitation and diffusion was also evidenced by investigating
the annealing of high fluence implanted samples. In chapter 3, the nucleation was shown to
occur also during the ion implantation. For higher implantation fluences the nanoparticles
aggregate into large poly-crystalline nanoparticles. The RBS spectra taken for those samples for
different annealing duration under EBA at 1000 °C showed that for low annealing duration, the
decrease observed in the implantation region is significantly lower, even in absolute value. In
addition, the aggregation at the SiO2/Si interface was observed to decrease as a function of the
fluence. This tends to confirm that Fe in the precipitate is less likely to contribute to diffusion.
This is particularly true for the fast diffusion, leading to the aggregate at the SiO2/Si interface.

5.2.3

Structural and chemical changes under EBA

Figure 5.6 Evolution of the structure during EBA of implanted Fe. TEM and cross sectional HR-TEM for different
16

-2

annealing durations at 1000 °C on 10 Fe at. cm 15 keV implanted samples.

The precipitation and ripening of the Fe precipitate was observed using microscopy
techniques. TEM images reveal the structural changes occurring during EBA at 1000 °C. The
surface structure first changed from the as-implanted structure presented in the previous
Chapter, to a core-shell structure which then quickly evolved into single crystalline nanoparticles
(Figure 5.6). During the process, the nanoparticles protrude from the surface. The changes in the
nanoparticle size and surface distribution showed features from multiple nucleation, with the
formation of smaller nanoparticles while larger and growing particles are still present. This is
clearly seen in results from the 1800 s and 3600 s annealing. Also, while the Fe-rich region
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observed in as-implanted samples is located between 6 and 25 nm beneath the surface, the
nanoparticles observed after EBA are located just below the surface, or on the surface.
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Figure 5.7 Evolution of the lab-XPS Fe 2p spectra with the EBA duration for 15 keV 10 at. cm Fe implantation
and an annealing temperature of 1000 °C.

XPS measurements were used to document the chemical state changes that occurred in the
top 10 nm of samples during EBA. Lab XPS spectra (Figure 5.7) taken at 1486.7 eV indicate that
the concentration of Fe in the near surface region of the samples first increases over the first 30
s of annealing, then decreases with prolonged annealing treatments. Furthermore the ratio
between the Fe0 and Fe2+/3+ components varies during the annealing. Fe0 is predominant for low
annealing duration.
TEM and XPS results were interpreted by suggesting that four phenomena are occurring:
•

EBA is selectively etching the SiO2 surface through desorption of SiO resulting in an

increase of Fe concentration near the surface. Etching of the outermost SiO2 layers moves the
XPS data progressively towards the maximum Fe concentration of the ion implantation (initially
12 nm from the air/silica interface).
•

The concentration of Fe dissolved in silica by implantation (an average of 3×1021 at. cm-3)

greatly exceeds the solubility limit of 2×1015 at. cm-3 at 1000 °C, even close to the surface. Hence
the formation of Fe clusters will reduce the concentration of dissolved Fe in the silica matrix to a
level below the solubility limit. Initially formed Fe metal nanoparticles with Fe oxide rich shells
morph into fully crystalline Fe metal nanoparticles over time, potentially driven by the reduction
of the oxide shell by excess Si atoms in the silica matrix present after implantation. Further, EBA
also provides a reducing environment which can favour the formation of Fe metal. Indeed, while
previous studies have shown that annealing under an oxygen-rich atmosphere leads to the
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formation of oxide nanoparticles,[163] vacuum annealing induces the formation of metal-Fe
nanoparticles similarly to annealing under a hydrogen atmosphere.[164] Note that vacuum
annealing leads to the formation of fewer nanoparticles with poorer crystallinity, highlighting
the importance of the electron beam.
•

Implanted Fe ions will diffuse inside the SiO2 matrix and towards the surface. Some Fe

atoms might leave the sample under high vacuum and high temperature conditions, thereby
reducing the concentration of surface Fe metal.
•

Fe nanoparticles at the gas/solid interface can be oxidized in air and develop a thin oxide

shell.
These mechanisms are detailed in the following.

5.2.4

Formation and nature of the shell

The structure and composition of the shell observed at low annealing duration was
investigated using TEM, XPS and Medium Energy Ion Scattering (MEIS). Details of the MEIS
experimental setup and analysis are given in Appendix D.
As can be seen in the TEM images (Figure 5.6), the core has a strong and different contrast
suggesting the formation of a crystalline precipitate. In some pictures, lattice fringes were
observed that were in apparent agreement with Fe-metal. From these pictures it was not
possible to exclude a Fe3O4 crystalline core, as the lattice parameters are close to those of Fe.
Also, the composition of the shell was unclear.
In Chapter 3 it was shown that the implantation led to the formation of a Gaussian-like deep
profile distribution of Fe atoms inside the silica. Between 7 and 22 nm the concentration was
high enough to allow nucleation during the implantation. However the solubility limit under such
conditions was observed to be much larger than what is expected under equilibrium conditions.
Hence, it is likely that the Fe solubility limit in SiO2 at equilibrium is reached at shallower depths,
but that beam damage opposes clustering by breaking Fe-Fe bonds.
Consequently, short annealing at high temperature is sufficient to result in precipitation of
additional metallic Fe nuclei at much shallower depth where the concentration is higher than the
solubility limit at equilibrium (~ 2 at.% in the 500 – 600 °C range). [131,132] This will lead to
formation of metallic precipitates at about 2-3 nm under the surface. Knowing that the etching
rate under EBA is about 22 nm.h-1 (see section 5.2.6), such metallic precipitates would be found
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at about 1.6-2.6 nm. The core of near-surface nanostructures observed in TEM pictures present
a truncated spherical shape while the nanostructures observed deeper in the silica matrix are
spherical. The depth at which the truncated metallic core starts within the 1.6-2.6 nm region
which is coherent with the depth at which the as-implanted precipitate is found. This also
suggests that the mechanism of core growth happens first through agglomeration of small
metallic nuclei.
As reported above, XPS and x-ray absorption near edge spectroscopy analysis indicated the
presence of a Fe metal, which arises from the nanoparticle core. Energy-resolved XPS allows the
oxidation states of the different chemical compounds to be probed at different depths.
Increasing the incident photon energy and hence the probe depth, induced an increase in the
peak height at 707.8 eV corresponding to Fe0 in the total Fe 2p3/2 signal (Figure 5.8a). In this case
and for low annealing durations, Fe was mostly in a Fe2+ state with a peak at 710.9 eV and at the
surface (incident photon energies ranging from 850-1150 eV). The metallic Fe0 peak at 707.1 eV
was observed to increase when probing deeper, which is consistent with having metallic cores
slightly buried in a Fe2+ rich shell.

Figure 5.8 Evolution of the Fe 2p1/2 for different photon energies.

MEIS data provided the compositional details and new information about the composition of
the shell. Figure 5.9a shows the MEIS spectra at three different angles and the corresponding fit
after 60 s EBA. It was found that the experimentally determined geometry could not be fitted to
a pure iron oxide shell. Thus, the shell is likely to contain silicon. The best fit, displayed in Figure
5.9a, was obtained using Fe metal cores and shells containing FexSi33-xOy with x=14, y=67 and an
atomic density the same as that of SiO2 (6.2×1022 at. cm-3). It is also possible to obtain a
reasonable fit with y=52 and a density 5.3×1022 at. cm-3 that is better at lower angles. It is likely
that there is an inhomogeneous distribution of oxygen atoms with a lower oxygen concentration
near the surface. To date, although different FexSiyOz compounds with various stoichiometries
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and densities have been observed, this Fe14Si19O67 amorphous compound has not yet been
reported in the literature.

Figure 5.9 a) MEIS experimental spectra after EBA of Fe nanoparticles and their fitting. b) Distribution of Fe in
the core in the near surface region.

The concentration of the Fe atoms as a function of depth after 60 s EBA was obtained from
the MEIS analysis and shown in Figure 5.9b. The total Fe distribution is typical of that observed
in implanted and annealed materials. There is a near Gaussian profile after implantation that
peaks at 12 nm. EBA leads to a diffusion of Fe atoms towards the less concentrated region. This
explains the asymmetric shape of the profile in Figure 5.9b. Notably, the depth of the
concentration maximum has substantially moved towards the surface after EBA compared to the
simulated depth profile showed in Figure 3.1 and can now be found at about 6.8 nm. As
explained above, this 5.2 nm shift is likely to originate from a combination of the SiO 2 surface
desorption and the fast diffusion of a portion of Fe atoms towards the SiO2/Si interface.
In contrast to other ion scattering methods, MEIS can be used to determine the depth
profiles of Fe atoms in the core and in the shell. The resultant profiles are also shown in Figure
5.9b. The concentration of Fe atoms in the shell systematically decreases with increasing depth
and the concentration of Fe atoms in the core is negligible at the surface and only starts to
increase after ~2.5 nm. All of these observations are entirely consistent with the geometrical
model obtained from the TEM data.
The complementary MEIS and TEM analysis (MEIS+TEM) shows no significant Fe in the SiO2
matrix. This indicates that in the shell Fe is found in the Fe2+ state. In order to ascertain this
hypothesis, the depth profiles of Fe0/Fe2+ ratio was calculated from the peak-to-peak ratios of
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the XPS spectra at different photon energies and compared to the Fecore/Feshell ratio from the
MEIS+TEM analysis. The Fecore/Feshell ratio as a function of depth is calculated from Figure 5.8.
It can be seen in Figure 5.10 that there is a good agreement between the Fecore/Feshell ratio,
as obtained from the MEIS+TEM data, and the Fe0/Fe2+ ratio obtained from the XPS data. The
probing depths for different photon energies Ep were estimated as the inelastic mean free path
of the photoelectrons emitted with a kinetic energy Ek=Ep-710 eV. The horizontal error bars in
Figure 5.10 represent the difference between the EAL and IMFP approximations. The slight
divergence for the deeper points is likely to originate from the approximations chosen for the
probing depth. This divergence is expected to increase with increasing depth.

0

2+

Figure 5.10 Comparison of the distribution of Fe in the shell and in the core against the profile of Fe over Fe .

A better fit could be obtained by taking into account the non-homogeneity of the
composition of the material and calculating the different probing depth in accordance to the
depth profile of Fe in SiO2. Nevertheless, in both cases the estimated depth at which the Fe0/Fe2+
or Fecore/Feshell ratio start increasing significantly, matches very well the average value of 2.1 nm
of the depth at which the nanostructures core starts.
MEIS, TEM, and XPS analyses show that for low annealing durations most of the
nanoparticles have a core/shell structure with a metal core and a Fe silicate shell and where the
Fe valence is 2+. Simple valance counting with Fe2+ and Si4+ is not balanced with the
stoichiometry Fe14Si19O67 and fits the Fe14Si19O52 stoichiometry. This suggests that there is excess
oxygen in the form of diluted O2. Thus, the composition of the shell can be rewritten as a solid
solution of O2 in Fe14Si19O52 such as (O2)x:Fe14Si19O52 with x between 0 and 7.5, which is consistent
with valence counting. As suggested above, a lesser oxygen concentration is expected near the
surface. In addition, the atomic density of this shell is identical or close to that of SiO2 within the
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limits of the MEIS experiment. This supports the hypothesis that Fe substitutes for Si atoms
during ion implantation creating Fe-O sites and Si atoms with Si-O broken bonds.

5.2.5

Growth of the core at the expense of the shell

Figure 5.11 TEM, HR-TEM pictures and corresponding SADP for an EBA annealed sample at 1000 °C and 1 h.

Longer annealing leads to the disappearance of the Fe-oxide shell in favour of a larger
crystalline Fe metallic core. In contrast to FA-vac, the TEM pictures indicate that the
nanoparticles are Fe single crystals above 1800 s annealing (Figure 5.11). The surface density of
nanoparticles is also significantly higher.

Figure 5.12 Fe-Si-O ternary phase diagram at 298 K and 1 atm displaying the composition found for the
shell.[165] Compositions are given in at.%.

The disappearance of the shell can be explained in terms of oxidation-reduction. During
annealing, most of the Fe atoms coalesce in a FexSi33-xOy phase that progressively loses its Si and
O content in favour of Fe metal. The reduction of Fe oxides is likely to release O atoms that can
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pair as O2 and diffuse through the shell until recombination with unbalanced Si atoms. Indeed,
the standard free energies of formation of Fe2O3 and FeO at 1000 °C are much higher than for
SiO2.[166] From the Fe-Si-O tertiary phase diagram shown in Figure 5.12 stoichiometry such as
present in the shell would lead to a mixed phase with SiO2, Fe2O3 and Fe2SiO4. In addition, loss of
oxygen concentration would lead to the formation of a mix of SiO2, Fe and Fe2SiO4. The
combined reducing effect of the O-vacancies VO produced during the implantation and under
EBA is likely to facilitate the reduction of the shell.

5.2.6

Electron beam enhanced desorption of SiO2 and the

protruding of the nanoparticles
Contrary to annealing in a furnace under vacuum, EBA leads to the formation of
nanoparticles on the surface. Furthermore, if the EBA is performed by exposing the Si substrate
backside of the sample, no nanoparticles are formed on the surface. The AFM pictures
presented in Figure 5.13 illustrate these three situations after an annealing at 1000 °C for 1 h.
Hence, the electron beam has an effect on the formation of the nanoparticles in addition to the
heat.

Figure 5.13 AFM image of samples annealed for 1 h at 1000 °C: a) FA-vac, b) EBA backside, and c) EBA frontside.

RBS spectra and spectroscopic ellipsometry analyses revealed that the SiO2 layer thickness
decreased significantly during EBA (Figure 5.14). This indicates that EBA acts as an etching
process. Indeed, RBS spectra show a significant shift in the Si-edge of the SiO2/Si interface
towards higher channels together with a shift of the O-tail towards the higher channels (not
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displayed). This indicates a thinning of the SiO2 layer after EBA of the ion implanted samples. The
etching rate is observed to increase significantly after 2 h annealing.

Figure 5.14 Evolution of the SiO2 thickness observed from RBS and spectroscopic ellipsometry. Error is 15 nm.

It is very unlikely that the energetic electron beam induces sputtering at the surface of a
material in a similar manner to ion beam sputtering. The mass of an electron is much smaller
than any other ions, thus the electron sputter yield is much smaller at similar energies. However,
the smaller mass of an electron allows greater penetration depth and consequently less
sputtering. For instance, electrons of 20 keV will penetrate few tenth of micrometre inside
silicon oxide whereas iron ions of the same energy will stay in the first 50 nm of the surface. A
simple explanation can be drawn by considering the interactions to be inelastic. According to the
conservation of moments and kinetic energies the energy transferred from an electron of 20 keV
to an atom core will be very small. In fact, the predominant interactions in that range of energy
will be Coulomb interactions with the electron cloud in the material which will produce mostly
heat and phonons.
Thinning of the SiO2 layer was only observed during EBA and coincides with the appearance of
nanoparticles at the surface. Indeed in an ultra high vacuum and sufficient temperature SiO2 can
decompose through the chemical reaction:
SiO2 + Si → 2SiO(g)

(5.11).[167]

Absence of decrease of the thickness ( from RBS measurements not shown) and absence of
nanoparticle protruding (Figure 5.13) indicate that there is no significant desorption under FAvac. This suggests that the conditions of pressure and temperature are not gathered for having
significant spontaneous etching. O-vacancies VO induced by ion implantation (cf. Chapter 3) is
insufficient to trigger the reaction.
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Figure 1 in ref [49] (requires acces to the journal)
http://dx.doi.org10.1103/PhysRevLett.55.2332/

Figure 5.15 Pressure-temperature phase diagram for O2 interaction with a Si surface.[168]

Another phenomenon is likely to be occurring which enhances the etching such as presented
in Figure 5.16. Such a reduction of the SiO2 layer thickness has already been observed during EBA
and was attributed to selective desorption at the SiO2 surface. [169] During EBA, the incident
energetic electrons excite the surface atoms inducing the formation of localised valence holes
through direct ionisation and Auger electron transitions. This significantly enhances thermal
desorption. [170,171]

Figure 5.16 Schematic diagram illustrating the formation of O-vacancies VO under electron beam leading to
enhanced desorption.

It is important to note that during furnace annealing, the pressure was slightly higher than
during EBA. This would lead to a higher partial pressure of oxygen limiting desorption.
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This desorption effect was investigated over long annealing durations for un-implanted
samples. RBS was performed on blank 400 nm and 100 nm SiO2 samples (Figure 5.17). All
annealed samples displayer an etching of the SiO2 layer. The 100 nm oxide layer samples were
completely etched after 1 h. The evolution in thickness can be fitted with a second order
polynomial curve. As presented in Figure 5.17 the thickness of the 100 nm annealed sample
followed a very similar trend to the 400 nm samples. Notably, for longer annealing (6 h and
above) the width of the oxygen plateau decreased more slowly and its height decreased. This
indicates that the sample’s roughness increases. The slightly higher etching rate observed for the
100 nm sample is not significant in regards to the error of the thickness measurement.

nd

Figure 5.17 Decrease of SiO2 thickness during EBA. Experimental data and best 2 order polynomial fit. The
experimental points of the 100 nm samples are shifted by 7 h. Inset: corresponding O plateau from the RBS spectra
of 400 nm samples.

The experimental data is well fitted with the 2nd order polynomial curve such as:
(5.12)
(5.13)
With

the initial thickness,

the sample thickness in nm and t the time in s. From the

curve fitting concatenating both sets of data and removing the point at 7 h from the 400 nm set
the constants obtained are:
with

(fixed),

and

. It is now necessary to understand the physical meaning of

those constants.
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The time dependence of the sputtering rate is likely to originate from the dependence of the
etching rate on the thickness of the sample, a change in the sample emissivity or calorimetric
properties during the annealing. However, the experiment started with 100 nm thick oxide
layers follow the same trend as the 400 nm samples annealed for more than 7 h. Therefore
suggesting that the etching rate depends more strongly on the sample thickness rather than the
time. Shift of the pyrometer signal overtime is also possible due to the overall heating of the
chamber and contribute to different temperatures of annealing and differences in the etching
rate.. The etching ratecan then be written as a function of time and sample thickness:
(5.14).
In such small dimensions thermodynamic process such as melting, evaporation, and
phase changes are sometimes dependent on the materials dimensions. Indeed, it is now well
known that as the dimensions of a material decrease, the influence of surface atoms, and
boundary atoms more generally, increases. For instance, recently it was shown that the
temperature of fusion of nanoparticles changes drastically compared to their bulk
counterpart.[121,172,173] Furthermore, the surface roughness is observed to increase for
longer annealing times. The higher the surface exposed to vacuum and the beam, the faster the
desorption. The flow of SiO2 being decomposed and leaving the surface on the form of SiO and
O is a function of the surface exposed to the beam and vacuum:
(5.15)
with C in at. cm-2.s-1 depending on the beam energy, beam current, pressure and
temperature and S(t) the exposed surface.

5.2.7

Multiple nucleation and the “snow-ball” effect

As observed on Figure 5.18, the nanoparticles obtained from samples annealed with their
backside exposed to the beam have a much larger average diameter and narrower size
distribution. In addition, the nanoparticles are not on the surface but just below the surface and
present a hemispherical-like shape, similar to the shape of the core/shell nanoparticles obtained
with normal EBA. Such a distribution of the particle diameter is expected from standard Ostwald
ripening. The mechanism leading to the wide distribution when the SiO2 surface is exposed to
the beam does not occur in this case. The nanoparticles display amorphous and polycrystalline
structure and are very similar in structure to the nanoparticles formed under FA in vacuum.
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Figure 5.18 a), b) and c) TEM pictures of samples annealed at 1000 °C for 1h with backside (Si) presented to the
beam. d) is a TEM picture of samples annealed with the frontside exposed to the beam at 1000 °C for 1h.

The protruding of the nanoparticles also allows for new nucleation in SiO2. Indeed, as some
nanoparticles are uncovered they no longer contribute to the ripening in the SiO2 solution.
Protruded nanoparticles are seen to follow a separate coarsening. In Figure 5.6 and Figure 5.19
large trenches, free of noticeable nanoparticles, can be correlated to the larger nanoparticles.
One possible mechanism leading to such structure is the rolling over of the larger nanoparticles
which have been uncovered by the electron beam. This results in a “snow-ball” effect where the
nanoparticles grow by merging with smaller nanoparticles in their path. The low affinity between
the SiO2 surface and the Fe nanoparticles, which leads to spherical nanoparticles, would also
permit high mobility of such nanoparticles on the materials surface. The high temperature and
surface charging are likely sufficient to induce displacement of the nanoparticles.
While the SiO2 surface is etched consecutive protruding and multiple nucleations leads to
the broad size distribution observed for longer annealing duration.
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Figure 5.19 Consequences of the "snow-ball" effect on the surface. SEM image of 1 h 1000 °C EBA.

In the extreme, higher implantation fluence and longer annealing duration (≥1 h) led to the
formation of large agglomerates of nanoparticles forming band-like structures. Such structures
can be observed on the AFM picture shown in Figure 5.20. The structures are extended
agglomerates of nanoparticles. Due to poor lateral resolution, the AFM does not resolve
nanoparticles within the agglomerates. This suggests that there is a limit in the size of the
dimensions of the nanoparticles coalesced through this “snow-ball” effect.
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Figure 5.20 Nanoparticle bands. AFM picture of 2×10 at. cm implanted and 1 h 1000 °C EBA annealed
sample.
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5.2.8

Evidence of a passivating oxide layer on the exposed Fe-bcc

nanoparticles

Figure 5.21 Evidence of the presence of a small oxide layer of surface nanoparticles. Fe L-edge XANES spectra
16

-2

+

for 10 at. cm implanted and EBA annealed at 1000 °C for 1 h before and after 20 s Ar sputtering.

Evidence for a thin oxide shell on Fe nanoparticles grown on the silica surface after longer
annealing is confirmed by the Fe L-edge XANES spectra in Figure 5. 9, taken before and after mild
Ar+ etching. Before etching the Fe L-edge spectrum contains contributions from both Fe metal
and FeO or Fe3O4. TEM results indicated that these nanoparticles were mostly bcc Fe crystalline.
Magnetic measurement also indicated that the Fe nanoparticles were mostly metallic iron. Brief
Ar+ sputtering on the sample completely removed the oxide layer giving rise to Fe L-edge
spectrum consistent with metallic Fe (Figure 5. 5). Although there is the potential for ion beam
induced reduction during the Ar sputtering,[174] TEM evidence supports that the nanoparticles
are mostly bcc-Fe. Nevertheless the oxide layer on the α-Fe core is thin and likely only
corresponds to several atomic oxide layers.
Interestingly, contrary to bulk Fe the oxide layer does not seem to grow thicker over time.
The oxide shell thus appears to act simply as a passivating layer preventing further oxidation. It is
also possible that the stress induced by the small dimensions and spherical shape on the Fe
crystal prevent the diffusion of O inside the nanoparticles in a process similar to self-limited
oxidation of silicon wires.[175] The absence of oxidation has already been observed with other
Fe nanoparticle systems and seems to be dependent on whether the synthesis was performed
using a dry or wet fabrication method.[176,177,178] Recent studies on cobalt nanoparticle
oxidation and reduction also showed a very different behaviour from bulk cobalt.[179] Influence
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from finite-size effects and effects of the carbon surface used as a supporting layer were
proposed to explain the observed differences.

5.3

Diffusion and precipitation of Fe in SiO2 in an oxidising

atmosphere
A vacuum environment was shown in the previous section to increase the mobility of Fe in
SiO2 during the annealing. Here, the effect of annealing under an oxidizing environment has
been investigated. The results provided clues to design diffusion barriers using an implantation
step prior to the metal implantation.

5.3.1

Absence of diffusion of Fe in SiO2 in oxygen atmosphere

The diffusion of implanted Fe atoms under annealing in air was investigated. The substrate
used 400 nm and 100 nm SiO2 on Si. Fe was implanted with 15 keV energy and at a fluence of
1016 at. cm-2. The annealing was performed at 1000 °C in a quartz tube open to atmosphere. This
annealing condition is referred to as FA-air at 1000 °C. The distribution of Fe through the SiO2
layer and the SiO2 thickness were monitored using RBS. High resolution TEM and magnetisation
investigation provided information on the microstructure after annealing.

Figure 5.22 Fe surface peak from RBS obtained after different duration under FA-air at 1000 °C

As observed in Figure 5.22, the diffusion under such conditions is negligible. Even after 7h
annealing the Fe peaks do not display any diffusion tail. In addition, within the accuracy of the
measurement (~0.1 at.%), there is no Fe detected at the SiO2/Si interface. The Fe surface peak
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area decreased very slightly with annealing duration and the peak decreases of only about 20%
after 7h annealing. As there is no significant distortion of the peak shape, it is likely that the loss
of the surface peak area is mainly due to out-diffusion. This would indicate a different diffusion
behaviour near the surface. In addition, the increase of O concentration in the oxide layer due to
diffusion of O2 contribute to the decrease of the surface peak area which does not reflect a loss
of Fe.

5.3.2

Oxidation of the Si substrate

The movement of oxygen is evidenced by its oxidising effect on the Si substrate. Indeed, the
SiO2 layer thickness is observed to increase steadily under FA-air (Figure 5.23). The oxidation was
observed to follow a power law as described in the literature [180]:
(5.16),
Where x is the oxide thickness in nm, k is a kinematic factor in nm/s, t the duration of
oxidation in s and n the dimensionless exponent. The oxidation rate decreases with the duration
of annealing. As the thickness of oxide is non-zero in the present case, the formula is modified
to:
(5.17),
Where d is the initial thickness in nm. The thickness dependence of the oxidation rate was
found to originate from a thickness dependence of the activation energy of O2 diffusion in the
SiO2 layer.[181] As observed in Figure 5.23 c), the experimental data is in excellent agreement
with the theoretical curve and with values found in the literature for dry oxidation
conditions.[180,181] The theoretical values are presented with an offset in the annealing
duration to account for the initial experimental thickness. The kinematic factor and exponent
used were identical to those found in the literature k=0.159 and n=2/3. Therefore, it is likely that
during this annealing process, the level of oxygen in excess of the SiO2 stoichiometry is the same
as for standard dry oxidation process, at around 1018 at. cm-3.
As opposed to a reducing environment such as annealing under vacuum and EBA, there is an
excess of O2 during FA-air annealing. It is possible that this excess acts as traps for the diffusion
of Fe which would explain the near absence of diffusion. Oxidant species, interacting with Fe
atoms, would be expected to form complexes with lower diffusivity.
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a)

b)

c)

d)

Figure 5.23 Evolution of the oxide layer thickness as displayed with the O plateau in RBS spectra with FA-air for
a) 100 nm and b) 400 nm SiO2 layer, and with c) FA-vac for a 400 nm SiO2 layer. The graph d) shows the power law
evolution of the oxide thickness as a function of time and as compared with theoretical and literature values.

5.3.3

Small precipitation

As presented above the diffusion and precipitation are intricate phenomenon. Intuitively, an
absence of mobility of Fe would lead to an absence of coalescence. Indeed, the Fe atoms have
such a small mean free path that it they won’t find another nanoparticle.

Figure 5.24 HR-TEM picture and corresponfing FFT analysis of the implanted region after 7h annealing showing
small crystallites.
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The reduced coalescence of the nanoparticles was evidenced using HR-TEM (Figure 5.24).
Even after 7 h annealing the implanted region only shows small clusters of 3±1 nm average
diameter. Lattices can be observed on some nanoparticles. The FFT analysis shows peaks at
about 2.1 Å consistent with d-spacings for both Fe or Fe-oxide crystallites. For comparison, 1 h
annealing under EBA at the same temperature led to large bands of particles aggregates on the
surface extending over more than 100 nm as observed in the previous part (Figure 5.20).

5.3.4

XPS evidence for Fe oxide formation

XPS analysis of these samples confirmed the formation of Fe oxide. The O1s spectra for
these samples presented a peak at about 532 eV which corresponds to Si-O bonds in SiO2. The
presence of a peak at about 530 eV can be observed for 3 and 7 h annealing. The amplitude of
the second peak is observed to increase with the annealing duration when compared with the
amplitude of the 532 eV peak. O 1s of a reference Fe3O4 powder shows a peak at 529.8 eV
whereas an α-Fe2O3 reference displayed a peak at 530.0 eV. This difference is close to the
uncertainty of the measurement. The second peak observed in the FA-air annealing samples is
likely to originate from Fe oxides in the near surface of the sample. In, no peak corresponding to
Fe metal was found in the Fe 2p XPS signal which displayed only the oxide related peak at 710.7
eV. The absence of Fe metal suggested by these results tends to confirm that oxide species, in
excess in SiO2 act as a trap for Fe diffusion.

Figure 5.25 XPS O 1s spectra for different FA-air annealing durations (red as-implanted, gold 3h, pink 7h).
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5.4

Controlling the diffusion of Fe in SiO2 under EBA with oxygen

pre-implantation
The diffusion of the implanted species during the synthesis of the nanostructures can be a
great disadvantage for some applications. Firstly, it decreases the amount of available material
to form the nanostructure on the surface or in the near surface region. This leads to need for
higher implantation fluence to overcome the diffusion, hence more time and potentially more
expensive synthesis. Secondly, the diffusion towards the interface and in a lesser extent through
the interface to the Si substrate can limit the integration of such technique in semiconductor
manufacturing processes. The presence of metal at the interface or in the semiconductor lattice
is detrimental for the properties of potential transistors or diodes in the subjacent Si. Therefore
there is a need to find methods to control the diffusion.

Figure 5.26 Dynamic-TRIM simulation of the O implantation profiles compared to the Fe profile.

In order to confirm the importance of the O-vacancies VO concentration on the diffusion of
Fe in SiO2 the effect of implanting O prior to Fe implantation was investigated. The implantations
were performed at fluences from 5×1015 to 1.2×1017 at. cm-2 at energies so that the profile of
pre-implantation would be below the profile of Fe. The simulated profiles obtained with
Dynamic-TRIM are provided in Figure 5.26. The samples were then annealed under EBA at 1000
°C for seconds to hours. The diffusion was then investigated through RBS.

98

Figure 5.27 Remaining Fe in the near surface region (Channel 650 to 700) as a function of annealing duration
for different annealing and pre-implantation conditions at 1000 °C.

Figure 5.27 shows the evolution of the Fe surface peak for different annealing conditions.
The pre-implantation of 1016 at. cm-2 of O have a significant effect on the diffusion profile under
EBA. Oxygen pre-implantation acts as a diffusion barrier. However, no significant difference was
observed in the topography of the sample compared to samples with no pre-implantation. RBS
spectra were obtained for different O pre-implantation fluence and

annealing durations.

Implantations at various fluences from 1015 to 1017 at. cm-2 were performed. Results for the 1017
at. cm-2 O pre-implanted samples are shown in Figure 5.28. Negligible accumulation at the
SiO2/Si interface can be observed even for high duration annealing. However, the diffusion
length is larger for longer durations than without pre-implantation. In contrast to samples
without pre-implantation, more Fe remains available for diffusion, even after long annealing
times, suggesting that it leads to a less stable precipitate.
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Figure 5.28 Evolution of the RBS Fe peak with annealing duration for 10 at. cm O pre-implantation and 1000
°C EBA.

Figure 5.29 shows the evolution of the amount of Fe atoms remaining within the first 50 nm
of the SiO2 (including the implanted region), as a function of the O fluence. For fluences higher
than 2×1016 at. cm-2 the efficiency of the barrier was observed to increase steadily with the
implanted fluence with more Fe atoms retained in the near-surface region. The same trend is
observed for different annealing durations at 1000 °C.

Figure 5.29 Effect of the O pre-implantation fluence on the retained Fe atoms concentration in the near surface
region. Results obtained with RBS analysis.

Similarly to annealing in an O-rich atmosphere, it is likely that the excess O atoms in the SiO2
layer act as trapping sites for Fe diffusion. The formation of Fe oxides would decrease the
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mobility of Fe during annealing. The presence of Fe oxide was further evidenced by investigating
the magnetic properties of the nanomaterial. The results are presented in Chapter 6.
Another likely explanation for the barrier to diffusion lies in the formation of O2 bubbles
within the implantation range of O. O2 bubbles would form when the concentration reaches a
certain threshold which would explain the observed threshold in the barrier efficiency. TEM
would be required to investigate the formation of such cavities. The absence of cavities after
annealing would suggest either that the solubility of O2 in SiO2 is high, or that the annealing
allows for full recovery of the SiO2 film, along with complete diffusion of O2.

5.5

Modelling the diffusion and precipitation

In the previous chapter, implantation was shown to lead to substitution of Si atoms by Fe in
tetrahedral coordination and to interstitial Si. A diffusion mechanism is proposed which is based
on redox reactions. Fe ions will hop between substitutional sites. The Fe-O bonds therefore need
to be broken and reformed. In a reducing environment, the number of O-vacancies VO will be
increased, increasing the mobility of Fe. Vacuum has already been proposed as a reducing
environment, [182] or to show similar behaviour as a reducing, annealing atmosphere.[183] In
particular, it was observed above that vacuum was favouring the reduction of SiO2. EBA provides
an even stronger reducing environment. Indeed the electron beam directly reduces SiO2 through
the Auger decay mechanism presented above. The flow of electron can also favour reducing
reactions.
In order to evaluate the validity of the proposed redox driven diffusion and precipitation
model, a computer simulation was developed. Four aspects of the synthesis were taken into
account: a) VO/oxidant concentration dependent diffusion, b) diffusion of O and oxidation of the
Si substrate, c) precipitation/dissolving of the nanoparticles, d) impact of the implantation
induced nucleation. Desorption of the SiO2 layer and formation of the shell, were not taken into
account for this simulation. A numerical approach was chosen because the interdependence of
the different species diffusing in the material makes it difficult to develop an analytical model of
the diffusion.
One pathway to simulate such diffusion is to use the differential equation of diffusion of O
and Fe in the SiO2 along with rate equations rate for precipitation/dissolution of the Fe
precipitate. The pathway chosen in this study is even simpler and considers the random walk of
the diffusing atoms, with a mean free path which is dependent on the concentration of O atoms
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in excess. An atom by atom Monte-Carlo computation simulates the displacement of atoms for a
time step with a mean-free path calculated as a function of the O concentration at each depth.

5.5.1

VO/oxidant dependent diffusion

With the assumption that the diffusion depends on the excess of oxygen in the SiO2 layer, it
is necessary to identify the relationship between the mean-free path for atom displacement
within a time step. As shown in the previous chapter, the mean-free path for ion implantation
and only with ballistic considerations can be written as:
(5.18)
with N the number of atoms per unit of volume and

the effective cross section of

collision as a function of energy.[184] The mean free path for diffusion processes is also
necessarily related to the diffusivity. In fluids, the proposed relationship for mixing of compound
A in B was written as:
(5.19)

with the average molecular speed
the atomic concentration of element A,

and the mean free path

with

the molecular diameter of A.[185] In a first

approximation, the mean-free path for a time step of

was taken such as:
(5.20)

in nm, with N the concentration of O in excess in SiO2 and

a parameter uniform to an

area which takes place for a cross-section of interaction and which is dependent on the
temperature.
It is also necessary to have a precise idea of the concentration of O in excess and its
distribution across the layer. In the present case, a good estimate can be obtained for the FA-air
conditions. Indeed, the oxidation rates presented above were shown to be in excellent
agreement with literature values. This suggests a similar level of excess oxygen in the layer.
Under such conditions, the oxidant concentration was about 1018 at. cm-3. The random walk
Monte-Carlo simulation was then run until the best fit for the samples annealed in the air with a
time step of
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. Best fit of the measurement from 60 s to 8 hours annealing was achieved

for

. The cross-section parameter was then calculated
. The best fits obtained for all the annealing conditions are given in Figure 5.30.

Figure 5.30 Evolution of the quantity of Fe in the implanted region during the annealing for different annealing
conditions. Experimental data obtained with the area of the surface peak of RBS. Curves are obtained with the
Monte-Carlo simulations.

A mean free path

was obtained to fit the literature values for the Fickian

diffusion in a N+H atmosphere, from a deposited Fe layer on SiO2 as presented above. At this
stage, this value is also the best fit for the FA-vac condition. The parameters for the different
simulations are summarized in Table 4.
Table 4 Simulation parameters used for the fit presented in Figure 5.29.
Atomic
concentration
of oxidant

Mean free path for
Δt=1 s
Conditions

λ =1/(σ.N) (nm)

Furnace annealing - air
EBA - O 10
implantation

17

at. cm

-2

EBA – no pre-implantation

pre-

2

σ (cm )

N (cm )
Litterature value of N
during Si oxidation

18

0.045

1.0×10

0.25 -0.40

1.1-1.8×10

0.6-0.7

17

2.22×10

-10

Comments

-3

16

6.4-7.5×10

16

Furnace annealing

1-3

0.5 - 1.5×10

N -rich atmosphere

3

1.5×10

16

Fitting literature
diffusivity of Fe from a
deposited film [131]

The atomic concentrations of oxidant found for the O pre-implantation are much lower than
the concentration should be, if all the implanted O atoms were distributed homogeneously in
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the SiO2 layer. Indeed, 1017 at. cm-2 implantation leads to a concentration of 1.3×1021 O2 cm-3
within the 400 nm SiO2 layer. However, several phenomena are present which consume the
implanted O atoms. Indeed, at the SiO2/Si interface, the O2 will oxidise the Si substrate to SiO2.
Out-diffusion of O2 molecules in the vacuum is also possible under such temperature and
pressure conditions. For the 1017 at. cm-2 pre-implanted sample the decrease of Fe in the first
1800 s is significantly slower than the samples which have seen no pre-implantation. For longer
durations however, the diffusion increases significantly. This is consistent with a concentration
of excess O2 distribution decreasing during the annealing for pre-implanted samples annealed
under EBA. Indeed, for such samples, O2 will also diffuse during the annealing.

5.5.2

Application to O pre-implantation

It was discussed above that during annealing in an O2 rich atmosphere oxidant agent
concentration remained constant in most of the growing SiO2 region. A slight excess of O is
present in the first nanometres of the SiO2 in contact with the gas medium. In addition, the
SiO2/Si interface is physically delimited by an SiOx region of a few nanometres. Approximating
the oxidant concentration as uniform in the SiO2 layer and constant during the annealing
provides a suitable description of the actual evolution of the oxidant distribution.
However, this approximation is not correct if the flow of oxygen atoms is not sustained
during the annealing. In the case of pre-implanted samples, the implanted oxygen will not
remain static during the annealing. O will diffuse through the SiO2 layer and can contribute to
oxidize the Si substrate. Some might also diffuse outside of the sample. Therefore in order to
understand and model the effect of the O pre-implantation on the Fe diffusion, it is necessary to
include the diffusion of implanted O atoms through the oxide layer.
The initial distribution of O was taken from Dynamic-TRIM simulated ion implantation
profile. The diffusion of O was then assumed to be through O2 diffusion in the sample. O2
diffusion was simulated by numerically solve the Fick’s first law presented above with a
diffusivity of 4×10-14 cm2.s-1. In the literature, O2 diffusivity at 1000 °C was found within 3×10-14 to
3×10-15 cm2.s-1 in SiO2.[153] The mean free path
function of the O2 concentration

of Fe atoms at a depth z was set as a

such as:
(5.21)

with
of

,

and

. This sets an asymptote

. Indeed the diffusion would lead to a continuous decrease of the O2
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concentration and the mean free path would increase indefinitely. The value of the constant
was chosen such as the corresponding mean free path best fits the experimental data for EBA
without pre-implantation. This constant is proposed as a concentration of intrinsic traps to Fe
diffusion during EBA, i.e. other than implanted O. The existence of

is proposed to account for

additional diffusion mechanism of Fe which is independent from the O implantation and that
accounts for the initial slope observed in the experimental results below 2000 s.

Figure 5.31 Simulations of the Fe diffusion under EBA including O pre-implantation and O2 diffusion including
an offset in the mean free path.

As observed on Figure 5.31 and for high pre-implantation fluence, the trend obtained with
simulation follows the experimental trend. Furthermore, the threshold observed in the
experimental data between 2 and 6×1016 at. cm-2 O atoms cannot be described solely by the
proposed

dependence of the mean free path of Fe atoms. The Fe diffusion process seems to

be dependent on the diffusion of the implanted O. These simulations do not consider the effect
of precipitation in the process. Precipitation could be accounted for by implementing clustering
conditions such as presented in the Chapter 4. This would require high statistics and
computation time. Another, shorter, way would be to calculate the probabilities of Fe-Fe binding
and dissociation at each step and its effect on the mean free path.

5.6

Concluding remarks

The effects of annealing on Fe implanted SiO2 films were investigated using a set of
complementary techniques involving IBA, X-ray, and microscopy techniques. The results provide
new understanding of the mechanisms involved in the formation of Fe nanoparticles in a solid
phase solution. A model was proposed for the diffusion mechanism of implanted Fe in SiO2 and
Monte-Carlo simulation results were compared with experiments. Finally, the design of diffusion
barrier was shown to be possible using pre-implantation.
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During annealing, Fe atoms aggregate around the nuclei formed during ion implantation and
form Fe oxide rich amorphous shells. Further annealing induces the reduction of the shells in
favour of the growth of the α-Fe cores. The growth of Fe nanoparticles then continues via
Ostwald ripening and coalescence.
The effect of the annealing environment was investigated. Three atmospheres were trialed:
vacuum, vacuum and electron beam, and air. Significant changes in the diffusion and
precipitation behaviour were noticed. Contrary to standard furnace annealing in vacuum, the
use of EBA as an annealing method allows the production of surface and near-surface Fe
nanoparticles, without requiring a large ion fluence during the implantation stage. Indeed, the
desorption of the SiO2 surface under the electron beam induces protruding nanoparticles. The
thin oxide layer present on the surface of the nanoparticle and originating from exposure to air,
prevents further oxidation of the Fe nanoparticles, thus stabilizing them. EBA also leads to a
more crystalline state of the particles.
Annealing in an oxygen rich atmosphere led to a large decrease in the diffusion rates. The
loss of mobility of the Fe atom was proposed to originate from the increased concentration of
traps. O atoms or O2 molecules were proposed as potential candidates for those traps. The Fe
diffusion kinetics is proposed to be O-vacancy dependent. This model was supported by the
results obtained with pre-implantation of various fluence of O within the SiO2 layer prior to
implantation.
The diffusion model was implemented into a Monte-Carlo simulation program. The results
suggest that the effect of implanted O on the Fe diffusion in SiO2 cannot be accounted for only
by interstitial O2 molecules acting as traps. Precipitation of Fe also limits the diffusion, as Fe
inside the nanoparticles stops contributing to the diffusion. The formation of bubbles above a
certain concentration threshold, not investigated here, is another possible mechanism which
would also lead to trapping of Fe, preventing diffusion and precipitation.
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Chapter 6: Magnetic, magneto-optic and magnetoresistance
properties of implanted nanoparticles
Magnetic nanoparticles/insulator nanocomposites, magnetic nanogranular materials and
free standing magnetic nanoparticles on insulating surfaces can have many interesting
properties arising from finite-size effects and their unique geometries. Furthermore, having the
nanoparticles at the surface makes them readily accessible for electrical measurements.
In the preceding chapters, some of these properties and their applications have been briefly
introduced. Small magnetic materials could lead to superparamagnetism. Superparamagnetic
nanomaterials show large magnetisations at saturation, similar or larger than their bulk material
counterparts, but with negligible hysteresis above a certain critical temperature. For applications
which require little hysteresis, such as magnetic sensors or flux concentrators, this is very
advantageous. However, for applications which require a memory effect, such as magnetic data
storage or for use as permanent magnets in NEMS or MEMS, this is detrimental.
Magnetoresistance can also arise in such nanostructured surfaces. As described in Chapter 1,
tunnelling between magnetic nanoparticles separated by a thin, diamagnetic, insulating layer
can lead to the existence of spin dependent tunnelling magnetoresistance (TMR).[186] Spin
dependent tunnelling can also arise at the nanoparticle surface. Such MR can have applications
for magnetic RAM, if it presents a significant hysteresis or remanent magnetisation in the
absence of an external field, or as a magnetic field transducer if it has little or no hysteresis.
Furthermore, a complete understanding of the magneto-optical properties of such
structures remains elusive. Indeed, the basics of the Kerr or Faraday effects rely on the
penetration length. When the magnetic domains are decreased to such dimensions, the
interaction with the medium cannot be neglected. It is of interest to investigate such
nanostructured materials and explore if the Kerr effect occurs mainly through the magnetic
domains, or in the whole volume.
The interesting changes in structure and composition discussed in the previous Chapter can
lead to dramatic changes in the material’s properties. In particular, the magnetic properties of
the shell are entirely unknown. In theory it could be ferro-, ferri-, or antiferro- magnetic leading
to

potential

interactions

with

the

metal

core.

Exchange

bias

at

an

anti-

ferromagnetic/ferromagnetic interface would induce additional pinning of the magnetic
moment of the nanoparticle.[187] Such interactions would lead to an enhanced magnetic
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hysteresis, similar to what is observed in antiferromagnetic FeO/ferromagnetic Fe core/shell
structures.[188,189] The large changes in the surface density of the nanoparticles are also
expected to lead to dramatic changes in the electron transport properties of the material.
In this chapter, an investigation of the magnetic, magneto-optical and electron transport
properties of the ion beam and electron beam synthesised materials is presented. An
understanding of the origins of the particular behaviours of the samples and their link to the
structure and composition of the material is developed. Controlling the magnetic properties for
specific applications is demonstrated as feasible using the present synthesis method.
Furthermore, the evolution of properties as a function of structural changes also permits the
elucidation of the origins of the large magnetoresistance observed at room temperature.

6.1

Correlating structural changes with magnetic properties

Having chosen materials which are ferromagnetic in the bulk, it is not surprising that the
nanostructured materials present ferromagnetism and superparamagnetism. However, the
evolution of the magnetic and magneto-optical properties during the dramatic structural and
compositional changes which occur during synthesis is non-trivial. It was shown previously that
the material evolves from Fe:SiO2 solutions, to large Fe-bcc nanostructures on the SiO2 surface,
through a precipitation and coarsening mechanism. At low annealing durations nanoparticles
presented a core shell structure with a bcc-Fe core and a Fe14Si15Oy shell. It is the objective of this
section to describe and discuss the changes in the magnetic properties during this growth.
15 keV 56Fe+ ions, with a fluence of 1016 at. cm-2, were implanted into a 400 nm thick SiO2
film on a Si (100) substrate using the GNS Science dual low-energy ion implantation facility [190].
Dynamic-TRIM calculations [126] predicted a mean projected range of 12 nm coupled with a
maximum implantation depth of around 25 nm. The Fe peak concentration was approximately 8
at.%. At this fluence, the Fe profile significantly intersected with the surface. The implanted
samples were annealed under an electron beam for periods ranging from seconds to hours at
1000 °C.
Magnetisation measurements were performed using a SQUID magnetometer with applied
magnetic fields parallel to the sample surface ranging from –6 to +6 T and temperatures from 5
K to room temperature. The magneto-optical Kerr effect (MOKE) at room temperature using a
spectroscopic ellipsometer (J. A. Woollam, VASE) with a magnetic field up to 8 T was applied
perpendicular to the sample surface.
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6.1.1

Magnetic properties of the as-implanted samples: evidence of

nucleation
To investigate the magnetic properties in the first stages of the synthesis with Fe in solution
and small nuclei, the magnetisation of 1016 at. cm-2 Fe implanted samples was measured using a
SQUID. Small samples were cut after the annealing step to fit in the SQUID system. Full
magnetisation loops were obtained for different temperatures (5 and 300 K) and are presented
in Figure 6.. As expected for such a dilute magnetic material, the magnetic moment at saturation
was low, 67±0.5 µemu at 5 K, 32±0.8 µemu at 100 K and 20 ±0.5 µemu at 300 K. However, when
normalised to the number of implanted Fe atoms, the magnetic moment was large, even at
room temperature (Figure 6.1). Indeed, bulk Fe presents, at low temperatures, a magnetic
moment at saturation of 2.2 µB per Fe atom.[89] This indicates that the material is not
diamagnetic or paramagnetic, even though the material is largely disordered. A likely
explanation to this large magnetic moment lies in the presence of a significant amorphous Fe
phase. Indeed, the magnetic moment at saturation is about 1.1±.2 µB per Fe atom at 5 K which is
close to values found for amorphous Fe of 1.7 µB per Fe atom.[191]
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Figure 6.1 Magnetisation characteristics at different temperatures for an as-implanted sample with 10 at. cm

-

2

.

It is also a possibility that the material is nanostructured and that a small part of the Fe
atoms is present as small bcc-Fe nanoclusters. Indeed, the material had a negligible hysteresis,
even at 5 K. This could arise from superparamagnetic behaviour. Superparamagnetism was
further evidenced by evaluating the temperature dependence of the magnetisation under ZFCFC conditions. The curves could be fitted to the Curie-Weiss law, indicative of paramagnetic
behaviour above a certain temperature. Also, the two curves diverged at very low temperatures.
This could indicate the appearance of superparamagnetism from small nanoclusters with a
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blocking temperature below 5 K. This interpretation is consistent with the structural and
compositional analysis presented in Chapter 5 that showed the presence of an Fe-rich
amorphous phase and the Fe:SiO2 solid solutions with crystalline Fe nanoclusters having
diameters less than 5 nm.

Figure 6.2 Evolution of the magnetisation with temperature using ZFC-FC conditions (10 mT). Inset shows the
best fit of the ZFC curve following the Curie-Weiss law.

From magnetic moment calculations this would give about 52% of Fe has crystallised into
those nanoclusters. It is shown in the following section that the Fe-bcc nanoparticles have a
magnetic moment at saturation of 2.1±0.2 µB per Fe atom. Therefore, if the Fe:SiO2 solid solution
is considered diamagnetic, this indicates that about two thirds of the Fe is in a metallic
precipitate. This is in good agreement with the results in Chapter 2, where the solubility limit lies
around 2–4 at.%, while the maximum concentration reached was about 8 at.%.

6.1.2

Evolution of the magnetic properties during annealing

It was shown previously that the as-implanted Fe-Fe oxide rich amorphous structure has a
different contrast that is clearly observed in the TEM images and that it contained Fe nuclei and
Fe oxides. EBA induced the formation of nanostructures that were observed to protrude from
the surface after longer annealing times.
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a)

b)
Figure 6.3 Evolution of the magnetic moment at 5 K vs. applied field curve for different annealing parameters:
a) EBA at 1000 °C for several durations and b) EBA for 1 h at different temperatures.

The magnetic properties of Fe implanted samples were very sensitive to the crystalline state,
composition and the dimensions of the magnetic domains. The influence of the annealing time
on the magnetic moment, irreversibility and the coercive field was investigated. The
magnetisation curves at 5 K are plotted in Figure 6.3 which shows that the magnetic moment per
Fe atom increases with increasing annealing time and temperature. As presented above, the
saturation magnetic moment after ion implantation and before annealing was lower than that
found after annealing, and was close to the value for amorphous iron.[192] Furthermore, it was
significantly lower at room temperature, where it was reduced to 0.4±0.1 µB per Fe atom. After
electron beam annealing at 1000 °C for 1 hour, the magnetic moment per Fe atom at 5 K was
similar to that of bulk crystalline Fe, in agreement with previous studies.[89] This increase in the
magnetic moment can be attributed to the growth of an ordered metallic Fe phase in the
material. As presented in Table 5, the resultant magnetic moment per Fe atom was only slightly
lower at room temperature, which is consistent with a high Curie temperature. Magnetisation
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measurements after implantation and after annealing showed that the coercive field was small
(below 0.05 T) at 5 K and negligible at room temperature. The coercive field at 5 K was low after
implantation. Short annealing times lead to an increase of the coercive field, while the field goes
down consistently with longer annealing durations. Similar observations can be made with
varying annealing temperatures.
16

-2

Table 5 Summary of magnetisation parameters for 10 at. cm Fe implanted samples (calculated values from
Langevin fit of the magnetisation are shown in blue; with values calculated from the blocking temperature in
green).
EBA
conditions

dTEM
(nm)

dcalc
(nm)

K
4
(10 J/m³)

TB
(K)

Asimplanted
1000 °C 15
s
1000 °C 60
s
1000 °C 1 h

4±1

-

<7.69

14±2

-

14±3

Ms (μB per Fe at. ) at 6 T

Hc (Oe)
(T = 5 K)

T= 5 K

T= 300 K

<5

1.1

0.4

<20

Hc (Oe)
(T =300
K)
<20

Comments

5.15

210

1.8

-

406 ± 5

<10

Core/shell

-

4.93

200

1.9

1.8

300 ± 5

<10

Core/shell

15±6

-

3.71

190

2.1

1.9

160 ± 20

<20

α-Fe

800 °C 1 h

-

6.3±0.5

15.81

60

1.8

1.5

134 ± 10

<10

Burried

600 °C 1 h

-

4.5±0.5

30.38

42

1.5

1.2

245 ± 10

<10

Burried

Bulk α-Fe

-

-

4.8 (300 K)
5.7 (0 K)

-

2.22 (0 K)

-

A few
hundreds

1

From
[85,87]

Burried

Figure 6.4 depicts the likely superparamagnetic behaviour of the nanoclusters. As presented
in Chapter 2, superparamagnetism occurs in magnetic nanoparticles when the thermal energy is
comparable to, or is greater than the magnetocrystalline anisotropy energy.[94,117] The
magnetisation data in Figure 6.4 show no evidence of a blocking temperature above 5 K for the
as-implanted sample. It is possible, nonetheless, that the ZFC and FC curves might separate
below 5 K, which is expected for very small clusters like those predicted by recent computer
simulations.[62,136] There is evidence for a blocking temperature at ~200 K and ~210 K after
annealing for 15 s and 60 s respectively. The ZFC curves are broader than expected for a narrow
nanocluster distribution and there is still some irreversibility at room temperature. This suggests
that there is a distribution in nanocluster size, which is consistent with TEM data shown in
Chapter 3. The blocking temperature after annealing for 1 hour was ~250 K and is consistent
with the film containing larger nanoparticles.
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a)

b)
Figure 6.4 Evolution of the magnetisation with temperature for different annealing parameters: a) EBA at 1000
°C for several durations and b) EBA for 1 h at different temperatures.

As presented in Chapter 2, the blocking temperature can be used to estimate the average
dimensions of the magnetic domains or, if the dimensions are known, the magnetic anisotropy.
Using the formula presented in Chapter 2, those values were determined. As presented in Table
5, an average diameter dTEM was extracted and used to calculate the magnetic anisotropy. The
average outer diameters were obtained by analysing TEM images using the ImageJ software
package.[137] For samples where direct observations of the nanoparticle diameters were
missing, the average magnetic domain size dcalc was calculated from a fit with the Langevin
function (Chapter 2) of the magnetisation curve.
The magnetic anisotropy values were higher than the values obtained for bulk Fe and are
consistent with values reported for Fe nanoparticles.[92] As expected, the magnetic anisotropy
increases with the annealing duration and temperature because it corresponds to an increase in
the blocking temperature from the growth of the precipitate. Notably, this increase in magnetic
anisotropy is correlated with the increase in the coercivity discussed previously. The highest
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coercivity values were found for a low annealing thermal budget where the nanoparticles
present a core/shell structure.
There is a possibility for the shell observed after short annealing durations to be
antiferromagnetic as some Fe oxides and ferrites show antiferromagnetic properties.[85] In
addition, within the Fe silicate family, two antiferromagnetic compounds are known: fayalite (TN
≈45 K) and ferrosilite (FeSiO3 TN ≈65 K). Such a configuration would lead to an exchange-bias
effect that has been reported from magnetisation measurements on some other nanoparticles.
This would result in a shift and broadening of the magnetic hysteresis loop for a sample cooled
under an applied field.[193,194]
However, considering that only 28% of the overall content of Fe is in the core after 60 s
annealing, and assuming that FexSi33-xOy is antiferromagnetic, then this leads to an overall
saturation moment of 6.6 μB/Fe, which is clearly too high when compared to bulk metal Fe.
Furthermore, magnetisation measurements were also made after cooling from room
temperature, potentially above the Neel temperature of the shell, to 5 K in an applied magnetic
field of 1 T. After such high field cooling, there was no shift in the hysteresis loop and the
coercive field did not change. This indicates that there was no pinning of the moments at the
interface resulting from an exchange bias.[194] The absence of an exchange bias can be
attributed to the FexSi33-xOy shell having a greater Neel temperature, or alternatively that the
shell is not anti-ferromagnetic.
Thus, it is likely that the FexSi33-xOy shell is ferromagnetic. The moment per Fe in the shell, ms,
can be estimated from

(6.1), where mT is the average moment per Fe in

each nanoparticle, NT=1016 at. cm-2 is the number of Fe ions, mc is the moment per Fe in the
core, Nc=0.28×NT is the number of Fe ions in the core and Ns=0.72×NT is the number of Fe ions in
the shell. Assuming mc=2.1 μB/Fe, which is the value obtained for the long annealing duration
bcc-Fe nanoparticles, then the resulting magnetic moment per Fe atom in the shell would be
ms=1.7 μB/Fe.
Hence, it is likely that the larger hysteresis seen at 5 K and short annealing times was due to
additional domain wall pinning induced by the FexSi33-xOy shell. This is because for the shortest
EBA times, the average nanoparticles have Fe cores with diameters of a few nm, and an FexSi33xOy

shell that extends out to ~15 nm. The shell has completely disappeared after 3600 s EBA and

only Fe nanoparticles with an average diameter of ~20 nm remained. The pinning sites could be
at the Fe/FexSi33-xOy or FexSi33-xOy/SiOx interfaces, rather than within the FexSi33-xOy shell. It is also
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possible that there are multiple magnetic domains in the FexSi33-xOy shell, similar to those
observed in other magnetic core/shell nanoparticles.[194] In this case, the enhanced domain
wall pinning would occur within the FexSi33-xOy shell. The magnetisation hysteresis disappeared
at 300 K, which can be attributed to all samples being superparamagnetic where the blocking
temperature was below 300 K. This is consistent with the total average nanoparticle diameter
being below ~20 nm.

6.1.3

Evolution of the magneto-optical properties during annealing

It has been shown above that the magnetisation, coercive field and magnetic anisotropy
magnetic are strongly dependent on the nanocluster’s structure. Consequently, it might be
expected that there are also changes in the magneto-optical Kerr effect for different annealing
durations. The magneto-optical Kerr rotation hysteresis loops for different annealing durations
are displayed in Figure 6.5. The Kerr ellipticity was also measured and showed similar behaviour
to the Kerr rotation data. The wavelength used for this study, about 350 nm, was chosen to
avoid any decrease in the amplitude that would arise purely from thin film interference effects
and the thinning of the oxide layer.

Figure 6.5 Evolution of the MOKE properties with different EBA durations (1 Oe =0.1 mT). a) Kerr rotation
against applied magnetic field at 293 K. b) is an enlargement for selected annealing durations.
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The as-implanted sample showed a very small linear variation in its Kerr rotation and the
saturation rotation angle was similar to that found in pure silicon oxide. Annealing, even for
short times, resulted in a significant Kerr rotation. Surprisingly, while no significant irreversibility
or coercive field was measured at room temperature from magnetisation measurements, a
hysteresis (27–73 mT) was observed in the Kerr rotation data for annealing times of up to ~300
s. The comparison between the magnetisation and Kerr rotation data is given in Figure 6.6. This
apparent inconsistency could be resolved by first noting that there is a distribution in the
nanocluster sizes, where the larger nanoclusters would be expected to have a blocking
temperature above room temperature, and hence would show magnetic hysteresis. Thus, it is
possible that the Kerr rotation hysteresis arises from the small fraction of large nanoclusters,
where the nanocluster fraction is too small for magnetic hysteresis to be observed at room
temperature.

Figure 6.6 Summary of the evolution of some key magnetic and magneto-optic properties during annealing.

A coercivity and a large remanence in the Kerr rotation angle at 300 K was observed for EBA
annealing times of between 60 s and 300 s (Figure 6.5). The remanent Kerr rotation angle at
room temperature is largest at 30 s EBA and it is 0.0525°. The hysteresis disappears after EBA
annealing for 1800 s. This cannot be accounted for by a decrease in the nanoparticle
magnetisation. This is apparent in Figure 6.3, where the saturation moment per Fe was similar to
that measured after annealing for shorter periods, with little variation in the overall amount of
Fe atoms in the material, meaning a similar Kerr rotation might be expected.[195] The loss of Fe
observed in the previous chapter would lead to a loss of the overall volume fraction of the
nanoparticles. This would explain the drop in the amplitude of the Kerr rotation changes for long
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annealing times. A loss of up to 15 % of the Kerr rotation could be accounted for by the loss of
magnetic materials. However, here the Kerr rotation is observed to be an order of magnitude
lower between 300 and 1800 s.
The appearance of a remanent Kerr rotation at 300 K is not expected as it requires a
remanent magnetisation. The Kerr rotation angle depends on the magnetic field and it can be
written as θK=ν(n)B·l (6.2), where B is the magnetic field, ν(n) is Verdet’s constant, n is the
refractive index, and l is the path length.[88] A remanent magnetisation at 300 K is likely to arise
from a distribution in the nanoparticle sizes where there are some nanoparticles that have
blocking temperature above 300 K. However, the fraction of these nanoparticles is small
because there is no evidence for hysteresis in the SQUID data at 300 K within the experimental
uncertainty. As suggested by the magnetisation measurements, it is possible that domain wall
pinning is enhanced by the FexSi33-xOy shell in the fraction of larger nanoparticles with blocking
temperatures above 300 K, leading to an enhancement of the remanent Kerr rotation at 300 K.
The appearance of nanoparticles protruding from the surface and the resulting rapid
decrease in the thickness of the nanoparticle layer, contribute to the significant decrease in the
Kerr rotation for annealing times above 1800 s. Indeed, when the nanoclusters start to protrude
from the surface because there will be a change in the effective refractive index, and hence, in
Verdet’s constant.

6.1.4

Magnetic properties as a function of annealing environment

and pre-implantation
The structural and composition changes observed during ion implantation and EBA were
correlated to significant changes in the materials magnetic and magneto-optical properties. In
this part, the magnetic properties resulting from nanomaterials processed with different
annealing environment will be discussed. In addition, implanting different species was used as a
comparison and the magnetic properties of the resulting material are discussed.

Comparing vacuum furnace annealing and EBA
As observed in Figure 6.7, the magnetisation at saturation of furnace annealed samples was
smaller than that observed following EBA. At 5 K the magnetic moment at saturation was similar
to the as-implanted sample and reached about 1.2±0.1 µB.at-1 which is close to the bulk
amorphous iron value (1.7 µB per Fe atom).[191] Similarly to the as-implanted samples, the
magnetic moment could be explained by the presence of amorphous Fe, or the fact that only a
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fraction remains in the form magnetic nanoparticles. This interpretation is supported by the ZFCFC which shows a TB at 190 K. Notably, the zero-field cooled curve showed a transition at about
75 K. This could be explained by a wide distribution of the nanoparticle size or magnetic
anisotropy. These results are in excellent agreement with the structural observations presented
in the previous Chapter.

Figure 6.7 Comparing the effect of FA and EBA on the magnetic properties of the 1 h 1000 °C annealed
nanomaterials. Evolution of the magnetisation with applied magnetic field at 5 K. Inset shows the ZFC-FC trends for
these sample with arbitrary offset.

Evolution of the magnetic properties in annealing in air environment
It was shown in the previous chapter that annealing in air led to limited diffusion and limited
growth of the nanoparticles, along with oxidation of Fe. Such structural and chemical changes
are expected to have an impact on the magnetic properties.

Figure 6.8 Evolution of the magnetic moment at 300 K for different FA-air annealing durations (1 Oe=0.1 mT).
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Figure 6.8 shows the magnetic moment per Fe at 300 K as a function of the applied magnetic
field for as-implanted and samples annealed in air at 1000 °C for several durations. Very little
change was observed in the first few hours. However, by 7 h the magnetic moment per Fe atom
at saturation was observed to be larger at 2.2±0.1 µB (300 K). At 5 K the magnetic moment at
saturation, 2.5±0.1 µB, is also significantly larger than for EBA samples. Two possible factors
could be the cause for such an increase. The first reason is structural; more crystalline
nanoparticles would induce higher magnetic properties. The low mobility of Fe ions in SiO2 under
air annealing would also explain the slow structural changes. Secondly and as presented in Table
6, the presence of oxide would lead to higher magnetic moments.
Table 6 Magnetic properties of existing Fe compounds.[87]
Fe compound
α-Fe
FeO
α-Fe2O3
γ-Fe2O3
Fe3O4
Fe2SiO4

Magnetic structure
Ferromagnetic
Anti-Ferromagnetic
Anti-Ferromagnetic
Ferrimagnetic
Ferrimagnetic
Anti-Ferromagnetic

Magnetic moment at 5
K (µB per Fe atom)
2.22
4
5
5.0
4.1
4.4

Curie or Neel temperature
(K)
1043
198
1000
863-945
850
65

As observed in Figure 6.9, ZFC-FC measurement on the same samples clearly showed a
superparamagnetic contribution with low blocking temperature indicating average diameter
below 6 nm. The difficulty in defining a blocking temperature suggests a distribution of the
nanoparticle size. However, and contrary to EBA annealing, the blocking temperatures increase
only from less than 5 K to about 50 K, suggesting that the nanoparticle sizes do not increase
much. These results are in excellent agreement with the TEM observations and XPS
characterisation presented in the previous Chapter.

Figure 6.9 Temperature dependence of the magnetisation in ZFC-FC conditions at 100 Oe for different FA-air
annealing durations.
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Effect of O, N and H pre-implantion
In the previous chapter, pre-implantation of O, N and H have been shown to induce dramatic
changes in nanoparticle formation. In addition, the formation of an iron oxide precipitate was
hypothesised and significant oxidation was observed with oxygen flow during the annealing. The
impact of such changes on the magnetic properties was investigated using SQUID and the results
are displayed in Figure 6.10. Measurements were undertaken with samples EBA annealed at
1000 °C for 1 h. Very little difference was observed with the H pre-implantation from the nonpre-implanted sample. However, a large increase in the magnetisation from 0.19 to 0.36
memu.cm-2 was observed between the non-implanted sample and the N and O pre-implanted
samples. As displayed in Figure 6.10 the increase in the magnetisation was not only due to the
increase of Fe atoms remaining in the SiO2 , but also to an increase of the magnetic moment per
Fe atom.

Figure 6.10 Different magnetic properties with gas pre-implantation. Room temperature magnetisation curve
and ZFC-FC measurements (inset) for different pre-implantation conditions and after EBA for 1 h at 1000 °C.

The origins of the large increase in the magnetisation for the N and O pre-implanted samples
remains unclear. This could originate from the presence of iron in a high spin configuration Fe3+
possibly in an iron oxide form. The quick out-diffusion of the N indicated in the NRA analysis and
presented in the previous Chapter, would prevent the presence of nitride species. Oxidised Fe
usually presents larger magnetic moments (Table 6), however, no Fe-Si-O compound was found
in the literature with a large Fe magnetic moment.
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6.2

Large room temperature magnetoresistance

Fe:SiO2 nanogranular materials can display negative magnetoresistance[186]. The amplitude
of this magnetoresistance was shown to be strongly dependent on the Fe volume fraction
through the percolation path for conduction. However, previous studies of ion beam synthesised
nanostructured Fe in amorphous SiO2 films have displayed negligible magnetoresistance.[89]
Surprisingly, the current materials present large room temperature magnetoresistance and
linear behaviour at fields above 2 T. The structure obtained using the synthesis method
presented in the previous chapters lead to crystalline nanoparticles on the sample surface such
as presented in Figure 6.11a.
In order to investigate the magnetoresistance, two-point contact measurements were
performed under the geometry shown in Figure 6.11b. Contact pads were fabricated using Ti
and Al, or Au deposition (either vapour deposited or sputter deposited).

The Ti and Al

configuration is displayed in Figure 6.11b . The Ti layer was used as a buffer layer in order to
avoid Al oxide in contact with the nanoparticles. The measurements were performed in a
physical properties measurement system (PPMS®, Quantum Design) which allowed electron
transport measurements in DC and AC under controlled conditions of temperature, pressure,
and magnetic field. The measurements were performed in AC transport mode with DC excitation
current, allowing for the measurement of the bias voltage between the two-electrodes against
the excitation current ( varying from -1.000 mA to +1.000 mA) for several temperatures and
magnetic fields (±8T).

Figure 6.11 The geometry if the magnetoresistance. a) the surface structure as shown by TEM, HRTEM and the
corresponding SADP (inset) and b) the multilayer used for magnetoresistance measurements.
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A tentative explanation of the origins of this magnetoresistance will be presented using
comparison to previously reported large positive magnetoresistance in similar systems.

6.2.1

Observation and possible origins magnetoresistance

Figure 6.12 Evolution of a) magnetoresistance for a 1 h annealed sample with different excitation current, and
b) the resistance.

Contrary to previous studies on ion beam synthesized buried Fe nanoclusters[89] and
sputtered granular Fe-SiO2 thin films[196], a large positive MR ratio was observed for these
materials. The evolution of the MR ratio with an applied magnetic field is shown in Figure 6.12a.
Here the MR ratio is plotted for a current of -0.0625 mA and in the form used by other
researchers in this field where

(6.3).[105,197,198] The MR ratio is

approximately linear for fields above 2 T or below -2 T and

reaches ~40 % at 8 T.

The current dependence showed non-ohmic behaviour, as can be seen in the inset to Figure
6.12a and is likely to arise from non-Ohmic contacts. However, it is apparent in Figure 6.12b that
this does not have a large effect on the MR because a large MR is observed for applied currents
ranging from -1 mA to 1 mA.
As observed in Figure 6.13, the MR was observed to vary with the excitation current and
showed an asymmetry. The magnetoresistance showed a maximum for an excitation current of
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about -0.2 mA and a minimum at about 0.4 mA. A slight asymmetry of the magnetoresistance
response to an applied field was also observed with positive fields leading to slightly higher MR
values. The asymmetry likely arises from the presence of asymmetric barriers at the injection,
potentially from Shottky contacts.

Figure 6.13 (Symbols) Details of the I-V curve and (lines) evolution of the magnetoresistance as a function of
the bias voltage.

There are a number of different effects that can lead to a large

. The most obvious is spin

tunnelling between the ferromagnetic Fe nanoparticles and through the insulating SiO2 region
because Fe is known to display electronic spin polarization. However, spin tunnelling in granular
films should lead to a negative RMR.[102] Coulomb blockage[102] can also be discounted because
the Coulomb blockage energies are small and hence this effect is only observed in nanocluster
films at very low temperatures.[199,200]
The second possibility is impact magnetoresistance. It has been reported in nonmagnetic
Au/GaAs

barriers[201]

as

well

as

magnetic

nanostructured

MnSb/GaAs[109]

and

MnAs/GaAs[202]. It is also known as magnetic field controlled avalanche breakdown[107] and
can lead to magnetoresistance switching at high voltages.[109] Avalanche breakdown can occur
at a Schottky barrier when the applied voltage is sufficient to cause impact ionization by injected
electrons in the accumulation region.[107] This leads to holes that lower the barrier height,
resulting in a large increase in the current that is observed for high applied voltages (e.g. ~60 V).
The applied magnetic field delays the voltage onset where avalanche breakdown occurs. This
effect can lead to very high positive MR values of up to 105%.[107] Large

values have also

been observed for high applied voltages in In/n-Si/In and Si:B/SiO2/Al junctions. These were
attributed to breakdown of the space charge effect because of insufficient charge compensation
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of the injected electrons[203] and non-uniform squeezing of the acceptor wavefunction by the
applied magnetic field.[204] None of these effects occur in this study as they require voltages of
~60 V whereas large

values for voltages at low as ~0.2 V were observed.

It is likely that the origin of the large MR observed in the present samples is related to that
reported in Ge1-xMnx nano-columns (aggregates of Ge1-xMnx nanoparticles perpendicular to the
surface) and nano-wells (thin layers of Ge1-xMnx nanoparticles parallel to the surface) in Mn
deficient Ge1-yMny thin films.[105,197,198] The resultant RMR is similar to that found in this study
and it continues to increase up to and above 10 T.
There are different effects that lead to the observed MR. The first is a geometric effect
where the Lorentz force deflects the current away from the low resistivity nanoparticles and
through the insulating region.[105,106,205] The second is the extraordinary magnetoresistance
that is observed in semiconducting or insulating films containing metallic nanoclusters.[106] At
low fields the electric field is perpendicular to the nanoparticle surface. As the magnetic field
increases, so too does the Hall angle θH, For high enough fields θH approaches 90° and the
current is excluded from the metallic nanoparticles and hence there is a very large increase in
the resistance. The third possible effect is spin-dependent carrier scattering in the magnetic
nanoparticles,[105,197,106,206] which is expected in ferromagnetic nanoparticles and it might
be expected to be enhanced if the nanoparticles also display a degree of electronic spinpolarization.
Thus, the large MR observed in this investigation is likely to be due to the sum of the
geometric effect and the extraordinary magnetoresistance, which would both have a positive
contribution. There could be a negative contribution from spin-dependent tunnelling between
nanoparticles, or spin-dependent scattering at the nanoparticle interface, but this contribution
has to be small. In the following, key parameters will be varied and their impact on the
magnetoresistance investigated.

6.2.2

Temperature

dependence

of

the

resistance

and

magnetoresistance
The evolution of the resistance with the temperature can provide insight into the nature of
the main current transport mechanism. The resistance increases sharply with decreasing
temperature. This is similar to what has been observed in other ferromagnetic/insulator
nanogranular systems such as Fe:Al2O3[207] and Co:TiO2 [199]. In these systems, the
temperature dependence shows a transition below which the resistance evolves inversely
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proportional to the temperature. In the present case, the transition is reached at much higher
temperatures (about 250 K in the case presented in Figure 6.14).

Figure 6.14 Typical evolution of the resistance with the temperature of measurement. Data obtained for the 2
h annealed sample at 0 T.

The temperature dependence of the MR shows a peak at one particular temperature which
differs for different excitation currents (Figure 6.15). Similar behaviour has already been
observed for IMR and explained as a maximum in the energy barrier height due to the existence
of one particular exchange-split level at the accumulation electron layer.[107] However the
applied voltage is likely to be to low in the present case to be inducing impact ionization.

Figure 6.15 Temperature dependence of the magnetoresistance at 6 T for different excitation current. Data
obtained for the 2 h annealed sample.
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The maximum of the MR was observed at the same temperature as the inflection point in
the log of the temperature dependence of the resistance (inset of Figure 6.14). This suggests
that at the transition temperature of electron transport, the positive magnetoresistance is at a
maximum. Deeper investigation would be required in order to ascertain the origin of such effect.

6.2.3

Evolution of the magnetoresistance during the annealing

As expected, the electron transport and magnetoresistance properties are observed to
evolve during electron beam annealing (Figure 6.16). While the as-implanted samples (not
shown) presented no significant magnetoresistance, annealing of a few seconds leads to large
magnetoresistance. 0 s annealing corresponds to an annealing profile without the temperature
plateau. The magnetoresistance then drops dramatically for 60 s annealing, before slowly
increasing again after 300 s. These changes are likely to be related to changes in the nanoparticle
size, surface density and composition. Results from this work suggest the electrode geometry
greatly influences the response of the materials. This variation in electrode geometry is likely to
explain the apparent rapid drop in resistance observed between 60 and 300s (see figure 6.18).

Figure 6.16 Evolution of the field dependence of the resistance with the electron beam annealing duration
(excitation current of -0.01 mA).

Previous studies on nanogranular materials have shown a relationship between the volume
fraction occupied by the metal magnetic nanoparticles, the base resistance and the observed
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negative magnetoresistance[186,208]. Four probe contacts were used in these studies. In the
example given in Figure 6.17, a Fe-SiO2 granular thin film was synthesised by ion beam
sputtering. As the volume fraction of Fe decreases, the resistance increases. This is to be
expected as the distance between Fe grains increases. However the negative magnetoresistance
shows a maximum around 30%. The negative magnetoresistance observed in FM/insulator
nanogranular materials is shown to be enhanced when the concentration of the FM phase is
above the percolation threshold [186,209]. The magnetoresistance shows an optimum just
below the concentration threshold. Above the threshold the nanoparticles are interconnected
and the main conduction mechanism is no longer electron tunnelling. On the contrary, very low
concentration leads to loss of the spin information [87,210]. As the transition around the
threshold is sharp, small variation in the volume fraction could lead to large variations in the
negative magnetoresistance[211,210].

a)

b)
Figure 6.17 Room temperature evolution of the a) zero-field resistance and b) the magnetoresistance ratio as a
function of the volume fraction of Fe nanoparticles in the Fe-SiO2 nanogranular system given in ref. [186].

The changes in the base resistance and magnetoresistance are summarised in Figure 6.18.
Below 300 s, the resistance increases significantly whereas the magnetoresistance drops. The
magnetoresistance then slowly increases with increasing annealing up to 2 h. A maximum of is
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reached at 1 h annealing. The overall increase of the resistance in the first hour of annealing
could be explained by a combination of the loss of Fe at the surface and increased inter particle
distance. Surprisingly, the resistance of the 2 h annealed samples is much lower than the
resistance of the 1h annealed samples.

Figure 6.18 Evolution of the base resistance and magnetoresistance at 8 T for different annealing durations.

The contribution of negative and positive magnetoresistance mechanisms are likely to
evolve differently during the EBA as they have different origins. The conditions leading to the
negative contribution are optimal between 300 and 1800 s.

6.2.4

Dependence on the electrodes geometry

Typical negative spin-dependent tunnelling was not observed with the geometry presented
above. The observed magnetoresistance is likely to originate from the combination of positive
and negative contributions. Consequently, changing the electrode geometry would change the
magnetoresistance. A possible combination could be obtained with negative spin scattering
occurring mostly in the injection region and the positive contribution in the rest of the sample. In
that case, decreasing the gap size would favour the negative contribution.
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The influence of the electrode geometry on the MR was investigated. Similar 1 h 1000 °C
EBA annealed sample which showed large MR at room temperature, as presented above, were
used in this study. A 0.06 mm wire was used as a mask during the deposition of the electrodes.
The evolution of the magnetoresistance with an applied magnetic field is shown in Figure 6.19.
For positive voltages, a negative magnetoresistance is observed which saturates at low field,
similar to the standard TMR between two ferromagnetic nanoparticles separated with an
insulator.[208] Varying the excitation current changes the behaviour of the magnetoresistance.
A positive linear contribution to the MR appears with increasing excitation current.
Switching from negative to positive MR when varying the excitation current or applied bias
voltage, has been observed in very different systems and originated from Coulomb blockage.
Such an increase of the negative MR with increasing the applied bias around the Coulomb
blockage threshold has been observed in Fe/SrF nanogranular systems.[212] However, Coulomb
blockage is present at low temperature; hence it is not likely to be occurring in the present case.
Fe-Al2O3 nanogranular systems have also shown magnetoresistance changing from positive to
negative with the applied bias voltage.[207]

Figure 6.19 Variation of the MR ratio with a magnetic field applied parallel to the sample surface at 300 K with
different current driven through the sample. The sample gap in this case is 0.06 mm by 3.5 mm and the smallest
contact is put in the I-, V- pad (= when the voltage is positive on the curve, the positive electric potential is set on
the bigger contact).

6.2.5

Towards a model of the large magnetoresistance

Previous results clearly indicate that the magnetoresistance in this system of ferromagnetic
metal/ insulator granular thin film on insulator presents at least two different contributions to
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magnetoresistance. A first contribution arises from spin-dependent tunnelling between two Fe
nanoparticles separated by a thin SiO2 insulator. Indeed, the main electron transport mechanism
is very likely to arise from tunnelling. This was evidenced with the lowering of the samples
resistance for higher nanoparticles surface density. In addition, Fe presents a large spin
polarization which will lead to spin dependent tunnelling. This contribution leads to negative
magnetoresistance and was observed mostly for small gaps. The possible origins for positive
magnetoresistance have already been discussed above. Furthermore, the temperature
dependence

shows

a

discrete

maximum

similar

to

that

observed

for

injection

magnetoresistance. Therefore the observed magnetoresistance is described as a function of two
mechanisms: MR(H,T)=MRspin(H,T)+MRgeometric(H,T,θ) where the MRspin is the spin-dependent
tunnelling MR and MRgeometric is the geometric magnetoresistance term which also accounts for
the injection term, dependent on the angle between the main current path and the field.

Positive contributions
A model is currently being investigated by Boff and Baibich which aims to provide an
understanding of the variation of the magnetoresistance observed in Fe-Al2O3 when varying the
bias voltage. [207,213] As presented above, this cannot be accounted for by spin-dependent
tunnelling only. Similarly to the present system, when a different voltage is applied, the
magnetoresistance switches from negative to positive and is large at room temperature.
However, differences between the two systems can be observed in the temperature
dependence of the resistance and magnetoresistance.
In this model, they modify the well known spin-dependent tunnelling magnetoresistance
equation and include a term dependent on the electrical resistance. This term is justified by
having a variable range hopping of the electrons with random distribution of nanoparticles and
random inter-particle distances and size distribution. They propose the variation of the
resistance as a function of external field and temperature as:
(6.4)

where
regime, and

the resistance equation setting the variable range hopping
with

from Inoue and collaborators’ formula.

is a function of the temperature, effective mass, localization length, energy of the barrier and a
numerical value. [207,213]
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In the present work, the model was tested with a sample showing both negative and positive
magnetoresistance contribution when varying the excitation current. Figure 6.20 show fits of the
experimental data obtained with the small gap sample. The first curve at
fitted taking the experimental values of

was

=650 Ω. The values of P=0.2423 and µ= 40140 µB

were kept constant for the rest of the fits. In this approximation the spin polarisation and
magnetic moment of the nanoparticles are independent of resistance, current density or electric
field. A is dependent on the tunnelling barrier and could be varying with the bias voltage. The fits
were obtained with regression factor

varying from 0.97 to 0.40. While the general trend is

described well, with the magnetoresistance varying from negative to positive, this model fails to
describe the linear trend at higher fields and does not match the changes in the resistance
around the saturation field.

Figure 6.20 Fit of the variation of the magnetoresistance for the small gap sample for different excitation
currents based on the model of Boff and Baibich. [207,213]

Assuming that the grains are only composed of atoms contributing positively to the
magnetisation with a moment of 2.1 µB , a Fe atom radius of 1.1 Å and a packing density of
(cubic lattice), the average diameter of the grains is about 7.3 nm. This number is lower than
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values obtained from TEM and would indicate that the larger nanoparticles do not contribute to
the magnetoresistance.

Spin-dependent tunnelling negative contribution
The curve of the negative magnetoresistance obtained with the small gap samples shows a
horizontal hysteresis. The magnetoresistance converges to saturation with a saturation field
coherent with the saturation field found for the magnetisation of the sample. Therefore the
expression for the magnetoresistance described in Chapter 1 from the work of Inoue and
collaborators is used.[102] The theoretical curve fitted the experimental data as shown in Figure
6.21. The temperature was set to 300 K in accordance to the experimental setup. The spin
polarization was found of 19.3 % and the magnetic moment of the grains 5112.9 µB. Standard
errors are shown on Figure 6.21. Using the same estimate as presented above the average
diameter of the grains is found at about 3.7±0.7 nm, which is significantly lower than values
obtained from TEM.

Figure 6.21 Fit of the experimental data for the negative magnetoresistance obtained with narrow gap and 1.5
mA excitation current.

6.3

Optimising the nanomaterial towards applications

Nanoparticles synthesis processes development have seen a great deal of research into
having very narrow size distribution and controlled shape. However, the electron-transport,
magnetic and magneto-optical properties described above have potential for many interesting
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applications. Furthermore, the changes observed during synthesis were shown to be dependent
on very controllable parameters such as the implantation fluence, annealing temperature and
duration. In the following section, potential applications will be presented which could benefit
from the versatility of the synthesis process.

6.3.1

Superparamagnetic

nanomaterials

for

fluxgate

magnetometer cores
Fluxgate magnetometers are used to measure small magnetic fields using the magnetisation
of a soft ferromagnetic core. One of the key challenges in current technologies is to find suitable
ferromagnetic materials which allow the fabrication of low dimension, hysteresis-free
magnetometers. Nanomaterials are one potential solution.
Simple fluxgate magnetometers can be composed of two excitation coils wrapped around
the magnetic core, inducing an alternating field in the core and driving the magnetisation of
each part of the core from one saturation to the other. The overall magnetisation is zero.
However, when an external static, or low frequency alternating field is applied, a core
magnetisation is produced at a frequency twice that of the excitation signal. The oscillating
magnetisation can then be picked up by another coil wound around the previous ones and its
signal analysed. This allows for measurement of small magnetic fields. For better performance
and lower power consumption, the permeability of the material must be very high and the
coercive field negligible.
The Fe:SiO2 magnetic nanomaterial presented above could be used as a core in a planar
configuration of a fluxgate magnetometer as it shows negligible hysteresis at room temperature
and high magnetisation. From the above analysis, the best relative permeability values were
found for low annealing durations or lower annealing temperatures, as they result in smaller
nanoparticle dimensions.
Reducing the nanoparticle size is not the only option to increase the permeability. If
magnetisation at saturation increases without changing the saturation field, this increases the
permeability. This can be achieved using iron oxide rather than Fe nanoparticles. As shown in
Figure 6.10, pre-implanting the SiO2 with different gases can induce dramatic changes in the
magnetic moments of 1016 at. cm-2 Fe and EBA annealed at 1000 °C for 1 h. In the previous
Chapter it was shown that such pre-implantation also limited the loss of Fe atoms in the near
surface region. Consequently, the magnetisation of the materials has been increased more than
three times with N and O pre-implantation. The structural investigation and the ZFC-FC results,
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also shown in Figure 6.10, indicated that the dimensions of the nanogranular region do not vary
significantly from the sample without pre-implantation.

6.3.2

High field and wide dynamic-range magnetic field sensor

Another interesting use of the nanomaterials is as a magnetoresistive magnetic field sensor.
Indeed, the large magnetoresistance observed at room temperature allows the measurement of
magnetic fields (Figure 6.12). Sensors from this material can be expected to show good linearity
above 2 T (section 6.2.1). However, an important aspect for magnetic field sensors is their drift
with temperature. This is one of the major concerns with existing technologies such as Hall
probes or GMR probes. The temperature dependence observed above is not convenient for
sensing over a wide range of temperature and especially at low temperatures, as the curve
presents a peak around 160-240 K. However the annealing duration dependence of the
temperature drift and magnetoresistance amplitude makes it possible to choose annealing
conditions to select range. For example, preliminary experiments suggest the 60 s annealed
samples are particularly appropriate for measurements in the 220-330 K range.
Choosing the dimensions of the electrodes and gap is another parameter available to control
the properties. As seen above, samples with narrow gaps were shown to exhibit interesting
magnetoresistance behaviour with both negative and positive contributions. Therefore a
magnetic sensor could be designed which would use the high sensitivity at low magnetic field of
the negative contribution and the positive contribution at high fields. Such a design could
include the use of a Hall probe in order to provide polarity in the measurements. Such a device is
currently not available with existing technologies and requires the combination of several
sensors. Furthermore, existing technologies face hysteresis when exposed to high magnetic field
and are therefore unreliable.

6.3.3

NEMS, MEMS and high density data storage

Superparamagnetism is not necessarily an advantage. Indeed, superparamagnetism makes it
very difficult to design low dimensional permanent magnets. This “superparamagnetic limit”
needs to be overcome if one wants to use nano-magnets as, for example, nano or micro
mechanical systems or data storage media.
Several pathways to overcome the superparamagnetism have been proposed. For example,
the use of ferromagnetic/anti-ferromagnetic or bimagnetic core/shell nanoparticles was shown
to provide enhanced coercivity.[195,214] In particular, Nickel/Nickel oxide core-shell

135

nanostructures were shown to have an enhanced coercive field.[136,214] The increase in the
coercive field was attributed to a weak exchange bias between the antiferromagnetic shell and
the ferromagnetic core. A room temperature coercivity of 67 Oe was also demonstrated with
Ni/NiO nanoparticles in the diameter range of 10-20 nm. Exchange-coupling of hard and soft
phases in Fe76Pt42/Fe3O4 showed very large room temperature coercive fields for nanoparticles
as small as 5 nm in diameter.
The present method is suitable for the fabrication of bimagnetic core/shell structures. With
low annealing which displayed enhanced magnetic hysteresis at low temperatures when
compared to fully crystalline Fe nanoparticles.

6.4

Concluding remarks

The magnetic, magneto-optical, and electron transport properties of ion beam/electron
beam synthesised nanoparticles were investigated. During the synthesis process the changes in
the materials properties were matched with changes in the structure and composition. The
superparamagnetic characteristics of the magnetisation of as-implanted materials were
correlated with small magnetic precipitates formed during the implantation. The core-shell
structure observed for short annealing durations give rise to higher magnetic hysteresis. The
(O2)x:Fe14Si15O52 shell was shown to have likely ferromagnetic properties over the temperature
range of the study. Longer annealing led to an increase of the magnetic moment per atom at
saturation which were coherent with metallic Fe. Surpisingly, the magneto-optical properties
displayed much larger hysteresis and Kerr rotation at room temperature for short annealing
durations. This highlighted the potential impact on those properties of the bimagnetic structure
and position relative to the SiO2 surface.
The effect on the magnetic properties of pre-implantation of N, O and H prior to the
synthesis of Fe nanoparticles was investigated. Higher magnetic moments were found with O
and N pre-implantation consistant with the formation of Fe oxide.
A very large positive magnetoresistance at room temperature of about 40 % at 8 T was
observed. The appearance of superparamagnetism arising from small Fe nanoparticles is
advantageous and leads to a field dependent magnetoresistance that does not show any
hysteresis. The changes in the magnetoresistance with varying temperature, electrode
geometry, and synthesis parameters allowed insights to be gained into the multiple origins for
the observed magnetoresistance. A simple model would consist in the combined contribution of
spin dependent tunnelling near the electrodes and positive magnetoresistance, such as
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extraordinary magnetoresistance, in the middle of the gap. The actual mechanism could be more
complicated with the occurrence of geometric effects in the injection region possibly
determining the current/ voltage dependence.
The materials properties were shown to be easily tuned by simple changes in the materials
synthesis or electrode geometry. These materials have potential in various interesting
applications such as magnetic sensors, nano-permanent magnets and high density magnetooptical data storage media.
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Chapter 7: Synthesis and properties of other single elements
and compound magnetic nanostructures
Chapter 2 demonstrates that many combinations of implanted species and substrates have
been investigated. Very different behaviours were observed from the multitude of different
possible chemical interactions in these materials. Consequently, a complete understanding of
the formation of ion beam synthesized nanoparticles still remains elusive. In contrast to previous
chapters, which were focused on the Fe:SiO2 implanted and electron-beam annealed materials
with very specific synthesis conditions, this Chapter presents an investigation of ion beam
synthesis with very different parameters. The aim is to obtain different magnetic nanomaterials.
The mechanisms involved in the growth of Fe nanoparticles using ion implantation and EBA
has been discussed in detail in the previous chapters. The evolution of the properties during
synthesis was also presented and it was shown that the materials could be tailor-made for
specific applications. However, it is not known if the phenomena observed under those specific
conditions would be reproduced using different implantation conditions, different species or
substrates.
Furthermore, there is interest in the synthesis of nanoparticles composed of more than one
element. In particular, compound magnetic materials have shown very interesting properties
which vary greatly from the single element materials. For instance, Ni Fe alloys are known to
have little hysteretic behaviour and high permeability. The use of strongly anisotropic materials
which present, in bulk form, large hysteresis also have potential to give rise to low dimension
hard magnetic phases. For this application, the use of rare-earth and soft magnetic metal alloys
has been investigated. Rare-earth/transition metals compounds on the other hand count as
some of the materials with greatest coercivity.[85] Transposing those properties at the
nanoscale could lead to interesting applications. For example, there is interest in finding ways to
overcome the superparamagnetic limit. This limit was introduced in Chapter 6 and is related to
the loss of magnetic remanence when magnetic domains become small and are not interacting
with each other. This motivates the investigation of the synthesis and properties rareearth/transition metals nanomaterials.[215]
In this Chapter, the synthesis and properties of different single element and compound
nanostructures using the same technique as presented previously will be investigated. Firstly,
the behaviour of different implanted metal species in SiO2 will be investigated and compared to
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Fe. The diffusion and precipitation of these metals will be shown to differ greatly from Fe.
Secondly, the synthesis of compound nanostructures will be performed using two different
techniques. Fe-Co, Sm-Co and Sm-Fe compounds are investigated. The first synthesis method
consists of sequential implantation of the different elements, followed by EBA. The second
involves the irradiation of pre-formed transition metal (Fe) nanostructures with a rare-earth ion
beam (Sm). The properties of the compound nanostructures are also presented. Finally, the
changes observed when performing the same synthesis process using a different silicon based
material (amorphous Si3N4) as a substrate are investigated.

7.1

Synthesis and properties of Sm and Co single element

nanostructures:
7.1.1

Cobalt implantation

Ion beam analysis of Co diffusion in SiO2

15

-2

Figure 7.1 Co profile on RBS spectra obtained for 15keV Co implantation with 9×10 at. cm and different
annealing conditions. The concentration retrieved by RUMP analysis is also shown.

RBS was used to evaluate the implanted dose and evolution of the distribution profile of Co
in SiO2 after annealing (Figure 7.1). The diffusion of implanted Co atoms under high temperature
EBA was observed to vary greatly from that of Fe. A peak was observed centred at 1.526 MeV
and with the surface edge (at FWHM) at 1.538 MeV. This corresponds to having Co at the
surface. Upon annealing, the peak was observed to decrease, indicative of diffusion or Co atoms
leaving the surface. A weak peak centred at 1.340 MeV arises above the noise level at low
annealing duration and corresponds to having an aggregation of Co atoms at the SiO2/Si
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interface. This peak at the interface is much less pronounced than that observed for Fe
implantation.
Notably, the width of the O plateau at 0.734 MeV (not shown) was observed to decrease
with the annealing duration. At 1000 °C the thickness decreased with an average rate of 18±2
nm.h-1. Therefore, similar to Fe nanostructure formation on SiO2, protruding of the nanoparticles
is likely to occur due to the electron beam enhanced SiO2 desorption.

a)

b)

c)
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Figure 7.2 Changes in the diffusion profile with 10 at. cm and different annealing conditions a) H, b) O and c)
N pre-implantation.

The effect of gas pre-implantation on Co diffusion and precipitation during EBA was also
investigated. The conditions of pre-implantation were identical to those used for the Fe studies.
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RBS spectra for the different pre-implanted samples are given in Figure 7.2. The preimplantation step has a dramatic impact on the diffusion of Co in SiO2. H and O pre-implantation
(Figure 7.2 a and b) led to a pronounced aggregation of Co atoms at the SiO2/Si interface similar
to what was observed for Fe diffusion without pre-implantation.

Figure 7.3 Summary of the diffusion behaviour under various pre-implantation conditions (lines are guide to
the eyes).

The summary of the different diffusion behaviours for different pre-implantation conditions
and EBA, are given in Figure 7.3. O and H gas pre-implantation led to a greater diffusion of Co in
SiO2 under high temperature EBA. Fast diffusion of Co atoms and aggregation at the SiO2/Si
interface can be observed for those conditions. Surprisingly, O pre-implantation led to a greater
loss of Co at the surface.
These results tend to suggest different chemical interactions between Co atoms and the SiO2
matrix compared to Fe diffusion. Reference to interstitial diffusion of Co in SiO2 was found in the
literature. [216] Co ion implantation at 90 keV followed by 1 h 1100 °C annealing under O2 and
N2+H2 atmospheres led to very similar diffusion behaviour.
Whereas additional O2 in the SiO2 lattice tends to act as trapping sites for Fe atom diffusion,
this seems to enhance Co diffusion. It is possible that O atoms in excess in the SiO2 lattice
prevent precipitation and increase the diffusion rate. Indeed, in the case of Fe, the precipitation
was proposed to explain lower diffusion rates. Fe atoms which were in nanoparticles cannot
contribute to diffusion. This was illustrated with results obtained with H pre-implantation. While
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at low fluence the diffusion was greater than without pre-implantation, the diffusion rate
decreased quickly. H pre-implantation also led to formation of bigger nanoparticles.

Microstructure after EBA
Similarly to Fe implanted SiO2, the formation of Co nanostructures was expected to occur
under high temperature EBA. The RBS results also showed that the thickness of the SiO2 layer
decreased during EBA. The protruding of nanostructures can therefore be occurring through the
same mechanism as proposed in the case of Fe.
AFM pictures were taken for different 1000 °C EBA annealed samples and showed
nanostructures on the surface. As observed on Table 7, the evolution of the sample surface was
very similar to the evolution observed for Fe implanted substrates. Small nanoparticles below 10
nm diameter were observed on the surface after 60 s annealing. The nanoparticle size was
observed to first increase with no significant change in the density of nanoparticles at the
surface. Further annealing led to the appearance of smaller nanoparticles on the surface, likely
to have been formed from secondary nucleation in the SiO2 after the complete protruding of the
first generation of nanoparticles. Trenches free of small nanoparticles correlated with bigger
nanoparticles were observed similarly to what was observed for Fe. This suggests that the
“snow-ball” effect proposed in Chapter 5 is also occurring in the case of Co. Notably, the AFM
experiment did not resolve the shape of the nanoparticles observed under TEM as detailed in
the following. However the topography of the samples surface obtained by AFM describes
correctly the surface distribution of nanoparticles and aggregates of nanoparticles with a
resolution in height is of the order of an Angstrom.
The structure of the material after 1000 C 1 h EBA was investigated with plan view and
cross-section TEM. As can be seen in Figure 7.4 Co nanoparticles were clearly observed. These
Co particles were strongly faceted, 10-35nm in diameter and uniformly distributed across the
sample surface. The particles were also observed to be highly crystalline. The triangular shape of
many particles suggested truncated by {110} type facets. Many of the particles appeared as rods,
but were most likely plate-like and viewed edge on. The Co M ratio map (not shown) showed
that most of the Co was in the particles. The crystalline state of the nanoparticles was confirmed
by the selected area diffraction pattern (SADP) given in Figure 7.4d for the nanoparticles in
Figure 7.4c. This shows a diffraction pattern from a nanocrystalline phase that is potentially
twinned and superimposed on the pattern from amorphous SiO2. The measured spacings were
2.06, 1.79, 1.27, 1.07Å. Spacings for hexagonal Co include 2.04 (0,0,0,2), 1.25 (2,-1,-1,0), 1.07
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Å.[217,218] While several spacing were observed to match, there is no obvious match to the
1.79Å spacing for a hexagonal phase. However, comparison with the cubic form of Co shows a
complete match to all d spacings 2.06 (111), 1.79 (200), 1.27 (220) and 1.07 (311).[217] Hcp-Co is
known to transform to fcc at about 500°C,[219] but on cooling there is a very large hysteresis for
the backward transformation.[220] Therefore, it seems likely that the high temperature fcc form
has been quenched in. Large area EDS did confirm that the particles were Co with no other
significant heavy atomic mass impurities. Analysis of a single Co particle also yielded only Co
with no detectable oxygen, suggesting the particle is metallic and not oxide.
Table 7 Evolution of the topography of Co implanted samples during the annealing. AFM pictures.
16

2

SiO2 (400nm)/Si – Co implanted (1*10 at./cm 20 keV) - Annealed on EBA at 1000°C

ML048A 1000C 60s picture 1

ML048B 1000C 300s picture 1

ML048C 1000C 1800s picture 4

ML049A 1000C 3600s picture 3

The cross sectional TEM provided useful complementary information regarding the position
of the nanoparticles relative to the surface. At low magnification, the observed structure was in
excellent agreement with the IBA results. Most of the Co particles were at or near the surface,
with only a small fraction present near the SiO2/Si interface. The surface particles were much
coarser at 10-35nm and strongly crystalline and faceted.

Particles ranged between fully
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submerged in the SiO2 to fully protruding out of the surface. Co M mapping confirmed that
these particles were Co-rich. Some of the particles appeared to be polycrystalline.

a)

b)

c)

d)

Figure 7.4 Various shape and crystalline state of Co nanoparticles. (a) Plan view, (b cross-sectional TEM picture
15
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of the 8.5×10 at. cm EBA annealed for 1 h at 1000 °C. (c) Detail of a triangular shape nanoparticles and (d)
corresponding SADP.

The particles near the interface were spherical and 5-10nm in diameter. Elemental mapping
(not shown) confirmed that they were Co-rich. Dark field imaging showed that the particles
were crystalline there appeared to be a partial reaction between the particle and the Si
substrate, most likely to form cobalt silicide, in the Si region under those nanoparticles. The
HRTEM of this region shown in Figure 7.5 showed the heightened contrast in the silicide reaction
zone. The formation of Co silicides from deposited Co on Si is a well reported
phenomenon.[221,222,223] In the presence of SiO2 and upon thermal annealing CoO can be
reduced in CoSi2.[223,224]
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Figure 7.5 Observation of Co silicide at the SiO2/Si interface. X-TEM picture of the 8.5×10 at. cm EBA
annealed for 1 h at 1000 °C.

Magnetic properties
Co compounds can display a wide range of magnetic behaviour. Bulk Co metal displays a
magnetic moment per atom of 1.715 µB at 0 K, 1.422 µB at 293 K and is ferromagnetic at room
temperature (TC=1388 K). The implantation of Co atoms in SiO2 might lead to the formation of
various oxides, silicides, and silicate. Co in Co-oxides has been shown to order antiferromagnetically, such as in CoO (TN=293 K, 3.98 µB at 0 K),[87,225] Co3O4 (TN= 30 K, 4.79 µB at 0
K).[226] Co silicides, Co2Si, CoSi and CoSi2 are not ferromagnetic at room temperature.[227]
After removing the diamagnetic background from the SiO2 and Si substrate, all samples in
this study displayed large saturation magnetisation. In addition, the magnetic properties of the
Co:SiO2 materials were observed to vary greatly during annealing. The magnetic moments per Co
atom in the materials is plotted for different annealing conditions in Figure 7.6. The magnetic
moment per atom at saturation is observed to decrease sharply from 4.7±0.4 µB without
annealing, to 1.7±0.1 µB after 1 h annealing. After 300 s annealing, the sample displayed an
intermediate value at 2.9±0.3 µB. Such a decrease in the magnetic moment at saturation was not
observed during the synthesis of Fe nanoparticles. On the contrary, the magnetic moment was
observed to increase slightly with annealing duration. In Chapter 6, this was attributed to
nanoparticles coalescence and crystallisation. In the present case, the Co is likely to form an
oxide during ion implantation, leading to a high magnetic moment. The magnetic moment per
Co for as-implanted samples is close to the Co3O4. Further annealing can lead to the reduction of
the cobalt oxide in metallic Co which would lead to a lower magnetic moment per atom.
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Figure 7.6 Magnetic moment per Co atoms for different annealing conditions. Inset shows the corresponding
ZFC-FC measurements with 100 Oe field cooling.

The magnetic properties also displayed interesting features which can be correlated to the
structural properties of the material. The magnetisation curve showed no hysteresis at room
temperature within the experimental error ~50 Oe. Magnetic measurements performed at 5 K
showed a significant hysteresis with a maximum reached at about 240 Oe with 300 s annealing.
As-implanted and 1 h annealed samples displayed 90 and 110 Oe respectively. The ZFC-FC
measurements tend to confirm the presence of superparamagnetic nanoparticles. The curve
obtained for the as-implanted sample displayed a divergence in the ZFC and FC curve at about
200 K and the ZFC curved showed the onset of a maximum at about 8 K. The FC curve displayed
characteristic Curie-Weiss shape. Such temperature dependence would arise from having a low
dimension nanoparticles with a narrow distribution in diameter. Similarly to Fe implantation,
nucleation of a precipitate can be expected in Co implanted SiO2 as the Co concentration is likely
to exceed the solubility limit. For annealed samples, the ZFC-FC curves were found somewhat
similar to Fe:SiO2 annealed materials. A wide distribution of nanoparticle size would account for
the undefined blocking temperature. Surprisingly, the 300 s annealed sample showed a
significant inflection in its ZFC curve when approaching 300 K. One possible explanation lies in a
bimodal distribution with a population of larger nanoparticles with a blocking temperature close
to 300 K.
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Figure 7.7 Evidence of a bias field. Zero-field cooled and field cooled magnetisation loops at 5 K.

The presence of ferromagnetic/anti-ferromagnetic Co/CoO interfaces in the material could
lead to an exchange bias below the Neel temperature of CoO. In order to investigate such
exchange bias, a large magnetic field ( 6 T) was applied at room temperature on a previously
demagnetised 300 s annealed sample. The material was then cooled down to 5 K and the
magnetisation loop was measured. The hysteresis loop was slightly shifted towards negative
fields of about 130 Oe and the magnetisation at saturation decreased slightly. The shift could be
explained by the presence of an exchange field exerted by the anti-ferromagnetic phase on the
ferromagnetic phase.[194,195] The decrease of the magnetisation at saturation could be
explained by a large surface of interaction between the anti-ferromagnetic and ferromagnetic
layers. Indeed, at the interface the exchange field can pin the neighbour moments in the
ferromagnetic domain. Therefore, with a large interfacial surface, the number of pinned
moments can become significant.

Magnetoresistance
The current-voltage characteristic and evolution of the electrical resistance against an
applied magnetic field were investigated in 1 h annealed samples. Typical curves obtained for 0
and 8 T are shown in Figure 7.8. Without an applied field the resistance was observed to vary
from 420 Ω to 1.16 kΩ within the presented excitation current range [-0.49;0.5] mA. The
material was observed to be strongly non-ohmic which is very likely explained by tunnelling
driven conduction.

Under a magnetic field the I-V characteristic curve changed and the

resistance was observed to increase over the range of measurements.
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Figure 7.8 Plot of the current against the voltage in different applied fields. The corresponding evolution of the
magnetoresistance is also shown.

The evolution of the resistance R(B) with the magnetic field at different excitation currents is
given in Figure 7.9a. The magnetoresistance was observed to be positive and the
magnetoresistance ratio is plotted in Figure 7.9b the magnetoresistance following equation
(6.3). The magnetoresistance displayed a maximum of 22.8 % for an excitation current of 0.375
mA. The magnetoresistance was observed to be linear above 2 T with less than a percent
divergence from linearity (Figure 7.10).

Figure 7.9 (a) Plot of the resistance and (b) magnetoresistance plotted against the applied magnetic field for
different fixed currents.

This large magnetoresistance is likely to have similar origins to the one observed for Fe
nanoparticles on SiO2. Indeed, Co like Fe, displays a large electron spin polarisation (21% for Co
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and 31% for Fe) and such ferromagnetic/insulator nanogranular materials can display spindependent tunnelling. The nanoparticles size and distribution are similar and the magnetisations
are close, hence in both systems the corresponding tunnelling magnetoresistance would have
similar amplitude. The structure of the two materials surfaces is also very similar, with
nanoparticles protruding in both cases. Therefore this leads to a very specific material geometry
which would induce large geometric magnetoresistance similar to what was hypothesised for Fe
nanoparticles.

Figure 7.10 Linear regression of the magnetoresistance for a current of 0.375 mA.

7.1.2

Samarium implantation

Samarium is an interesting element to study and compare with Fe and Co. First of all, it is a
heavy element which will potentially present very different diffusion behaviour to the previous
implants. Furthermore, combined with Fe or Co this rare-earth can lead to materials with large
magnetic anisotropy and large magnetic hysteresis at room temperature. Sm2Co17 and SmCo5
are two of the materials which are most targeted in the making of hard permanent magnets.
Understanding the behaviour of Sm during the ion implantation and EBA processes could
provide useful insight for the synthesis of Sm based compounds.
IBA of 1016 at. cm-2 20 keV Sm implanted and 1000 °C EBA annealed samples was used to
investigate the diffusion of Sm in SiO2. As can be observed in Figure 7.11, Sm atoms undergo
very little diffusion. A significant shift of the surface peak of Sm is observed for 2 h annealing
which can be correlated with the decrease of the SiO2 layer thickness. Similarly to the case of Co,
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Sm could form oxides and silicides within the matrix. The presence of such compounds in SiO2
under Sm irradiation has already been discussed above. In such a form, the Sm atoms could be
trapped and have limited diffusivity.

Figure 7.11 - The Sm distribution profile for different annealing durations and different temperatures of Sm
16
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10 at. cm RBS results

Microstructures were formed on the surface of the Sm implanted samples after EBA. Table 8
summarizes the different topography obtained from AFM. Blistering and exfoliation were clearly
observed. The craters presented depths of around 40 nm which is larger than the implantation
range of Sm. The mechanism of formation of these structures remains unclear. Such blistering
and exfoliation are known processes for large fluence gas ion implantation and are even used in
order to fabricate thin films materials.[10] In those cases, above a certain concentration, which
is substrate, implanted species, temperature and stress dependent, a gas phase will nucleate
and coalesce. As the amount of gas molecule increases, the volume and the pressure in the
bubble increases, leading to the formation of blisters. Ultimately, the strain is released through
the rupture of the bubbles. This leads to the formation of a crater.
In the present case, the only gas species known to be produced during this high
temperature, high vacuum annealing of SiO2 are SiO, O and O2. Sm could act as trapping site for
SiO or O2 gas molecules which otherwise would tend to recombine when produced in the depth
of the SiO2 film.
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Table 8 Evolution of the topography of Sm implanted samples during the annealing. 5×5 µm AFM pictures. In
brackets are shown the extent of the colour scale.
16
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SiO2 (400nm)/Si – Sm implanted (1*10 at./cm ? keV) - Annealed on EBA at 1000°C

7.2

ML063A 1000 C 60 s picture 1 (11.3 nm)

ML063B 1000 C 300 s picture 1 (36.9 nm)

ML063C 1000 C 1800s picture 1 (26.6 nm)

ML064B 1000 C 3600s picture 1 (21.1 nm)

Synthesis of compound nanoparticles: Fe-Co, Sm-Co, Sm-Fe

In the previous sections, the synthesis of single element metallic nanoparticles on the
surface of SiO2 was shown to be possible using ion implantation followed by electron beam
annealing. It was shown that during the annealing, implanted Co and Fe ions diffusion and
precipitation associated with the electron beam enhanced desorption of SiO led to the
formation of nanoparticles on the surface. Co and Fe were shown to produce room temperature
ferromagnetic materials.
There is an interest in synthesising compound materials as they can display properties very
different than each individual constituent. For instance, FeCo can display much higher
permeability compared to Fe and Co.[87] Rare-earth/transition metal compound such as SmCo5,
or Sm2Fe17 are hard magnetic materials. [85,215,228] Consequently, this part will investigate
two different ion beam synthesis methods to produce compound Fe-Co, Sm-Co and Sm-Fe
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nanoparticles. The first method involves the co-implantation of the constituents in SiO2,
followed by EBA. The second uses a Sm beam to modify the composition and structure of
nanoparticles formed by ion implantation and EBA. Indeed, Sm implantation in Fe nanoparticles
at appropriate concentrations would lead to the formation of bi-magnetic Fe/Sm-Fe
nanoparticles.

7.2.1

Fe-Co co-implantation

Fe and Co were implanted consecutively so as to have similar implantation profiles in the
SiO2. The profiles were simulated using Dynamic-TRIM and fluences were chosen at 8.5×1015 Co
and 1016 Fe at. cm-2 for 15 keV implantation energy. The samples were then annealed under EBA
for 1 h at 800, 1000, and 1100 °C and their magnetic properties were investigated using a SQUID.
SEM micrographs were obtained using a JEOL 6500F field emission scanning-electron microscope
(SEM) working with 15 keV electron beam. The wafer pieces were first coated with 12 nm of
platinum in order to limit the charging effects of the incident electron-beam. Backscattering
imaging was also obtained.

Structural investigation
The formation of nanostructures at the surface was clearly evidenced by SEM and AFM (not
shown). As observed in Figure 7.12 spherical nanoparticles ranging from ~5 to 30 nm are sitting
inside grooves. The backscattering images indicate that the nanoparticles have significantly
higher densities than the surrounding material. This suggest than most of the Fe and Co are
located in the nanoparticles.
Higher annealing temperatures led to fewer and smaller nanoparticles on the surface. The
groves are also wider and were observed to be deeper in AFM. Larger diffusion at higher
annealing temperature could explain the presence of less Fe and Co on the surface. In addition,
the desorption process leading to thinning of the SiO2 layer discussed in Chapter 5 is likely to be
enhanced with higher temperature. Annealing at 1200 °C for 15 min was observed to be enough
to completely remove the 400 nm SiO2 layer.
The formation of the groves was related to the “snow-ball” effect observed in the case of Fe
nanoparticles. Indeed, by removing the smaller particles in their tracks, the larger nanoparticles
leave larger SiO2 regions free of nanoparticles on their surface. The desorption is then expected
to occur at different rates, with or without nanoparticles on the surface, leading to the
formation of the groves.
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a)

b)
Figure 7.12 SEM micrographs showing Fe-Co nanoparticles at the surface of SiO2. (left) Backscattered electron
image showing regions of higher density in white and (right) higher magnification scanning electron image of
samples EBA annealed for 1 h at 1000 and 1100 °C.

Magnetic properties

16

-2

Figure 7.13 Magnetisation against applied magnetic field at different temperature for the 8.5×10 at. cm Co
16
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and 10 at. cm Fe implanted and annealed sample (EBA for 1 h at 1000 °C). Inset shows the ZFC-FC measurements.
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Qualitatively, the obtained results, given in Figure 7.13, are very similar to those presented
with single Fe implantations. The ZFC-FC also showed a large divergence which indicates the
contribution of superparamagnetic nanoparticles.
The observed magnetisation was lower than what would be expected for the same amount
of Fe atoms. An estimate of the magnetic moment can be obtained by adding the expected
contribution of Fe and Co atoms. In bulk metal form Co is expected to have 1.72 µB per atom and
Fe 2.22 µB per atom. With the concentrations obtained after IBA of the annealed samples, this
would lead to an average moment of 1.95 µB per atom. This is slightly higher than the 1.69 µB per
atom obtained experimentally. The calculated and experimental magnetic moments in some
FeCo materials found in the literature, are usually larger than the values in bulk Fe and Co
metals.[229] The difference observed here is likely to arise from disorder in the nanostructures,
or the presence of Co rich nanoparticles such as presented above and which presented lower
magnetic moments.
As the magnetic moments differ from the single element materials it is likely that the
nanoparticles formed are Fe-Co compounds. Further analysis such as grazing angle XRD or high
resolution TEM would be required to determine the stoichiometry and crystalline phase of the
nanoparticles.

7.2.2

Sm-Co co-implantation

In the samarium-cobalt alloys, the phases SmCo5 and Sm2Co17 presents very interesting
magnetic properties. Indeed those phases and SmCo5 in particular, have a very large magnetic
remanence at room temperature and a high Curie temperature. Hence, these materials are used
as permanent magnets alongside neodymium boron magnets. Recent studies have focused on
investigating the evolution of the remanent magnetisation with decrease the size of Sm-Co
structures. Sm-Co nanostructures with high remanence would find applications in MEMS and
NEMS as permanent magnets, or for use in high density data storage media.
However, synthesis of this particular phase as nanostructures can present a certain
challenge with ion beam synthesis and bottom up methods. Indeed the phase is present in a
very narrow range of composition and temperature, as observed in the phase diagrams in Figure
7.14. Commonly, Sm-Co micro- and nano- structures are fabricated following top down methods
including ball-milling. While several top-down methods to synthesise SmCo5 nanoparticles have
successfully produced hard magnetic phases there are, from available literature, very few
bottom-up and self-assembly technique.
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a)

b)

Figure 7.14 Sm-Co binary phase diagram at atmospheric pressure from literature a)[230] , b)[231].

The synthesis of SmCo5 was attempted with the implantation of Sm and Co in the proper
proportion using Dynamic-TRIM simulation to predict the appropriate energy and fluence. The
EBA temperature was chosen in a range which was expected to form the appropriate phase
without bring the Sm-Co to melting point. Figure 7.15 gives the phase composition of a Sm/Co
mix in the 1/5 proportion from the above binary phase diagrams. This indicates that annealing
between 850 and 1200 °C leads to a mixed phase SmCo5/Sm2Co17 and a SmCo5 phase between
1200 C and the liquidus at about 1350 °C. The second range would be ideal as it would favour
the formation of the target SmCo5 phase. However, such a high annealing temperature would
lead to desorption of the SiO2 layer even without the enhancing effect of the electron beam (cf.
phase diagram Figure 5.15). EBA at 1100 °C leads to complete removal of the 400 nm SiO2 thin
film in around 15 min. Consequently, a lower annealing temperature was chosen despite the
potential formation of a mixed phase.

Figure 7.15 Evolution of the phases with temperature at constant composition Sm:1,Co:5.
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The nanocluster synthesis first consisted of the consecutive implantation of 12 keV Sm+ and
12 keV Co+ with fluences of 1016 and 5 × 1016 at. cm-2 respectively on 400 nm commercially
available wet thermally grown SiO2 films on silicon (100). The samples were then subsequently
annealed under EBA at 940 °C for 15 s to 1 h. Rutherford Backscattering Spectrometry was
performed a 2 MeV He+ of a 3 MV Van de Graaf Accelerator. The MEIS measurements were
undertaken using the same experimental setup as described in Appendix D. The surfaces were
characterized after annealing using both AFM and scanning electron microscopy SEM. Samples
were measured with a Nanosurf, Easyscan 2 AFM operating in contact mode, utilizing
Nanosensors PPP-CONTR-20 silicon cantilever tips (tip radius < 10 nm, half cone angle 10° at
apex). For SEM imaging, samples were loaded into a JEOL 6500F field emission SEM. SEM EDX
was also used in order to provide elemental mapping. The wafer pieces were first coated with 15
nm of platinum in order to limit the charging effects of the incident electron beam. Magnetic
properties were investigated using a superconducting quantum interference device (SQUID)
magnetometer.
Ion implantation results in the formation of a Sm-Co-SiO2 mix in the implanted region. Due
to the large fluence employed here, leading to high implanted species concentration, the
formation of clusters is expected. In Chapter 3, it was shown that EBA resulted in the etching of
the SiO2 film in favour of protruding of the nanoclusters. The same phenomenon appears here.
Indeed, RBS experiments showed a thinning of the oxide film even after one minute annealing.
As observed with SEM, Figure 7.16, this thinning is accompanied by the protruding of very small
nanoparticles with an average diameter of a few nanometres. Further annealing led to the
formation of bigger nanostructures, consisting of interconnected tendril like structures of high
density materials. After several tens of minutes the tendrils disappeared and the nanoclusters
size decreases. After 3600 s annealing, the nanoclusters are uniformly distributed on the surface
with an average diameter of 30 nm and a standard deviation of nearly 20 nm. The surface
density of these nanoparticles (NP) is low 4.5 × 1010 cm-2 allowing a mean distance of 27 nm
between the nanoparticles.
This complex transformation is likely to derive from the combination of different
phenomena: as mentioned previously, the EBA induces an etching of the surface which increases
the concentration of Sm and Co in the near surface region, inducing precipitation then
protruding of nanoclusters. These nanoclusters coalesce into bigger clusters. The mechanism
leading to the coalescence, potentially inducing liquid phase, on the surface is likely to be
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responsible to the tendrils observed at intermediate annealing durations. Those structures then
contract into spherules to lower the surface tension.

Figure 7.16 Surface changes and tendrils formation under EBA at 1000 °C. Typical SEM pictures of a) 60 s, b)
900 s, c) 1800 s and d)3600 s annealed samples.

The growth of the nanoparticles is accompanied by diffusion of Co and Sm atoms in the silica
layer. Ion beam analysis was used to investigate this diffusion. RBS and MEIS results are shown
in Figure 7.17. Whereas Co and Sm do not display significant diffusion individually, they undergo
significant co-diffusion. In the higher resolution MEIS profile Figure 7.17b the two peaks
corresponding to Co (left) and Sm (right) evolve into very similar profiles with a narrow surface
peak, a region of lesser concentration and a second broad peak. The positions of the surface
peaks suggest that the concentration of Sm is negligible near the surface.
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a)

b)
Figure 7.17 Diffusion of Co and Sm in SiO2 observed a) with RBS (165°) and b) with MEIS (131°) for different
annealing durations

SEM EDX was performed and showed that the large nanoparticles on the surface are
observed to contain both Sm and Co. The precise stoichiometry was not resolved. Cross
sectional TEM, which can be seen in Figure 7.18a, provided additional details on the
microstructure. The surface peak of Sm and Co discussed previously is likely to originate from
the thin overlayer of materials clearly observed in this picture. Within this film the stoichiometry
is likely to be varying with the depth. At greater depth, a layer of smaller nanoparticles can be
observed. The presence of nanoparticles with larger Co content in the deeper parts can be
expected as the implantation of Co was deeper than the Sm implantation. It is likely that,
similarly to the single Co implantation, those Co nanoparticles are metallic. Figure 7.18b is a
schematic diagram showing a possible structure and different compositions.
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a)

b)
Figure 7.18 Structure of the Sm-Co:SiO2 nanomaterial. a) TEM pictures of Sm-Co implanted SiO2 of 1000 °C EBA
for 1 h, and b) corresponding schematic diagram of the potential composition proposed for MEIS analysis (not to
scale).

The magnetic properties of samarium-cobalt nanostructures
A SQUID magnetometer was used in order to investigate the changes in the magnetic
properties of the Sm-Co implanted samples. The results for room temperature measurements
are shown in Figure 7.19. 20 nm average diameter nanoparticles show room temperature
hysteresis (~ 200 Oe), whereas similar diameter Fe, Co and FeCo nanomaterials showed lower
hysteresis, even at 5 K, and little to no hysteresis at room temperature.

Figure 7.19 Evolution of the hysteresis with the annealing temperature of Sm-Co samples.
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7.2.3

Modifying nanoparticles through ion implantation: effect of

low energy Sm implantation on Fe nanoparticles
Chapters 3 and 4 were focused on determining the mechanism of formation of nuclei, i.e.
small clusters of atoms corresponding to the first step of nucleation. The effect of the ion beam
for the growth of larger nanoparticles as well as on already grown nanoparticles will be
investigated.
Ion bombardment, or ion irradiation are different areas of ion implantation which imply the
use of an ion beam for slightly different purposes. Studies of the effects of ion irradiation or ion
bombardment on nanoparticles were undertaken in order to understand the resilience of
nanostructures to beam damage and the evolution of their properties. It was even shown to be
of use to change or control the properties of nanoparticles.[232] The effect of a low-energy
heavy ion on the structure and properties of Fe nanoparticles at the surface of SiO2 were thus
investigated.
It was observed in Chapter 3 that self implantation (Fe in Fe) had little effect on the surface
nanoparticles crystalline state. However, it would be of interest to know if heavier ions would
lead to damage in the nanoparticles. Such modifications of the nanoparticles structure and
composition would lead to dramatic changes in their properties. Consequently, this method can
be used to control the nanomaterials properties. Sm is chosen in this study for its large mass
150.36 amu and the possible magnetic phases which would form in combination with Fe, Si and
O. While the evolution of the magnetic properties under Sm ion bombardment will be
investigated in chapter 4, the structural and composition changes are discussed here.
The nanostructured Fe NPs on SiO2 samples were prepared using the same process as
presented in the following chapters. The chosen Fe fluence was taken at 1016 at. cm-2 and the
electron beam annealing was performed at 1000 °C for 1 h. The samples were then implanted
using the same ion implantation facility with a 7 keV Sm+ beam for different fluencies: 1015,
2×1015, 3×1015, 5×1015, 1016 at. cm-2.
The implantation was simulated using Dynamic-TRIM simulation. Implantation in SiO2 and Fe
were considered separately. The densities were chosen at 2.5 g.cm-3 and 7.874 g.cm-3 for SiO2
and Fe respectively. The simulation allowed the prediction of the amount of material sputtered
from the substrate and the nanoparticles, along with the actual implanted concentration.
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Surface and cross-sectional TEM were performed at ANU, Canberra Australia. The software
ImageJ was used for image analysis.[137] Ion beam analysis was performed under the same
conditions and geometry as presented previously and using a 3 MV Van de Graaf accelerator.
RBS spectra were analysed using RUMP analysis software.

Implantation range and ion beam damage
Understanding the consequences of ion implantation on the nanostructured materials is
necessary to understand the changes in the structure and properties. Sm is a heavy ion when
compared to Si, O and Fe. Therefore even though the kinetic energy of implantation is low ( 7
keV), the incident ion will transfer a considerable amount of energy to the atoms of the matrix
and of the nanoparticles. This will result inevitably in large atom displacements and, in the upper
most layers, sputtering.

Figure 7.20 Dynamic-TRIM simulations of Sm in a) SiO2 and b) Fe.

Dynamic-TRIM and other KMC simulations can be used to evaluate the sputtering yield. The
Sm implantation profiles obtained in SiO2 and Fe are shown in Figure 7.20. In SiO2 the mean
projected range is 8.7 nm. The effect of sputtering and of the presence of implanted Sm atoms is
seen for fluence above 5×1015 at. cm-2. The peak moves significantly towards the surface. For
implantation in Fe, i.e. simulating what is happening in the nanoparticles, the implantation
quickly reaches a steady-state concentration above 2×1015 at. cm-2. In the steady-state, the
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sputtering balances the number of implanted atoms. The implantation range of 3.6 nm and
maximum concentration 16.0 % remains constant. The stoichiometry of the Sm-implanted
region of the nanoparticles varies from about Sm2Fe17 to Sm3Fe17 in the projected implantation
range.
The sputtering yield was predicted from the simulations and the sputtered thickness was
estimated using the following formula:
(7.1)
Where F is the Sm fluence and σ is the substrate density taken as 7.5×1022 at. cm-3 and
8.44×1022 at. cm-3 for SiO2 and Fe respectively. The total sputtering yield with a beam in normal
incidence was retrieved from the simulations and reached an average of 6.4 in Fe with a
sputtered thickness estimated at about 8.6 nm for 1016 at. cm-2. In SiO2 the total sputtering yield
is 2.4 and the sputtered thickness estimated at about 3.2 nm for 1016 at. cm-2. This is not enough
to completely sputter the Fe nanoparticles. However, the surface is not flat and consequently
the incidence of the beam is not normal. The sputtering yield is therefore expected to be
higher.[150] It is also important to note that the sputtering of SiO2 was in this case assumed
constant for SiO2. In fact, the preferential sputtering of Si over O will lead to a change in the
silicon oxide stoichiometry in the implantation region.
The nanoparticles do not cover all the surface exposed to the Sm irradiation. Surface TEM
analysis indicate that the nanoparticles cover 26±4% of the surface. Therefore only about 26% of
the incident Sm ions will interact with Fe nanoparticles. The actual number of Sm atoms
implanted in the nanoparticles is likely to be lower than 26% due to the spherical shape of the
nanoparticles which would lead some ions being recoiled in the SiO2 matrix. Furthermore, as the
sputtering will likely re-shape the nanoparticles, the surface coverage of the nanoparticles will
change during the implantation.

Ion beam analysis
RBS was used to verify the changes in the composition and structure under Sm
bombardment. The spectra are shown in Figure 7.3. The peaks identified for Fe and Sm appears
at an energy of 1.501 and 1.798 MeV indicating that Fe and Sm can be found on the surface and
near-surface region, within the resolution of the method (about 10 nm). Notably, the O plateau
and Si step corresponding to the SiO2 film show a small thinning. From the previous analysis, this
can be correlated with the SiO2 sputtering.
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Figure 7.21 RBS spectra for Fe NP on SiO2 Sm irradiated with different fluences

Fe sputtering can be evidenced by the large decrease of the Fe peak varying from 9.4±0.5
×1015 to 1.0±0.2 ×1015 at. cm-2 (Figure 7.22). However the Sm peak keeps increasing. The
remaining fluence after the expected 1016 at. cm-2 implantation is measured at 1.2 ± 0.4 ×1016 at.
cm-2. This is in agreement with the expected behaviour arising from sputtering of Fe. Fe NPs
disappears completely under Sm bombardment above 5×1015 at.

cm-2

. Fe atoms recoiled in the

SiO2 and Fe atoms within the diffusion tail contribute to the Fe peak observed even after high
dluence bombardment.
The sputtering of the SiO2 layer is also observed on both the O plateau on the RBS spectra
and the Si step corresponding to Si in SiO2 (Figure 7.21). The thickness after 1016 at. cm-2 Sm
irradiation was measured at 383±10 nm.

Figure 7.22 Fe sputtering under Sm irradiation. Remaining Fe density against the implanted Sm fluence
obtained from RBS analysis.
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Transmission Electron Microscopy
In Chapter 5 it was shown that in the materials obtained after 1 h 1000 °C EBA, before
exposure to the Sm ion beam, the nanoparticles are distributed homogenously on the surface.
The nanoparticles are spherical with a broad diameter distribution arising from multiple step
growth. The nanoparticles were shown to be principally bcc-Fe with a thin surface oxide layer
which did not grow further under air exposure. Additionally, the fast diffusion of Fe atoms led to
aggregation at the SiO2/Si interface which also took the form of bcc-Fe spherical nanoparticles.

15

15

Figure 7.23 Effect of 7keV Sm irradiation on Fe nanoparticles. TEM pictures for a) 2×10 , b) 5×10 and c) 10
-2

at. cm . Insets are schematic diagram illustrating the surface modification.
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The beam damage and sputtering was clearly identified under cross-sectional TEM (Figure
7.23). For lower implantation fluence, a region of different contrast can be observed within the
first 7.6 nm of the nanoparticles surface. This region of different contrast is likely to arise from
composition changes and amorphisation of the uppermost part of the nanoparticles. The
spherical shape is quickly lost upon ion sputtering, with the exposed side of the nanoparticle
being flattened. With increasing fluence the region of different contrast does not display any
significant increase in thickness which is consistent with the implantation reaching a steady
state. At 1016 at. cm-2 fluence, the nanoparticles on the surface have completely disappeared,
whereas a ~ 13.2 nm thick layer can be seen on the surface (Figure 7.23c). This layer thickness
matches the maximum implantation depth of Sm in SiO2. From those TEM pictures, Furthermore
the oxide layer thickness is observed to decrease from 398 to 383 (±2) nm under exposure to the
Sm beam. Notably, the sputtering rates observed with TEM for both Fe and SiO2 are higher than
the estimated values presented above. This arises from the surface roughness. The formation of
SiO molecules under the ion irradiation could also lead to an increase loss of the surface as SiO
molecules escape into the gas phase at low pressures.

Evolution of the magnetic properties

Figure 7.24 Increase of the magnetisation at saturation after Sm irradiation. Evolution of the magnetic moment
under an external magnetic field.

In this part the changes in the magnetic properties of the nanostructured materials upon Sm
irradiation are investigated. The magnetisation obtained with a Vibrating Sample Magnetometer
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(VSM) will be shown to evolve along with the implantation. The magnetisation was normalised
over the number of Fe atoms present in the near surface region and obtained with the RBS
analysis.
The magnetic properties were investigated using a Physical Properties Measurement System
in VSM mode. The magnetisation was measured against a magnetic field up to 6 T applied
collinear to the sample surface at 300 K.

Figure 7.25 Evolution of the magnetic moment at saturation normalised to the sample area with the Sm
fluence: a) value normalised to the sample area, b) values normalised according to the atomic density obtained
from RBS.

Samarium is paramagnetic as a metal [87] however, when mixed with a transition-metal it
will present magnetic moments ferromagnetically or anti-ferromagnetically coupled with the
transition-metal atoms. The magnetism of Sm-Co compounds has been heavily studied as this
class of materials have exceptional properties in terms of magnetisation remanence at room
temperature. [87] During the implantation, several known compounds might be present such as
SmFe2, SmFe3, Sm2Fe17, SmSi2 Sm2O3, and SmFeO3. SmFe2, SmFe3 and Sm2Fe17 are ferromagnetic
with large Curie temperatures TC=675, 655 and 405 K and with low temperature magnetic
moment observed at 5.32 µB/SmFe3 [228] and 34.2 µB/Sm2Fe17 [233]. For these materials, Sm and
Fe are ferromagnetically coupled [87] and the average magnetic moments are 1.33 and 1.8 µB
per atom respectively. Samarium metal and samarium silicide SmSi2 are paramagnetic at room
temperature and down to at least 10 K.[234,235] Sm metal orders antiferromagnetically at 14 K
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and 109 K.[87] However, at room temperature SmFeO3 is antiferromagnetic [236] and Sm2O3 is
ferromagnetic and Sm3+ ions can contribute with 1.74 µB to the effective moment. From
available literature, the magnetic properties of a Sm-Fe compound with a stoichiometry such as
the ones expected at the steady state of the 7 keV Sm+ implantation have not yet been reported.
As presented in the introduction, the magnetisation of the nanostructured Fe:SiO2 material
was observed to be coherent with the bcc-Fe. The magnetic moment, normalised over the
sample surface, is observed to increase significantly with the implanted fluence and reach about
0.42 memu.cm-2 after 3×1015 at. cm-2 irradiation. Further implantation leads to a steady decrease
of the magnetisation which disappears completely at 1016 at. cm-2. The saturation field is also
observed to increase significantly with fluence up to 3×1015 at. cm-2 (See figure 7.24) before
decreasing again. The permeability is coincidentally increasing and decreasing. Due to the
complex distribution of Sm atoms within the nanoparticles and in the near surface of the SiO2
layer, it is difficult to estimate the number of Sm atoms actually contributing to the
magnetisation. However, it is possible to estimate the magnetic moment of the implanted
material, knowing the amount of Sm and Fe. The magnetic moments mTotal in emu.cm-2 given in
Figure 7.25 are calculated assuming that all the implanted Sm will have a positive contribution to
the magnetic moment with mSm=1.74 µB/Sm and that the Fe atoms contribute mFe=2.1 µB/Fe:
(7.2),
with NSm and NFe the RBS measured concentration of Sm and Fe in at. cm-2. As listed above,
the implantation can lead to compounds which have ferromagnetic behaviour at room
temperature. Hence, this calculation is an overestimation of the magnetic moment. Because of
the Fe sputtering under Sm bombardment, the overall magnetic moment at saturation is
expected to decrease until the implanted Sm concentration overcome the loss of Fe. However,
as the Sm concentration increases it is more likely to form a Sm metal or Sm oxide precipitate.
Therefore, for large bombardment doses, the formation of a Sm-rich precipitate induces loss of
magnetisation. A Sm precipitate is likely to be paramagnetic at room temperature. Another, less
likely, reason for the loss of the magnetic behaviour would be the formation of antiferromagnetic or paramagnetic phases.
The significant increase observed for the magnetic moment is unexpected in the light of the
considerations above. A possible explanation arises from changes in the Fe magnetic ordering.
Indeed, Sm bombardment could induce some structural and chemical changes leading to Fe3+ in
high spin configurations. Such magnetic ordering can be observed in zinc ferrites and has led to
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magnetic moments at saturation of about 6 µB per atom.[87] The formation of such oxide
nanoparticle could originate from having more favourable conditions for oxidation after ion
beam irradiation. Such a magnetic moment would lead to saturation at 0.318 memu.cm-2 for
3×1015 Sm at. cm-2 and 0.173 memu.cm-2 for the 5×1015 Sm at. cm-2. These values are still
significantly lower than those measured. The Sm moment might also be underestimated which
would lead to this large magnetic moment.
In order to ascertain the origin of the excess in magnetisation, SQUID measurements were
performed on Sm implanted SiO2 thin films at 3×1015 at. cm-2, without Fe nanoparticles. The
magnetisation characteristic of this Sm:SiO2 material gave diamagnetic behaviour at room
temperature. Absence of room temperature ferromagnetism indicates the formation of room
temperature paramagnetic or diamagnetic materials such as Sm metal nanoprecipitates and SmSi-O compounds. The observed increase in the room temperature magnetisation is then
explained solely by the nanoparticles. Such an increase would be explained by having defect
induced magnetism [5,232] and high magnetic ordering.
An increase of the magnetisation hysteresis was expected due to increase of anisotropy
from changes in shape and exchange interaction between a hard Sm-Fe phase and a soft Fe
phase. Indeed the flattening of the exposed part of the nanoparticles is isotropic and leads to
truncated spheres with a flat surface parallel to the sample surface. Indeed, during the Sm
irradiation the particles are transformed from having no preferential symmetry to presenting an
axial symmetry around an axis perpendicular to the surface. Hence, shape anisotropy is likely to
rise. [91,237] Further anisotropy is also likely to arise from the formation of the Sm-rich region
which can present different magnetic behaviour and, possibly, form a different magnetic domain
in the particle. Stress induced by the amorphous/crystalline interface can also lead to additional
stress anisotropy. Domain wall pinning from such structures can also lead to a greater
anisotropy. Hysteresis was observed at room temperature. A coercive field of 39±4 Oe was
observed at 300 K, while it was negligible prior to Sm bombardment. However, at 5 K the
hysteresis is slightly lower at 125 Oe than the 160 Oe observed without Sm. The changes in the
anisotropy appear to be sufficient to overcome thermal switching of the macro-spin at room
temperature for some of the nanoparticles.
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Figure 7.26 Evolution of the hysteresis at different temperatures and after field cooling at 6 T.

The presence of an exchange bias between the Sm implanted region and the rest of the
nanoparticles was investigated with SQUID. The sample was cooled from room temperature to 5
K in a high external field of 6 T applied parallel to the sample surface. The magnetisation
characteristic curve was then taken at this temperature and compared to the room temperature
curve. The results given in Figure 7.26 show no significant difference. Hence, this suggests that
no exchange bias occurs which is in agreement with having a ferromagnetic amorphous phase.
Finally, the effect of slow heavy ion irradiation on the structure and composition of Fe
nanoparticles at the surface of SiO2 was investigated. It was shown from TEM cross section
pictures that the implantation led to amorphisation of the upper part of the nanoparticles within
a depth which matches the simulated implantation range of Sm in Fe. The high sputtering yield
in Fe led to a quick steady state where the concentration of Sm in the Fe remains constant. For
higher implantation fluence Sm irradiation induces the complete removal of the nanoparticles.
The interesting asymmetric shape and composition of the materials induced a dramatic increase
of the materials magnetisation saturation.

7.3

The influence of the substrate: Fe nanoparticles synthesis in

Si3N4
In contrast to SiO2 substrates, Si3N4 thin films are observed to crystallise during the process.
A short investigation of the resulting differences in the nanocluster growth will be presented.

7.3.1

Nucleation during ion implantation
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Ion beam analysis revealed that ion implantation lead to a distribution of Fe extending about
30 nm deep. The chemical species formed during ion implantation depends on the materials
chemistry. For instance, low fluence implantation of Fe in SiO2 thin films was shown previously
to induce the formation of solute Fe2+ from the substitution of Si atoms tetrahedrally
coordinated sites of SiO2. Further implantation led to the formation of Fe metal precipitates
which grow with increasing fluence. The mechanism was slightly different in ZnO. Indeed, while
low fluence implantation also leads to a Fe:ZnO solid solution, with Fe2+ ions substituting for Zn,
large fluence induced the formation of FeZnO4 precipitates.
Fe L-edge XANES and Fe2p XPS analyses were performed in order to probe the chemical state
of Fe in the near surface region. The signals showed two components which indicate the
presence of Fe0 and Fe2+ states for all the samples. The XANES spectra re-normalised over the
Fe0 peak at 708.2 eV are shown in Figure 7.2. 5 × 1015 at. cm-2 implantation in Si3N4 lead to a
much larger concentration of first peak, potentially Fe0, compared to the same implanted
fluence in SiO2. This is in agreement with the lower solubility of Fe in Si3N4 compared to SiO2. The
large increase in the Fe2+ component with increasing fluence can clearly be noticed. Similar
trends were observed with XPS experiments ( not shown) which indicated a decrease of the Fe0
metal shoulder compared to the Fe2+/Fe3+ peak. The formation of Fe2+ is likely to occur under the
formation of Fe-N bonds in iron nitride complexes. Note that different oxidation states in
particular local coordinations would lead to the same values. Several iron nitride phases have
been reported previously, showing many different chemical states for Fe strongly depending on
the N content.[238] FeN monolayers and thin films following different structures presented two
peaks in the Fe L3 component around 707 and 710 eV.[238,239]

Figure 7.27 Comparison of the evolution of the Fe L-Edge XANES for the as-implanted samples with various
0

fluence. The signal is normalised over the Fe peak.
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7.3.2

Annealing induced diffusion and structural changes

Figure 7.28 a) Fe surface peak and b) Si step the RBS spectra for the implanted and annealed samples. Cross
16
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section TEM images of of the 10 at. cm 1 h annealed sample showing c) the early crystalisation of Si3N4, c) the
corresponding SADP, and d) the position of some nanoparticles.

Ion beam analysis provided useful information regarding the displacement of Fe during the
electron beam annealing. The different spectra are given in Figure 7.28. The bimodal behaviour
observed from diffusion and aggregation at the SiO2/Si interface was not evident. Annealing
leads to a diffuse Fe profile which extends nearly homogeneously in the nitride layer. Diffusion
beyond the Si3N4/Si interface is also indicated for larger fluences. It was also noticed than the
amount of Fe retained in the nitride layer after 1 h annealing, is nearly constant regardless of the
fluence. The maximum concentration varies from 4 to 36 at.% in the nitride layer from 5×1015 to
1×1017 at. cm-2. The slight decrease with the increased concentration is likely to be caused by
the loss of Fe from the surface. Indeed, longer annealing times lead to consequent sputtering of
the nitride layer above the high Fe concentration and nanostructured region.
TEM and AFM analysis revealed the structural changes during synthesis. As expected from
the previous results on as-implanted samples, AFM images shown that the 1017 at. cm-2
implanted samples presented a nanostructured surface with nanostructures of about 20 nm in
diameter. These corresponds to the Fe nitride precipitate which formed with increasing the
fluence and which protruded from the surface due to ion beam sputtering. Several structural
changes occurred simultaneously with during the annealing. The Si3N4 layer crystallised partially
upon EBA at 1000 °C for 1 h. Indeed, TEM pictures of the Si3N4 film after annealing showed
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Moiré fringes and the corresponding selected area diffraction patterns (SADP) confirm the
ordering. In addition, small regions of different contrast were observed which appeared of
higher densities under bright field imaging. These are likely to be Fe-rich nanoparticles.

7.3.3

Magnetic properties

The samples magnetic properties were investigated. A typical hysteresis loop is given below.
The magnetic moment of the as-implanted samples was observed to decrease from 2±1 to
0.6±0.05 µB per Fe atoms when increasing the fluence from 1016 to 1017 at. cm-2. This is in
agreement with the formation of a nitride phase. Absence of significant hysteresis at room
temperature is also consistent with the presence of small magnetic domains. The detailed
analysis of the 1016 at. cm-2 and 1 h annealed samples was performed and results are presented
in Figure 7.3. The lower magnetic moment compared to Fe metal nanoparticles (2.1 µB)
indicates that the nanoparticles are, at least partially, magnetic iron nitride based. Low magnetic
moments at room temperature of the same order were reported in the literature and vary
greatly with stoichiometry.[240] The well defined blocking temperature of 17 K observed during
a zero-field cooling- field cooling (ZFC-FC) measurement suggests that the nanoparticles are
small with narrow size distribution and exhibit superparamagnetism. This agrees with the TEM
observations.
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Figure 7.29 Magnetisation against applied magnetic field at different temperature for the 10 at. cm
implanted and annealed samples. Inset shows the ZFC-FC curve.
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7.4

Concluding remarks

The synthesis of different single element and compound nanoparticles at the surface of SiO2
can be achieved using low-energy, low-fluence ion implantation followed by electron-beam
annealing. Structural, magnetic and electron transport properties were compared to Fe
nanoparticles synthesised in the same way.
Ion beam analysis showed that the dynamics of Co diffusion differed greatly from Fe. While,
Fe displays fast diffusion at the SiO2/Si interface and large loss of Fe, Co showed little diffusion at
similar temperature and durations. Lower concentrations of Co aggregated at the SiO2/Si
interface. TEM investigations of annealed samples revealed the presence of highly faceted
metallic fcc-Co nanoparticles. Some nanoparticles were elongated with high aspect ratio.
Notably, the nanoparticles at the SiO2/Si interface were observed to be spherical and induced a
change in the underlying Si substrate which would correspond to Co silicide.
The Co nanoparticles on SiO2 were observed to be ferromagnetic at room temperature. The
magnetisation was observed to be the sum of the contribution of a distribution of
superparamagnetic and ferromagnetic nanoparticles. The changes in the magnetic moment at
saturation observed with different annealing conditions indicate that the materials endure a
oxide to metal transition. Indications for a weak exchange bias leading to an exchange field of
130 Oe were observed for 300 s. Similarly to Fe nanoparticles on SiO2, the material displayed a
large room temperature magnetoresistance. This large magnetoresistance was observed to be
highly linear at high magnetic field.
Surprisingly the same process with Sm implantation led to the blistering and exfolitation of
the surface suggesting with Sm atoms showing very little diffusion in SiO2.
The synthesis of Fe-Co and Sm-Co compounds nanomaterials was successfully achieved
using the same process. The magnetic properties were investigated and results tend to confirm
the formation of compounds. Indeed, the magnetisation and hysteresis differed from what is
expected from single element compounds and their oxides.
Finally, Sm irradiation of Fe nanoparticles synthesised through ion implantation and EBA led
to important changes in the nanoparticles composition, structure and magnetic properties. The
irradiation induced a sputtering of the Fe nanoparticles surface and the creation of an
amorphous Sm-Fe compound layer at the surface. This process was shown to enhance the
magnetisation. The enhancement was demonstrated to be higher than expected of known
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magnetic Sm-Fe structure. In addition, a slight increase in the magnetic hysteresis was observed
which originated from an increase in the different anisotropies arising from the changes of the
structure and composition. Hence, exposure to an appropriate ion beam can be used to further
control the materials properties of surface nanoparticles.
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Chapter 8: Summary and outlook
Magnetic nanoparticles can display interesting properties useful for a range of applications
from microelectronics to medicine. This motivated investigations of their novel synthesis
processes and properties. Different synthesis methods have been developed over past decades
which can produce a wide range of structures and compositions. Ion implantation of transition
metal atoms in an insulator, followed by annealing, is an appropriate method to produce
nanogranular materials which can display interesting magnetic and electron transport
properties.
In this thesis, magnetic nanoparticles synthesized using ion implantation followed by high
temperature annealing at the surface of, and embedded in, an insulator were investigated. A set
of complementary techniques of analysis was used to provide insight into the intricate
relationship between the nanomaterials synthesis, structure, composition and properties.
The main system chosen for this investigation was the Fe:SiO2 solid solution. Fe atoms were
implanted at low energy (15 keV) in a 400 nm SiO2 thin film on Si.
Analysis of as-implanted Fe:SiO2 samples showed that during implantation the material
undergoes different physico-chemical transitions. At low implantation fluence, the Fe substitutes
for Si in tetrahedral coordination. When the implantation concentration reaches a certain
threshold, the probability of interaction between two or more Fe atoms increases. Such
interaction leads to the formation of metal clusters growing with implantation. The spatial
distribution of the clusters in the implantation profile displayed an asymmetry. A higher Fe
solubility limit was observed in the near surface region compared to the tail of the implanted
profile. This asymmetry was hypothesized as being the result of the opposing contributions of
clustering and breaking of clusters from beam damage. Larger fluences were shown to generate
large nanoparticles on the surface due to ion beam sputtering. The formation of iron silicides
was depicted for implantation above 5×1016 at. cm-2.
The Fe nucleation process under implantation was further investigated using Monte-Carlo
simulations. The simulation considered the cascade of displaced atoms from the implantation of
individual atoms. A simple model was used to describe clustering. When two implanted atoms
are separated less than a given capture radius, they will bind in a cluster. Beam damage on
existing clusters was also considered in the simulations by allowing displacement of atoms in the
clusters. Results showed an asymmetry in the spatial distribution of the nanoclusters, similar to
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what was observed experimentally. Improvements to the simulation could be made by better
accounting for sputtering, energy loss and thermal effects on the clustering.
Annealing induces atomic reorganisation in the implanted materials. A detailed TEM, AFM
and IBA study of the effect of EBA on low-fluence Fe implanted SiO2 was performed. For low
annealing duration, from a few seconds to a few hundreds of seconds, a core shell structure is
present. The precise stoichiometry of the shell was obtained through complementary TEM, MEIS
and XPS analysis. TEM allowed the reduction of the number of independent variables in the
analysis of the MEIS spectra. The results indicated that the shell was likely to be made of
(O2)x:Fe14Si19O52 with x decreasing from 7.5 to 0 with depth.
Longer annealing led to the reduction of the shell and growth of the metallic core. The EBA
also led to the protruding of nanoparticles from the surface. The surface Fe nanoparticles
resulting from this process were observed to remain mostly bcc-Fe even after long exposure to
air. Protruding particles were shown to originate from the electron beam enhanced desorption
of the SiO2 surface. Indeed, energetic electron beams can lead to the formation of O-vacancies
VO through direct ionisation, Auger decay and Coulomb repulsion. This favours the desorption
reaction SiO2 + Si → 2SiO(g). The desorption rate was observed to be around 20 nm h-1 and
increased with the annealing duration.
High temperature annealing can lead to significant diffusion of the implanted species. The
diffusion of Fe atom was investigated for three different annealing environments: high vacuum
EBA, furnace annealing in high vacuum, furnace annealing in air at atmospheric pressure and O2
flow. It was observed that both high vacuum annealing techniques led to fast diffusion of Fe in
the sample. An anomalous fast diffusion occurred which led to the formation of the metallic
precipitate at the SiO2/Si interface for durations as low as 15 s. A more crystalline state, along
with larger nanoparticles, was observed with EBA. In contrast, annealing in an oxygen rich
atmosphere prevented the diffusion of Fe and significantly limited the growth of the
nanoparticles.
Pre-implantation of O was investigated as a mean for controlling the Fe diffusion and
precipitation. The pre-implantation limited Fe diffusion and the amount of Fe material retained
in the near surface region after a given annealing duration, was shown to increase with O
fluence.
A model for the diffusion was proposed which considered that the displacement of Fe atoms
was driven by the concentration of O-vacancies VO in the SiO2 layer; while O2 in excess acts as a
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trap for Fe atoms. The model was implemented in a simple Monte-Carlo simulation of the
Brownian motion of Fe atoms leading to their diffusion. Results showed good qualitative
agreement with the experiments for high O2 concentrations. A more realistic model would
consider additional trapping mechanisms such as the precipitation.

Beam damage and

formation of bubbles during implantation was not investigated and could also affect the
diffusion.
The Fe:SiO2 nanomaterials displayed interesting magnetic, magneto-optical and electron
transport properties. Those properties were showed to evolve in accordance with changes in
the structure and composition of the nanoparticles. Superparamagnetism was shown to arise
from the small magnetic nanoparticles. The evolution of the blocking temperature, which
characterises the superparamagnetic properties, was in excellent agreement with the observed
changes in the size of the nanoparticles. The shell was shown to be ferromagnetic at room
temperature and gave rise to enhanced hysteresis in the low temperature magnetisation and
room temperature Kerr rotation. Additional pinning at the core/shell interface could contribute
to the increase hysteresis.
The EBA samples displayed large room temperature positive magnetoresistance which was
linear at high field. Large increases of the resistance of 20 % to 100 % at 8 T were observed. The
origins for this magnetoresistance have not yet been explained. Experimental results compared
to existing models of magnetoresistance suggested that the observed magnetoresistance
originates from the contribution of positive magnetoresistance mechanisms, such as geometric
magnetoresistance and extraordinary magnetoresistance, and negative magnetoresistance, such
as tunnelling magnetoresistance, in the injection region. A detailed investigation of the evolution
of magnetoresistance with the field incidence, influence of the electrode geometry and the
surface density of nanoparticle could provide the necessary information to resolve the origin of
the magnetoresistance but are beyond the scope of this study.
Attempts were also made to obtain similar nanostructures and properties with different
materials. Implantation of Co and Sm led to the formation of nanoparticles on the surface and
showed different diffusion behaviour. Co nanoparticles at the surface of SiO2 also displayed large
room temperature magnetoresistance. Magnetic compound nanostructures were obtained by
co-implantation of Fe/Co and Sm/Co followed by EBA. Detailed study of those nanostructured
materials using high resolution TEM, X-ray diffraction and/or neutron scattering would be useful
to obtain the precise stoichiometry obtained after annealing. SmFe/Fe nanostructures were
produced by implanting Fe nanoparticles on SiO2 with Sm. An interesting increase of the
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magnetisation of the material was observed which was larger than the expected value when
considering the contribution of Sm.
To conclude, ion implantation followed by appropriate annealing, is a versatile synthesis
method which has potential to controllably produce a wide range of nanogranular materials.
Although considerable progress has been made, the underlying mechanisms are not yet fully
understood. Implantation and diffusion simulation could be further developed to better fit the
experimental observation. Such an investigation could also focus on tuning the pre-implantation,
implantation and annealing parameters to obtain materials with compositions and structures
optimised for specific applications.
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APPENDIX A: Ion implantation and EBA beamlines
A1

Electron and ion transport
A1.1

Vacuum system

Low energy ions and electrons in the range of energy used in this study have a low
penetration range in matter. Interactions with electrons and nuclei of a material or fluid quickly
lead to the dissipation of their energy. For instance, in dry air 20 keV electrons have a range of a
few hundreds of micrometre only.[241] In the EBA and the implanter electrons and ions are
required to travel distances from a meter to several meters. Consequently, it is necessary to
create a high vacuum environment within the beamlines.
Rotary pumps are used to reach a primary vacuum level. They bring the pressure down from
atmospheric pressure to about 10-2 mbar. Turbo-molecular pumps, diffusion pumps and cryopumps are used to reach the required high vacuum level below 10-6 mbar.
The experimental setup used at GNS Science involves the use of rotary pumps and turbomolecular pumps. Cold-traps are used to condensate residual gas and to provide additional
hundreds of l/s pumping speed during samples exchanges. They are made from high thermal
conductivity materials, such as copper (or less ideal aluminium) plates/tubes placed in the
vacuum chamber and cooled with liquid N2 to typically -180 degree in less than 1 hour.
Operating pressures during the experiments presented in this work were in the range 2 - 8 ×10-8
mbar (2 - 8 ×10-8 hPa).

A1.2

Beam Focusing

Figure A.1 Schematic representation of a positive ion beam passing through a gradient of electric potential.
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Transporting a beam of similarly charged particles of the range of energy used in this study
across a distance of more than a few centimetres is a challenge as the particles tend to repel
each other since they carry similar charge (positive or negative). With increasing current density
of the beam, divergence appears as a result of the screening effect. Without appropriate
electromagnetic or electrostatic guidance apparatus the beam, electrons or ions, spreads out
quickly even over a short distance.
In order to prevent this undesired defocusing, electrostatic or magnetostatic lenses are
used. Focusing in an electric or magnetic field can be performed by forcing the ions to travel
through a gradient of potential in such a way that part of the ions or electrons undergoes a
stronger electromagnetic force than the other, depending on their axial position. Focusing is also
obtained when part of the beam follows a longer path (increased axial distance) within an
electrostatic or magnetic field. The focusing principle is illustrated in Figure A.1, with a positive
particle beam passing through a gradient of potential created by two positively charged plates.
As the electric field in the middle is zero ions passing in the middle are not affected by the
voltage potential and, therefore, won’t be deviated/deflected. However, the closer the ions pass
to a plate the higher the field and hence the higher the deviation. This results in focusing of the
beam.

Figure A.2 Potential lines in an Einzel Lens as simulated with SIMION 6.1.

Einzel Lenses, quadrupole lenses and multipoles lenses are used for focusing of ion and
electron beams. These lenses consist of sets of electrodes with geometry optimized to create
desired focusing. A typical Einzel lens configuration is shown in Figure A.2. This Figure is a section
of the lens where 3 cylindrical electrodes can be seen. For positive ions the middle electrode is
placed at a higher potential than the other two. The opposite is used for negatively charged
particles.
Similarly to optical focusing, such lenses introduce aberrations such as non-homogeneous
focusing, difference of focal distance depending on the ion energy, modifications of the energy
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distribution. The lens design is therefore critical in achieving the desired functionality. Usually,
ion and electron transport programs are used to achieve this by using an iterative procedure
during the design phase.

A1.3

Steering and scanning

Optimisation of the beam position within the beamline can be performed using magnetic or
electrostatic steerer plates. Calculations are performed for plate distance and length to not
affect the beam transport overall. Electrostatic or magnetic fields push or pull the beam in a
single direction. The usual plate configuration considers that opposite plates are bipolar in
voltage, i.e. when one plate is positive, the other plate is set negative. This avoids aberrations to
a large extend. At GNS Science, specially built bipolar power supplies of 1 to 2 kV are used for
that purpose.
As the beam presents a Gaussian shape spatial distribution, beam scanning is often
necessary to obtain a uniform process. This is performed by steering the beam alternatively in
the vertical and horizontal planes with preset frequency.

A2

Ion implantation beamline
As observed in Figure A.3 the main parts of an ion implanter are:
-

Ion source: to produces positively charged ions from a gas plasma or a sputter materials

-

Terminal at high voltage: to provide acceleration for the ions;

-

Electrostatic focusing lenses: Einzel Lenses or quadrupole lenses, focuses an ion beam

and prevent it for spreading because of space charge effect.
-

Analyzing magnet: in a magnetic field, different ions are deflected proportionally to their

mass and inversely to their charge. The magnet is used to select the ion species.
-

Steering and focusing systems: High potentials are applied to plates in various

arrangement surrounding the ion beam, to correct the position of the beam in the tube and to
focus the ion beam If two quadrupole lemses are used in the beam line, then the first
quadrupole the beam encounters is used to transport the beam into the second quadrupole,
which focusses the beam onto the target.
-

The Faraday cup is insulated from the rest of the beamline and allows for current

measurement during beam setting. The Faraday cup is lifted off the beam path at the beginning
of the implantation.
-

Scanner: Four plates placed to alternating ± 2 kV high voltages with frequency from 1 to

100 Hz to scan the beam across surface the target to produce a homogeneous implantation.
182

Horizontal and vertical scanner plates receive voltage oscillating at different frequencies to avoid
the formation of patterns

Figure A.3 Schematic diagram showing the main components of the ion implanter beamline

The current induced by the beam hitting the sample inside the target samples is measured
between the target holder and ground potential. This current measurement is used to precisely
control the implanted fluence. A charge integrator converts the current as a number of charge.
When this number reached the set value for the desired fluence the control unit automatically
shut the gate valve between the target chamber and the beamline. It also inserts the Faraday
cup into the path of the beam.

A2.1

Plasma generation: the Penning ion source

Ion beam are generated from plasma which are created within the ion source. In the ion
source the energy required for ionization of neutral atoms or molecules is provided by using
energetic electrons, photon or ions. Arc-discharge and high frequency electric fields are
commonly used for ionisation.[7]
For this study, Penning ion sources, such as illustrated in Figure A., were used. This is a type
of arc discharge ion source. Energetic electrons are produced by arc-discharge through a primary
gas, typically Ne, Ar or Kr, between an anode and two cathodes. The anode voltage power
supply was used within 5-1500 V range. A magnetic field was produced by a solenoid magnet
forcing electrons and ions to create a confined plasma. Indeed, the path of electrons during arc
discharge without magnetic field would be too small to induce significant ionization. Lorentz
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force on the electrons induce them to spiral around magnetic field lines which increase
probability of the ionization process. Acceleration of primary ions by the anode voltage potential
is sufficient to induce sputtering of materials. This sputtering is used in order to create ions from
the sputtering of two solid targets placed on the front and back cathode of the source (cathode
drop). In this study, Fe, Co, and Sm were used as sputtering targets in the source. The front
cathode has a 3 mm hole to allow extraction of ions from the source.

Figure A.4 Schematic diagram showing the layout of a typical Penning ion source used at GNS science. In blue
are shown the electrical connections. Courtesy of L. Darfeuille.[242]

It is interesting to note that the use of magnetic materials, Co and Fe, resulted in the
formation of fine wires of materials from the sputter targets. These resulted from the deposition
of part of the sputtered atoms on the target. As a magnetic field was continuously applied these
deposit align along field lines, creating wires. Such wires eventually ended up connecting anode
and cathode leading to a short circuit.

A2.2

Extraction and acceleration

Positive and negative ions, as well as electrons, are contained in the plasma. Ion beams are
obtained by diffusing ions through the plasma surface. Extraction is performed by placing an
electrode of a lower potential than the front cathode at the source exit. This electrode induces
the plasma to expend in this direction.[148] The electrode has a hole slightly larger in diameter
than the exit hole of the ion source to account for plasma expension. The distance between the
ion source exit and the electrode (‘nose cone’) is a critical parameter for optimum beam
extraction and needs to be correctly adjusted to provide high current ion beams. Difference in
pressure between the ion source (10-3 mbar) and the beamline (<10-7 mbar) needs to be taken
into consideration when setting the distance. In the case of a positive ion beam, the whole
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source is placed at a high positive voltage. The positive ions extracted from the source will be
accelerated into the beam line.

A2.3

Ion separation

Applying a magnetic field perpendicular to the beam direction induces can be used to bend
the beam. The Lorentz force applied on the charge particles can be written:
(A.1),
where

is the resulting force,

the magnetic field and

the space charge repulsion. AS

the acceleration from this force is directly proportional to the mass of the charged particle,
different masses follow different path within the magnetic field.
In the present experimental setup, an electromagnet allowing for fields up to 1.3 T was used
to bend the ion beam in a 90° angle. The curvature radius was about 40 cm. Using the ion
transport simulation program SIMION,[243] it was possible to display on the same workbench
the trajectories of ions with different masses as shown in Figure A.5. Mass separation is clearly
seen.

12

Figure A.5 Mass separation in GNS Science ion implanter beamline as simulated using SIMION 6.1 (red C,
black Fe, E = 20 keV, B = 3820 Gauss). The ion source and focusing Einzel lens are visible on the top right.
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It is interesting to note that this geometry of the double focussing magnet leads to
additional focusing of the beam. The ion beam is focused because of the shape of the magnet
end plates, with entry and exit faces not normal to the beam direction. Indeed, ions with the
longer path within the magnetic field are more deviated and their trajectory converges towards
the other part of the beam.

A3

Electron beam annealing beamline

Figure A.6 GNS Science Electron Beam Annealing beamline. Numbers indicate the position of the main
components.

The EBA beamline, illustrated in Figure A.6 is composed of the: (1) electron gun, (2) Einzel
Lens, (3) two-directional scanner. The target are placed in the target chamber (4) on a rotating
sample holder allowing for annealing consecutively about 20 samples without breaking the
vacuum. High vacuum (<10-6 mbar) is ensured by two rotary pumps (not visible), two turbo
molecular pumps (5) and a liquid nitrogen cold trap (6). A residual gas analyser is connected to
the beamline which can provide the partial pressure of the residual gas during the annealing.
Temperature control is performed using optical thermometers (8).
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A3.1

Electron emission and beam current control

Electron emission is performed very similarly to the cathode ray-tube that can be found, less
and less, as TV and computer screen. Electrons are emitted from a cathode by heating using
Joule’s effect that allows electrons to leave the materials surface. As the cathode is placed at a
high negative potential, electrons are accelerated away from the hot cathode.
In the EBA system the cathode is a tungsten wire connected to a current supply. At 2.3-2.4 A,
the wire is heating the cathode sufficiently to generate electrons. The electrical connections are
illustrated in Figure A.7. The flow of electrons transmitted into the beamline is controlled via a
Wehnelt cylinder. It is a metallic hemisphere at the summit of which a hole is drilled and where
the cathode is inserted. The Wehnelt cylinder is biased at a negative voltage from the cathode.
At maximum Wehnelt voltage, electrons cannot pass the potential barrier. When no bias voltage
is applied to the Wehnelt cylinder, electrons are freely emitted from the hot cathode.

Figure A.7 Schematic diagram of the electron emission layout illustrating the beam current control.

Varying the bias voltage applied to the Wehnelt cap allows to control the beam current.
Indeed, with intermediary voltage the Wehnelt cap induces the beam to cross over at a distance
which depends on its bias voltage. As illustrated in Figure A.7, the higher the voltage the closer
the crossover point is in relation to the emitter and the higher the beam divergence. This allows
varying the beam current from 0 to 5 mA and consequently the heating power from 0 to 100 W
on the scanned area for a beam of 20 keV.
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A3.2

Temperature control

Figure A.8 Glowing sample under an electron beam. The thermopile detector is also visible with its protecting
cone.

The electrons kinetic energy allows heating samples to high temperature. Figure A.8 shows a
silicon sample heated to 1000 °C. In the system used at GNS Science the temperature of the
sample is controlled using temperature feedback of two optical thermometers in a PID
controller. A two-color pyrometer and a thermopile are used to measure the temperature of the
sample considering black body radiation. The two-colour pyrometer is an optical detector which
measures the intensity of the black-body radiation and provides with an estimate of the
temperature given a certain emissivity. The thermopile generates a voltage from the heat
produced by IR radiation. The thermopile is shielded to avoid large temperature increase and
isolated to allow heat transfer only from the sample radiation and not through other heat
transfer mechanism. The thermopile is used for temperature measurement below 760 °C and
the two-colour pyrometer for higher temperatures. The beam current is also measured and
considered within the control loop. The flowchart of the temperature control loop is shown in
Figure A.9. The beam current is controlled via the Wehnelt power supply.

188

Figure A.9 Flow chart representation of the temperature control loop during EBA.

The electrons kinetic energy allows heating samples to high temperature. Figure A.8 shows a
silicon sample heated to 1000 °C. In the system used at GNS Science the temperature of the
sample is controlled using temperature feedback of two optical thermometers in a PID
controller. A two-color pyrometer and a thermopile are used to measure the temperature of the
sample considering black body radiation. The two-colour pyrometer is an optical detector which
measures the intensity of the black-body radiation and provides with an estimate of the
temperature given a certain emissivity. The thermopile generates a voltage from the heat
produced by IR radiation. The thermopile is shielded to avoid large temperature increase and
isolated to allow heat transfer only from the sample radiation and not through other heat
transfer mechanism. The thermopile is used for temperature measurement below 760 °C and
the two-colour pyrometer for higher temperatures. The beam current is also measured and
considered within the control loop. The flowchart of the temperature control loop is shown in
Figure A.9. The beam current is controlled via the Wehnelt power supply.
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APPENDIX B: X-ray Analysis
B1

Introduction
X-rays are photons, usually in the 10-9 – 10-12, produced when moving or vibrating electrons

loses energy by electromagnetic interactions leading to their deceleration, de-excitation or
deviation. When interacting with matter, X-rays will transmit all or part of their energy to the
materials and lead to several interaction products such as illustrated in Figure B.1.

Figure B.1 Products of X-ray matter interaction

Those interaction products can be analysed in order to retrieve specific information about
the material’s composition, structure, and chemistry. X-ray analytical techniques include:
-

X-rays scattering: when interacting with a material X-ray can undergo elastic or inelastic
scattering. X-ray diffraction, Small and wide angle X-ray scattering

-

Photoelectron and Auger spectroscopy: if the incident X-rays have sufficient energy,
interaction with electrons in atoms can lead to the emission of photoelectron and Auger
electrons.

-

X-ray absorption spectroscopy: this set of techniques evaluate the variation of the
quantity of X-ray absorbed in a material as a function of the X-ray energy. Absorption
spectroscopy can be performed by counting the different interaction products.

B2

X-ray sources
B2.1

X-ray lamps

Interactions of energetic electrons with atoms can eject core electrons. Higher energy levels
electron will then fill the hole left at lower energy states. In the process a photon is emitted
which have a specific energy corresponding to the transition.
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In X-ray lamps, electrons are emitted from a heated cathode placed at a high negative
potential (typically 20-100 kV). The large electric potential accelerates the electrons from the
cathode to a grounded anode. To avoid excessive heating of the cathode upon electron
bombardment, the cathode can be cooled. Mg and Al are standard anode compounds in X-ray
lamps. High yields are reached using Mg Kα (1253.6 eV) and Al Kα (1486.6 eV).[244]
A monochromator can be used to obtain a well defined X-ray beam energy. The spatial
distribution of the X-ray beam can be controlled using mirrors and lenses designed for such
energy range.

B2.2

Synchrotron, storage ring and beamline

Figure B.2 Schematic diagram of the Australian Synchrotron facility.[245]

In a Synchrotron facility, photons are produced from the deviation of a high current high
energy electron beam. At the Australian Synchrotron, where the experiments were performed
for this investigation, the electron beam is produced by an electron source (1) of 90 kV and
accelerated by discrete packets to 100 MeV within a RF linear accelerator (2). The beam is then
accelerated in the synchrotron booster up to 3 GeV (3). In a synchrotron, the beam is guided and
confined in a circular path using electromagnetic steering and focusing electromagnets. At each
turn the beam is accelerated through RF cavities. The magnetic fields used to confine and guide
the beam are consequently time dependent. The 3 GeV beam is then stored within the storage
ring (4). Light is emitted tangentially to the storage beam (5) where the beam is bent or made
oscillating by magnetic field and used in end stations (6) for the different analyses. Such facility
allows the use of high brightness photon beams from IR to high energy X-rays.
At the Australian Synchrotron Soft X-ray beamline X-rays are produced within an undulator.
The electrons are forced to wiggle in the horizontal plane by strong permanent magnets. This
motion induces the emission of a narrow X-ray beam towards the beamline. The energy of the X-
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ray beam is controlled by the strength of the magnetic field in the undulator which is in turn
controlled by the gap between two magnets. The energy range of operation of the beamline is
from 90 to 2500 eV.[246] A set of mirrors are then used to select the beam energy and focus it
towards the sample to analyse. It is important to note, that X-ray in that range of energy are
quickly absorbed in matter, hence the need for ultra high vacuum in the beamline.

B3

Analysis techniques used in this studies
B3.1 XPS
XPS is a surface analysis technique which consists in irradiating a sample surface with

monochromatic X-rays and analysing the energy of the electrons emitted from photoelectron
interaction with a spectrometer. [244]

Figure B.3 Schematic band diagram showing the transitions involved in the emission of photoelectron, Auger
electron and fluorescent photon.

The energy transitions involved in the process are illustrated in Figure B.3. An incident
photon of energy

excites a core level electron bound at an energy

to the atom. If the

energy of the photon is sufficient the electron will be ejected from the atom with a kinetic
energy

. The electrons can be detected if their kinetic energy is higher than the work function

WF or

of the spectrometer. Hence, knowing the kinetic energy of the photoelectron, photon

energy and the work function it is possible to retrieve the binding energy:
(B.1).
Auger electrons and fluorescent photons are also produced during the process. Auger
electrons can be detected in the spectrometer and appear in the measurements.
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Figure B.4 Example of XPS survey scan obtained with 5×10 at. cm Fe implanted SiO2.

A typical XPS spectrum is given in Figure B.4. The spectrometer provides the number of
count per second obtain for each kinetic energy. The spectrum can be analysed using computer
software such as CASA XPS which was used in this study. [247]The electron kinetic energy scale
can be converted into a binding energy scale with the formula presented above. In first analysis,
each peak corresponds to an energy level for a specific element or correspond to an Auger
electron. In this example core levels for C, N, O, Si and Fe can easily be identified.

B3.3 Energy-resolved XPS
X-rays and electrons have a limited penetration depth in matter which is related to their
energy and the materials properties. Higher energy X-ray will penetrate deeper into a material.
Because photoelectron are emitted at different kinetic energy for the same photon energy they
will have different mean free path in the material before being captured. The higher the kinetic
energy, the longer the path an electron can travel. Photoelectron with higher kinetic energy can
leave the sample surface from deeper in the material. By changing the photon energy it is then
possible to obtain XPS spectra which contain information from different depth in the material.
This can be used to obtain a profiling of chemical states of specific atoms as a function of sample
depth.[248]
The first principle of quantitative XPS gives an indication of photoelectron current at the
detector arising from the photoelectrons (PE) emitted in a material as a result of the interaction
between an incident X-ray and an atom.[249] For a homogeneous material with low surface
roughness, it is proportional to the X-ray flux, number of atoms of a given element, total
photoionization cross-section, total inelastic mean free path of photoelectron, efficiency of the
detector, analyser transmission function and to a constant depending on the geometry of the
measurement.
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Si K LL

To evaluate the number of PE emitted at a particular depth it is possible to simplify the
relation. The number Nemitted of emitted PEs emitted is then a function of the depth z and the
incident photon energy Ep:
(B.2)
where NFe(z) is in Fe at./cm2,

 ( EP ) in

cm/at. is the cross section for photoelectron

emission at a photon energy EP.
It is assumed that the inelastic electron scattering is not considered. To evaluate the
number of electrons leaving the surface of the material it is then necessary to multiply this
number by the probability p for an electron with a kinetic energy EK to leave the surface when
emitted from a depth z. This value can be obtained from the literature. The number of PEs N
leaving the surface is then :
(B.3)
For the calculations presented in chapter 3 and 5, the silica density was taken at 2.26 g/cm 3,
the valence state was 4 and the band gap was 8.9 eV. The photoelectron kinetic energies were
chosen at 190 and 780 eV respectively. Since the penetration depths of X-rays at the considered
energies are much greater than the escape depth it is not necessary to normalise the results
from different EP with the X-ray distribution profile. At 40 nm, the distributions diverge by only
4% for energies between 700 and 1500 eV. The kinetic energy of the photoelectrons can be
converted into a depth scale using an estimate of the mean free path of electrons using the
inelastic mean free path or effective attenuation length.

B3.2

XAS and XANES

In X-ray absorption spectroscopy, unlike XPS where the kinetic energy distribution of
emitted PEs is measured, the absorption is measured as a function of photon energy. The
photon energy is moved to different absorption edges.
The measurement can be performed using different interaction produced. In total electron
yield mode (TEY), the electrons leaving the surface are measured. These electrons result from
Auger electron emission during the photo electric interaction and the secondary electrons
resulting from their cascade in the material. The measurement can be performed by measuring
the current drained to compensate electrons leaving the surface or counting the total number of
charge entering a spectrometer without energy consideration. It is also possible to constrain the
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energy range of the detected electrons using a spectrometer and then perform the
measurement in partial electron yield mode. In fluorescent yield mode, the number of
fluorescent photons emitted during the interaction is counted using a photodiode or a
photomultiplicator.
In terms of probing depths, as the emitted Auger electrons will have different energies due
to the different elements (actually different electron states) hence will provide information from
slightly different depth. The escape profile of Auger and resulting secondary electrons will be
significantly different when looking at O or Fe for instance. This was evidenced by Frazer et
al.[250] who showed that the escaping depth of electrons through a Chromium layer during total
electron yield X-ray absorption spectroscopy (TEY-XAS) was dependent on the Auger electron
kinetic energy. The electron range is very different for different Auger electrons: 14.1 nm for 920
eV (Cu), 2.9 nm for 76 eV (Si). They also show that the probing depth is equivalent for TEY-XAS
and X-ray PhotoElectron Emission spectroMicroscopy. Consequently the assumption was made
that it was possible to approximate the probing depth of TEY-XANES with the probing depth of
an XPS analysis using appropriate energies. In this study Fe L-edge signal will come from a
maximum depth of about 7 nm with 50 % of the signal emitted from the first 4 nm. The
compositional difference for the different depth probed by these analyses provides an insight
into the distribution of Fe oxidation states in the implanted matrix. These values were obtained
using the same formula as above, taking Ep as a photon energy in the measured range (710 eV)
and the kinetic energy of Fe LMM Auger electron (651 eV). In Frather et al.’s experiment the
range obtained in Chromium was 7.64 nm.[250]
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APPENDIX C: Monte-Carlo Simulations
C1

Introduction
Basic Monte-Carlo simulations can simply be described as using large quantities of random

numbers following a specific probability distribution to answer a question which is known to
have a deterministic response. Monte-Carlo principle is introduced using a simple example:
The problem involves a tilted glass of cocktail with olive as shown in Figure C.1. Knowing the
height of the surface of the cocktail, the dimensions of the glass and of the olive, and the angle
what is the effective volume of the cocktail?

Figure C.1 The geometry for the example

One could use analytical consideration and calculated precisely the volume from the given
geometry. Another possibility is to use a Monte-Carlo approach. Such approach consist in
drawing a large quantity N of random position in the volume of the glass (the triangle) and the
check if the position is below the surface of cocktail and not in the olive (sphere). By counting
the number of position n found over the total number of positions the volume of the olive can
be found. If the volumes of the glass and olive are Vg and Vo respectively then the volume of the
cocktail can be found such as
proportional to

(C.1) with an error decreasing with increasing N

.

Advantages:

Problems:



No need to solve the problem



Still need to know the question

analytically



The method is not exact and require



Easy to implement

a large number of counts to reach a
proper accuracy level
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Can take a lot of computer time

Such method is particularly suited for radiation/matter interactions. Penetration of electron
in matter is a good illustration of the use of Monte-Carlo simulation. The simplest approach is to
consider that the electron penetrating the materials is a statistical process and electrons follow a
succession of collisions.
When taking p a probability function define on
random number

uniformly distributed in

chosen such as

such as

and a

then the population of random numbers r1

will follow the probability function p. The distribution of the

penetration depth follows:

(C.2), where λT is the mean free path of penetrating

electrons and is a function of the energy of the electrons and the penetrating materials
properties in a first approximation. The range of a penetrating electron can then be written:
(C.3).
The simulation of electron penetration in matter then follows: define the initial conditions
(E0, λT(E0))→draw a random number rand → find the distance where the first interaction will
occur → calculate the new energy after a collision→ define the new conditions (E0, λT(E0))→draw
a random number rand→ repeat until reaching the number of electrons required to reach the
required uncertainty level. A finer simulation would consider every individual collision and
calculate at each collision the energy loss and collision geometry.
The simulations performed in this thesis were encoded using MATLAB (R2012a). This allows
for use of the built-in tools of MATLAB, such as plotting and calculations without the need for
complex programming. This is done in detriment of speed of computation.

C2

NP-TRIM: simulation of the nucleation during ion implantation
C2.1

Code structure

Figure C.2 shows the overall code structure. The basis of a Monte Carlo (MC) simulation is to
use random numbers to simulate individual cases, with the overall distribution being indicative
of the true distribution when simulated for a large number of atoms. The advantage of this type
of simulation is that some aspects of the physical behavior can be very difficult to model
analytically. Using a MC simulation allows these aspects to be approximated. However, it does
mean that a large number of cases need to be run to get close to the true distribution.
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Figure C.2: Flow chart showing code structure without clustering and declustering.

C2.2

Random variables used

As described in Chapter 4 the mean distance travelled by each ion between collisions can be
calculated.

An exponential distribution is placed around the mean distance travelled to

determine the actual distance travelled by each ion.
(C.4)
This spread is typical of the physical distribution encountered in ion implantation.
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The target atom selector model is based on the assumption that the incident ion will collide
with a substrate atom in the layer in which the incident atom resides (following calculation of
the new ion position). It also assumes that the chance of colliding with a particular type of atom
is equal to the proportion of that type of atom existing in the layer, weighted by the masses of
the respective atoms.
The impact parameter is also modelled as a random variable, ranging from zero to

.

This variable represents how close an incident atom passes to the target atom, and the resultant
scattering angle reflects this.

C2.3

Scattering angle model

The main source of error in the code comes from the collision mechanics section.

The

accuracy of the equations used here are of high importance, as they determine the scattering
angle, recoil angle, and the energy transfer from the incident atom to the target atom. Since
each incident atom typically undergoes anywhere from 100 collisions to 1000 collisions
depending on the initial energy, any errors or inaccuracies in this part of the simulation can grow
and propagate to unacceptable levels if the collision is not modelled correctly.
The aspect of the binary collision that is most difficult to model is the classic scattering angle
equation 9 in Chapter 4. When Ziegler’s universal screening function is incorporated, this
equation has no analytic solution. Therefore is must be evaluated numerically, which can be
very time consuming if high accuracy is sought, especially as the scattering angle must be
calculated at every collision. One way to speed up the simulation when using a numerical
approximation is to solve the integral once at the start of the simulation for a range of impact
parameters (p) and incident energies (E0). The solutions can then be stored in a lookup-table
which can be referred to at each collision.
An alternative is to assume that the screening function does not affect the scattering angle
(i.e.

). With this assumption, the classic scattering angle equation now has an analytic

solution:

(C.5)

Where

.
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Using the analytic solution method for the scattering angle allows for a faster simulation,
however it comes at a cost of accuracy. Figure C.3 shows how the scattering angle using the
analytic solution.

Figure C.3: Effect of impact parameter and ion energy on scattering angle

C2.4

Implanted atoms matrix and clusters

Another important aspect for the simulation is to record the position of each implanted
atoms and clusters. In this program, a matrix is created at the initialization step such as

With

,

,

the positions of the atoms set randomly across the implanted surface during

the implantation and N the maximum number of simulated incident ion. If
is considered outside of the volume and is discarded.
record the state of each atom

is negative, the ion

is a signed integer which is used to

such as:

If

the ion has not yet been implanted

If

the ion is implanted and is a monomer

If

the ion is implanted and is the center of a cluster of size

If

the ion is implanted and is part of a cluster which center is found at

in number of atom.

This formalism allows for easy handling of the clustering and declustering.
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.

Relaxation of the cluster in a spherical shape
During the clustering the spherical shape of the clusters is ensured by changing the location
of the newly added atom to a random position within a sphere of radius

such as:

(C.6)
With

the number of atom in the cluster,

the volume of an atom assumed with a 1.1 Å

radius ( half the d-spacing presented in Chapters 3 and 5), and

the packing density for a

cubic lattice.

C2.5

MATLAB code

Main function
clear
clc
% close all
tic

%Start timer

global lookuptable rho E0 M1 Mt1 Mt2 Mt3 Z1 Zt1 Zt2 Zt3 source_atoms T1_atoms T2_atoms
T3_atoms area dx atoms_per_layer source_table r_min
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Initialisation of simulations parameters
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% read the input file
input=fopen('simulation_i-o.txt','rt');
parameters=fscanf(input,'%*s %f ');
fluence=parameters(15);% implanted fluence
incidence_angle_theta=0*pi/180; %Angle of incidence
incidence_angle_phi=0;
% beam parameters
E0=parameters(4); % the kinetic energy of the incident ion
Z1=parameters(1); % atomic number of the incident ion
M1=parameters(2); % atomic mass of the incident ion
% target parameters
Zt1=parameters(5);% atomic number of the 1st element composing the target
Mt1=parameters(6);% atomic mass of the 1st element composing the target
stoich1=parameters(7);% stoichiometry factor of the 1st element composing the target
Zt2=parameters(8);% atomic number of the 2nd element composing the target
Mt2=parameters(9);% atomic mass of the 2nd element composing the target
stoich2=parameters(10);% stoichiometry factor of the 2nd element composing the target
Zt3=parameters(11);% atomic number of the 3rd element composing the target
Mt3=parameters(12);% atomic mass of the 3rd element composing the target
stoich3=parameters(13);% stoichiometry factor of the 1st element composing the target
rho=parameters(14);% density of the target
E_b=parameters(18);% average biding energy (eV)
E_d=parameters(19);% average atomic displacement energy (eV)
r_min=parameters(29);% capture radius for clustering
%simulation details
dx=parameters(16);%depth resolution (m)
total_depth=parameters(17);% maximum depth (m)
N=parameters(3); % number of simulated atoms
secondary=parameters(20); % boolean, considering secondary cascade?
tertiary=parameters(21);% boolean, considering tertiary cascade?
read_previous=parameters(23);%boolean, read the profile from a previous implantation?
mirror_toggle=parameters(24);%boolean, place mirror conditions at the faces of the
simulated volume?
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clustering_toggle=parameters(25);%boolean, considering clustering and declustering? (slows
the simulation)
tracking=parameters(22);%boolean, displaying the cascade for each step? (slows the
simulation)
Si_O_tracking_toggle=parameters(26);%boolean, tracking target atoms displacement? (slows
the simulation)
rand('twister',465465)
%Random number seed "best" one 465465! used for energy
dependence 477744
% for figures
source_name='iron';
T1_name='silicon';
T2_name='oxygen';
T3_name='empty';
% Set of Default Values
%
%
%
%

M1=55.85;
Mt1=28.09;
Mt2=16.00;
Mt3=20.00;

%
%
%
%

Z1=26;
Zt1=14;
Zt2=8;
Zt3=12;

% stoich1=1/3;
% stoich2=2/3;
% stoich3=0;
%E0=15000;
%rho=6.5942e22;
%dx=0.5;
%total_depth=50;
%N=9;
%E_b=3;
%E_d=15;
%tracking=0;
%secondary=1;
%tertiary=1;
%fluence=1e16;

%Atomic mass of incident atom, g/mol
%Atomic mass of target atom

%Fraction of Mt1/total atoms in target
%Fraction of Mt2/total atoms in target
%Fraction of Mt3/total atoms in target
%Initial energy
%Density, atoms/cm^3
%Discretisation (nm)
%Final depth to consider (nm)
%Number of ions to simulate
%Substrate binding energy
%Ion displacement energy
%1 if tracking required, 0 if not
%1 for secondary cascade, 0 otherwise
%1 for tertiary cascade, 0 otherwise
%Atoms per cm^2

%
%Load stopping range table
lookuptable=load('lookuptable.csv');
% Beam initialisation
x_old=0;
%Initial distance from surface (m)
E_old=E0;
%Initial energy (eV)
% Intialising the simulation volume
disc_x=(0:dx:total_depth)*10^-9;
%Levels of discretisation along depth
disc_level_array=zeros(1,length(disc_x));
%
Calculating the implantation area
if read_previous==0
area=N/(fluence*(100^2)); %area in metres^2
if mirror_toggle==1
cross_section_width=sqrt(area);
beam_width=sqrt(area);
else
cross_section_width=50*sqrt(area);
beam_width=0;
end
%Calculating initial number of atoms per layer:
atoms_per_layer = (rho*100^3)*(dx*1e-9)*area;
T1_atoms_per_layer = ceil(atoms_per_layer*stoich1);
T2_atoms_per_layer = ceil(atoms_per_layer*(stoich2));
T3_atoms_per_layer = ceil(atoms_per_layer*(stoich3));
%Initial number sof atoms and indexes of atom in each discrimination layers (first
poisition):
source_atoms=zeros(length(disc_x),N+1);
T1_atoms=T1_atoms_per_layer*ones(length(disc_x),1);
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T2_atoms=T2_atoms_per_layer*ones(length(disc_x),1);
T3_atoms=T3_atoms_per_layer*ones(length(disc_x),1);
else
% reading from a previous implantation
N=ceil(100^2*area*fluence);
area=parameters(27);
atoms_per_layer=parameters(28);
for I=1:length(disc_x)
source_atoms(I)=parameters(35+I);
T1_atoms(I)=parameters(36+length(disc_x)+I);
T2_atoms(I)=parameters(36+2*length(disc_x)+I);
T3_atoms(I)=parameters(36+3*length(disc_x)+I);
end
end
%Preallocating all arrays:
collision_number=zeros(1,N); %record the number of collisions encountered by each atom
x=zeros(1,N);
energy=zeros(1,length(disc_x));
position=cell(N,1);
E=E_old*ones(1,N);
%Looping through all ions:
J=zeros(1,N);
K=0;
L=0;
init_fact=1;
% Table recording evry implanted atoms and cluster
% %
| x1 . . . . . xN |
% %
| y1 . . . . . yN |
% %
| z1 . . . . . zN |
% %
| n1 . . . . . nN |
source_table=zeros(4,N);
%
source_table(2,:)=zeros(1,N)+(rand(1,N)-0.5)*beam_width;
source_table(3,:)=zeros(1,N)+(rand(1,N)-0.5)*beam_width;
% initialising tracking tables
if Si_O_tracking_toggle==1
vacancy_source_x=zeros(1,init_fact*N);
vacancy_source_y=zeros(1,init_fact*N);
vacancy_T1_x=zeros(1,init_fact*N);
vacancy_T1_y=zeros(1,init_fact*N);
vacancy_T2_x=zeros(1,init_fact*N);
vacancy_T2_y=zeros(1,init_fact*N);
vacancy_T3_x=zeros(1,init_fact*N);
vacancy_T3_y=zeros(1,init_fact*N);
vacancy_T1_x_ter=zeros(1,init_fact*N);
vacancy_T1_y_ter=zeros(1,init_fact*N);
vacancy_T2_x_ter=zeros(1,init_fact*N);
vacancy_T2_y_ter=zeros(1,init_fact*N);
vacancy_T3_x_ter=zeros(1,init_fact*N);
vacancy_T3_y_ter=zeros(1,init_fact*N);
end
if Si_O_tracking_toggle==1
x_T1=zeros(1,init_fact*N);
y_T1=zeros(1,init_fact*N);
z_T1=zeros(1,init_fact*N);
x_T2=zeros(1,init_fact*N);
y_T2=zeros(1,init_fact*N);
z_T2=zeros(1,init_fact*N);
x_T3=zeros(1,init_fact*N);
y_T3=zeros(1,init_fact*N);
z_T3=zeros(1,init_fact*N);
x_T1_ter=zeros(1,init_fact*N);
y_T1_ter=zeros(1,init_fact*N);
x_T2_ter=zeros(1,init_fact*N);
y_T2_ter=zeros(1,init_fact*N);
x_T3_ter=zeros(1,init_fact*N);
y_T3_ter=zeros(1,init_fact*N);
end
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% initialising counters
sputter_count_T1=0;
sputter_count_T2=0;
sputter_count_source=0;
sputter_count_T3=0;
T1_count=0;
T2_count=0;
source_count=0;
T3_count=0;
T1_count_ter=0;
T2_count_ter=0;
source_count_ter=0;
T3_count_ter=0;
backscatter_count=0;
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Main Loop
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
for I=1:N
disc_level=1;
display(I)
if rem(I,500)==0
display(I)
end
tracked_x=0;
tracked_y=0;
tracked_z=0;
theta=incidence_angle_theta;
%Initial angle of incidence
phi_angle=incidence_angle_phi;
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Collision cascade
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
while E(I)>E_b
%number of collisions
J(I)=J(I)+1;
lookuptable_index=1;
%Calling on function which simulates collisions:
[source_table(1,I),E(I),collision_number(I),source_table(2,I),disc_level,energy_loss,theta
,phi_angle,source_table(3,I),E_coll,target,THETA,PHI,recoil_atom,recoil_index,recoil_layer
]=collision(source_table(1,I),E(I),theta,collision_number(I),source_table(2,I),disc_x,phi_
angle,source_table(3,I),M1,Z1,disc_level,cross_section_width,lookuptable_index);
energy(disc_level)=energy(disc_level)+energy_loss;
%Adding one to counters for tracking
if tracking==1
tracked_x(J(I))=source_table(1,I);
tracked_y(J(I))=source_table(2,I);
tracked_z(J(I))=source_table(3,I);
tracked_x_sec=0;
tracked_y_sec=0;
tracked_z_sec=0;
end
if source_table(1,I)<=0
source_atoms(disc_level,1)=source_atoms(disc_level,1)-1;
backscatter_count=backscatter_count+1;
break
end
if source_table(1,I)>disc_x(end)
source_atoms(disc_level,1)=source_atoms(disc_level,1)-1;
break
end
% Entering secondary cascade if the energy is sufficient
if E_coll>E_d && secondary==1
E_sec=E_coll-E_b;
x_sec=source_table(1,I);
y_sec=source_table(2,I);
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z_sec=source_table(3,I);
coll_number_sec=0;
if tracking==1
tracked_x_sec(1)=x_sec;
tracked_y_sec(1)=y_sec;
tracked_z_sec(1)=z_sec;
end
if target==1
T1_atoms(disc_level,1)=T1_atoms(disc_level,1)-1;
Mt=Mt1;
Zt=Zt1;
T1_count=T1_count+1;
theta_sec=(pi-THETA)/2;
phi_angle_sec=(pi-PHI)/2;
if Si_O_tracking_toggle==1
vacancy_T1_x(T1_count)=x_sec;
vacancy_T1_y(T1_count)=y_sec;
end
K=0;
while E_sec>E_b
K=K+1;
if K~=1
T1_atoms(disc_level_sec,1)=T1_atoms(disc_level_sec,1)-1;
end
lookuptable_index=2;
[x_sec,E_sec,coll_number_sec,y_sec,disc_level_sec,energy_loss,theta_sec,phi_angle_sec,z_se
c,E_coll_sec,target,THETA_sec,PHI_sec,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=c
ollision(x_sec,E_sec,theta_sec,coll_number_sec,y_sec,disc_x,phi_angle_sec,z_sec,Mt,Zt,disc
_level,cross_section_width,lookuptable_index);
T1_atoms(disc_level_sec,1)=T1_atoms(disc_level_sec,1)+1;
if tracking==1
tracked_x_sec(end+1)=x_sec;
tracked_y_sec(end+1)=y_sec;
tracked_z_sec(end+1)=z_sec;
end
if x_sec<0
T1_atoms(disc_level_sec,1)=T1_atoms(disc_level_sec,1)-1;
sputter_count_T1=sputter_count_T1+1;
break
end
if x_sec>length(disc_x)
T1_atoms(disc_level_sec,1)=T1_atoms(disc_level_sec,1)-1;
break
end
if tracking==1
tracked_x_ter=0;
tracked_y_ter=0;
tracked_z_ter=0;
end
% Entering tertiary cascade if the energy is sufficient
if E_coll_sec>E_d && tertiary==1
E_ter=E_coll_sec-E_b;
x_ter=x_sec;
y_ter=y_sec;
z_ter=z_sec;
coll_number_ter=0;
if tracking==1
tracked_x_ter(1)=x_ter;
tracked_y_ter(1)=y_ter;
tracked_z_ter(1)=z_ter;
end
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if target==1
T1_atoms(disc_level_sec,1)=T1_atoms(disc_level_sec,1)-1;
Mt=Mt1;
Zt=Zt1;
T1_count_ter=T1_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
end
if Si_O_tracking_toggle==1
vacancy_T1_x_ter(T1_count_ter)=x_ter;
vacancy_T1_y_ter(T1_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=2;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_T1=sputter_count_T1+1;
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)1;
break
end
if x_ter>disc_x(end)
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)1;
break
end
end
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)+1;
if Si_O_tracking_toggle==1
x_T1_ter(T1_count_ter)=x_ter;
y_T1_ter(T1_count_ter)=y_ter;
z_T1_ter(T1_count_ter)=z_ter;
end
elseif target==2
T2_atoms(disc_level_sec,1)=T2_atoms(disc_level_sec,1)-1;
Mt=Mt2;
Zt=Zt2;
T2_count_ter=T2_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
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end
if Si_O_tracking_toggle==1
vacancy_T2_x_ter(T2_count_ter)=x_ter;
vacancy_T2_y_ter(T2_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=3;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_T2=sputter_count_T2+1;
T2_atoms(disc_level_ter)=T2_atoms(disc_level_ter)-1;
break
end
if x_ter>disc_x(end)
T2_atoms(disc_level_ter)=T2_atoms(disc_level_ter)-1;
break
end
end
T2_atoms(disc_level_ter,1)=T2_atoms(disc_level_ter,1)+1;
if Si_O_tracking_toggle==1
x_T2_ter(T2_count_ter)=x_ter;
y_T2_ter(T2_count_ter)=y_ter;
z_T2_ter(T2_count_ter)=z_ter;
end
%%
elseif target==3
T3_atoms(disc_level_sec,1)=T3_atoms(disc_level_sec,1)-1;
Mt=Mt3;
Zt=Zt3;
T3_count_ter=T3_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
end
if Si_O_tracking_toggle==1
vacancy_T3_x_ter(T3_count_ter)=x_ter;
vacancy_T3_y_ter(T3_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=1;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;

207

tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_T3=sputter_count_T3+1;
T3_atoms(disc_level_ter)=T3_atoms(disc_level_ter)-1;
break
end
if x_ter>disc_x(end)
sputter_count_T3=sputter_count_T3+1;
T3_atoms(disc_level_ter)=T3_atoms(disc_level_ter)-1;
break
end
end
T3_atoms(disc_level_ter)=T3_atoms(disc_level_ter)+1;
if Si_O_tracking_toggle==1
x_T3_ter(T3_count_ter)=x_ter;
y_T3_ter(T3_count_ter)=y_ter;
z_T3_ter(T3_count_ter)=z_ter;
end
%%
else
source_atoms(disc_level_sec,1)=source_atoms(disc_level_sec,1)1;
Mt=M1;
Zt=Z1;
source_count_ter=source_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
end
if Si_O_tracking_toggle==1
vacancy_source_x_ter(source_count_ter)=x_ter;
vacancy_source_y_ter(source_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=1;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_source=sputter_count_source+1;
source_atoms(disc_level_ter)=source_atoms(disc_level_ter)-1;
break
end
if x_ter>disc_x(end)
source_atoms(disc_level_ter)=source_atoms(disc_level_ter)-1;
break
end
end
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source_atoms(disc_level_ter,1)=source_atoms(disc_level_ter,1)+1;
x_source_ter(source_count_ter)=x_ter;
y_source_ter(source_count_ter)=y_ter;
z_source_ter(source_count_ter)=z_ter;
end
if tracking==1
figure(10)
plot(tracked_x_ter*1e9,tracked_y_ter*1e9,'g')%,tracked_z_ter*1e9,'g')
hold on
end
end
end
if Si_O_tracking_toggle==1
x_T1(T1_count)=x_sec;
y_T1(T1_count)=y_sec;
z_T1(T1_count)=z_sec;
end
elseif target==2
T2_atoms(disc_level,1)=T2_atoms(disc_level,1)-1;
Mt=Mt2;
Zt=Zt2;
T2_count=T2_count+1;
theta_sec=(pi-THETA)/2;
phi_angle_sec=(pi-PHI)/2;
if Si_O_tracking_toggle==1
vacancy_T2_x(T2_count)=x_sec;
vacancy_T2_y(T2_count)=y_sec;
end
K=0;
while E_sec>E_b
K=K+1;
if K~=1
T2_atoms(disc_level_sec,1)=T2_atoms(disc_level_sec,1)-1;
end
lookuptable_index=3;
[x_sec,E_sec,coll_number_sec,y_sec,disc_level_sec,energy_loss,theta_sec,phi_angle_sec,z_se
c,E_coll_sec,target,THETA_sec,PHI_sec,recoil_atom_sec,recoil_index_sec,recoil_layer_sec]=c
ollision(x_sec,E_sec,theta_sec,coll_number_sec,y_sec,disc_x,phi_angle_sec,z_sec,Mt,Zt,disc
_level,cross_section_width,lookuptable_index);
T2_atoms(disc_level_sec,1)=T2_atoms(disc_level_sec,1)+1;
if tracking==1
tracked_x_sec(end+1)=x_sec;
tracked_y_sec(end+1)=y_sec;
tracked_z_sec(end+1)=z_sec;
end
if x_sec<0
sputter_count_T2=sputter_count_T2+1;
T2_atoms(disc_level_sec,1)=T2_atoms(disc_level_sec,1)-1;
break
end
if x_sec>disc_x(end)
T2_atoms(disc_level_sec,1)=T2_atoms(disc_level_sec,1)-1;
break
end
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% Entering tertiary cascade if the energy is sufficient
if E_coll_sec>E_d && tertiary==1
E_ter=E_coll_sec-E_b;
x_ter=x_sec;
y_ter=y_sec;
z_ter=z_sec;
coll_number_ter=0;

if tracking==1
tracked_x_ter(1)=x_ter;
tracked_y_ter(1)=y_ter;
tracked_z_ter(1)=z_ter;
end
if target==1
T1_atoms(disc_level_sec,1)=T1_atoms(disc_level_sec,1)-1;
Mt=Mt1;
Zt=Zt1;
T1_count_ter=T1_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
end
if Si_O_tracking_toggle==1
vacancy_T1_x_ter(T1_count_ter)=x_ter;
vacancy_T1_y_ter(T1_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=2;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_T1=sputter_count_T1+1;
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)1;
break
end
if x_ter>disc_x(end)
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)1;
break
end
end
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)+1;
if Si_O_tracking_toggle==1
x_T1_ter(T1_count_ter)=x_ter;
y_T1_ter(T1_count_ter)=y_ter;
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z_T1_ter(T1_count_ter)=z_ter;
end

elseif target==2
T2_atoms(disc_level_sec,1)=T2_atoms(disc_level_sec,1)-1;
Mt=Mt2;
Zt=Zt2;
T2_count_ter=T2_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
end
if Si_O_tracking_toggle==1
vacancy_T2_x_ter(T2_count_ter)=x_ter;
vacancy_T2_y_ter(T2_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=3;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_T2=sputter_count_T2+1;
T2_atoms(disc_level_ter,1)=T2_atoms(disc_level_ter,1)1;
break
end
if x_ter>disc_x(end)
T2_atoms(disc_level_ter,1)=T2_atoms(disc_level_ter,1)1;
break
end
end
T2_atoms(disc_level_ter,1)=T2_atoms(disc_level_ter,1)+1;
if Si_O_tracking_toggle==1
x_T2_ter(T2_count_ter)=x_ter;
y_T2_ter(T2_count_ter)=y_ter;
z_T2_ter(T2_count_ter)=z_ter;
end
elseif target==3
T3_atoms(disc_level_sec,1)=T3_atoms(disc_level_sec,1)-1;
Mt=Mt3;
Zt=Zt3;
T3_count_ter=T3_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
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phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
end
if Si_O_tracking_toggle==1
vacancy_T3_x_ter(T3_count_ter)=x_ter;
vacancy_T3_y_ter(T3_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=1;

[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_T3=sputter_count_T3+1;
T3_atoms(disc_level_ter,1)=T3_atoms(disc_level_ter,1)1;
break
end
if x_ter>disc_x(end)
T3_atoms(disc_level_ter,1)=T3_atoms(disc_level_ter,1)1;
break
end
end
T3_atoms(disc_level_ter,1)=T3_atoms(disc_level_ter,1)+1;
if Si_O_tracking_toggle==1
x_T3_ter(T3_count_ter)=x_ter;
y_T3_ter(T3_count_ter)=y_ter;
z_T3_ter(T3_count_ter)=z_ter;
end
%%
else
source_atoms(disc_level_sec,1)=source_atoms(disc_level_sec,1)1;
Mt=M1;
Zt=Z1;
source_count_ter=source_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
end
if Si_O_tracking_toggle==1
vacancy_source_x_ter(source_count_ter)=x_ter;
vacancy_source_y_ter(source_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=1;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
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r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);

if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_source=sputter_count_source+1;
source_atoms(disc_level_ter,1)=source_atoms(disc_level_ter,1)-1;
break
end
if x_ter>disc_x(end)
source_atoms(disc_level_ter,1)=source_atoms(disc_level_ter,1)-1;
break
end
end

source_atoms(disc_level_ter,1)=source_atoms(disc_level_ter,1)+1;
x_source_ter(source_count_ter)=x_ter;
y_source_ter(source_count_ter)=y_ter;
z_source_ter(source_count_ter)=z_ter;
end
if tracking==1
figure(10)
plot(tracked_x_ter*1e9,tracked_y_ter*1e9,'g')
hold on
end
end
end

if Si_O_tracking_toggle==1
x_T2(T2_count)=x_sec;
y_T2(T2_count)=y_sec;
z_T2(T2_count)=z_sec;
end
%%
elseif target==3
T3_atoms(disc_level,1)=T3_atoms(disc_level,1)-1;
Mt=Mt3;
Zt=Zt3;
T3_count=T3_count+1;
theta_sec=(pi-THETA)/2;
phi_angle_sec=(pi-PHI)/2;
if Si_O_tracking_toggle==1
vacancy_T3_x(T3_count)=x_sec;
vacancy_T3_y(T3_count)=y_sec;
end
K=0;
while E_sec>E_b
K=K+1;
if K~=1
T3_atoms(disc_level_sec,1)=T3_atoms(disc_level_sec,1)-1;
end
lookuptable_index=1;
[x_sec,E_sec,coll_number_sec,y_sec,disc_level_sec,energy_loss,theta_sec,phi_angle_sec,z_se
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c,E_coll_sec,target,THETA_sec,PHI_sec,recoil_atom_sec,recoil_index_sec,recoil_layer_sec]=c
ollision(x_sec,E_sec,theta_sec,coll_number_sec,y_sec,disc_x,phi_angle_sec,z_sec,Mt,Zt,disc
_level,cross_section_width,lookuptable_index);
T3_atoms(disc_level_sec,1)=T3_atoms(disc_level_sec,1)+1;
if tracking==1
tracked_x_sec(end+1)=x_sec;
tracked_y_sec(end+1)=y_sec;
tracked_z_sec(end+1)=z_sec;
end
if x_sec<0
sputter_count_T3=sputter_count_T3+1;
T3_atoms(disc_level_sec,1)=T3_atoms(disc_level_sec,1)-1;
break
end
if x_sec>disc_x(end)
T3_atoms(disc_level_sec,1)=T3_atoms(disc_level_sec,1)-1;
break
end
% Entering tertiary cascade if the energy is sufficient
if E_coll_sec>E_d && tertiary==1
E_ter=E_coll_sec-E_b;
x_ter=x_sec;
y_ter=y_sec;
z_ter=z_sec;
coll_number_ter=0;
if tracking==1
tracked_x_ter(1)=x_ter;
tracked_y_ter(1)=y_ter;
tracked_z_ter(1)=z_ter;
end
if target==1
T1_atoms(disc_level_sec,1)=T1_atoms(disc_level_sec,1)-1;
Mt=Mt1;
Zt=Zt1;
T1_count_ter=T1_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
end
if Si_O_tracking_toggle==1
vacancy_T1_x_ter(T1_count_ter)=x_ter;
vacancy_T1_y_ter(T1_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=2;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
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if x_ter<0
sputter_count_T1=sputter_count_T1+1;
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)1;
break
end
if x_ter>disc_x(end)
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)1;
break
end
end
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)+1;
if Si_O_tracking_toggle==1
x_T1_ter(T1_count_ter)=x_ter;
y_T1_ter(T1_count_ter)=y_ter;
z_T1_ter(T1_count_ter)=z_ter;
end
elseif target==2
T2_atoms(disc_level_sec,1)=T2_atoms(disc_level_sec,1)-1;
Mt=Mt2;
Zt=Zt2;
T2_count_ter=T2_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
end
if Si_O_tracking_toggle==1
vacancy_T2_x_ter(T2_count_ter)=x_ter;
vacancy_T2_y_ter(T2_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=3;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);

if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_T2=sputter_count_T2+1;
T2_atoms(disc_level_ter,1)=T2_atoms(disc_level_ter,1)1;
break
end
if x_ter>disc_x(end)
T2_atoms(disc_level_ter,1)=T2_atoms(disc_level_ter,1)1;
break
end
end
T2_atoms(disc_level_ter,1)=T2_atoms(disc_level_ter,1)+1;
if Si_O_tracking_toggle==1
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x_T2_ter(T2_count_ter)=x_ter;
y_T2_ter(T2_count_ter)=y_ter;
z_T2_ter(T2_count_ter)=z_ter;
end
elseif target==3
T3_atoms(disc_level_sec,1)=T3_atoms(disc_level_sec,1)-1;
Mt=Mt3;
Zt=Zt3;
T3_count_ter=T3_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
end
if Si_O_tracking_toggle==1
vacancy_T3_x_ter(T3_count_ter)=x_ter;
vacancy_T3_y_ter(T3_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=1;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_T3=sputter_count_T3+1;
T3_atoms(disc_level_ter,1)=T3_atoms(disc_level_ter,1)1;
break
end
if x_ter>disc_x(end)
T3_atoms(disc_level_ter,1)=T3_atoms(disc_level_ter,1)1;
break
end
end
T3_atoms(disc_level_ter,1)=T3_atoms(disc_level_ter,1)+1;
if Si_O_tracking_toggle==1
x_T3_ter(T3_count_ter)=x_ter;
y_T3_ter(T3_count_ter)=y_ter;
z_T3_ter(T3_count_ter)=z_ter;
end
%%
else
source_atoms(disc_level_sec,1)=source_atoms(disc_level_sec,1)1;
Mt=M1;
Zt=Z1;
source_count_ter=source_count_ter+1;
theta_sec=(pi-THETA)/2;
phi_angle_sec=(pi-PHI)/2;
if Si_O_tracking_toggle==1
vacancy_source_x_ter(source_count_ter)=x_ter;
vacancy_source_y_ter(source_count_ter)=y_ter;
end
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while E_ter>E_b
lookuptable_index=1;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target,recoil_atom_ter,recoil_index_ter,recoil_layer_ter]=collision(x_ter,E_t
er,theta_ter,coll_number_ter,y_ter,disc_x,phi_angle_ter,z_ter,Mt,Zt,disc_level,cross_secti
on_width,lookuptable_index);

if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_source=sputter_count_source+1;
source_atoms(disc_level_ter,1)=source_atoms(disc_level_ter,1)-1;
break
end
if x_ter>disc_x(end)
source_atoms(disc_level_ter,1)=source_atoms(disc_level_ter,1)-1;
break
end
end

source_atoms(disc_level_ter,1)=source_atoms(disc_level_ter,1)+1;
x_source_ter(source_count_ter)=x_ter;
y_source_ter(source_count_ter)=y_ter;
z_source_ter(source_count_ter)=z_ter;
end
if tracking==1
figure(10)
plot(tracked_x_ter*1e9,tracked_y_ter*1e9,'g')
hold on
end
end
end
if Si_O_tracking_toggle==1
x_T3(T3_count)=x_sec;
y_T3(T3_count)=y_sec;
z_T3(T3_count)=z_sec;
end
%%
elseif target==0
%'collision with Fe atoms'
x_sec=source_table(1,recoil_atom);
y_sec=source_table(2,recoil_atom);
z_sec=source_table(3,recoil_atom);
Mt=M1;
Zt=Z1;
source_count=source_count+1;
theta_sec=(pi-THETA)/2;
phi_angle_sec=(pi-PHI)/2;
if Si_O_tracking_toggle==1
vacancy_source_x(source_count)=x_sec;
vacancy_source_y(source_count)=y_sec;
end
K=0;
while E_sec>E_b
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K=K+1;
lookuptable_index=1;
[x_sec,E_sec,coll_number_sec,y_sec,disc_level_sec,energy_loss,theta_sec,phi_angle_sec,z_se
c,E_coll_sec,target,THETA_sec,PHI_sec,recoil_atom_sec,recoil_index_sec,recoil_layer_sec]=c
ollision(x_sec,E_sec,theta_sec,coll_number_sec,y_sec,disc_x,phi_angle_sec,z_sec,Mt,Zt,reco
il_layer,cross_section_width,lookuptable_index);

if tracking==1
tracked_x_sec(end+1)=x_sec;
tracked_y_sec(end+1)=y_sec;
tracked_z_sec(end+1)=z_sec;
end
if x_sec<0
sputter_count_source=sputter_count_source+1;
source_atoms(disc_level_sec,1)=source_atoms(disc_level_sec,1)-1;
break
end
if x_sec>disc_x(end)
source_atoms(disc_level,1)=source_atoms(disc_level,1)-1;
break
end
% Entering tertiary cascade if the energy is sufficient
if E_coll_sec>E_d && tertiary==1
E_ter=E_coll_sec-E_b;
x_ter=x_sec;
y_ter=y_sec;
z_ter=z_sec;
coll_number_ter=0;
if tracking==1
tracked_x_ter(1)=x_ter;
tracked_y_ter(1)=y_ter;
tracked_z_ter(1)=z_ter;
end
if target==1
T1_atoms(disc_level_sec,1)=T1_atoms(disc_level_sec,1)-1;
Mt=Mt1;
Zt=Zt1;
T1_count_ter=T1_count_ter+1;
if THETA_sec>0
theta_ter=-(pi-THETA_sec)/2;
else
theta_ter=(pi-THETA_sec)/2;
end
if PHI_sec>0
phi_angle_ter=-(pi-PHI_sec)/2;
else
phi_angle_ter=(pi-PHI_sec)/2;
end
if Si_O_tracking_toggle==1
vacancy_T1_x_ter(T1_count_ter)=x_ter;
vacancy_T1_y_ter(T1_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=2;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target]=collision(x_ter,E_ter,theta_ter,coll_number_ter,y_ter,disc_x,phi_angl
e_ter,z_ter,Mt,Zt,disc_level,cross_section_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
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if x_ter<0
sputter_count_T1=sputter_count_T1+1;
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)1;
break
end
if x_ter>disc_x(end)
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)1;
break
end
end
T1_atoms(disc_level_ter,1)=T1_atoms(disc_level_ter,1)+1;
if Si_O_tracking_toggle==1
x_T1_ter(T1_count_ter)=x_ter;
y_T1_ter(T1_count_ter)=y_ter;
z_T1_ter(T1_count_ter)=z_ter;
end
elseif target==2
T2_atoms(disc_level_sec,1)=T2_atoms(disc_level_sec,1)-1;
Mt=Mt2;
Zt=Zt2;
T2_count_ter=T2_count_ter+1;
theta_sec=(pi-THETA)/2;
phi_angle_sec=(pi-PHI)/2;
if Si_O_tracking_toggle==1
vacancy_T2_x_ter(T2_count_ter)=x_ter;
vacancy_T2_y_ter(T2_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=3;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target]=collision(x_ter,E_ter,theta_ter,coll_number_ter,y_ter,disc_x,phi_angl
e_ter,z_ter,Mt,Zt,disc_level,cross_section_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_T2=sputter_count_T2+1;
T2_atoms(disc_level_ter,1)=T2_atoms(disc_level_ter,1)1;
break
end
if x_ter>disc_x(end)
T2_atoms(disc_level_ter,1)=T2_atoms(disc_level_ter,1)1;
break
end
end
T2_atoms(disc_level_ter,1)=T2_atoms(disc_level_ter,1)+1;
if Si_O_tracking_toggle==1
x_T2_ter(T2_count_ter)=x_ter;
y_T2_ter(T2_count_ter)=y_ter;
z_T2_ter(T2_count_ter)=z_ter;
end
elseif target==3
T3_atoms(disc_level_sec,1)=T3_atoms(disc_level_sec,1)-1;
Mt=Mt3;
Zt=Zt3;
T3_count_ter=T3_count_ter+1;
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theta_sec=(pi-THETA)/2;
phi_angle_sec=(pi-PHI)/2;
if Si_O_tracking_toggle==1
vacancy_T3_x_ter(T3_count_ter)=x_ter;
vacancy_T3_y_ter(T3_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=1;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target]=collision(x_ter,E_ter,theta_ter,coll_number_ter,y_ter,disc_x,phi_angl
e_ter,z_ter,Mt,Zt,disc_level,cross_section_width,lookuptable_index);
if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
sputter_count_T3=sputter_count_T3+1;
T3_atoms(disc_level_ter,1)=T3_atoms(disc_level_ter,1)1;
break
end
if x_ter>disc_x(end)
T3_atoms(disc_level_ter,1)=T3_atoms(disc_level_ter,1)1;
break
end
end
T3_atoms(disc_level_ter,1)=T3_atoms(disc_level_ter,1)+1;
if Si_O_tracking_toggle==1
x_T3_ter(T3_count_ter)=x_ter;
y_T3_ter(T3_count_ter)=y_ter;
z_T3_ter(T3_count_ter)=z_ter;
end
%%
else
source_atoms(disc_level_sec,1)=source_atoms(disc_level_sec,1)1;
Mt=M1;
Zt=Z1;
source_count_ter=source_count_ter+1;
theta_sec=(pi-THETA)/2;
phi_angle_sec=(pi-PHI)/2;
if Si_O_tracking_toggle==1
vacancy_source_x_ter(source_count_ter)=x_ter;
vacancy_source_y_ter(source_count_ter)=y_ter;
end
while E_ter>E_b
lookuptable_index=1;
[x_ter,E_ter,coll_number_ter,y_ter,disc_level_ter,energy_loss,theta_ter,phi_angle_ter,z_te
r,E_coll_ter,target]=collision(x_ter,E_ter,theta_ter,coll_number_ter,y_ter,disc_x,phi_angl
e_ter,z_ter,Mt,Zt,disc_level,cross_section_width,lookuptable_index);

if tracking==1
tracked_x_ter(end+1)=x_ter;
tracked_y_ter(end+1)=y_ter;
tracked_z_ter(end+1)=z_ter;
end
if x_ter<0
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sputter_count_source=sputter_count_source+1;
source_atoms(disc_level_ter,1)=source_atoms(disc_level_ter,1)-1;
break
end
if x_ter>disc_x(end)
source_atoms(disc_level_ter,1)=source_atoms(disc_level_ter,1)-1;
break
end
end
x_source_ter(source_count_ter)=x_ter;
y_source_ter(source_count_ter)=y_ter;
z_source_ter(source_count_ter)=z_ter;

end
if tracking==1
figure(10)
plot(tracked_x_ter*1e9,tracked_y_ter*1e9,'g')%,tracked_z_ter*1e9,'g')
hold on
end
end
end
x_source(source_count)=x_sec;
y_source(source_count)=y_sec;
z_source(source_count)=z_sec;
%now I record the atom position
indexb=2;
while source_atoms(disc_level,indexb)~=0 && indexb<=N+1
indexb=indexb+1;
end
if indexb>=N+1
indexb=indexb-1;
end
source_atoms(disc_level,indexb)=recoil_atom;
%source_atoms(disc_level,1)=source_atoms(disc_level,1)+1;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Clustering
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
if clustering_toggle==1
source_table=clustering(source_table(1,recoil_atom),source_table(2,recoil_atom),source_tab
le(3,recoil_atom),source_table,source_atoms,recoil_atom,disc_level);
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
end
if tracking==1
figure(10)
plot(tracked_x_sec*1e9,tracked_y_sec*1e9,'r')%,tracked_z_sec*1e9,'r')
hold on
end
end
end
%now I record the atom position
indexb=2;
while source_atoms(disc_level,indexb)~=0 && indexb<=N+1
indexb=indexb+1;
end
if indexb>=N+1
indexb=indexb-1;
end
source_atoms(disc_level,1)=source_atoms(disc_level,1)+1;
source_atoms(disc_level,indexb)=I;
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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%
Clustering
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
if clustering_toggle==1
source_table=clustering(source_table(1,I),source_table(2,I),source_table(3,I),source_table
,source_atoms,I,disc_level);
end
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Live Display
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
if tracking==1
figure(10)
plot(tracked_x*1e9,tracked_y*1e9,'b')%,tracked_z*1e9)
hold on
end
T1_atoms(2:end)=ceil((atoms_per_layer)-source_atoms(2:end,1))*stoich1;
T2_atoms(2:end)=ceil((atoms_per_layer)-source_atoms(2:end,1))*stoich2;
T3_atoms(2:end)=ceil((atoms_per_layer)-source_atoms(2:end,1))*stoich3;
end
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Calculations on NC
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
NCX=zeros(1,N);
NCY=zeros(1,N);
NCZ=zeros(1,N);
for V=1:N
if source_table(4,V)>1
NCX(V)=source_table(1,V);
NCY(V)=source_table(2,V);
NCZ(V)=source_table(3,V);
end
end
single_X=zeros(1,N);
single_Y=zeros(1,N);
single_Z=zeros(1,N);
for VV=1:N
if source_table(4,VV)==1
single_X(1,VV)=source_table(1,VV);
single_Y(1,VV)=source_table(2,VV);
single_Z(1,VV)=source_table(3,VV);
end
end
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
At.% concentration calculation
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
source_concentration=source_atoms(:,1)./(source_atoms(:,1)+T1_atoms(:,1)+T2_atoms(:,1)+T3_
atoms(:,1));
T1_concentration=T1_atoms(:,1)./(source_atoms(:,1)+T1_atoms(:,1)+T2_atoms(:,1)+T3_atoms(:,
1));
T2_concentration=T2_atoms(:,1)./(source_atoms(:,1)+T1_atoms(:,1)+T2_atoms(:,1)+T3_atoms(:,
1));
T3_concentration=T3_atoms(:,1)./(source_atoms(:,1)+T1_atoms(:,1)+T2_atoms(:,1)+T3_atoms(:,
1));

disc_x=disc_x(2:end);
source_concentration=source_concentration(2:end);
T1_concentration=T1_concentration(2:end);
T2_concentration=T2_concentration(2:end);
T3_concentration=T3_concentration(2:end);
moving_average=7;
smoothed_source_concentration=zeros(1,length(disc_x)-moving_average+1);
smoothed_T1_concentration=zeros(1,length(disc_x)-moving_average+1);
smoothed_T2_concentration=zeros(1,length(disc_x)-moving_average+1);
smoothed_T3_concentration=zeros(1,length(disc_x)-moving_average+1);
for I=1:length(disc_x)-moving_average+1%moving_average/2+0.5:1:length(disc_x)moving_average/2+0.5
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for J=I:I+moving_average-1
smoothed_source_concentration(I)=smoothed_source_concentration(I)+source_concentration(J);
smoothed_T1_concentration(I)=smoothed_T1_concentration(I)+T1_concentration(J);
smoothed_T2_concentration(I)=smoothed_T2_concentration(I)+T2_concentration(J);
smoothed_T3_concentration(I)=smoothed_T3_concentration(I)+T3_concentration(J);
end
end
smoothed_source_concentration=smoothed_source_concentration/moving_average;
smoothed_T1_concentration=smoothed_T1_concentration/moving_average;
smoothed_T2_concentration=smoothed_T2_concentration/moving_average;
smoothed_T3_concentration=smoothed_T3_concentration/moving_average;
atoms_total=source_atoms(:,1)+T1_atoms(:,1)+T2_atoms(:,1)+T3_atoms(:,1);
for I=2:length(disc_x)
dx_new=dx*1e-9*atoms_total(I)/atoms_per_layer;
disc_x(I:end)=disc_x(I:end)-dx*1e-9+dx_new;
end
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Plots
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% figure(10)
% title('Path of ions')
% xlabel('Depth (nm)')
% ylabel('y (nm)')
% zlabel('z (nm)')
% grid on
%
figure(1)
plot(disc_x*10^9,energy(2:end))
title('Scatter plot of energy loss for each ion at every collision')
xlabel('Depth (nm)')
ylabel('Energy loss due to nuclear collision (eV)')
figure(2)
hold all
hist(source_table(1,:)*10^9,50)
%plot(disc_x*10^9,disc_level_array)
title('Distribution of source ions')
xlabel('Depth (nm)')
figure(3)
plot3(source_table(1,:)*10^9,source_table(2,:)*10^9,source_table(3,:)*10^9,'o',NCX*10^9,NC
X*10^9,NCY*10^9,'go')
title('Final position of all incident ions')
xlabel('Depth (nm)')
ylabel('y (nm)')
figure(4)
hold all
plot(disc_x*10^9,source_atoms(2:end,1),disc_x*10^9,T1_atoms(2:end,1),disc_x*10^9,T2_atoms(
2:end,1),disc_x*10^9,T3_atoms(2:end,1))
title('Distribution of source ions')
xlabel('Depth (nm)')
ylabel('Number of ions at each discretised level')
energy_loss_sum=zeros(1,length(disc_x));
for I=1:length(disc_x)
energy_loss_sum(I)=sum(energy(:,I));
end
%
%
%
%
%

figure(5)
plot(disc_x*10^9,energy_loss_sum/N)
title('Energy loss fraction as a function of depth (eV)')
xlabel('Depth (nm)')
ylabel('Energy loss fraction')

sputter_count_T1
sputter_count_T2
sputter_count_source

223

sputter_count_T3
backscatter_count
figure(5)
hold all
plot(disc_x*10^9,source_concentration*100,disc_x(moving_average/2+0.5:endmoving_average/2+0.5)*10^9,smoothed_source_concentration*100)
title('source concentration in atom %')
%
% figure(6)
% plot(disc_x*10^9,T1_concentration*100,disc_x(moving_average/2+0.5:endmoving_average/2+0.5)*10^9,smoothed_T1_concentration*100)
% title([T1_name ' concentration in atom %'])
%
% figure(7)
% plot(disc_x*10^9,T2_concentration*100,disc_x(moving_average/2+0.5:endmoving_average/2+0.5)*10^9,smoothed_T2_concentration*100)
% title([T2_name ' concentration in atom %'])
%
% figure(8)
% plot(disc_x*10^9,T3_concentration*100,disc_x(moving_average/2+0.5:endmoving_average/2+0.5)*10^9,smoothed_T3_concentration*100)
% title([T3_name ' concentration in atom %'])
%
% figure(9)
% if Si_O_tracking_toggle==1
% hold all
% if tertiary==1
%
plot(x_T1*10^9,y_T1*10^9,'o',x_T2*10^9,y_T2*10^9,'o',x_T3*10^9,y_T3*10^9,'o',x_T1_ter*10^9
,y_T1_ter*10^9,'o',x_T2_ter*10^9,y_T2_ter*10^9,'o',x_T3_ter*10^9,y_T3_ter*10^9,'o')
%
legend([T1_name ' secondary'],[T2_name ' secondary'],[T3_name ' secondary'],[T1_name
' tertiary'],[T2_name ' tertiary'],[T3_name ' tertiary'])
% elseif secondary==1
%
plot(x_T1*10^9,y_T1*10^9,'o',x_T2*10^9,y_T2*10^9,'o',x_T3*10^9,y_T3*10^9)
%
legend([T1_name ' secondary'],[T2_name ' secondary'],[T3_name ' secondary'])
% end
% end
% title(['Final position of displaced ' T1_name ', ' T2_name 'and ' T3_name])
% xlabel('depth (nm)')
% ylabel('y (nm)')
%
%
% figure(11)
% if Si_O_tracking_toggle==1
% hold all
% if tertiary==1
%
plot(vacancy_T1_x*10^9,vacancy_T1_y*10^9,'bo',vacancy_T2_x*10^9,vacancy_T2_y*10^9,'go',vac
ancy_T3_x*10^9,vacancy_T3_y*10^9,'yo',vacancy_source_x*10^9,vacancy_source_y*10^9,'ro',vac
ancy_T1_x_ter*10^9,vacancy_T1_y_ter*10^9,'bo',vacancy_T2_x_ter*10^9,vacancy_T2_y_ter*10^9,
'go',vacancy_T3_x_ter*10^9,vacancy_T3_y_ter*10^9,'go',vacancy_source_x_ter*10^9,vacancy_so
urce_y_ter*10^9,'ro')
%
legend(T1_name,T2_name,T3_name,source_name)
% elseif secondary==1
%
plot(vacancy_T1_x*10^9,vacancy_T1_y*10^9,'bo',vacancy_T2_x*10^9,vacancy_T2_y*10^9,'go',vac
ancy_T3_x*10^9,vacancy_T3_y*10^9,'yo',vacancy_source_x*10^9,vacancy_source_y*10^9,'ro')
%
legend(T1_name,T2_name,T3_name,source_name)
% end
% end
% title([T1_name ', ' T2_name ' and ' T3_name ' vacancies'])
% xlabel('depth (nm')
% ylabel('y (nm)')
%
% figure(12)
% plot(disc_x*10^9,atoms_total(2:end))
% title('Total numbers of atoms in each layer')
% xlabel('depth (nm)')
% ylabel('number of atoms')
%
figure(13)
%plot3(source_table(1,:)*10^9,source_table(2,:)*10^9,source_table(3,:)*10^9,'ro');
hold all
plot3(single_X(1,:)*10^9,single_Y(1,:)*10^9,single_Z(1,:)*10^9,'bo');
plot3(NCX*10^9,NCY*10^9,NCZ*10^9,'go');
% plotp([0;1;0],[0;0;1]);
%
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% for I=1:13
%
figure(I)
%
%set(gcf, 'Position', get(0,'Screensize')); % Maximize figure
%
saveas(gcf,['fig' num2str(I) '.fig'],'fig')
% end

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Writing ouput files
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
T1_sputter_yield=sputter_count_T1/N;
T2_sputter_yield=sputter_count_T2/N;
T3_sputter_yield=sputter_count_T3/N;
backscatter_ratio=(backscatter_count+sputter_count_source)/N;
file_1=fopen('fignotes.txt','w');
fprintf(file_1,'Number of atoms simulated = %0.0f \r\n',N);
fprintf(file_1,['The ' T1_name ' sputter yield is %0.2f \r\n'],T1_sputter_yield);
fprintf(file_1,['The ' T2_name ' sputter yield is %0.2f \r\n'],T2_sputter_yield);
fprintf(file_1,['The ' T3_name ' sputter yield is %0.2f \r\n'],T3_sputter_yield);
fprintf(file_1,'The backscatter fraction is %0.3f \r\n',backscatter_ratio);
fprintf(file_1,'secondary = %i \r\n',secondary);
fprintf(file_1,'tertiary = %i \r\n',tertiary);
fprintf(file_1,'time taken = %0.2f seconds \r\n',toc);
fprintf(file_1,'energy = %0.0f \r\n',E0);
fprintf(file_1,'fluence = %0.2E \r\n',fluence);
fclose(file_1)
outputfile = 'simulation_i-o.txt';
myfile2=fopen(outputfile,'wt');
fprintf(myfile2,'Incident_ion_Z
fprintf(myfile2,'Incident_ion_M
fprintf(myfile2,'Number_of_ions
fprintf(myfile2,'Energy_(eV) \t

\t
\t
\t
%g

%g \r\n',Z1);
%g \r\n',M1);
%i \r\n',N);
\r\n\r\n',E0);

fprintf(myfile2,'Target_atom_1_Z \t %g \r\n',Zt1);
fprintf(myfile2,'Target_atom_1_M \t %g \r\n',Mt1);
fprintf(myfile2,'Target_atom_1_stoich \t %g \r\n\r\n',stoich1);
fprintf(myfile2,'Target_atom_2_Z \t %g \r\n',Zt2);
fprintf(myfile2,'Target_atom_2_M \t %g \r\n',Mt2);
fprintf(myfile2,'Target_atom_2_stoich \t %g \r\n\r\n',stoich2);
fprintf(myfile2,'Target_atom_3_Z \t %g \r\n',Zt3);
fprintf(myfile2,'Target_atom_3_M \t %g \r\n',Mt3);
fprintf(myfile2,'Target_atom_3_stoich \t %g \r\n\r\n',stoich3);
fprintf(myfile2,'Target_density \t %g \r\n',rho);
fprintf(myfile2,'Fluence \t %g \r\n',fluence);
fprintf(myfile2,'Layer_thickness_(nm) \t %g \r\n',dx);
fprintf(myfile2,'Total_depth_(nm) \t %g \r\n\r\n',total_depth);
fprintf(myfile2,'Substrate_binding_energy_(eV) \t %g \r\n',E_b);
fprintf(myfile2,'Ion_displace_energy_(eV) \t %g \r\n\r\n',E_d);
fprintf(myfile2,'Secondary_collisions \t %g \r\n',secondary);
fprintf(myfile2,'Tertiary_collisions \t %g \r\n',tertiary);
fprintf(myfile2,'Tracking \t %g \r\n',tracking);
fprintf(myfile2,'Read_profile_from_file \t 0 \r\n');
fprintf(myfile2,'Mirror \t %g \r\n',mirror_toggle);
fprintf(myfile2,'Clustering \t %g \r\n',clustering_toggle);
fprintf(myfile2,'Si_O_tracking \t %g \r\n\r\n',Si_O_tracking_toggle);

fprintf(myfile2,'Impact_area \t %g \r\n',area);
fprintf(myfile2,'Atoms_per_layer \t %g \r\n',atoms_per_layer);
fprintf(myfile2,'r_min_(nm) \t %g \r\n\r\n',r_min);
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fprintf(myfile2,'Surface_current_(A/cm^2) \t %g \r\n',surf_current);
fprintf(myfile2,'Emissivity_(epsilon) \t %g \r\n',epsil);
fprintf(myfile2,'Sigma_(W/cm^2) \t %g \r\n',sigma);
fprintf(myfile2,'Lambda_(W/K.m) \t %g \r\n',lambda);
fprintf(myfile2,'Room_temp_(K) \t %g \r\n',Room_T);
fprintf(myfile2,'Sample_temp_(K) \t %g \r\n',sample_T);
fprintf(myfile2,'Thickness_(cm) \t %g \r\n\r\n',delta_t);
for I=1:length(disc_x)
fprintf(myfile2,'Source \t %i \r\n',source_atoms(I));
end
for I=1:length(disc_x)
fprintf(myfile2,'Target_1 \t %i \r\n',T1_atoms(I));
end
for I=1:length(disc_x)
fprintf(myfile2,'Target_2 \t %i \r\n',T2_atoms(I));
end
for I=1:length(disc_x)
fprintf(myfile2,'Target_3 \t %i \r\n',T3_atoms(I));
end
fclose(myfile2);
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Finalisation
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
tilefigs([3,5])
%Tiles figures to window (external function available online)
toc
%Stops timer, reports simulation time

Function simulating the collision
function
[x,E,collision_number,y,disc_level,energy,theta,phi_angle,z,E_coll,target,THETA,PHI,recoil
_atom,recoil_index,recoil_layer]=collision(x_old,E_old,theta,collision_number,y_old,disc_x
,phi_angle,z_old,M_source,Z_source,disc_level,cross_section_width,lookuptable_index)
%%
%This function simulates the flight of an ion until collision and the collision. Incoming
ions have an energy level
%related to their velocity, and have a probability of collision with
%substrate ions. Collisions reduce their energy and change their
%direction. The atoms keep moving until their energy drops below the
%lattice displacement energy of the substrate.
%target=0
%target=1
%target=2
%target=3

->
->
->
->

source
T1
T2
T3

%The distance of closest approach r_min)
% r_min=100*Z1*Z2*q^2/E_old;
%Making tables available to all functions
global lookuptable rho M1 Mt1 Mt2 Mt3 Z1 Zt1 Zt2 Zt3 source_atoms T1_atoms T2_atoms
T3_atoms area dx atoms_per_layer source_table
%
%
%
%
%
%

q=1.6e-19;
%nuclear radii in meter
r_Fe=160e-012;
r_O=60e-012;
r_Si=110e-012;
r_Co=135e-012;

%%
%Finding which ion energy in table best matches current ion energy
E_table=lookuptable(:,1);
E_match=abs(E_table-E_old);
[temp, E_closest_count]=min(E_match);
%recording the previous angles
theta_old=theta;
phi_angle_old=phi_angle;
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%Extracting stopping power from stopping range table
%dE_dx=dE_dx_table1(E_closest_count)+dE_dx_table2(E_closest_count);
%Calculating the mean path of the atom with specified energy
%lambda=E_old/(dE_dx/1e15)/rho*1e-2;
%a0=0.529e-10;
%Bohr radius
%Calculating electronic stopping power coefficient
%k=8*pi*a0*1.05e-34*sqrt(2)*Z1^(7/6)*Z2/((Z1^(2/3)+Z2^(2/3))^(3/2)*sqrt(M1));
% calculating the density of the current layer
rho_new=(T1_atoms(disc_level,1)+T2_atoms(disc_level,1)+T3_atoms(disc_level,1))/(area*100^2
*dx*1e-7);
p_max=rho_new^(-1/3)*1e-2;
%Maximum impact parameter
% determining the distance to closest source atom in the current layer and
% the to closest
%choose between T1, T2 and T3which atom the incident ion interacts with
recoil_atom=0; %to be sure it is not a recoiled atom
sumup=T1_atoms(disc_level,1)*Mt1+T2_atoms(disc_level,1)*Mt2+T3_atoms(disc_level,1)*Mt3;
Mt1_coll_frac=T1_atoms(disc_level,1)*Mt1/sumup;
Mt2_coll_frac=T2_atoms(disc_level,1)*Mt2/sumup;
Mt3_coll_frac=T3_atoms(disc_level,1)*Mt3/sumup;
target_selector=rand;
if

target_selector<Mt1_coll_frac
target=1;
M2=Mt1;
Z2=Zt1;
elseif target_selector<Mt1_coll_frac+Mt2_coll_frac
target=2;
M2=Mt2;
Z2=Zt2;
else
target=3;
M2=Mt3;
Z2=Zt3;
end
%impact parameter without Coulomb interaction
rho_new=(T1_atoms(disc_level,1)+T2_atoms(disc_level,1)+T3_atoms(disc_level,1))/(area*100^2
*dx*1e-7);%source_atoms(disc_level,1)+
p=sqrt(rand)*p_max;
q=sqrt(rand)*p_max;
lambda=1/(rho_new*pi*(p_max*1e2)^2)*1e-2;
% %Distance travelled between collisions
range=-lambda*log(rand);
r=range; %temporary range
closest_atom_index=0;
% r_between_atoms=1000.0;
recoil_index=0;
recoil_layer=0;
temp_x=ones(1,10).*x_old;%Temporary position along x axis
temp_y=ones(1,10).*y_old;%Temporary along y axis
temp_z=ones(1,10).*z_old;%Temporary along z axis
temp_x(1,2)=x_old+range*(cos(theta_old))*cos(phi_angle_old);
%Temporary position along
x axis
temp_y(1,2)=y_old+range*sin(theta_old);
%Temporary along y axis
temp_z(1,2)=z_old+range*sin(phi_angle_old)*cos(theta_old); %Temporary along z axis
cross_limit_y=2; % how many time it crosses the volume limits in y
cross_limit_z=2; % how many time it crosses the volume limits in z
Ray=cross_section_width/2;
abs(temp_y(cross_limit_y));
if abs(temp_y(cross_limit_y))>Ray
while (abs(temp_y(cross_limit_y))>Ray)&& cross_limit_y<10
if temp_y(1,cross_limit_y)<0
temp_y(1,cross_limit_y+1)=temp_y(1,cross_limit_y)+Ray;
else
temp_y(1,cross_limit_y+1)=temp_y(1,cross_limit_y)-Ray;
end
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temp_x(1,cross_limit_y+1)=temp_x(1,cross_limit_y)+temp_x(1,cross_limit_y)*(temp_y(1,cross_
limit_y)/temp_y(1,cross_limit_y+1));
cross_limit_y=cross_limit_y+1;
end
end
if abs(temp_z(1,cross_limit_z))>Ray
while abs(temp_z(1,cross_limit_z))>Ray && cross_limit_z<10
if temp_z(1,cross_limit_z)<0
temp_z(1,cross_limit_z+1)=temp_z(cross_limit_z)+cross_section_width/2;
else
temp_z(1,cross_limit_z+1)=temp_z(cross_limit_z)-cross_section_width/2;
end
cross_limit_z=cross_limit_z+1;
end
end
%Finding which discrete level the temporary position fits into
x_closest=abs(disc_x-temp_x(1,cross_limit_y));
[closest,disc_level_temp]=min(x_closest);
for temp_index_y=cross_limit_y-1:1
index=2;
if disc_level==1
layer=disc_level;
if source_atoms(disc_level,1)+source_atoms(disc_level+1,1)>0
while layer<disc_level+1
while index<source_atoms(disc_level,1)
if source_atoms(layer,index)>0
x_2=source_table(1,source_atoms(layer,index))temp_x(temp_index_y);
y_2=source_table(2,source_atoms(layer,index))temp_y(temp_index_y);
z_2=source_table(3,source_atoms(layer,index))temp_z(temp_index_y);
r_between_atoms=sqrt(x_2^2+y_2^2+z_2^2)/100;
alpha=acos((x_2*cos(phi_angle_old)*cos(theta_old)+y_2*sin(theta_old)+z_2*sin(phi_angle_old
)*cos(theta_old)))/(r_between_atoms*sqrt((cos(phi_angle_old)*cos(theta_old))^2+sin(theta_o
ld)^2)+(sin(phi_angle_old)*cos(theta_old))^2);
r=r_between_atoms*cos(alpha);
d=sqrt(r_between_atoms^2-r^2);
if (abs(r)<range)&& d<p && (abs(alpha)<=3*pi)
closest_atom_r=r_between_atoms;
closest_atom_index=source_atoms(layer,index);
recoil_index=index;
recoil_layer=layer;
range=abs(r);
p=d; %impact parameter
end
end
index=index+1;
end
layer=layer+1;
end
end
elseif disc_level==length(source_atoms(:,1))
layer=disc_level-1;
if source_atoms(disc_level,1)+source_atoms(disc_level-1,1)>0
while layer<disc_level
while index<source_atoms(disc_level,1)
if source_atoms(layer,index)>0
x_2=source_table(1,source_atoms(layer,index))temp_x(temp_index_y);
y_2=source_table(2,source_atoms(layer,index))temp_y(temp_index_y);
z_2=source_table(3,source_atoms(layer,index))temp_z(temp_index_y);
r_between_atoms=sqrt(x_2^2+y_2^2+z_2^2)/100;
alpha=acos((x_2*cos(phi_angle_old)*cos(theta_old)+y_2*sin(theta_old)+z_2*sin(phi_angle_old
)*cos(theta_old)))/(r_between_atoms*sqrt((cos(phi_angle_old)*cos(theta_old))^2+sin(theta_o
ld)^2)+(sin(phi_angle_old)*cos(theta_old))^2);
r=r_between_atoms*cos(alpha);
d=sqrt(r_between_atoms^2-r^2);
if (abs(r)<range)&& d<p && (abs(alpha)<=3*pi)
closest_atom_r=r_between_atoms;
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closest_atom_index=source_atoms(layer,index);
recoil_index=index;
recoil_layer=layer;
range=abs(r);
p=d; %impact parameter
end
end
index=index+1;
end
layer=layer+1;
end
end
else
layer=disc_level-1;
if
source_atoms(disc_level,1)+source_atoms(disc_level+1,1)+source_atoms(disc_level-1,1)>0
while layer<disc_level+1
while index<source_atoms(disc_level,1)
if source_atoms(layer,index)>0
x_2=source_table(1,source_atoms(layer,index))temp_x(temp_index_y);
y_2=source_table(2,source_atoms(layer,index))temp_y(temp_index_y);
z_2=source_table(3,source_atoms(layer,index))temp_z(temp_index_y);
r_between_atoms=sqrt(x_2^2+y_2^2+z_2^2)/100;
alpha=acos((x_2*cos(phi_angle_old)*cos(theta_old)+y_2*sin(theta_old)+z_2*sin(phi_angle_old
)*cos(theta_old)))/(r_between_atoms*sqrt((cos(phi_angle_old)*cos(theta_old))^2+sin(theta_o
ld)^2)+(sin(phi_angle_old)*cos(theta_old))^2);
r=r_between_atoms*cos(alpha);
d=sqrt(r_between_atoms^2-r^2);
if (abs(r)<=range)&& d<=p && (abs(alpha)<=3*pi)
closest_atom_r=r_between_atoms;
closest_atom_index=source_atoms(layer,index);
recoil_index=index;
recoil_layer=layer;
range=abs(r);
p=d; %impact parameter
end
end
index=index+1;
end
layer=layer+1;
end
end
end
end
if closest_atom_index>0 % if it interacts with a source atom
M2=M1;
Z2=Z1;
target=0;%source atom is the target
;% change p_max accordingly
recoil_atom=closest_atom_index;%select the ion
if source_table(4,recoil_atom)>1 %is it a cluster?
%yes,need to transfer the cluster to another of the atoms in the
%cluster
%find other atoms in the cluster
found=0;
if disc_level==1
for layer_2=disc_level:disc_level+1
for index_2=2:source_atoms(disc_level,1)
if source_atoms(layer_2,index_2)~=0
if recoil_atom==-source_table(4,source_atoms(layer_2,index_2))
if found==0
found=source_atoms(layer_2,index_2);
source_table(4,source_atoms(layer_2,index_2))=source_table(4,recoil_atom)-1;%set the first
one as a cluster with the proper number
%of atom
source_table(4,recoil_atom)=1; % I free the recoil atom
(there I could consider the biding energy)
else
% bind the other atoms in the cluster with the new
% core one
source_table(4,source_atoms(layer_2,index_2))=-found;
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end
end
end
end
end
elseif disc_level==length(source_atoms(:,1))
for layer_2=disc_level-1:disc_level
for index_2=2:source_atoms(disc_level,1)
if source_atoms(layer_2,index_2)~=0
if recoil_atom==-source_table(4,source_atoms(layer_2,index_2))
if found==0
found=source_atoms(layer_2,index_2);
source_table(4,source_atoms(layer_2,index_2))=source_table(4,recoil_atom)-1;%set the first
one as a cluster with the proper number
%of atom
source_table(4,recoil_atom)=1; % I free the recoil atom
(there I could consider the biding energy)
else
% bind the other atoms in the cluster with the new
% core one
source_table(4,source_atoms(layer_2,index_2))=-found;
end
end
end
end
end
else
for layer_2=disc_level-1:disc_level+1
for index_2=2:source_atoms(disc_level,1)-1
if source_atoms(layer_2,index_2)~=0
if recoil_atom==-source_table(4,source_atoms(layer_2,index_2))
if found==0
found=source_atoms(layer_2,index_2);
source_table(4,found)=source_table(4,recoil_atom)-1;%set
the first one as a cluster with the proper number
%of atom
source_table(4,recoil_atom)=1; % I free the recoil atom
(there I could consider the biding energy)
else
% bind the other atoms in the cluster with the new
% core one
source_table(4,source_atoms(layer_2,index_2))=-found;
end
end
end
end
end
end
elseif source_table(4,recoil_atom)<0 %is it part of a cluster?
%
'declusterise'
% I update the number of atoms in the corresponding cluster
source_table(4,-source_table(4,recoil_atom))=source_table(4,source_table(4,recoil_atom))-1;
% I free the recoil atom
source_table(4,recoil_atom)=1;
else % it is a single atom
% there I could change the biding energy
end
x=source_table(1,recoil_atom); %New position along x axis
y=source_table(2,recoil_atom); %New position along y axis
z=source_table(3,recoil_atom); %New position along z axis
[y,z]=mirror(y,z,cross_section_width);
else
x=temp_x(1,2);
y=temp_y(1,cross_limit_y);
z=temp_z(1,cross_limit_z);
[y,z]=mirror(y,z,cross_section_width);
end
%Finding which discrete level the current position fits into
x_closest=abs(disc_x-x);
[closest,disc_level]=min(x_closest);
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%Calculating the loss from the table %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
sumup=source_atoms(disc_level,1)*M_source+T2_atoms(disc_level,1)*Mt2+T1_atoms(disc_level,1
)*Mt1+T3_atoms(disc_level,1)*Mt3;
%
M1_coll_frac=source_atoms(disc_level,1)*M_source/sumup;
%
Mt1_coll_frac=T1_atoms(disc_level,1)*Mt1/sumup;
%
Mt2_coll_frac=T2_atoms(disc_level,1)*Mt2/sumup;
%
Mt3_coll_frac=T3_atoms(disc_level,1)*Mt3/sumup;
%
% % % %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
dE_dx_table1=lookuptable(:,lookuptable_index*2)*(Mt1_coll_frac+Mt2_coll_frac)+lookuptable(
:,lookuptable_index*2+6)*(M1_coll_frac);
%
%
dE_dx_table2=lookuptable(:,lookuptable_index*2+1)*(Mt1_coll_frac+Mt2_coll_frac)+lookuptabl
e(:,lookuptable_index*2+7)*(M1_coll_frac);
% %
% %%%%%%%%%%%Electronic energy loss %%%%%%%%
% %dE/dx has units of eV/(1e15 atoms/cm^2);
%
% dE_dx_elec1=dE_dx_table1(E_closest_count);
% E_elec_temp=dE_dx_elec1*r*100*1e-15*rho_new;
%
% E_closest=abs(E_table-E_elec_temp);
% [temp E_closest_count2]=min(E_closest);
%
% dE_dx_elec2=dE_dx_table1(E_closest_count2);
%
% dE_dx_elec=1/2*(dE_dx_elec1+dE_dx_elec2);
%
% E_elec=dE_dx_elec*r*100*1e-15*rho_new;
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% %
Nuclear Energy Loss
% % %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% dE_dx_nuc1=dE_dx_table2(E_closest_count);
% E_nuc_temp=dE_dx_nuc1*r*100*1e-15*rho_new;
%
% E_closest=abs(E_table-E_nuc_temp);
% [temp E_closest_count2]=min(E_closest);
%
% dE_dx_nuc2=dE_dx_table2(E_closest_count2);
%
% dE_dx_nuc=1/2*(dE_dx_nuc1+dE_dx_nuc2);
%
% E_nuc=dE_dx_nuc*r*100*1e-15*rho_new;
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
%
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Calculating the loss analytically %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
epsilon=32.53*M2*E_old/(Z1*Z2*(M_source+M2)*(Z1^0.23+Z2^0.23));
if epsilon>30
S_n_eps=log(epsilon)/(2*epsilon);
else
S_n_eps=log(1+1.1383*epsilon)/(2*(epsilon+0.01321*epsilon^0.21226+0.19593*epsilon^0.5));
end
S_n_E=8.462e-15*Z1*Z2*M_source*S_n_eps/((M_source+M2)*(Z1^0.23+Z2^0.23));
E_nuc=S_n_E*range*rho_new;
%
%
%
rho_new=(source_atoms(disc_level,1)+T1_atoms(disc_level,1)+T2_atoms(disc_level,1)+T3_atoms
(disc_level,1))/(area*100^2*dx*1e-7);
v=sqrt(2*E_old*1.6e-19/((M_source/rho_new)/1000));
if v>2.2e8/100*Z1^(2/3)
if Z2<13
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I=12+7/Z2;
else
I=9.76+58.5*Z2^(-1.19);
end
epsilon_B=2*9.11e-31*v^2/(Z2*I);
S_e_eps=8*pi*Z1^2*(1.6e-19)^4/(I*epsilon_B);
else
atf=0.88534*0.0529*1e-9*(Z1^0.5+Z1^0.5)^(-2/3);
epsilon=atf*M2/(Z1*Z2*(1.6e-19)^2*(M_source+M2))*E_old;
k=Z1^(2/3)*Z2^(1/2)*(1+M2/M_source)^(3/2)/(12.6*(Z1^(2/3)+Z2^(2/3))^(3/4)*M2^(1/2));
S_e_eps=k*epsilon^0.5;
end
E_elec=S_e_eps*range/100; % electric energy loss
E=E_old-E_elec-E_nuc; % energy of the scattered ion
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%
%Calculating the scattering angle
THETA=theta_analytic(p,E_old,M1,M2,Z1,Z2);
coordinate system
PHI=theta_analytic(q,E_old,M1,M2,Z1,Z2);

%Scattering angle in CM

% plusminus=rand;
% if plusminus<0.5
%
THETA=-theta_analytic(p,E,M_source,M2,Z1,Z2);
coordinate system
% else
%
THETA=theta_analytic(p,E,M_source,M2,Z1,Z2);
coordinate system
% end
%
% plusminus=rand;
% if plusminus<0.5
%
PHI=-theta_analytic(p,E,M_source,M2,Z1,Z2);
coordinate system
% else
%
PHI=theta_analytic(p,E,M_source,M2,Z1,Z2);
coordinate system
% end

%Scattering angle in CM
%Scattering angle in CM

%Scattering angle in CM
%Scattering angle in CM

theta=atan(sin(THETA)/((M_source/M2)+cos(THETA)))+theta_old; %Scattering angle converted
to stationary coordinate system
phi_angle=atan(sin(PHI)/((M_source/M2)+cos(PHI)))+phi_angle_old; %Scattering angle
converted to stationary coordinate system
% energy losss and new energy for the incident ion and recoiled atom
E_coll=4*M_source*M2/(M_source+M2)^2*((sin(acos(cos(THETA)*cos(PHI))/2))^2)*E;
%Collision energy loss
E=E-E_coll; %New energy of ion
energy=E_coll+E_nuc+E_elec; %energy loss
%Tracking numbers of collisions:
collision_number=collision_number+1;
%%

Function calculating the collision angle
function [THETA]=theta_analytic(p,E,M1,M2,Z1,Z2)
% this function calculates the angle of the scattered ion
% in the center of mass referential
%some default values :
%Z1=26;
%Atomic number of incident atom
%Z2=14;
%Atomic number of target atom
%M1=55.85;
%Atomic mass of incident atom, g/mol
%M2=28.09;
%Atomic mass of target atom
%a0=0.529e-10;
q=1.6e-19;
Ec=M2/(M1+M2)*E*2.31e-28;
alpha=Z1*Z2*q^2;
%randomise the collision angle
if rand>0.5
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pom=-1;
else
pom=1;
end
THETA=pi-2*(pom*pi/2-asin((alpha/(2*Ec*p))/((1+(alpha/(2*Ec*p))^2)^(1/2))));

Function setting the mirror conditions at the simulation volume limits
function [new_y,new_z]=mirror(old_y,old_z, beam_diameter)
% this function replace the ion inside the volume
%d=sqrt(old_z^2+old_y^2);
Ray=beam_diameter/2;
if imag(old_y)>0
old_y=abs(old_y);
end
if imag(old_z)>0
old_z=abs(old_z);
end
if abs(old_y)>Ray
while abs(old_y)>Ray
if old_y<0
old_y=old_y+beam_diameter;
else
old_y=old_y-beam_diameter;
end
end
end
if abs(old_z)>Ray
while abs(old_z)>Ray
if old_z<0
old_z=old_z+beam_diameter;
else
old_z=old_z-beam_diameter;
end
end
end
new_y=old_y;
new_z=old_z;

Function simulating the clustering
function
[source_table]=clustering(x_source,y_source,z_source,source_table_old,source_atoms_old,N_c
urrent,disc_level)
global r_min
index_closest=0;
distance_sq_closest=10000000.0;
%find the closest neighbour not in a negative position
if N_current==1
source_table=source_table_old;
else
if disc_level==1
if source_atoms_old(disc_level,1)+source_atoms_old(disc_level+1,1)>0
for layer=disc_level:disc_level+1
for index=2:source_atoms_old(disc_level,1)-1
if source_atoms_old(layer,index)>0
distance_sq=(x_source-source_table_old(1,index))^2+(y_sourcesource_table_old(2,index))^2+(z_source-source_table_old(3,index))^2;
if distance_sq<distance_sq_closest
distance_sq_closest=distance_sq;
index_closest=source_atoms_old(layer,index);
end
end
end
end
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end
elseif disc_level==length(source_atoms_old(:,1))
if source_atoms_old(disc_level,1)+source_atoms_old(disc_level-1,1)>0
for layer=disc_level-1:disc_level
for index=2:source_atoms_old(disc_level,1)-1
if source_atoms_old(layer,index)>0
distance_sq=(x_source-source_table_old(1,index))^2+(y_sourcesource_table_old(2,index))^2+(z_source-source_table_old(3,index))^2;
if distance_sq<distance_sq_closest
distance_sq_closest=distance_sq;
index_closest=source_atoms_old(layer,index);
end
end
end
end
end
else
if
source_atoms_old(disc_level,1)+source_atoms_old(disc_level+1,1)+source_atoms_old(disc_leve
l-1,1)>0
for layer=disc_level-1:disc_level+1
for index=2:source_atoms_old(disc_level,1)-1
if source_atoms_old(layer,index)>0
distance_sq=(x_source-source_table_old(1,index))^2+(y_sourcesource_table_old(2,index))^2+(z_source-source_table_old(3,index))^2;
if distance_sq<distance_sq_closest
distance_sq_closest=distance_sq;
index_closest=source_atoms_old(layer,index);
end
end
end
end
end
end
% is the distance below the minimum radius
if sqrt(distance_sq_closest)<=r_min
%increase the cluster size
source_table_old(4,index_closest)=source_table_old(4,index_closest)+1;
%Record the former position and with which cluster it bonds
%relax the cluster in a spherical shape
%place the atom at a random position within a sphere of radius
%R_cluster from sphere packing in cubic lattice
V_clust=source_table_old(4,index_closest)*5.6E-30*6/pi;
R_clust=((3/(4*pi))*V_clust)^1/3;
theta_rand=rand*2*pi;
phi_rand=rand*2*pi;
R_rand=R_clust*rand;
source_table_old(1,N_current)=x_source+R_rand*sin(theta_rand)*cos(phi_rand);
source_table_old(2,N_current)=y_source+R_rand*sin(theta_rand)*sin(phi_rand);
source_table_old(3,N_current)=z_source+R_rand*cos(theta_rand);
source_table_old(4,N_current)=-index_closest;
else
%add a singlet to the table
source_table_old(1,N_current)=x_source;
source_table_old(2,N_current)=y_source;
source_table_old(3,N_current)=z_source;
source_table_old(4,N_current)=1;
end
end
source_table=source_table_old;
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C.3

Simulating the diffusion during EBA

C3.1

Code structure

The simulation of the diffusion presented in Chapter 5 uses a similar approach. At each step
Δt of the annealing, each implanted atom is displaced with a mean free path following the
distribution presented in Chapter 5. The code structure is illustrated in Figure C.4.

Figure C.4 Flow chart showing the diffusion code structure
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C3.2

MATLAB code

Simulating the diffusion of O from the implanted profile
function output=diffusion_O(duration,T2,profile_init)
% this program simulates the diffusion of implanted Fe in an SIO2 layer on
% Si. It also compares the result with analytical solution
% it can take into account the clustering, rdeox reaction and
% desorption of the SiO2 layer
% duration in s
%T2 the temperature in K
%profile_init is the implanted depth profile obtained from D-Trim in at/cm^3
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Initialisation
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
clc
% close all
step_t=0.00005;%in second
step_x=0.5E-7; %in cm
k=0.00008617343;
lay_1thick=400;%in nm
a=500;
temp=zeros(3,a*1E-7/step_x);
profile_O2=temp;
full_profile=zeros(duration,a*1E-7/step_x);
full_profile(1,:)=profile_init(2,:);
N_0=max(profile_init(2,:));
%Diffusivity*Area=
DA=5E-6;%in SiO2
DA_Si=2E-6; %in Si
infinite_source=0;
implantation_profile=1;
tracking=0;
x=zeros(1,length(profile_O2(1,:)));
for j=1:length(profile_O2(1,:))
x(1,j)=j*step_x/1E-7;
end
length(x)
length(profile_init(2,:))
if implantation_profile==1
for k=1:length(profile_init)-1
profile_O2(1,k)=profile_init(2,k+1);
end
figure(1)
hold all
plot(x,profile_O2(1,:),'-go','MarkerSize',3);
end
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Diffusion loop
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
for i=1:duration/step_t
t=2;
% Fick's diffusion of Fe2+
for d=1:(lay_1thick*1E-7/step_x)
if d~=1
profile_O2(t,d)=profile_O2(t-1,d)-DA*((profile_O2(t-1,d)-profile_O2(t-1,d1))+(profile_O2(t-1,d)-profile_O2(t-1,d+1)))*step_t/(step_x);
end
if d==1
if implantation_profile==1
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profile_O2(t,d)=profile_O2(t-1,d)+DA*((0-profile_O2(t-1,d))((profile_O2(t-1,d)-profile_O2(t-1,d+1))))*step_t/step_x;
else
profile_O2(t,d)=profile_O2(t-1,d)+DA*((2.275E21-profile_O2(t1,d)))*step_t/step_x;
end
end
end
d=(lay_1thick*1E-7/step_x)+1;
profile_O2(t,d)=profile_O2(t-1,d)-DA_Si*((profile_O2(t-1,d)-ks2*profile_O2(t-1,d1))+(profile_O2(t-1,d)-profile_O2(t-1,d+1)))*step_t/(step_x);
for d=(lay_1thick*1E-7/step_x)+2:a*1E-7/step_x
if d~=a*1E-7/step_x
profile_O2(t,d)=profile_O2(t-1,d)-DA_Si*((profile_O2(t-1,d)-profile_O2(t-1,d1))+(profile_O2(t-1,d)-profile_O2(t-1,d+1)))*step_t/(step_x);
end
if d==a*1E-7/step_x
profile_O2(t,d)=profile_O2(t-1,d)-DA_Si*((profile_O2(t-1,d)-profile_O2(t-1,d1)))*step_t/step_x;
end
end
if i*step_t==round(i*step_t)
i*step_t*100/duration
full_profile(i*step_t,:)=profile_O2(t,:);
end
profile_O2(t-1,:)=profile_O2(t,:);
profile_O2(t,:)=zeros(1,a*1E-7/step_x);
if tracking==1
figure(2)
plot(x,profile_O2(1,:),'-g');
end
end
output=full_profile;
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Plots
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
figure(1)
hold all
plot(x,profile_O2(1,:),'-ro','MarkerSize',3);
figure(4)
hold all
for i=1:duration
plot(x,full_profile(i,:));
end
if infinite_source==1
diffused_4L_profile(duration,T2,0.5,5,20,400,500,N_0*2/3);
end
%

Simulating the diffusion of Fe from the implanted profile
function
[output]=random_walk_loss_O_analytic(Atoms_init_Fe,profile_O,step_z,side_length,max_depth,
SiO2_thick,duration)
% this function simulates the diffusion of an implanted layer of Fe
%plotting
Atoms_init_Fe, a table with the x,y,z coordinates of each individual implanted atoms
profile_O, the output from diffusion_O
step_z, step in depth (nm)
side_length, the width of the considered volume (in nm)
max_depth, the maximum depth of the considered volume (in nm)
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SiO2_thick, the thickness of the SiO2 layer (in nm)
duration (in s)
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Initialisation
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
step_t=1;
% Fe implantation profile
Fe_atoms=Atoms_init_Fe*1E-7; % in cm
N_Fe=length(Fe_atoms(4,:))
N_atoms_Fe=N_Fe/(side_length*1E-7*side_length*1E-7*step_z*1E-7); %in at. cm-3
Fe_atoms(4,:)=ones(1,N_Fe); % available for diffusion
% mean free path
%MFP=3; %nm - for FA vac? ramapa values
%MFP=0.045; %nm - for FAO2
sigma=2.22E-10; %in cm^2 for approximation as MFP=1/(sigma*N_O(depth))2.22E-10
av_MFP=zeros(1,duration); % the average MFP of Fe
%concentration in the implanted region
implant=zeros(1,duration);
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Diffusion loop
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
for time=1:duration
time
% Fe Diffusion
ttt=0;
for u=1:N_Fe
if Fe_atoms(4,u)==1 % atom contributing to the diffusion?
%r=-MFP_Fe*log(1-rand)*1E-7;% mean free path not dependent on O concentration
num_O=MFP_O*profile_O(time,round((Fe_atoms(3,u)/step_z*1E-7))+1); % in at. cm3
%MFP_Fe=1/(1.5E16*sigma); % in cm N values found for N rich
%atmosphere
MFP_Fe=0.1E-7+(1/(num_O*sigma+(1/(0.6E-7)))); % mean free path in cm
MFP_Fe=(1/(num_O*sigma+(1/(0.7E-7))));

%

av_MFP(1,time)=av_MFP(1,time)+MFP_Fe;
ttt=ttt+1;
r=-MFP_Fe*log(1-rand);
theta=rand*2*pi;
phi=rand*2*pi;
Fe_atoms(1,u)=Fe_atoms(1,u)+r*sin(theta)*cos(phi);
Fe_atoms(2,u)=Fe_atoms(2,u)-r*sin(theta)*sin(phi);
Fe_atoms(3,u)=Fe_atoms(3,u)+r*cos(phi);
% mirrors
while(Fe_atoms(1,u)>side_length*1E-7)||(Fe_atoms(1,u)<0)
%
flag='flag'
if Fe_atoms(1,u)>side_length*1E-7
Fe_atoms(1,u)=Fe_atoms(1,u)-side_length*1E-7;
end
if (Fe_atoms(1,u)<0)
Fe_atoms(1,u)=Fe_atoms(1,u)+side_length*1E-7;
end
end
while(Fe_atoms(2,u)>side_length*1E-7)||(Fe_atoms(2,u)<0)
%
flag='flag2'
if Fe_atoms(2,u)>side_length*1E-7
Fe_atoms(2,u)=Fe_atoms(2,u)-side_length*1E-7;
end
if (Fe_atoms(2,u)<0)
Fe_atoms(2,u)=Fe_atoms(2,u)+side_length*1E-7;
end
end
%out-diffusing?
if (Fe_atoms(3,u)<=0)
desorb=rand;
if desorb>=1.1
Fe_atoms(1,u)=0;
Fe_atoms(2,u)=0;
Fe_atoms(3,u)=0;
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Fe_atoms(4,u)=0;
else
Fe_atoms(3,u)=0;
Fe_atoms(4,u)=1;
end
end
%outside the volume?
if (Fe_atoms(3,u)>max_depth*1E-7) %no it's out of the volume
Fe_atoms(4,u)=0;
Fe_atoms(1,u)=0;
Fe_atoms(2,u)=0;
Fe_atoms(3,u)=0;
end
% inside the implanted region to be monitored?
if (Fe_atoms(3,u)>=4*1E-7)&&(Fe_atoms(3,u)<=22*1E-7)
implant(1,time)=implant(1,time)+1/(side_length*1E-7*side_length*1E7*step_z*1E-7); %in at. cm-3
end
end
end
implant(1,time)*100/implant(1,1)
av_MFP(1,time)=av_MFP(1,time)/ttt;
end
vec_x=0.5:0.5:max_depth;
% figure(4)
% plot(vec_x,profile_O)
% figure(1)
% hold all
% Obtaining the Fe profile
profile_Fe=zeros(1,max_depth/step_z,1);
profile_init_Fe=profile_Fe(1,:);
for u=1:length(Fe_atoms)
if Fe_atoms(3,u)>0
if Fe_atoms(3,u)<(max_depth-1)*1E-7
profile_Fe(1,round(Fe_atoms(3,u)/(step_z*1E7))+1)=profile_Fe(1,round(Fe_atoms(3,u)/(step_z*1E-7))+1)+1;
end
if Atoms_init_Fe(3,u)*1E-7<(max_depth-1)*1E-7
profile_init_Fe(1,round(Atoms_init_Fe(3,u)/(step_z))+1)=profile_init_Fe(1,round(Atoms_init
_Fe(3,u)/(step_z))+1)+1;
end
end
end
implant(1,:)=implant(1,:)*100/implant(1,2);
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
Plots
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
figure(1)
hold all
%Fe
plot(vec_x,profile_Fe(1,:)/((side_length*1E-7)*(side_length*1E-7)*(step_z*1E-7)),'.b');
plot(vec_x,profile_init_Fe(1,:)/((side_length*1E-7)*(side_length*1E-7)*(step_z*1E7)),'.g');
%O
% plot(vec_x,profile_O(duration-1,:),'.b');
vec_t=1:1:duration;
figure(2)
hold all
plot(vec_t,implant(1,:),'.r');
figure(5)
hold all
plot(vec_t,av_MFP(1,:),'.r');
output=zeros(2,length(vec_t));
output(1,:)=vec_t;
output(2,:)=implant(1,:);
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APPENDIX D: Ion Beam Analysis (IBA)
D1

Introduction
Nuclear techniques of analysis provide very interesting tools to probe matter at the atomic

level. Rutherford, Geiger and Marsden observations of alpha particle scattering in a gold foil is
the most well known nuclear analysis as it demonstrated for the first time the nuclear nature of
atoms. In this experiment a gold foil was exposed to collimated alpha particles beam, 2He nuclei,
emitted from the radioactive decay of radon. Scattered alpha particles were observed using
fluorescent screens. The backscattering of some of these alpha particles was interpreted by
Rutherford by the presence of the atoms nuclei.

Figure D.1 Schematic representation of the different ion/matter interaction product used in IBA.

Ion beam analyses are techniques which uses energetic ions to probe a material’s
composition and structure through the resulting interaction of those ions with atoms within the
material (Figure D.1). Ion beam are produced from accelerators with energy ranging from tens
of keV to a few MeV. Most of those techniques are non-destructive at the exception of the recoil
and secondary ions techniques as the measurements result in the removal of atoms from the
analyzed material. However, incident ions can damage the material and also being implanted.
Prolonged IBA analysis can lead to significant changes in the material.
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D2

Accelerator and beamline
In order to perform ion beam analyses it is required to dispose of a controllable ion beam of

appropriate energy. Different existing technologies and experimental setups can be used to
obtain such a beam and it is not the aim of this section to provide a comprehensive overview of
equipments and techniques for ion beam analysis. Here, a brief description of the experimental
setup of IBA perfomed at GNS Science and used in this thesis is given.

Figure D.2 Schematic diagram of the IBA setup at GNS Science

The setup used in this facility follows typical IBA setup [251] and is illustrated in Figure D.2.
In this setup a 3 MeV Van de Graaff particle accelerator. The high potential required for
accelerations in the MeV range is obtained using a Van de Graaff generator. In such generator,
positive charges are collected on a insulating belt at the bottom of the accelerating column. The
rotation of the belt physically displaces the charge towards the top of the accelerating column.
There, charges are collected using a comb which attracts the charges which are accumulated on
an hemispherical conductor dome, the charge collector.
The electric field is made uniform along the accelerator tube using sets of circular electrodes
uniformly spaced along the accelerator length. Resistance are controlling that the electric
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potential between two electrodes is the same all along the tube. The whole generator and
accelerator tube are located in a pressurised tank which allows reaching high electric potential.
Indeed, in air arcs can occur with electric fields as low as about 10kV/cm.
Light ions are produced within the generator in a radiofrequency ion source. Positive
charges are extracted from the source inside the accelerator tube where they get accelerated.
From the accelerator tube to the target chamber high vacuum is maintained in order to avoid
unwanted collision of the ions with gas molecules which would lead to dispersion and
attenuation of the beam.
Similarly to the ion implantation beamline, the ion beam is transported to the target
chamber using a set of electromagnetic systems. A large electromagnet is used to bend the
beam towards the beamline. It allows for energy selection based on Lorentz force. Of interest,
the magnet can be rotated in order to provide the beam to other beamlines. The focusing and
steering of the beam required for the beam transport up to the target is also required but is not
shown in the diagram. As the energy range is much higher, magnetic fields are used preferably
for those purposes.
Different samples holders can be used in the target chambers. A computer controlled
motorised sample holder allow to automatically analyse batches of up to 16 samples. Another,
including a goniometer can be used for angle-dependent measurements. Finally a heating stage
was recently added and is detailed later in this appendix.
Different detectors can be installed in and around the target chamber for the different
analysis. These detectors are connected to the analysis computer through a set of nuclear
electronics. A typical chain of analysis electronics is showed in Figure D.2. For each ion/matter
interaction product detected by the detector, a electrical pulse is produced. A preamplifier is
used to condition the signal to the proper impedance to avoid reflection within the electronics.
An amplifier is then used which also allow to control the shape and characteristics of the
electrical pulses. The pulses are then received by the analog to digital converter which converts
the integral of the pulse into a digital value. The values are then sorted and stored in the analysis
computer to build the analysis spectra.
The number of ions collected are usually normalised over the experimental solid angle and
yields. For that purpose, the number of ions hitting the sample for the duration of the
measurement is counted by integrating the current produced by ions entering the isolated
target chamber.
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The data processing usually involves converting the digital values into energy values by
calibration using reference samples or using reference radioactive elements which provide
particles or photon of known energy.

D3

IBA: description of some techniques
D3.1

Ion scattering techniques

Very similar to the gold foil experiment, ion scattering techniques probe the ions which are
transmitted or reflected by the material. For given geometries and beam energy the atomic
composition and structure of materials can be retrieved simply by considering the conservation
of energy and momentum in elastic or inelastic interactions with atoms. Rutherford
backscattering spectrometry (RBS), medium energy ion scattering (MEIS), low energy ion
scattering (LEIS) differ from the beam energy used for the analysis and are therefore used for
different depth and depth resolution.

Example 1: Rutherford Backscattering spectrometry
RBS consists in analysing the energy of light ions such as protons
single charged helium ions

, or α particles

, deuterons

,

which are collected at a backscattering

angle after collision with a target. The technique produces spectra which provide the distribution
in energy of the backscattered ions. The spectra can be interpreted using simple principle which
derivates from collisions mechanics as followed:
-

The energy of an ion backscattered from an atomic collision at the surface of the
material is directly proportional to the incident ion energy and atomic mass of the
collided nucleus. The kinematic factor k is the ratio between the incident ion energy E0
and the backscattered ion energy Eb. This value, dependent on the backscattering angle,
can be calculated analytically [251] and is tabulated for key angles [252];

-

The yield of backscattered particles is dependent on the cross section of interactions.
The elastic scattering cross section depends on the atomic number Z. It is mass
independent in the center-of-mass frame and weakly mass dependent (relative to the Z
dependence) in the laboratory frame;

-

For interactions within the material, energy losses of both incident and backscattered
ions have to be taken into account. The energy loss is a function of the materials density
and atomic numbers.
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Consequently, it is possible to retrieve quantitative elemental distribution within a materials
surface. The probing depth of the method is of the order of a micrometre and is dependent on
the incident ion mass and energy. The resolution is often in the range of 10-20 nm and is
dependent of the atomic masses in the target and of the experiment geometry. As the crosssection of interaction increases with the atomic masses, the method is best suited for heavier
elements.
When the analysed target is crystalline the incident ion can penetrate the materials through
channels and have little interaction with the crystal. Those channels originate from particular
crystalline alignment within the materials. RBS channelling can be used as a method to
characterise damage and disorder in a crystal and also to determine the position of atoms within
the crystal lattice.
Initially, RBS measurements provide spectra in number of counts within different channel.
These channels correspond to a certain value in voltage or current of the pulses produced by the
backscattered ions collected by the detector and associated electronics. The electrical pulses are
proportional to the backscattered ion energy. Appropriate calibration performed with analysing
a target of known composition and structure or using radioactive sources which emit alpha
particles of known energy allow converting the channel numbers into values in energy. The
number of backscattered ions collected in each channel can be normalised over the total
number of charges which reached the target for the time of the measurement.
Figure D.3 shows a set of typical RBS spectra obtained with Fe implanted at a depth of about
20 nm in 400 nm SiO2 thin film on Si. Incident ion beam was a 2.0 MeV He+ ion beam. A charge of
20 µCoul was collected for each spectrum. The calibration was performed using a 100 nm Si3N4
on Si sample. The energy scale is shown in the upper horizontal axis. The spectra can be
interpreted as followed:
-

The peak observed for higher channel number, and higher ion energy at 1.501 MeV.
This corresponds to Fe at the surface of the target (K=0.754). The steps observed at
1.116 and 0.732 MeV correspond respectively to Si and O at the surface of the SiO2
layer. Another small peak is observed around 1.3 MeV for the annealed samples
while no elements is expected in the target to give rise to backscattered ion with
such energy;

-

As backscattered ions from deeper collision will have lower kinetic energy they will
give rise to counts at the left of the surface peaks. The plateau observed from 0.732

244

to about 0.55 MeV is coherent with the distribution of O atoms in the upper 400 nm
film of the target. Coincidentally, the step at the left of the Si surface edge
correspond to Si within the SiO2 layer. The density of Si atoms is larger in the Si
substrate and gives rise to the step at around 0.93 MeV;
-

Changes in the peak of Fe is indicative of the changes of the Fe distribution during
the annealing from diffusion. The peak around 1.3 MeV corresponds to Fe
aggregated at the SiO2/Si interface;

-

The difference in height in the step corresponding to Si atoms in the Si substrate is
related to ion channelling in the Si crystal. The samples surface were not all
orientated similarly and therefore led to different channelling level. The signal from
the SiO2, which is amorphous, is the same across all four samples.

-

Computer assisted analysis of the spectra can be performed using RUMP or SIMNRA
softwares.[253,254] These software allows to fit the expected spectra with
calculated spectra from the experimental setup and possible composition and
structure. A simple schematic representation of the sample structure and
stoichiometry of the as-implanted sample is shown in Figure D.3b.

a)

b)
Figure D.3 a) Example of RBS spectra and b) the corresponding geometry and stoichiometry (not to scale). He+
2.0 MeV beam counted for 20 µC with θ=165°.
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A typical experimental setup such as used for the different investigations presented in the
Chapters 3, 4, 5 and 7 can be described as followed: Rutherford Backscattering Spectrometry
(RBS) measurements were carried out using the 3 MV Van-de-Graaff accelerator at GNS Science
[255] with a 2.0 MeV 4He+ beam collimated to 1 mm. The RBS spectra were measured with a
collimated (1.5 mm slit type) Surface Barrier Detector (SBD) positioned at the backscattering
angle of 165°. The solid angle of the RBS experimental arrangement was set to 0.075 msr. The
samples were mounted on a computer controlled stepper motor stage. The RBS spectra were
fitted with RUMP [253] simulations in order to retrieve the Fe concentration profile.

Example 2: Medium energy ion spectrometry

Figure D.4 Scattering geometry for a MEIS measurement of near-surface embedded nanostructure. Courtesy of
D.F. Sanchez, UFRGS, Brazil.

MEIS is very similar to RBS and follows the same analytic principle. The differences lie in the
experimental parameters. MEIS is performed with lower incident ion energy. The scattered ions
are collected at various angles lower than for RBS. An electrostatic or magnetic analyser is used
for better energy resolution. MEIS methods are well described in the literature.[256]
Collecting the scattered ion at different angles allow to have additional details in the sample
geometry. Indeed, the energy loss will not be the same with different scattering angles. This is
clearly illustrated in Figure D.4 for and embedded spherical nanoparticles of compound B in the
near surface region of a matrix A. The incident ion has a kinetic energy E0 and an incidence θ1
from the sample surface. Similarly to RBS, the incident beam loses energy in the materials
leading to energy losses ΔEA,in and ΔEB,in. The incident ion undergoes an elastic collision and
transfer part of its kinetic energy ΔEElas. Scatt. to the collided atom. The ion is scattered with an
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angle θ2 and loses energy on its way out of the samples in the materials B and A (ΔEB,out and
ΔEA,out). A detector then collects the scattered ion and sorts their energy. Consequently if the
sample composition varies laterally, the spectrum will be different if taken at different scattering
angles because of the different path travelled by the ion through the materials. This method can
resolve nanostructures on the surface or buried in a material. Figure D.9 illustrates the
differences in the energy distribution as a function of scattering angle observed from having
different nanostructures on the surface compares to a flat homogenous sample.

a)

b)
Figure D.5 Example of MEIS data. a) 2D map of scattered ion intensities as a function of scattering angle and
scatter ion energy for incidence of 100 keV He+ ions from [256]. Top-left, uniform distribution; top-right, spherical
nanostructures; bottom-left hemispherical nanostructures; bottom-right cylindrical nanostructures. b) MEIS map
16

-2

for 10 at. cm 15 keV implanted samples annealed for different durations.
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A software was developed at the Universidade Federal Rio Grande do Sul which allows for
simulating and fitting of MEIS. This PowerMEIS software was used during for the investigation of
the core/shell structure in Chapter 5 and Sm-Co structure in Chapter 6. It uses a Monte-Carlo
simulation to calculate the expected 2D scattering maps as presented in Figure D.5 from an
incident beam on a modelled sample. The modelled sample is composed of a number of
elemental blocks of varying composition which approximate as best the expected structure of
the material. Consequently, such MEIS analysis requires the use of a complementary technique
to retrieve additional about the size, distribution and composition of the nanostructures.

Figure D.6 TEM analysis for the 1 min annealed samples: a) surface TEM, b) distribution of the core and shell
dimensions from TEM, c) cross-section HR-TEM pictures, and d) geometry model used for the MEIS analysis with the
relations retrieved between the dimensions.

An example of complementary analysis used to set the input to MEIS analysis software is
illustrated in Figure D.6. It corresponds to the analysis of the core/shell structures shown in
Chapter 5. The geometrical parameters and their distributions obtained from the TEM analysis
were used as an input for the MEIS spectra fitting and reduced the number of independent
variables in the MEIS model. Several TEM plan view observations of the samples (such as shown
in Figure D.6a) allowed the average values of the radii of the core (Rcore) and shell (Rshell) to be
estimated as shown in Figure D.6b. Those two parameters were observed to be interdependent
with a constant Rcore/Rshell ratio of about 0.42. The nanostructure areal density was 2.5 × 1010 at.
cm-2. Cross-section TEM data (Figure D.6c) provided additional information on the shape of
these core shell structures. They were quasi-spherical metal Fe cores in a hemispherical Fe rich
shell. From this, a model of the nanostructures was deduced, as presented in Figure D.6d. The
MEIS data were analyzed by using as input parameters the distributions of the core and shell
radii Rcore and Rshell , the depth of the core centre H, and the depth of the flat end h obtained
from the statistical analysis of several TEM cross-sections and plan views. The distance H
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between the centre of the truncated Fe core was correlated with the shell radius such that
H/Rcore = 1. The plane of truncation was taken parallel to the surface at a distance of h from it
and a relation was found between this value and the radius of the core h=0.3×Rcore.
The MEIS spectra were simulated using the PowerMEIS software by taking a set of matrices
that represented 106 nanostructures where the distribution of shape, size, areal density and
mean inter-particle distance were obtained from the TEM analysis. Each cell of the matrices
represented a cube with 2 Å edges. Then, by varying only the composition, stoichiometry and
density of the materials for a fixed geometry one can retrieve a realistic fit of the experimental
data.
A typical experimental setup such as used for the different investigations presented in the
Chapters 3 and 7 can be described as followed: The MEIS measurements were performed using
150 keV H+ ions from the 500 kV electrostatic accelerator from the Ion Implantation Laboratory,
Physics Institute, Federal University of Rio Grande do Sul. The samples were mounted in a 3-axis
goniometer inside the analysis chamber kept under a pressure of less than 10−7 mbar. The typical
ion current was less than 15 nA. The backscattered H+ ions emerging from the target were
analyzed in the toroidal electrostatic analyzer (TEA) mounted at 120° with respect to the beam
direction. The TEA contained a set of two microchannel plates at the top end and they were
coupled to a position-sensitive detector that allows each ion to be energy- and angle-analyzed
leading to 3-D spectra. The TEA angular aperture was 24° and each angle bin corresponds to
0.08°. The overall energy resolution of the system is 600 eV. [256,257]

D3.2

Ion induced photon emission

Energetic ion can create vacancies in the electron shells. Those vacancies will be filled up by
electrons originating from the outer shells. The process will release energy through an Auger
electron (see Appendix B for definition) or photon emission. The photons will be emitted at
definite energy corresponding to the energy difference between the initial state of the outer
shell electron and the core level. As those transitions are characteristic of each element, this
provides an accurate measurement of the materials composition. The analysis is performed
using X-ray detectors. Semiconductor detectors such as Si(Li) detectors are typically used for
such analysis. Proton-induced X-ray emission (PIXE) is a common analytical technique which can
provide sensitivity down to ppm level.[251]
Ionoluminescence is another ion beam induced photon emission process which can be used
to investigate materials properties. Indeed, excitation of the electron shells by the incident beam
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in insulator or semiconductor materials can lead to the emission of UV to IR photons. Indeed in
such materials which present a gap in their electron density, the settling of electrons excited to
level above the gap will produce photons which energies are dependent on the materials
electron density of states.

Example: Proton Induced X-ray Emission
The X-ray emission induced during exposure to a monoenergetic proton beam is widely used
to determine the composition of materials. PIXE analysis provides spectra which sort the number
of photons reaching the detector at given energies. Knowing the energies of the different X-ray
obtained for a material and comparing it to tabulated values, it is possible to identify the
composition and atomic concentrations.

Figure D.7 Example of an X-ray spectrum obtained simultaneously to the RBS spectra in Figure D.3.

Similar spectra can be obtained with other light ions such as alpha particles. This leads to
different cross sections and therefore different detection level to what is obtained with proton.
Figure D.7 shows an example of the spectra in such conditions obtained with the same sample as
for Figure D.3. Gaussian shape peaks are seen are energies corresponding to the Kα transition of
Si and both Kα and Kβ of Fe. In addition, two or more photons can hit the detector within the
integration measurement time of the amplifier. Two pulses arriving at nearly simultaneously will
count as a single pulse of the summed height of the two pulses. Hence, this electronic pileup
leads to the formation of sum peaks. In the present example, peak sums corresponding to 2 and
3 Si Kα X-rays can be observed. The height of pileups is lower as the probability of such events
decreases with increasing the number of photons arriving simultaneously. Other features can be
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observed on the spectrum such as a continuous background and tail for the Si peaks. These
features arise from background radiation originating mainly from secondary electron
Bremsstrahlung and ion Bremsstrahlung. Energetic electrons emitted by ion/matter interaction
as well as the incident ion itself will produce X-rays when slowed down into the material.

D3.3

Nuclear reactions

Nuclear reaction products: Within the range of energy used for IBA and depending of the ion
there is potential for nuclear reactions where the interaction of the incident ion will modify the
state of the nuclei. Typical reactions are: (p,p’) or (p, γ) where the incident proton leads to an
excitation of the nucleus which emits a photon (γ ray) upon decay, (d,p) an incident deuterium
ion is captured by the nucleus whose decay leads to the emission of a proton, (p,α) or (d,α) an
incident proton or deuteron ion is captured by the nucleus whose decay leads to the emission of
an alpha particle. The nuclear reactions usually involve only short decay and leads to little or no
activation of the material.

This range of techniques provides quantitative composition

measurement. Notably, the scattering of the nuclear reaction products can also give structural
information as the particles produced by nuclear reactions also loses energy within the materials
similarly to the scattered particles. The energy loss being dependent of the materials in which
the particle travel, it is possible to retrieve some information such as density, and depth or layer
thickness.

Example: Nuclear reaction analysis
Nuclear reaction analysis (NRA) uses deuterium or proton beam in order to induce nuclear
reaction in the material. The high energy product of reactions such as (d,p), (p,α) or (d,α) are
collected through filters in detectors similar to those use in RBS analysis. The role of the filters or
absorbers is to prevent the low energy particles to be detected. Choosing the energy and nature
of the incident beam is important in order to have nuclear reactions within the analysed
material. NRA is usually performed for low mass element as they present higher cross section in
the usual incident beam energy ranges.
Figure D.8 shows NRA spectra obtained for different samples used in the pre-implantation
study of Chapter 5. It displays various peaks corresponding to the different nuclear reactions
which occurred under irradiation with a 2D+ beam at 920 keV normal to the sample surface. The
detector was placed at an angle of 150 ° from the beam incidence. The elements and type of
reactions are shown on the graph.
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Figure D.8 NRA spectra obtained for N and Fe implanted and annealed SiO2 film on Si compared with two
references: 100 nm Si3N4 film on Si and 400 nm film on SiO2.

Nuclear reactions are quantum phenomena and as such they present resonances. At
particular incident ion energies the cross-section of interaction will increase significantly. The
yield at resonance will increase significantly. Resonant NRA, is a profiling technique which uses
incident beams at the energy of a resonance for a specific nuclear reactions. Indeed, because the
resonances are discrete they will occur at very precise energies. The variation of the energy of
the incident ion in the material from energy losses are enough to stray away from the
resonance. Consequently, varying the energy of the incident ion from the energy of resonance
and above will lead to resonant nuclear reactions to occur at different depth from the surface.

D4

In situ annealing experiment
Diffusion in solids is a major issue in new material development. Indeed, whenever the

process of making a new material requires annealing, there will be diffusion occurring. In
particular, most of the nanostructure and new material synthesis processes developed at GNS
Science involve annealing of an ion implanted sample. Consequently, understanding the
diffusion mechanism during the annealing step is a key factor in controlling the synthesis. In
order to have a better understanding of these diffusion related problematic a high vacuum
annealing system was developed on GNS Science IBA beamline. This allows performing
Rutherford Backscattering Spectrometry during annealing processes.
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For this purpose, a heating stage was designed and built at GNS Science which includes
ceramic thermal resistor, a thermocouple for holder temperature measurement, and current
leads feed through and holder for a surface barrier detector. After trials, it has been decided to
place the surface barrier detector in the cold trap chamber in order to avoid its deterioration. A
holder and a feed through was built accordingly. The system allows heating up to 800 °C for
several hours without breaking the high vacuum. The new experimental setup was used to
investigate the diffusion of iron atoms into silicon oxide during high vacuum annealing presented
in Chapter 5.

D4.1

Heating holder and temperature control

The in-situ RBS experimental setup is shown in Figure D.9. A heating stage was designed
which allows for heating up to 800 °C. A tantalum foil clamped on the stage was used to hold
the samples and insure a tight contact between the sample’s backside and the ceramic plate. A
built-in type-K thermocouple in the ceramic plate was used to measure the temperature. A
Tecttra HC3500 servo-control thermostat was used to control the temperature thermal response
according to the temperature set point, heating and cooling rates.

Figure D.9 Diagram of the experimental arrangement for the in-situ RBS measurements.

D4.2

RBS

In order to reduce the heat around the surface barrier detector during the measurements, it
was placed further away than during normal RBS measurements in a liquid nitrogen cold trap
chamber placed at an angle of 45°. The solid angle under this geometry was evaluated at 0.6
msr. To allow fast data recollection, a 30 nA current was used. Consequently, the irradiated area
was changed frequently to reduce the effect of irradiation damage on the scans. Indeed, it was
observed that after about 15 min of analysis at high temperature the sample showed marks of
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deep exfoliation. This exfoliation is very likely to result from the formation and bursting of He
bubbles within the penetration range of the incident beam. The fluence was estimated from the
duration required to see the exfoliation and the estimated current on the analysed area. It was
found to be over 5×1016 at. cm-2 which is enough for the formation of bubbles.[10,11]
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APPENDIX

E:

Magnetic

and

magnetotransport

measurements
E1

Magnetisation and magneto optical measurements
The magnetic properties of a material can be measured from various different ways. Direct

magnetometer methods such as Vibrating Sample Magnetometer (VSM), Alternating Field
gradient Magnetometer (AFGM or AGM), Superconducting Quantum Interference Device
Magnetometer (SQUID), can be used to measure directly the dipolar moment of a sample.
Magnetic field microscopes (MFM) can map the magnetic moment of a material surface in the
100 nm range. Indirect methods measure the effect of the materials magnetisation on a
measurable physical quantity. For instance the Faraday or Kerr rotation of the polarization plane
of a polarized light can be used to retrieve magnetisation properties details of a given material.
Torque magnetometry is another method which allows measurement of magnetisation by
measuring the torque apply on a rotatable sample by a magnetic field.[258]

E1.1

Superconducting

Quantum

Interference

Device

Magnetometer (SQUID)

Figure E.1 SQUID flux sensor geometry. Reproduced from reference[85] .

Magnetisation measurements shown in Chapter 6 and 7 were performed using a SQUID.
SQUID is a highly sensitive magnetic field measurement method allowing to measure verys small
dipolar magnetic moments down to about 10-21 Oe at cryogenic temperature.[85] A SQUID
sensor is composed of two superconductor materials in a loop shape such as presented in Figure
E.1 separated by thin insulating gap, called a Josephson junctions. Without an applied magnetic
256

field a current flowing from one part A to the other B will split equally between the branches of
the superconductor assembly. However changes in the magnetic flux in the loop induce a
current in the ring in accordance to Faraday’s Law. This current is added in one of the junction
and substracted in the other, resulting in a voltage between points A and B. Changes in the
voltage will happen in steps as it is a quantum mechanism, each steps corresponding to a single
flux quantum (

). This explain the high sensitivity of the method.

The measurements shown in this investigation were performed using a Magnetic Properties
Measurement System (MPMS) such as shown in Figure E.2. In this equipment the magnetic field
is not measured with the SQUID but with a superconducting second-order gradiometer. Moving
a sample through the gradiometer induce changes in the persistent current of the
superconducting coils proportional to the variation of the magnetic field. The gradiometer is
connected in a all superconducting wire system to the SQUID which converts the variation in
current into a variation in voltage. The magnetic moment from the sample is obtained by
numerical analysis of the voltage signal during a displacement of the sample through the
gradiometer.[259]
A superconducting shield is used to protect the SQUID magnetometer from undesired
external magnetic fluctuation. A superconducting solenoid is used to provide the external
magnetic field up to 8 T required for full magnetisation measurements. This solenoid is used in a
persistent current mod. To set or change the magnetic field is the closed superconducting loop is
opened through heating and connected to a current source.[259]

Figure E.2 The Quantum Design MPMS®. Photo Quantum Design.[260]

Samples were cut into 4 mm by 8 mm wafers and fixed into plastic straws. The variation of
the magnetic moment with an applied magnetic field was evaluated from magnetisation
measurements of the sample at different applied magnetic field from -6 to +6 T at room
temperature (300 K). This facility was accessed at Industrial Research Limited (IRL), Lower Hutt,
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New Zealand. The atomic magnetic moment variation was then calculated by subtracting the
diamagnetic background, assumed linear with the applied magnetic field. Knowing the real
concentration of iron and assuming a homogeneous repartition in the material the magnetic
moment values in emu can be converted into atomic magnetic moment (in numbers of Bohr
magnetrons or µ-Bohr per iron atom) using the following formula:
(E.1)
where Mcorr is the corrected moment after subtraction of the diamagnetic background, S is
the surface area of the sample, µB is the Bohr magnetron (µB = 9.274 × 10-21 emu) and F is the
fluence retrieved from the RBS measurement in Fe atom per unit of surface (at./cm2). In order to
evaluate the degree irreversibility with the temperature the magnetisation was measured under
zero field cooling (ZFC) and field cooling (FC) from 5 K to 300 K.

E1.2

Magneto-optical Kerr Effect measurements

In magneto-optical materials the magnetisation and applied field can cause changes in the
dielectric tensor of the material. This results in the rotation of the plane of polarisation of an
incident light. This effect, named Kerr effect when the light is reflected by the material and
Faraday effect when the light is transmitted, can provide information on the materials magnetic
properties.

Figure E.3 Schematic representation of a surface MOKE setup.[261]

MOKE measurement consists in measuring the rotation and ellipticity of the plane of
polarisation of a polarised light after reflection on the sample as a function of an applied
magnetic field. The rotation angle can be measured by rotating a polariser and measuring the
light intensity. An experimental setup is shown in Figure E.3.
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In this investigation, spectroscopic-ellipsometry was performed prior to MOKE
measurements in order to determine some of the optical properties of the materials as a
function of the light wavelength and incidence. This allowed to identify a suitable wavelength for
the measurements, 350 nm. The MOKE measurements were made at room temperature using a
J. A. Woollam, VASE spectroscopic ellipsometer with the applied magnetic field perpendicular to
the surface.

E1.3

Conversion of units

Quantity

Symbols

SI

Field

H

A.m

Tesla (T)

Magnetisation

M

A.m

I

-

Flux

φ

Moment

m

(EMU=x SI)

Oersteds
(Oe)

B

magnetisation

-1

Weber
(Wb)
A.m²

Gauss (G)
emu.cc

-1

1000/4π = 79.58
-4

10

1000

-

-

Maxwell

10

emu

1000
-1

p

A.m

emu.cm

Field equation

-

B=µ0.(H+M)

B=H+4πM

-

-

E=- µ0.m ∙H

E=- m ∙H

-

free space)

Common values
Type
Earth

SI

EMU

56

0 .7
6

Large EM

1.6*10

Large EM

2

Fe
saturation

20000
6

1.7*10

1700

-8

Pole strength

Energy of moment (in

E2

-1

Induction

Intensity of

Conversion factor

EMU

1000

Electron transport measurements
Changes in the electron transport of the samples as a function of an applied magnetic field

and temperature were measured using a Physical Properties Measurements System (PPMS®).
This equipment allowed the measurement of the resistivity, and current-voltage (I-V)
characteristics with DC and AC currents at cryogenic temperature and in a controlled magnetic
field environment up to 6 T.
Each sample was prepared by depositing a 4 nm titanium film and a 200 nm aluminium
layer. Notably, measurements were also tested with Au films and led to similar results as
presented in Chapter 6. The measurements were done by applying a current between two
contact pads on the samples and measuring the voltage. The gap dimensions were 1 mm and the
electrodes were 4 mm wide.
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Figure E.4 The Quantum Design PPMS® at IRL. Photo MacDiarmid Institute.[262]

The preferred measurement for this investigation was to measure the I-V characteristic at
each magnetic field for given temperature. The resistance was then derived from Ohm’s law.
The magnetoresistance was chosen such as

(6.3). To investigate the

dependence of the magnetoresistance with temperature, I-V characteristics were obtained at
each temperature in zero-field and then at 6 T.
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List of acronyms
AFM
CAD
EBA
EDX
FA
FA-air
FA-vac
FFT
FIB
GMR
IBA
KMC
LEIS
MD
MEIS
MOKE
MR
NP
NP-TRIM
NRA
PE
PIXE
PPMS
MPMS
RBS
SADP
SEM
SIMS
SQUID
SRIM
TEM
TEY
TMR
TOF
TRIM
UA
VSM
XANES
XAS
XPS
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Atomic Force Microscopy
Computer Assisted Design
Electron Beam Annealing
Energy Dispersive X-ray spectroscopy
Furnace Annealing
Furnace Annealing in air
Furnace Annealing in vacuum
Fast Fourier Transform
Focused Ion Beam
Giant MagnetoResistance
Ion Beam Analysis
Kinetic Monte-Carlo
Low Energy Ion Scattering
Molecular Dynamics
Medium Energy Ion Scattering
Magneto-Optical Kerr Effect
Magnetoresistance
NanoParticle
Nanoparticle-TRIM
Nuclear Reaction Analysis
Photon Energy
Proton-Induced X-ray Emission
Physical Property Measurements System
Magnetic Property Measurements System
Rutherford Backscattering Spectrometry
Selected Area Diffraction Pattern
Scanning Electron Microscopy
Secondary Ion Mass Spectrometry
Superconducting Quantum Interference Device
Stropping Range of Ion in Matter
Transmission electron microscopy
Total Electron Yield
Tunnelling MagnetoResistance
Time Of Flight
Transport of Ion in Matter
Unannealed
Vibrating Sample Magnetometer
X-ray Absorption Near-Edge Spectroscopy
X-ray Absorption spectroscopy
X-ray Photoelectron Spectroscopy
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