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Chapter 1

Introduction

Tailoring the surface characteristics of materials to provide specific physical
and chemical properties is a major field of industrial interest. Many methods
have been developed to modify surface structures but they typically involve
either (i) the deposition of an outer layer, or layers, of coating materials
that intrinsically have the desired physical or chemical properties, or (ii) the
direct modification of a surface using methods such as atomic bombardment
or thermal cycling under controlled atmosphere |1 3].

Given our rapidly developing ability to engineer the surface properties of
materials to match the requirements of their area of application, it is essen-
tial that surface characterisation techniques keep pace with these fabrication
method developments [4]. By definition, the structurally modified region of a
surface engineered material is smaller in thickness than its other dimensions.
In addition, the surface region also does not necessarily display long range
three dimensional crystalline order. The ideal characterisation techniques
thus need to provide us with a means to obtain structural information that
is chemically specific, depth sensitive and applicable regardless of the degree
of structural or chemical order present in the surface layers.

Reflection Extended X ray Absorption Fine Structure (ReflEXAFS) spec-
troscopy is one such method. A detailed description of both the experimen-
tal and data analysis developments to usefully apply this technique to the

characterisation of surface modified materials is the main aim of this report.
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Moreover, a few examples of its application to some selected materials will
be presented.

EXAFS spectroscopy provides chemically specific short range structural in-
formation and is well suited to the investigation of the local atomic environ-
ment around medium to heavy elements. There is no requirement for long
range structural order and the method can equally be applied to samples of
crystalline, glassy, liquid or even gaseous state [5]. In the standard set-up
for an EXAFS experiment, an X ray transmission measurement is performed
where the intensity of an X ray beam is measured before and after passage
through a sample as a function of the incident X ray photon energy. In
this experimental geometry, both surface and bulk regions of the sample are
probed, since the mean free path of photons is of the order of thousands
of Angstréms and the beam passes right through the bulk of the sample.
The lack of sensitivity to the surface region can be overcome by changing
the experimental geometry and/or the detection mode. For example, the
interaction of the X ray photons with a material can induce various sec-
ondary processes with intensities that are directly proportional to the X ray
absorption signal but restricted to the surface regions. The detection of the
photoelectron yield at the surface of a sample as a function of the incident
X ray beam energy is one such means, as the mean free path of electrons in
a solid is a few tens of Angstroms [6].

An alternative means to emphasize the surface sensitivity of the technique
is to adopt a glancing angle geometry that takes advantage of the fact that
the refractive index of materials for X rays is slightly smaller than 1. The
X ray beam can therefore undergo total reflection. The spectroscopic signal
is measured by detecting the intensity of the reflected beam and and the
structural properties of the sample are effectively probed by the evanescent
electromagnetic wave. This technique is called RelEXAFS.

Of particular note is the potential this gives to probe not only the struc-
ture in the outermost layer of a sample surface, like in the detection of the

photoelectron yield, but also the structure in the buried layers. This is



because the detected species are the reflected photons and not the emitted
electrons, which have a mean free path in the range of very few nanometers in
solids. Moreover, this also means that no vacuum conditions are required for
the measurement, so the samples can be studied under realistic atmospheric
conditions which also simplifies the experimental setup.

In the early studies [7-14] it was important that the experiments were per-
formed under total reflection conditions, i.e. using an incidence angle well
below the critical angle. This choice was essential as it simplified the experi-
mental requirements [15, 16], since the reflected intensity is quite high. More-
over, the data analysis is rather simple since, under this conditions, standard
X ray absorption theory can be used [7, 17, 18] for analysing the spectro-
scopic components in the reflected beam. In these studies, the penetration
depth of the beam is restricted to the order of a few tens of Angstroms.
Despite the difficulties for the direct reflection geometry experiment, a few
studies [19, 20| have gone beyond the total reflection approximation but
were restricted to specific angles and corresponding penetration depths, and
to samples with a single local environment. Thus, no general method for a
wide range of angles has yet been developed.

The generalisation of the ReflEXAFS technique to provide data at angles
both below and above the critical angle is a significant development because
it will enable the extraction of structural information about the shallowest
region of the sample (extending a few tens of Angstréms from the surface) as
well as about deep regions hundreds of Angstréms underneath. In fact, depth
profiling can be achieved, as the penetration depth of the X rays increases
with the incidence angle of the X ray beam on the sample.

Furthermore, in addition to the chemically specific local structure data as a
function of layer depth, these types of measurements can also provide valuable
information about thin multilayer structures, including thicknesses, densities
and interface roughness, in a similar way to the analysis of X ray reflectometry
measurements [21].

Thus, the ultimate aim of this project is to extend the ReflEXAFS technique
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to the analysis of the spectra at not only below, but also above the critical
angle of reflection.

This extension has to be done in two fronts:

e Experimental: optimisation of an experimental protocol using the avail-
able standard instrumentation (X ray absorption beamline with a re-
flectometer) to obtain X ray reflection measurements below and above
critical angle conditions in both a highly quantitative and accurate
fashion in three key areas, (1) angular configuration, (2) energy scale

and (3) reflected beam intensity.

e Data analysis: development of the algorithms that allow to simulate,
extract and analyse the EXAFS data from the raw measured ReflEXAFS
spectra, not exclusively valid for the angles below the critical angle, i.e.

a global method that considers all the possible angles.

To achieve and illustrate this development, a group of different sets of samples
was made. The selection of the samples was motivated taking into account
what seemed convenient to develop the technique as well as being themselves
interesting from the materials science point of view.

This aim was fulfilled increasing the difficulty and the interest of the samples
at the same time. Indeed, the first ones are quite simple, with ideal character-
istics for an easy optimisation of the technique, while the last ones challenge
the capabilities of the technique, pushing its limits in both the experimental
requirements and the data analysis. In addition, the samples cover the fields
of the multilayers, the surface reaction with reactive gasses, the hard metal
nitride coatings and, finally, the surface nitriding process of steels for cutting
tools.

The structure of this report is the following.

Chapter 2 describes the preparation of the samples. It also summarises the
details of the characterisation techniques (other than ReflEXAFS) used for
those samples.

Chapter 3 gives a detailed description on the experimental setup, the meth-

4



ods and, what is more important, the protocols necessary to optimise the
collection of the ReflIEXAFS data at these challenging experimental condi-
tions.

Chapter 4 introduces the theory behind the ReflEXAFS process. It also
describes the low angle ReflEXAFS approximation described by Martens |7,
17, 18] and the high angle approximation made by Borthen [19, 20|. Finally,
it details the algorithms used to simulate and extract the EXAFS signal from
the ReflEXAFS spectrum that leads to the global analysis method.
Chapters 5 to 8 presents the characterisation results, including the data sim-
ulation and analysis when necessary (like in X ray reflectometry spectra), for
the different sets of samples. It also exposes the RelEXAFS results, involv-
ing the raw experimental data, the low angle approximation EXAFS analysis
if possible, the global simulation and EXAFS extraction results, and finally,
the EXAFS simulation and fitting to calculate the structural parameters of
the studied environments.

Finally, a Conclusions chapter summarises the main achievements of the

project as well as the future work envisaged.
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Introduction

The X ray reflectivity of a surface decreases drastically when the incidence
angle is above the critical angle, so it may drop a few orders of magnitude
below the total reflection condition reflectivity. With this severe restriction,

the samples should fulfill certain requirements so they can be studied with
the RefIEXAFS technique.

Flatness is essential to avoid the change of the incidence angle along the
sample because, in this case, a different penetration depth for different places
along the surface would be reached. In addition, the lack of flatness can cause

beam dispersion, resulting in a loss of intensity in the reflected beam.

As shown in Figure 2.1, the footprint of the beam has a length of d/sin6;,
where d is the beam vertical width, usually determined by a slit, and 6; is the
incidence angle. Since the incidence angle is quite low for the Refl[EXAFS
experiments, usually smaller than 1°, the footprint of the beam becomes
rather long (on the order of cm). For a typical vertical beam width of 100
pm and incidence angles between 0.2 and 0.6°, the footprint length varies
between 29 and 10 mm, respectively. Therefore, ideal samples should have
an homogeneous surface both in structure and composition at least over this

length to contain the whole beam footprint.

Incident Slit Reflected
Beam Beam

Sample Footprint

I,|‘.g_l

Figure 2.1: Footprint of the X ray on the sample
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Since roughness causes beam dispersion, reducing the reflected beam inten-
sity. Hence, samples that are as smooth as possible are desirable. Ideally
roughness would be in the range of a few nanometers over the whole area of

the beam footprint.

Once the samples have been prepared, some characterisation prior to the
ReflEXAFS experiment is important to know whether they are suitable for
the measurement, and to give some keys for the subsequent ReflEXAFS
analysis. As most of the samples were made of thin film coatings, their
composition and thickness of the layers was measured by different techniques.
Also, it was interesting to measure the surface roughness to evaluate the

possible beam dispersion.

In this Chapter, the preparation methods of the samples studied in this
work are briefly described together with a list of those samples (Section 2.1),
and the characterisation techniques used are summarised, and detailed when

necessary (Section 2.2).

2.1 Preparation

There are several methods to prepare samples with the required properties.
Most of the methods to prepare thin layered coatings fulfill these require-
ments. Among them, the magnetron sputtering (Section 2.1.1) was selected

as one of the most appropriates due to its characteristics explained below.

2.1.1 Magnetron sputtering

Sputtering deposition techniques are a type of physical vapor deposition tech-
niques (PVD). The process consists in the acceleration of ions against a sur-
face, called the target. Upon impact, these ions tear away fragments of the
target, which are transformed into vapor that can be condensed, thus de-

posited, afterwards in any nearby surface. Then, if a substrate is located

10



2.1 Preparation

close to the target, it becomes coated by the target material [22].

The probability of contaminating the layer with spurious elements in the
chamber is small, since no complex chemical precursors are used. Moreover,
the relatively high deposition rate, compared to those of other PVD tech-
niques like Molecular Beam Epitaxy, reduces even more this probability of

contamination.

In common sputtering deposition procedure, a plasma is created inside a
chamber between two electrodes at a high voltage. The target is located
at the cathode, while the substrate is fixed to the anode. The chamber is
filled with a gas (called the sputtering gas) at the desired pressure which
is normally in the order of 0.5 Pa. The gas is ionized when the plasma is
created, and its ions are accelerated towards the cathode, striking the target

with enough energy to remove some material.

However, this diode configuration provides a plasma with a low degree of
ionisation due to the escape of the electrons away from the plates to the de-
position chamber. This causes an unstable plasma and a quite low deposition

rate.

In the magnetron sputtering configuration 23] a set of magnets is attached
underneath the cathode, so a magnetic field is created near the target. This
magnetic field traps electrons, confining them close to the target, so the
ionisation degree of the plasma in this region is higher, thus increasing the

sputtering rate and consequently the deposition rate.

A scheme of the magnetron sputtering deposition chamber is shown in Figure
2.2. To produce an stable plasma at low voltage, the chamber must be kept at
a low pressure with a series of vacuum pumps. The sputtering gas is usually
Ar, so it neither gets implanted in the target nor reacts with the sputtered
material, like in reactive sputtering (see section 2.1.1.1). Figure 2.3 shows
a picture of the actual deposition chamber used, located in the Sputtering

laboratory at the Institute of Materials Science of Madrid |3, 24].

11
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@mple holder \
Substrate

Sputtered
metal

Ar

Ar*lons

Magnetic
field ™

Metal for
deposit -
(Target)

Target holder
Magnetron

Vacuum pump

Figure 2.2: Magnetron sputtering preparation chamber scheme
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Figure 2.3: Magnetron sputtering preparation chamber at the ICMM

The vacuum system consists on a rotatory pump (that gets the chamber
to 0.1 Pa of pressure) attached to a turbo-molecular pump (that gets to
1075 Pa). This high vacuum is the base pressure it is used before filling the
chamber with the sputtering gas.

There is a pre-chamber attached to the main deposition chamber and sepa-
rated by a door. An external manipulator is available to move the sample
from the pre-chamber to the main one and backwards. This pre-chamber has
its own vacuum system of a rotatory pump to reach 0.1 Pa of base pressure

before transferring the sample to the main chamber.

The main chamber has two independent magnetron systems available that
share the same anode, where the sample is located. This allows the user
to fabricate layers of two different elements without exposing the sample to
open air. An automated system places the sample above the magnetron to

be used, at a distance of 10 cm. This system can be programmed in order to

13
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move the sample above one or the other magnetron for a certain amount of
time, and repeat this process the selected number of times. Therefore, the
fabrication of multilayers using this system is straightforward. A scheme of

the chambers is shown in Figure 2.4

Pre-chamber Main chamber
Manipulator Door Ar
Sample holder
/ P : ‘
' M $ Shield —

\‘

Vacuum pump

Target

Magnetron

Vacuum pump

Figure 2.4: Magnetron sputtering preparation chamber scheme

To control the thickness of the deposited layers, a growth rate estimation has
to be carried out prior to the actual fabrication of the samples. To do so,
a thick layer of the element to be growth is deposited in the same type of
substrate of the samples for a certain time. Then, an X ray reflectivity (XRR)
measurement, is made in a laboratory equipment, so the total thickness can
be estimated from it. Thus, the mean growth rate is calculated dividing the

thickness by the deposition time.

However, it must be noted that this growth rate is just an estimation that is
used to get roughly the desired thickness. The actual thickness of the sample
layers must be accurately determined by other methods. The only thing that

can be assured is that the thickness of a layer of the same element at the

14



2.1 Preparation

same growth conditions is the same.

2.1.1.1 Reactive sputtering

In the plasma state, the reactivity of several gasses chemically inert in stan-
dard conditions increases drastically. This enhancement is used in the sput-
tering techniques to prepare compounds from elemental targets by selecting
the appropriate sputtering gas, e.g. O, or Ny, calling this technique reac-
tive sputtering |22]. This technique is widely used for oxides and nitrides

deposition (see, for example [3, 23, 24])

2.1.2 Samples

In this project, several samples have been prepared by reactive and non-

reactive magnetron sputtering.

2.1.2.1 CuCrxN

Multilayers of metallic Cu and Cr over Si (100) wafers were grown with a
periodic (CuCr)xN structure, where N = 2, 3, 4 and 8, being the period a
Cu/Cr bilayer. Deposition time was controlled to keep the total thickness
around 200 A, as well as to keep the relationship between Cu and Cr thick-
nesses at the ratio 2:1 for N = 2, 4, 8, while the ratio for N = 3 was set to
1:1. Sample schemes are shown in Figure 2.5. Cr was used to prevent the
oxidation of the Cu layers, so the Cu environment remain the same for all

the layers.

The base pressure in the growth chamber was 10~° Pa before the deposition.
During the deposition, argon (Ar) was used as sputtering gas and its flow
rate was adjusted with a mass flow controller to obtain a pressure of 5 Pa.
The applied power to the magnetron cathode was kept constant at about 1

W, while the current intensity was fixed to 40 mA. The deposition was made
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CuCrx2 el o CuCrx3

Si (100) substrate Si (100) substrate

Si (100) substrate Si (100) substrate

CuCrx4 CuCrx8

Figure 2.5: CuCrxN samples schemes

at room temperature.

Monocrystalline 0.3 mm thick Si wafers were used as substrates to obtain
samples as flat as possible. The substrates were cut in rectangular shape 40
mm long, 8 mm wide, which is the longest size that can be used in the prepa-

ration chamber without producing along inhomogeneity along the sample.

2.1.2.2 CrCux3

A multilayer of metallic Cu and Cr over a Si (100) wafer was grown with a
periodic (CrCu)x3 structure in the same fashion as the previous set of sam-
ples. However, the bilayers were reversed compared to the previous samples,
leaving the topmost layer, made of Cu, exposed to air. Sample scheme is

shown in Figure 2.6

16
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Si (100) substrate

Figure 2.6: CrCux3 sample scheme

2.1.2.3 MoN /Mo

Bilayers of Mo/MoN and MoN/Mo were grown over Si (100) by non-reactive
and reactive magnetron sputtering. Both bilayers were grown over a Cr coat-
ing over the Si substrate that acts as a buffer layer to enhance the adherence.
Moreover, another Cr layer was grown on top of the bilayer to prevent further
reaction of the Mo or MoN layers with the atmosphere. Sample schemes are

shown in Figure 2.7

MoNGomo M IS . \con
.

Si (100) substrate Si (100) substrate

Figure 2.7: MoN/Mo and Mo/MoN samples schemes

For the metallic Mo layers, the deposition conditions were the same as for
the CuCrxN multilayers. For the nitride compound, the sputtering gas was
pure Ny, kept at 6.2 Pa of pressure, and the current intensity was fixed to 20

mA, being the rest of the variables the same as previously.
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2.1.2.4 Nitrided steel

Gas nitriding is a standard industrial process that aims to improve the hard-

ness and wear resistance of certain type of steels.

A piece of commercial ferritic steel with 3% Cr, 0.8% Mo, 0.3% V, 0.3% C
and balance Fe, was submitted to a gas nitriding treatment. It was immersed
in a Ny and NHj3 atmosphere at 500°C for 24 hours. A second piece without

the nitriding treatment was also taken for the study.

The resulting samples were polished prior to the Refl[EXAFS experiments,
although they were studied by X ray diffraction before and after polishing.

2.2 Characterisation

2.2.1 X Ray Diffraction

To check the existence of crystalline domains in the samples, X ray diffraction
(XRD) measurements were upheld in a Siemens D-500 diffractometer, using
an X ray generator with Cu anode working at 40 mV and 40 mA, using the
Cu-K,, emission line. A scintillation detector with a graphite monochromator
just before it was used to collect the diffraction lines. The standard diagram
was made from 20 to 80° in 26, with a step of 0.05° at 1 s of data acquisition

time per step.

2.2.2 X Ray Reflectometry

Layers thicknesses, density and roughnesses were measured by X-ray reflec-
tometry (XRR) [25], at the XRR service of the Institute of Materials Science
of Madrid (ICMM), in a Siemens D-500 diffractometer, using an X ray gener-
ator with Cu anode working at 40 mV and 25 mA, using the Cu-Ka emission

line. A scintillation detector with a graphite monochromator just before the

18



2.2 Characterisation

detector was used to collect the diffraction lines avoiding fluorescence emis-
sion and other emission lines from Cu. Incidence and collection slits were

chosen to be 0.3° which gave the best product signal-resolution.

As detailed in Chapter 3, XRR measurements were also upheld just before
ReflEXAFS measurements for each sample. They were recorded to choose
the best reflection angles for the ReflEXAFS spectra, but they can also be

used to estimate the layers characteristics (thickness, density, roughness)

Both laboratory equipment and synchrotron radiation XRR diagrams were
simulated and fit using the genetic algorithm provided by GenX program [26]
to obtain the layers characteristics. Note that the analysis of the XRR curves
provides direct information concerning partial thicknesses of each layer in the
samples, in contrast with the results obtained by Rutherford Backscattering
Spectrometry (see Section 2.2.3 below). Moreover, density can be directly
obtained, so it does not have to be estimated. The variables were the interface

roughnesses, and the thicknesses and densities of the layers.

2.2.3 Rutherford Backscattering Spectrometry

Sample layers composition and absolute atomic concentration were measured
by Rutherford Backscattering Spectrometry (RBS) [27] at the Centro Na-
cional de Aceleradores (Seville-Spain), using a 3 MeV Tandem accelerator.
The samples were irradiated with a 5.19 MeV *He™* beam, and the backscat-

tered particles were detected at 165 deg using a surface barrier detector.

This technique measures the number of atoms per surface unit. Thus, if a

given density is assumed, e.g. bulk density, thicknesses can be deduced.

Two methods were used to analyze the RBS spectra: (i) if the signals from
the different elements were completely separated and background free, the
relative composition was simply obtained by comparing the integrals of the
peaks, corrected by the respective cross sections. The statistical errors were

estimated to be around 2-3%. Moreover, the absolute amount of Cr and Cu
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was calculated by comparison with a reference sample which contains 5.65
10% atoms Bi/em?+1.7%. (ii) Apart form that, all spectra were analyzed
using the SIMNRA simulation code [28] A very good agreement was found

between these two methods for all the studied samples.

For the samples here presented the depth resolution of the RBS technique is
not enough to resolve the individual thin layers. Instead, total thickness of
each element was measured and equal thickness of all the layers of the same
composition was assumed, as the growing conditions were the same for all of

them.

RBS measurements were carried out at the centre and both extremes of each

sample to show possible inhomogeneity.

2.2.4 Nuclear Reaction Analysis

As RBS is not sensitive enough for detecting light elements over heavy sub-
strates, Nuclear Reaction Analysis (NRA) |29] technique was used to deter-
mine the abundance of N in the nitrides. This technique detects the quantity

of *He** emitted by the reaction:

UN+2HY — 190 — 20 +1He't (2.1)

And it is compared with the number of *He** emitted by a reference sample
of SizN4/Si, that has a known abundance of 1.08 x10'® atoms of N per cm?.
The error of this technique is estimated around 10% of the absolute values.
This experiment was also performed at the CNA. The ?H* beam had an
energy of 1368 keV, and the detection angle was 150°. A 13 um mylar filter

was used to stop the backscattered 2H* in front of the detector.

However, spatial resolution is not good enough to discriminate the depth at

which the nitrogen is.
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2.2.5 Atomic Force Microscopy

Surface roughnesses were measured by Atomic Force Microscopy (AFM) with
three different microscopes: at the AFM service of the Centro de Investi-
gacion, Tecnologia e Innovacion de la Universidad de Sevilla (CITIUS), a
Molecular Imaging Pico Plus microscope was used; at the AFM service of
the Institute of Materials Science of Seville, a Topometrix TMX2000 and a
Nanotec Dulcinea microscopes were used. All of them were used in contact

mode with a scanner of maximum X-Y-Z ranges of 2.3x2.3x1 um.

Sample heights in different regions of the samples were measured by AFM
and surface roughnesses was calculated from these results. Roughness can
be defined as the root mean square (RMS) of the height deviation from the

best fit line along the surface of the sample.

This roughness measured by AFM is not directly comparable to the roughness
calculated by the simulation of the XRR diagrams. Roughness is a fractal
phenomenon, which means that its value depends on the scale of the mea-
surement. The AFM scale for these measurements was chosen in order to see
the structure of the grains of the layers. On the other hand, XRR measure-
ments take into account the dispersion that is caused by all the roughnesses
in all the scales. What is more, their influence on the diagram depends not
only on their roughness scale, but also on the incidence angle and on the

energy of the radiation.
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Introduction

In most studies to date that have adopted the reflection geometry (Figure 3.1)
for measurements of the RelEXAFS spectra from a surface, the experimental
conditions were those of the total reflection |15, 16], i.e. the incidence angles
were below the critical angle. Typical examples of the values of the critical
angles for a material are 0.13° for pure molybdenum to 0.33° for pure iron

at about their respective K absorption edge energies.

l, Detector |, ident Reflected | Detector
beam beam

|
Incidence
angle Sample

Figure 3.1: Reflection geometry for ReIEXAFS measurements

The first issue encountered when going beyond this limit is that the reflec-
tivity intensity is extremely low. Figure 3.2 shows the reflectivity of a Cu
mirror at 200 eV above the Cu-K absorption edge. It can be seen from the
figure that the reflectivity drops to values a few orders of magnitude below
the reflectivity for the total reflection conditions. Thus, the main experimen-
tal challenge is to design the protocols necessary to maximise the reflected

beam intensity so as to get the best possible signal to noise ratio.

Furthermore, the penetration depth of the radiation also changes dramati-

cally with the incidence angle above the critical angle. This effect, that will
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Figure 3.2: Reflectivity and penetration depth of a Cu mirror at 9.2 keV

be used for studying deeper regions on the sample surface, makes the accu-
racy in the determination of this angle decisive to prevent changes in probed
depths in the sample for the same spectrum. In this sense, a good beam

stability from the X ray source and precise instrumentation are necessary.

This Chapter summarises the instrumentation used and the protocols de-
signed to obtain high quality ReflEXAFS data even at these difficult condi-
tions [30].

3.1 Instrumentation

The experimental requirements for a RelEXAFS experiment are those of a
basic EXAFS measurement [31| plus some additional issues that are related
to the small incidence angles of the beam impinging on the sample, that are

around the critical angle of the system under study.
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3.1 Instrumentation

The beam angle stability in the synchrotron beamline is a critical parameter
as explained above. Furthermore, the accurate determination of the inci-
dence angle is also of paramount importance. Finally, as the reflected beam

intensity will be quite low, a rather high X ray photon flux is needed.

3.1.1 The BM29 station at the E.S.R.F.

The experiments described in this report were performed at station BM29
of the European Synchrotron Radiation Facility (E.S.R.F.) [32, 33|. This in-
strument provided the desirable experimental facilities as well as the required

beam flux and stability to carry out these measurements.

BM29 is the general purpose X ray absorption spectroscopy beamline at
the E.S.R.F. The strengths to which BM29 operates arise from the intrinsic
properties of the E.S.R.F. synchrotron, coupled with a bending magnet source

and the high quality performance of the beamline monochromator.

A large operational energy range with reasonable X ray flux: 4.5 keV
to 74 keV.

e High energy resolution: typically a factor 3 to 5 better than the intrinsic

spectral broadening at any K or L. absorption edge.

e High spectral signal to noise ratio: in the region of 2x10* for well

prepared samples.
e High beam stability: compatible with the demands of extreme sample
environments where low beam dimensions are required.

3.1.1.1 Optics

Two monochromators were used at the BM29 beamline during these exper-

iments. A Si(311) double crystal monochromator for the CuCrxN samples,
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and a Si(111) double crystal for the rest of the samples. The main charac-

teristics of these monochromators are summarized in Tab. 3.1.

Table 3.1: Monochromator characteristics

Mono | Energy range | Energy Maximum flux
(keV) resolution | (phot/s-mm?)

Si(311) 5-50 107° 1010

Si(111) 4.5 - 24 1074 101t

To reject the higher harmonics from the monochromator diffraction, the crys-
tals were detuned (this is, moved from the parallel position) to reach 50% of
the maximum intensity of the main harmonic. This way, the intensity of the

37¢ harmonic is reduced approximately by a factor 103.

The station has also the possibility of rejecting the higher harmonics using
a dedicated double crystal Rh/Pt coated Si mirror. This device allowed to
work with the monochromator crystals completely parallel, thus obtaining a

higher stability of the beam during the measurements.

3.1.2 Reflectometer

For the reasons explained above, it is essential that the precise value of the
incidence angle is determined accurately, and kept fixed during the measure-

ments.

To meet this requirement a high quality reflectometer with at least two circles
is needed on the experimental end station with a 8 — 260 specular reflection
scanning mode. In addition to the # — 26 rotation axes, the sample holder
must also allow movements in the z, y and z directions and in the three
angular movements of roll, yaw and pitch. This is essential to enable an

accurate alignment of the sample surface to the centre of rotation of the 6
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3.1 Instrumentation

and 20 rotation axis of the reflectometer and with the incident beam.

A fully automated 3-circle Huber reflectometer and 3-translation axis, 3-angle

goniometer were used to hold the sample and the reflected beam detector

in Figure 3.3, while a picture of the actual experimental setup at BM29 is
shown in Figure 3.4. One of the circles (labeled phi) held the rest of the setup,
allowing rotation around the vertical axis angle passing through the centre of
the stage. A second circle (labeled th1) held the sample goniometer, seen in
Figure 3.5, which was mounted concentrically with the third circle (labeled
th2), holding the I; detector fixed to a bolted arm one meter long. The
angular ranges and accuracy of these motors appear in Tab. 3.2. The whole
system was mounted on a heavy table (for purposes of stability) that could
be moved either vertically or horizontally in order to align the reflectometer

with the beam position, as will be described in Section 3.2.1.2.

Incident Reflectometer == Reflected |
beam U tho Beam ,
Reflection | Detector

Experimental Iy
slit (evg,ehg) | Detector
Vacuum

pipe

Sample

Beam holder

Direction
Goniometer

A
|tab|e

Figure 3.3: Scheme of the reflectometer used, showing the rotation circles and the slits
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Figure 3.5: Picture of the goniometer used at BM29
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Table 3.2: Reflectometer and goniometer motors range and accuracy

Motor Range | Accuracy
thl (deg) | (0,360) 0.001
(

th2 (deg) | (0,360) |  0.001
x (mm) | (-12,12)]  0.01
y (mm) | (-12,12)]  0.01
z (mm) | (-12,12) | 0.001
rx (deg) | (-15,15) 0.01
ry (deg) | (-15,15) 0.01

psi (deg) | (0,360) 0.002

3.1.3 Slits

A horizontally resizable slit, which will be called the experimental horizontal
slit gap (ehg), was mounted just before the Iy detector. This slit allows the
optimization of the horizontal beam size in order to provide sufficient spatial
resolution for sample alignment (as explained in Section 3.2.1) and to maxi-
mize the footprint of the beam on the sample when the actual measurements

take place.

A vertically fixed slit, called the experimental vertical slit gap (evg), was
mounted just after the ehg and determined the vertical beam size. In the
experiments described here, evg was set to 100 um for the Cu-K and Fe-K
edge measurements, while it was fixed to 50 um for Mo-K edge experiments.
These values were found to result in a reasonable compromise between res-
olution and photon flux after taking into account sample size and critical

angle values.

A vertically resizable slit, which will be called the reflection vertical slit gap

(rvg), was mounted after the sample and just before the I; detector. This slit
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Figure 3.6: Picture of the reflection slit used at BM29

can be seen in Figure 3.6. This third slit prevents the non specular reflection
components reaching the detector and determines the angular resolution for
the reflection angle. A wide reflection slit increases the intensity of the re-
flected beam but decreases resolution, and a compromise between resolution
and intensity of the reflected beam has to be reached by the experimentalist.

In the experiments carried out by us, rvg was set to 1 mm.

3.1.4 Detectors

As in standard EXAFS experiments, a pair of beam intensity monitors, in
this case ion chambers, are required to obtain an accurate, high signal-to-
noise ratio for a variable energy scan. It is beneficial if these detectors are
relatively light-weight since I; needs to be mounted on the detector arm
attached to the th2 circle. Two 15 cm long OKEN S-1194A1 ion chambers
were used in the experiments presented here. These detectors were filled with
appropriate gas mixtures to optimise them for the energy of the absorption
edge to be studied. The optimal values are such that 20% and 80% of the

beam intensity is absorbed in the Iy and I; detectors, respectively.
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3.2 Measurement protocol

Figure 3.7: Picture of the ion chamber and its amplifier used at BM29

Each ion chamber works with a Stanford Research Systems SR570 current
amplifier. Both actual devices can be seen in Figure 3.7. For noise reduction
purposes, the detectors were connected using short cables and the amplifiers
worked on their own batteries during ReflEXAFS scans. All non-essential
electronic devices inside the experimental hutch were also turned off during
the measurements to remove as many potential sources of electronic back-
ground noise as possible. This model of amplifier provides remote control
of the amplification settings and this allows the recording of spectra with
changes in intensity of several orders of magnitude without compromising
the signal-to-noise ratio. This capability is particularly useful when mea-

surements at incidence angles far above the critical angle are performed.

3.2 Measurement protocol

The overall procedure for carrying out the RelEXAFS measurement is sum-
marised in Figure 3.8. First of all, the direct beam has to be found in the th2
circle, which holds the reflected beam detector, by scanning the th2 motor.
The sample has to be moved out of the beam path (for example by placing
it about 2 mm down in z), the reflection vertical slit gap (rvg) is then closed

down, typically to 0.2 mm, and th2 is scanned to find the exact position of
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the incident beam. This will be the origin of th2 circle.

Once this has been done, the sample and reflectometer have to be aligned
with the incidence beam. Afterwards, X ray reflectivity (XRR) curves are
measured, so the angles to carry out the ReflEXAFS measurements are se-
lected from the information contained in these curves. Then, the reflection
angles have to be found for each of the incidence angles selected and finally,

the energy scans are made.

Data Acquisition

Y
| Sample alignment |

Y
| Reflectometer alignment |

Y
| Get XRR diagram |

\

/

Move
chosen inci

thi to
dence angle |

A

/

|Find reflection angle in th2 |

\

/

|Find best reflection point in zl

4
[ Do RefIEXAFS scan ——

\

/

[Do a direct beam scan |

Figure 3.8: RefIEXAFS data acquisition procedure
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Beam
Direction

Figure 3.9: Possible movements of the sample by the goniometer

3.2.1 Alignment

The alignment is of paramount importance for two reasons: the need to
maximize the intensity of the reflected beam and the need for an accurate
determination of the incidence angle of the beam. To achieve this, three

conditions must be fulfilled:

1. The sample must be parallel to the beam and aligned with the beam
direction. Besides, the middle point of the surface of the sample must

be at the center of rotation of the reflectometer circles (th1 and th2) .

2. The beam must pass through the center of rotation of the reflectometer

circles.

3.2.1.1 Sample alignment

The first condition is the angular and position alignment of the sample, which
are done with the sample goniometer. Alignment in the z, y, ry, rz, psi, and

z directions and angles, indicated in Figure 3.9, is required, and it is best
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performed in this order. Decisions about additional scans or movements to
be done are made on the basis of visual examination of the shape of the
profile registered at the [; detector. This profile is made by the sample
blocking the direct beam when the scan of the appropriate direction or angle
is performed. All the procedures for the alignment in each direction and
angle are summarized as flowcharts in Figures 3.10 to 3.15, which include

the possible profiles of I, and how they should be optimized.

These flowcharts are illustrated with the real scans registered for a rectan-
gular sample. Although the rectangular shape is maybe the ideal for this
alignment procedure, this can be applied to any kind of shapes with little
modification of the profiles shown, provided the samples fulfill the length,
flatness and roughness requirements described in Chapter 2. In fact, sev-
eral different samples (multilayers, surface-oxidized multilayers, metal-nitride
multilayers and surface nitrided steels) have been aligned following this pro-

cedure successfully, so it has been proved to be highly reproducible.

Each alignment step has to be made independently and in the order here
presented. Although some steps require a final check that apparently brings
the procedure to a previous step, this does not mean that the whole procedure
has to be carried out again. For instance, in the alignment of the ry angle,
a final alignment in z has to be made. Afterwards, the next step is to align

rz, not to re-align .

This order has been proven not only to be sometimes essential (for instance,
alignment in y direction is impossible unless the sample has been aligned in
z direction previously, as y scans do not show the sample blocking the beam
in this case), but also to be the most efficient in terms of the number of scans

required to get the sample aligned, so it is less time consuming.

3.2.1.2 Reflectometer alignment

The second condition mentioned at the beginning of Section 3.2.1 is the

alignment of the reflectometer with the beam. The rotation axis of the thi
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Y
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Figure 3.10: Flowchart of the alignment procedure for z direction
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Figure 3.11: Flowchart of the alignment procedure for y direction
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Figure 3.12: Flowchart of the alignment procedure for ry angle
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Figure 3.13: Flowchart of the alignment procedure for rz angle
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Figure 3.14: Flowchart of the alignment procedure for psi angle
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Figure 3.15: Flowchart of the alignment procedure for z direction
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and th2 circles of the reflectometer must be aligned with the beam direction,
as seen in Figure 3.16. To achieve this, once the sample is aligned, a z scan
has to be made and the value in the middle of the slope noted as z,. Next,
a 180° rotation in th circle has to be performed, so as to invert the sample.
This step must be performed with extreme care to avoid disturbance of the
sample on the stage. Obviously, to undertake this alignment procedure the
sample must be well fixed to the sample holder. Once the sample is upside
down, another z scan is made and the value in the middle of the slope noted
as zp. The large table that holds the whole reflectometer is then moved
vertically by half of the difference between the 2z, and z, values. This places
the center of the rotation axis of the reflectometer on the beam axis. Once
the reflectometer has been moved, the sample is returned to th1 = 0. An
alignment in the z direction is repeated to check the beam position is still at

the mid point between zy and z,.

th1 2

Rotation

Incident Axis
Beam
Izn_ zO
L]
Beam Sample
Direction

Figure 3.16: Scheme of the reflectometer alignment

As the reflectometer has moved relative to the beam position, the origin
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of th2 circle has changed, and it is thus necessary to repeat the procedure
described at the very beginning of the measurement protocol. Fortunately,
the reflectometer alignment has to be performed only once at the start of
an experiment. As the beam should not move during the course of a series
of measurements, the reflectometer should remain aligned when switching to
different samples, though obviously each sample has to be aligned indepen-

dently.

3.2.2 XRR measurement

The X-Ray Reflectivity (XRR) measurements provide information about the
intensity of the reflected beam as a function of the incidence angle, for a given
energy. In layered samples, reflectivity intensity has sudden changes due to
interference effects, so it contains information concerning the thickness and
composition of the layers as well as the roughness of the top surface and the
interfaces. Moreover, since X ray penetration is a function of photon energy,
XRR curves change with energy [21]. For this reason, to select the most
appropriate angles to carry out the ReHEXAFS measurements, several XRR
curves have to be recorded prior to the energy scans: one at an energy close
to the edge of the atomic species to be measured and two others at the low
and high energy limits of the RelEXAFS scans. These XRR diagrams also
provide an estimate of the reflected beam intensity within the energy range

of the scan.

As an example, Figure 3.17 shows the XRR curve of a CuCrx2 layered sample
(see Chapter 5 for composition and structure) for incidence angles between
0 and 1.5°, recorded at E—8.0 keV and at E—10.0 keV . This curve has
been recorded in the same way as would be done in a laboratory equipment,
including a calibration of the 6 — 26 relationship (here called th1 —th2). Once
this calibration has been done, the sample must be moved to the middle of
the slope of a z scan. The scan starts at 0° and should proceed up to the

value of the maximum angle that can be measured with a good signal-to-noise
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ratio. In this way, the upper angular limit for the RelEXAFS measurements

can be determined.
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Figure 3.17: XRR diagram of sample CuCrx2

3.2.3 ReflEXAFS scans

The first step to collect a RefIEXAFS spectrum is to choose the incidence
angle and determine the value of the corresponding reflection angle accu-
rately, since the calibration curve does not yield sufficiently accurate values.
To achieve this, the experimental horizontal slit gap (ehg) has to be opened
as much as possible though avoiding the beam footprint exceeding the sam-
ple dimensions. Afterwards, a z scan has to be performed and the sample
moved to the middle of the slope. The th1 circle is then tilted to the selected
incidence angle, and th2 circle is scanned, with narrow (0.2 mm) reflection

vertical slit gap (rvg) to find the reflection beam peak. This is explained in
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Figure 3.18. Once th2 is moved to the maximum of the peak, a scan in 2
has to be done again to find the maximum reflectivity, as explained in Figure
3.19. An EXAFS-like energy scan then has to be done around the desired
absorption edge, with a starting point at least at 500 eV below the edge and
an end point at least at 1000 eV above the edge. However, 1000 eV below
and 1500 eV above are recommended to optimize the subsequent background

subtraction procedure.

3.2.3.1 Direct beam scans

Finally, it is important to record a scan of the air absorption (direct beam

scan). This is needed for data normalization purposes.

L(E
IIEE; — ehair (B R( ) L(E)
Direc(i = % - R(E) (31)
]17(@ e e'uair(E)x W
Io(E)

To record this scan, the sample has to be moved out of the incidence beam,
and the same range of energy of the EXAFS spectra is scanned at th2=0°.
Direct beam scans have to be recorded under the same experimental condi-
tions used in the ReflEXAFS scans, which means that a new direct beam
scan must be performed each time the filling of the ionization chambers or
the size of the slits changes. It is not necessary though to repeat them for
new samples (provided the slits are not changed) of after every refilling of

the synchrotron storage ring.

3.3 Automation

All steps in ReflEXAFS data collection in general and the alignment pro-
cedure in particular are time consuming. Since beam time in synchrotron

radiation experiments is highly precious, a significant effort has been made
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to automate the procedures during these experiments. BM29’s control soft-
ware, SPEC|34|, allows the remote control of the facilities in the experimental
chamber as well as the extraction of mathematical information from the spec-
tra recorded, such as position of maxima or the full width half maximum of
a spectrum. Taking advantage of that, control software has been designed
and written in order to evaluate the spectra and decide the steps to follow,
as for instance, the decisions of the alignment procedures shown in Figures
3.10 to 3.15, 3.18 and 3.19. In fact, these flowcharts are the summary of
the logical paths taken by this control software. By following this automatic
procedure, the accurate alignment of the samples, which when done by hand
takes several hours, can be fulfilled in less than one hour. Moreover, this

automation minimizes the possibility of human errors during the procedure.

3.4 Data collection time

The typical data collection time per sample using this technique on a spec-
trometer such as BM29, that has a typical flux at the sample of ~10!! photons

per second can be outlined as follows.

The alignment procedure takes about 1 hour, plus half an hour more for
the reflectometer alignment for the first sample in the experiment. Each
XRR spectrum takes approximately 15 min, plus another 15 min for the
calibration. These scans are repeated at least twice per energy to check
reproducibility. Each ReflEXAFS spectrum lasts about 30 min, which is
almost standard for an EXAFS spectrum, and three spectra per angle are
typically recorded (not all in a row, but taking one spectrum per angle, and
starting again three times) in order to have a better signal-to-noise ratio and
to check reproducibility. Finally, two direct beam spectra are recorded per
sample, that take approximately 30 min each. To characterise a standard
sample eight angles are recorded, this makes a total of 16 h for a complete

and accurate study of a single sample by this technique. Fortunately, by the
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automation software developed, most of these steps can now be performed

automatically and hence do not require the constant supervision of the user.
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Theory and data analysis
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4.1 Fundamental Theory

Introduction

The global analysis of the ReflEXAFS spectra differ considerably from the
standard EXAFS analysis for several reasons: (a) there is no baseline to
determine the normalization constant; (b) the penetration of the X rays
changes significantly for incidence angles near the critical angle, so the energy
or angle spectra that is measured has contributions from several regions of
the sample; (c¢) the fine structure of the reflectivity is not the EXAFS x(F)
but a mixture of both the real and imaginary anomalous scattering factors.
Thus, the possibility of just performing a background subtraction to the
experimental reflectivity spectra in order to obtain the ReflEXAFS spectra

for the different incidence angles is as attractive as mistaken.

This chapter will summarise the theory required to calculate the X ray re-
flectivity for multilayers as a function of energy near the absorption edge,
both below and above the critical angle. This is necessary for the dedicated
analysis procedure developed under this project. Furthermore, the previous
attempts to analyse ReflEXAFS data will be described, showing the limita-
tions of their approximations within the context of the theory. The last part
of this chapter will describe in detail the new analysis procedure developed
and followed in this work. It will also show specifically how it encompasses

the previous analyses. Finally, the difficulties still to be overcome will be
described.

4.1 Fundamental Theory

4.1.1 Anomalous scattering

X ray photon scattering is dominated by the bound electron-photon inter-
action. For this reason, it is normal to calculate the scattering processes

relative to the atom centre. The electrons are not localized at the nuclear
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centre, what gives rise to the atomic form factor f°, which is the Fourier
transform of the atomic electron density. Unlike nuclear cross-sections, f is
a function of the momentum transfer (Q). The f° for an atom is defined as
the scattering from an atom in which all the electrons are completely bound

within the non-relativistic approximation.

When the electrons are allowed to react to the incoming radiation and oscil-
late around the atom centre, the total atomic form factor f shows a correction

as two modification terms called the anomalous scattering factors,
F(@Q.E)=f(Q) + f(E) +if"(E), (4.1)

where f'(E) and f”(E) are functions of incident energy and have no depen-
dence on the momentum transfer vector. Cromer and Liberman [35] set out
the basic formalism and mechanism for determining the values f'(E) and
f"(E) by using a dipole approximation on the photon-electron interaction.
They also set the limit of the valid regime when the inverse of the momentum
transfer becomes comparable to orbital dimensions. When this complex form
factor is used to calculate the scattering amplitude, the imaginary part of the
anomalous scattering factors, f”(E), effectively contributes as an absorption

component.

The electric permittivity of a material, x., can then be calculated by the
sum of all the form factors for all the atoms present in the material per unit
volume
re(E
xo(B) = "B po.m)
e?h? 1 0 , oy
= ————ra [[(Q) + f(BE) +if"(B)]

eome B2

(4.2)

where 1, is the classical electron radius, and p,; is the atomic density (number
of atoms per unit volume) of the material. In the case of one material having

multiple elemental components, the form factor f(Q, F) is calculated from a
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fractional sum of all the elements,

f(QaE):ZCZfZ(Q7E) ) (43)

where ¢z is the atomic fraction of the component Z in the material.

The refractive index of a material, n, is defined from Maxwell’s equations,

and is written [36|
n(E> = Ve = \/a -V 1+ Xe(E)7 (44)

where the relative magnetic permeability, j,., is almost 1 for most non ferro-
magnetic materials. Within the X ray range of the electromagnetic spectrum,
the electric permittivity is quite small, so the last equation may be approxi-
mated to get an expression of the refractive index in terms of the anomalous

scattering factors

n(E)~1+ X6(2E> =
o (4.5)
= 1= 5 gt [°Q) + F(B) +if"(B)]

Traditionally, the refractive index of a material in the X ray region is written
as [37|
n(E) = 1—8(E) — if(E). (4.6)

which yields the relationship of §(£) and B(E) with the anomalous scattering
factors by the expressions [38§]

e2h? 1

5(E) = 2€Om ﬁpat [fo + f/(E)] ) (47&)
2p% 1
BE) = 5 "(E). (4.7b)

Either in a classical [38] or a quantum mechanics [39] calculation of the

anomalous scattering factors, f'(E) and f”(FE) are related by the Kramers-
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Kronig (KK) transformations, and so then 6(E) and (E),

5(E) = KK[B(E)] = —% /O h dE'EQ%/E,Qﬁ(E') | (4.80)
B(E) = KK~'[5(E)] = % /O h dE’ﬁé(E’). (4.8b)

Furthermore, S(E) is directly related to the absorption coefficient u(E) by

the expression
2F
u(E) = %5(E)7 (4.9)

which will ultimately be the studied magnitude (as will be shown in Section
4.1.5).

4.1.2 X ray reflectivity

In classical optics, when a beam of light impinges on the surface between
two different materials at an incidence angle 6; (relative to the surface), the
beam deviates to a refraction or transmission angle 6; as it travels through
the new material. The boundary conditions for the electromagnetic field at
the interface require that the phase of the light is continuous as it travels

between the materials. This leads to Snell’s Law as [36]

cost, mny;

= 4.10
cost; my ( )
where n; and n; are the initial and the transmission materials’ refractive

indices respectively.

In the case of a stack of materials where the layers are labeled with the
subscript j, being j = 0 the initial medium (normally air or vacuum) and
j=N + 1 the final one (normally the substrate), there are N + 2 refractive
indices (n;) and N + 2 angles 0;.

The examination of Snell’s Law shows that if the 6;_; is small and n; < n;_y,

then the solution for ; is complex. Physically, this yields the so-called total

96



4.1 Fundamental Theory

reflection regime, with an attenuated transmission of a evanescent beam, that
is a wave that travels through the transmission material with an exponential
decay [36].

For most materials in the X ray region, §(£) is positive and in the order of
107?, so the real part of n is slightly smaller than one. Therefore, X rays
arriving from air or vacuum at sufficiently low incidence angle can be totally
reflected. The critical angle 6. is defined as the incidence angle at which the

transmitted angle is 0. This is,

cos(f.) =ncos(0) =1—-0(F), (4.11)

where n is the relative refractive index between both materials. As §(E) is
small, the critical angle will also be small, so the cosine can be expanded
around 0 and yield

02

cos(f.) =~ 1— oR (4.12)

Therefore,

NI

0, = [20(E)]* . (4.13)

Any angle below 6. will be in the total reflection regime. It has to be noted
that this calculation is not accurate. The 3 term of the refractive index has
been deliberately ignored to obtain a non complex critical angle. However,
as f(E) < 0(F) for most materials at energies not too close to an absorption
edge, this makes a good and simple approximate expression to identify the

total reflection angular region.

The first attempt to show accurately the whole process of X ray reflectivity,
including the multiple reflections in a layer of material was given by Parratt
[37]. In the next section, it is shown how Parratt’s approximation provides
an expression for the Fresnel reflection coefficient for X rays at the interface

between two media for small incidence angles.
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4.1.2.1 Reflectivity from a single surface

The reflection, 7;_;;, and transmission, ¢;_; ;, coefficients at a surface be-

tween two arbitrary layers j — 1 and j are defined as

rji-15 = j,_l s (414&)

ti_1; = For (4.14b)
In these equations, 7;_; ; refers to the beam traveling downwards in the layer
Jj — 1 and being reflected by layer j, while ¢;_; ; refers to the beam traveling
downwards in the layer 5 — 1 and being transmitted through layer 5. These
are complex numbers in general, because the refractive index and thus the
refraction angle are also complex. Then, the reflected, R, and transmitted,

T, intensities from a surface are

R=|r; 1,71, (4.15a)

T =t; 4t 1, - (4.15b)

—1j

The Fresnel equations |36] give the reflection and transmission coefficients
in terms of the incidence and transmission angles and the refractive indices.
These come from the satisfaction of the boundary condition that demands
that the tangential components of the electric and magnetic vector should be
continuous across the surface. For s-polarised radiation (i.e. with the electric
vector perpendicular to the incidence plane, thus parallel to the surface),

these give
nj—1 sin(Gj,l) — N sin(Qj)

R 4.16
Tj—1, nj_1sin(6;_1) 4+ n;sin(6;) ' ( )

2TLj_1 sin(Qj_l)

ti1; = . 4.16b
=13 nj— sin(Gj,l) -+ n; Sin(ej) ( )

While for p-polarised radiation (with the electric vector parallel to the inci-
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dence plane), the expressions are slightly different,

nj—1 Sln(ej) — Ny sin(9j_1)

Tj-15 = (4.17a)

n;—1sin(6;) + n;sin(6;_1)’

2nj_1 Sil’l(ej_l)
nj—1 sin(Qj) + n; sin(ﬁj,l) )

(4.17b)

ti—1 =

These equations are valid for all angles if both complex n; and complex 6;

are used.

If the following conditions are satisfied

0,1 <1, (4.18a)
§;(E) < 1, (4.18b)
Bi(E) < 1, (4.18¢)

i.e , within X ray region of the light spectrum (for most materials), and in
grazing angle geometries, then it is possible to make a Taylor expansion for

sin(6;-1) about # = 0, and substitute equation 4.6 to obtain [37]

9j—1—9j
T X (4.19
J—1,j Gio1 + 9 )
where
g; = \/0]2_1 — 2(53 - 2@6] y (420&)
gJo = 00, (420b)

where it has been assumed that the initial medium is air or vacuum, so
no = 1. At these limits, the Fresnel coefficients for both s- and p-polarisation
directions are approximated to the same expression, so equation 4.19 is valid

for either of them.

To obtain the reflected intensity I2;_; ;, then g; can be split into its real and
imaginary parts
gi=A—1iB, (4.21)
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where A and B are then obtained as

D=

A

no

% W (03 = 285)" + 455 + (61 - 26»2} . (422a)

(NI

Sl

B {\/(9]2._1 —20;)" +4p2 — (02, — 25j)2} : (4.22b)
Usually, the definition of the critical angle helps to simplify this equation,
but for this work the explicit § terms will be kept. The reflectivity is the
square modulus of the Fresnel coefficient (Equation 4.15) what, within this

approximation, is given by [37]

02,
h—\/%52(h = 1)

Rj1; = — : (4.23)
h+4/352(h—1)

where

92 92 2 B\ 2
j—1 Jj—1 J

-1 — | . 4.24
20; +\/(25j ) M <5J) (4.24)

This exposes that the reflection intensity carries information about the ab-

B =

sorption coefficient of the reflecting material, through the imaginary part of

the refractive index, as shown in Equation 4.9.

4.1.2.2 Reflectivity on multilayers

The next question is how to expand the formalism above described to en-
compass the reflectivity process within a multilayered system. The objective
is to calculate contribution to the top surface reflectivity from each layer in

such a way as to include all the layer to layer reflections.

First consider Figure 4.1. The reflectivity from the incident beam on the
surface layer is 7o, while the transmitted beam is ¢y;. From the figure, it

can be seen that the total reflection coefficient caused by layer 1, 7’6,1: is the
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I

r 01
— A
r01 t01 r12t10 t01 I'121I:10r10r12t10

Figure 4.1: Reflectivity from the first layer

phase weighted sum of all the possible reflections in this layer. Thus [40],

I —i¢(E) ,—Du1(E
7“071 =T0,1 +to’1’r’172t1706 ia( )6 pa( )+

tto1T10T1 0710ty ge 2P E) 72Pm(E) o
0,171,271,071,2%1,0

=701 + Z to,ltl,OTTO_1T717f26_im¢(E)e_mD“l(E) , (4.25)

m=1
where ¢(FE) is the phase difference between the different reflections caused
by the path length difference

. 4:7Td1 Sin(el) . 2Ed1 Sin<91>

(4.26)

and e~ P (E) ig the attenuation term of the wave traveling through the ma-
terial whose absorption coefficient is u1(E). D is the total path travelled by

the beam in the layer
2d;

D = .
Sin(01>

(4.27)

Equation 4.25 is an infinite geometric sum of ratio rlyorlyge_W(E)_D“l(E) that
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fulfills the condition

lim [7"1707“17267i¢(E)7DH1(E)}m =0. (428)

m—0o0

Thus, the sum can be calculated and gives

toatior 26—i¢(E)—Du1(E)

T+ roT12e " ) =D (E) ?

o1 =70 (4.29)
This expression is not the usual Parratt recursion formula. The difference lies
in the fact that in Parratt’s equation, the Stokes relationship [36], to1t10 =
1-— fral, is used. Unfortunately, this relationship is only valid if there is no
absorption in the material, which is not the case for an X ray absorption
measurement, so it could not be applied and a more general equation had to

be used.

This equation can be generalized for an arbitrary layer of the stack

gy (B) =Dy (E
ti—1,4tj,5-175 541 3(B)= Dty (B)

L 1o g7 g€ 0 (B)=Daks (B)

i1 = Ti-15 t (4.30)
Layer N + 1 would be the substrate or some other infinite depth material,

from which no reflection would come upwards,
/ _ / _
"NtiN+2 =0 = Tnni1 = TN N41- (4.31)

The reflectivity coefficient of the first surface, r{ ;, can then be calculated by

/
Jj+1

calculated for the layer below. Finally, the desired reflected intensity from

iterating from the substrate upwards, replacing the r by the reflectivity

the top surface is given by

Ry = |rf (4.32)

4.1.3 Roughness

The above formalism assumes a perfectly flat interface between the different

layers. In real samples, there might be some intermixing of the components
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of the different layers, which can be envisaged as a variable height z as
a function of z and y across the surface, commonly known as surface or

interface roughness. This gives rise to non-specular scattering.

If the intermixing or height variance is small relative to the beam footprint,
it may be modeled statistically as a variable refractive index in the regions
close to the interface, as can be seen in Figure 4.2. In this approximation, the
expected specular loss can be calculated. The different statistical descriptions
for the roughness has lead to a number of different models. Among them,

the most used it the Nevot-Croce |41] model, which is described below.

(z-z))/o;
-4

j'1 - -2

Refractive Index

n+n:
+ -1 N 1

Figure 4.2: Roughness of a surface modeled statistically by a tanh function

The calculation of the roughness effect starts with the premise that the cor-
relations are not in the XY plane, so the refractive index only depends on

the vertical direction z, which is perpendicular to the surface.

The refractive index intermixing can be modeled by the Error function as

Nnj—1 + n; Nj_1—"ny ¢ z
_ 4.33
n(z) 5 + 5 er Vao,) (4.33)
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where at 2z = 0 the refractive index is the mean value of both refractive
indices of both layers, i.e.

_ nj—1 + n;

n(0) = ML

(4.34)
and o; is the roughness coefficient of the (j — 1)/;j interface, but will be

assigned to layer j. The Error function can be defined as

erf(z) = \/g/o e tdt. (4.35)

This model leads to a Gaussian probability distribution of the heights of the
layer surface points, which is the usual way to describe the surface roughness
1 =

e . 4.36
V2mo; ( )

erf
P (z) =

This intermixed refractive index can be introduced in the Fresnel coefficient
expressions given by Parratt (Equation 4.19), and in the limit where k;o; < 1,

the expression can be approximated to yield

ojerf —202k2_,g5_19;
rily =rjon et (4.37)

where k;_; is the radiation wave vector at layer j — 1.

Although this seems to be the best description of the roughness, other in-
termixing models can be used. For instance, a model in terms of a tanh

function can be proposed [42, 43| as

nj—1+n; N1 Ny \/5 2
= tanh —— 4.38
n(z) 5 + 5 an ( w0 ) (4.38)

This intermixing model would lead to a probability distribution of heights of

the points at the surface of the form

Planh () ! (4.39)

V2mo; cosh? <\/gai)
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This distribution is quite similar to the one that includes the Error function,
so it describes the surface roughness satisfactorily. The advantage of this
model lies in the fact that the tanh function is integrable. For this reason,
it is possible to analytically calculate the new Parratt reflection coefficient,
as shown by Bahr [42], to get

3
2

sinh [(w/z) ko1 (g;- 1-9;)}

sinh [(7T/2) ki1 (g;- 1+gg)}

ojtanh
j—1j — Yi—lj

, (4.40)

where the parameter G;_;; has the form

T |:2i\/ﬁ/2ajkj—1gj—1:| r |: 1\/ T /20'] j—1 (9] 1 +g]>:|
X

r |:—2i\/7r/20j]€j_19j_1:| r |: AV /QU]k] 1 g] 1 +g] :|

F[—Zmaj i-1(9j-1—9 J)]

(

Gj1j=—

X

r [ngjkj 1(9j-1— 95)

4.41)

where I' is the Gamma function, defined as
[(z) = / t"temtdt (4.42)
0

For X ray energies, and roughnesses o; < 100 A, the Gj_; ; factor is approx-
imately 1, so the calculation of this coefficient is easier. This tanh model has
the advantage of being valid even for high roughnesses, overcoming the limit

of the Error function model, k;o; < 1.

4.1.4 Depth sensitivity

The information carried by the reflected radiation is weighted by the intensity

of the transmitted wave at each depth in the sample.

A good approximation on the depth probed by the X rays can be the penetra-
tion depth of them. This can be defined as the depth at which the intensity

of the radiation has decayed to a fraction %
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As an example, Figure 4.3 shows the penetration depth in a smooth and thick
Cu mirror of an X ray at 9.2 keV (about 200 eV over the Cu-K absorption
edge), for increasing incidence angles. It has been also plotted in the figure

the reflectivity of the X ray as described by Parratt’s equations.

1.0
i Reflectivity
Penetration - 600
0.8
- 1 o
3
206
£ ~4008
2 o
2 { S
goar 5
ritica =
[ angle — 200
0.2
! |
L I L 2 3
0950 0.2 0.4 0.6 0.8 7.0

Incidence angle(°)

Figure 4.3: Reflectivity and penetration depth of a Cu mirror at 9.2 keV

In the total reflection regime, 0; < 6., the information contained in the spec-
trum comes from the evanescent transmitted wave that propagates parallel
to the surface and decays exponentially in the direction perpendicular to the
surface. In this range of angles, this penetration depth is constant and may

be then written as

he hic

2B\/20(B) 2E0.(E)’ (4.43)

Z1 =
€

which is on the order of tens of Angstr('jms. As the penetration depth in-

creases above the critical angle, in the limit 6; > 6., it approaches to the
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expression for X ray transmission,

_W(E) 2 0;
I, = Ine BT = [e HEG = g = ,
© uE)

(4.44)

which has a linear increasing dependence with the incidence angle. Both

effects can be seen in Figure 4.3

4.1.5 EXAFS

In order to understand how structural information is obtained from an X-ray
absorption (XAS) spectrum, the basic process of the interaction of radiation
with matter has to be considered. When an atom is irradiated with X ray
photons of high enough energy to promote an internal electron to the vacuum
level, these photons are absorbed and a photoelectron is ejected. The inten-
sity of the transmitted beam, I;, is related with the absorption coefficient p,
according to the Lambert relation |44]

I, = Ije "®)? —  (E)z=1In <%) : (4.45)

t

Scanning energy against the absorption coefficient yields the XAS spectrum.
When the energy of the incoming beam is equal to or higher than that of
an inner level of the absorbing atoms, a sharp increase in the absorption
coefficient takes place, and an absorption edge appears in the spectrum. If
the absorbing atoms are not isolated, the X ray absorption coefficient includes
an oscillatory fine structure just after the absorption edge, as can be seen in
Figure 4.4. This fine structure can be described as a modification, y(F), of

the absorption coefficient as
1(E) = po(E) [1 4+ x(E)] (4.46)

where po(E) is the absorption coefficient of the isolated atom. This oscilla-
tory part of the absorption coefficient is a consequence of a variation in the

atomic electron density, which is due to the interference of the wave function
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XANES EXAFS
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Figure 4.4: XAS spectrum for a Mo foil sample, near the Mo-K absorption edge

of the ejected photoelectron and the backscattered one from the neighbouring
atoms. For this reason, function x(F) contains local structural information
and can be described as the sum extended over ¢ neighbouring coordination
shells of atoms around the absorbing atom. This fine structure is usually

written as a function of the photoelectron wave vector, k,

K(E) = ,/W , (4.47)

where m, is the electron mass and Ej is the absorption edge energy. The
Extended X ray Absorption Fine structure Spectroscopy (EXAFS) part of the
XAS fine structure is the one that is located from 50 eV after the absorption
edge to the end of the spectrum. This part can be modeled by a semi-heuristic
equation that is a function of the structural parameters of the absorbing atom

neighbour shells [31]

—2R;

Ni _92k252 .
x(k) = Sg Z mﬂ-(k)e "B e 2R gin 2k R; + ¢i(K)] (4.48)
p 1
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where NN; is the coordination number of the atoms in shell ¢ at a distance
R;. 52 is the amplitude reduction factor due to many body effects. Fj is the
backscattering amplitude function of each kind of neighbouring atom, and
the ¢;(k) the total phase shift of the photoelectron, A(k) is the photoelectron
mean free path and o? is the Debye-Waller factor, accounting for static and
dynamic disorder. Since F;(k) and ¢;(k) are functions characteristic of each
pair of absorbing and backscattering elements, the technique is element sen-
sitive. Those functions can be calculated from ab-initio calculations [45], so
the fit of the experimental signal with this expression yields the structural

parameters R;, N; and o7 [46].

There is no need for long range order in the structure of the sample to be anal-
ysed. For this reason the application of EXAFS spectroscopy is widespread
in the study of all kinds of systems, both liquid and solid.

Changing the standard detection system of the transmitted beam to the
alternative of recording the reflected signal, the function that can be analysed
is the imaginary part of the refractive index, §. This function is related to
the absorption coefficient by Equation 4.9 so, if § can be calculated, the
EXAFS signal can be extracted directly

p(E) — po(E) _ B(E) — Bo(E) '

fo(E) N Bo(E) (4.49)

X(E) =

4.2 ReflEXAFS partial analyses

Section 4.1 showed how to calculate the reflectivity of a sample if the complete
absorption term, including the fine structure component, is known. The
coupling of §(F) and S(FE) make it difficult to deconvolve the equations
in order to determine B(E), and thus the x(E) EXAFS signal from the
fine structure of the reflectivity. Several approaches have been tried with
limited success, each becoming more sophisticated with both progress in

computational resources and improvements to theoretical understanding.
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4.2.1 Total reflection approximation
Martens and Rabe |7, 17, 18, 47| showed that a very simple approach can be

made to analyse the RelEXAFS data in the total reflection regime.

Equation 4.23 is the reflectivity from a single surface in the low angle limit.

This limit can be pushed further and study the total reflection regime, i.e.

when
0 0
— =—<1. 4.50
vz b, (4:30)
In this limit, R can be expanded as a Taylor series about \/% =0,

(4.51)

2} <1+§—§>é—1 . O(@Q)
_ + .

<1+§—§) V20 2

0
V26

As the EXAFS fine structure is present in S(E) due to Equation 4.49, and
subsequently in 0(E) due to their relationship shown in Equations 4.8, both

The limiting value for this expansion is when (or 9‘%) approaches 1.

functions can be split in their isolated atom and fine structure components

as

=%
—~

&
~—

I

So(E) + AS(E) (4.52a)
B(E) = Bo(E) + AB(E) (4.52b)

Furthermore, as the fine structure of the reflectivity is small compared to the

reflectivity itself, the former can be expanded in terms of its components

and (3,

OR
AG+ —
5o op

Bo

where Ry stands for the reflectivity without the fine structure, i.e. when
(0, 8) = (o, Bo), those of the isolated atoms.
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At this limits, the partial derivatives of R with respect to 6 and § can be
calculated and yield

1+§_22)§—1 9 92
— T +O(—) (4.54a)
2\ 2 Vi 20
6(1+%) 2
5\/5{ 1+ 2 2—2} ,
or _ ( ) ¢ +O(§5) (4.54b)

% 52(1+§—§)3 (1+§—§)§—1 V20

Substituting typical values for § and 5 at the X ray energies, (for instance
§ =107°,8 =107%) show that BR dominates by one to two orders of magni-
tude. Therefore, the Ad(FE) component of the ReflEXAFS signal, AR, can
be neglected, so it is almost purely proportional to AG(E), and hence propor-
tional to the fine structure of the absorption coefficient Ap(E) by Equation
4.9. Then, the EXAFS x(E) can be determined directly as
W(E) — po(E) _ BE)— (u(E) _ AB(E) _ AR(E)
fo(E) Bo(E) Bo(E) Ro(E)

where Ro(FE) can be a suitably smooth function that fits the reflectivity

X(E) =

(4.55)

without the fine structure, in the same fashion as it is done for the standard
EXAFS measurements.

This method is extremely easy to use, as the standard EXAFS programs can
be used just after applying Equation 4.55 . However, angles higher than the
critical angle, the approximation at Equation 4.51 does not hold, because the
terms in % and hlgher order become important. Consequently, R becomes

comparable to 2 %, so the Ad component of the reflectivity ﬁne structure

cannot be neglected.
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Furthermore, when the energy is just after and close to the absorption edge,
the magnitude of 5 becomes significantly bigger, and close to the values of
0. This also makes the partial derivatives comparable and again the A§
component of the reflectivity fine structure cannot be neglected. However,
the EXAFS region of the fine structure begins far enough from the absorption
edge, so it is not affected by this fact.

This approximation is then limited to the total reflection regime and hence
the penetration depth is small and constant. This causes that only the top

layer of the sample, within the first tens of Angstroms, can be investigated.

4.2.2 Borthen’s approximation

Borthen and Strehblow [19, 20] extended the low angle limit by first calcu-

lating a linear approximation of AR(E),

OR
R((S, 5) - R0(50760> =AR~ %

OR
AG+
o OB

The partial derivatives in this equation are functions of energy in general.

AS, [4.53]
Bo

However, they are slowly varying functions with energy and may be approx-

imated by functions only dependent of the incidence angle,

OR OR

| = Z= ~~ 4.

%5 . % 50(E,9) a(d), (4.56a)
OR OR

—| == (E,0)=b(0), 4.56b
5. = 3| (E0=00 (4.56b)

Thus, for each incidence angle 6, the fine structure of the reflectivity is a
linear combination of the fine structures of the real and imaginary parts of

the refractive index as

AR ~ aA§ + bASB (4.57)

This is a reasonable approximation for a single chemical environment, when
the energy range of the measurement is short, and far from the critical angle,

either higher or lower angle.
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A relationship between the fine structures of 6(F) and (F) can be estab-
lished due to the linearity of the Kramers-Kronig transformations, and taking

into account Equation 4.8,

0(E) = KK [B(E)]
00(E) + Ad(E) = KK [fo(E) + AB(E)] =
= KK [6o(E)] + KK [AB(E)] =

— Go(E) + KK [AB(E)

— AJ(E) = KK [AB(E)] (4.58)

This allows to take the Kramers-Kronig transformation of Equation 4.57 and

use again the linearity of these transformations to get

KK(AR) ~ —aAB + bAS, (4.59)

where a the property of the Kramers-Kronig transformations as a special case

of the Hilbert transformations,

KK [AS(E)] = KK{KK [AB(E)] } = —AB(E), (4.60)

has been used. Then Ad and AS can be calculated by solving these two

simple simultaneous equations to yield

AB(E) = ——={bAR(E) — aKK[AR(E)] } . (4.61)

a2 + b2
The constants a and b are generally unknown, so they have to be calculated
from either a numerical simulation or from a model compound experimental

data [19] in order to normalise the AG(E) function.

The problems of this method arises from the fact that aR and aR are not
constant in energy. This effect is bigger when the energy is Just after the
absorption edge, where the variation of these functions with energy is faster.

Also, the wider the energy range of the scan, the less accurate the method is,
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as those functions deviate further from the constant behaviour. Moreover,
if there is more than one chemical environment of the studied element at
different depths in the sample, the EXAFS spectrum will have a proportion
of each environment that is variable with energy. This is caused by the
variation of penetration depth of the radiation with energy at incidence angles
above the critical angle, and would make the spectrum extremely difficult to

analyse.

4.3 ReflEXAFS global analysis

Both of the preceding methods obtain the EXAFS signal by means of an ap-
proximation of the linear expansion of the ReflEXAFS fine structure (Equa-
tion 4.53) for an individual angle. The first restricts the probe depth to the
penetration of the evanescent wave in the total reflection condition, which
is around tens of Angsréms. The second, while having the ability to probe
deeper depths, can be inaccurate for strongly varying §(E) and S(E) func-
tions, and does not work for samples with more than a single chemical envi-

ronment at different depths.

To overcome these limitations, a more general procedure was developed in

this work.

The principles of the method are: (1) to work over a complete set of measure-
ments of the same sample in the same energy range, but at different incidence
angles, which will eventually reduce the number of possible solutions giving
more restrictions; and (2), not to try to extract the EXAFS signal directly
from the experimental ReHEXAFS, but instead, do it in a reverse way: sup-
pose an EXAFS signal as a solution to the problem, and then try to calculate
the whole experimental RelEXAFS.

This global procedure is carried out in two stages. First, the reflectivity
background (i.e. without the fine structure) is fitted for all the spectra at

different angles using the reflectivity equations described in Section 4.1 for
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a model of the sample. This way, the ReflEXAFS fine structure (AR(E))
for the different spectra can be extracted. Furthermore, parameters like
the real (0(F)) and imaginary (5(F)) parts of the refractive indices can be
calculated, which will be necessary for the next step. Second, the RelEXAFS
fine structure set is fitted against a model function representing the EXAFS

signal of the sample within the restrictions imposed.

4.3.1 Free atom reflectivity simulation and fit

The free atom reflectivity is defined as the reflectivity without the fine struc-

ture

Ro(E) = Ro [0o(E), Bo(E)] (4.62)

where do(E) and [y(F) are real and imaginary parts of the refractive index

without the fine structure, as defined in Equations 4.52.

The objective is to calculate this free atom reflectivity. To do this, a model
of the sample is built in terms of parameters that simulate the sample char-
acteristics. As an example, consider a sample made of homogeneous layers
of different materials deposited over a certain substrate (Figure 4.5. For this

type of sample, Equation 4.62 can be rewritten as
Rom (E) = Rom [00;(E), Bo; (E)] (4.63)

where subindex m € {1,..., M} will denote the spectrum of the same sample
at each different incidence angle. These reflectivity spectra are functions of
all the refractive indices components for the free atom, do;(E) and fy;(E), of

each j-th layer.

This sample can be determined by specifying the layers and substrate com-

position, density, thickness, and the interfacial roughness.

With the composition and atomic density, the refractive indices of the layers,

noj, can be calculated using Equations 4.6 and 4.7, by taking the values
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Substrate

Figure 4.5: Model sample made of homogeneous layers

of f/(E) and f”(FE) from the Cromer-Liberman [35] or Henke [38] tables of
the anomalous scattering factors. In the case of a compound, its scattering

factors can be calculated from those of the elements by using Equation 4.3.

The reflectivity spectrum at different energies for each incidence angle can
then be calculated from Parratt’s [37| recursive expression (Equation 4.30),
that depends on the layers thicknesses, d;, and the refractive indices, noj,
previously obtained. These are combined with the roughness correction of
the Nevot-Croce model [41] for a tanh type of intermixing [42] (Equation

4.40) that depends on the roughness parameters, o;, of the interfaces.

However, the sample characteristics and even the incidence angle are not
known with enough precision to simulate accurately the reflectivity spectra.
Thus, the sample parameters are set as variables in a computer program
that tries to fit the calculated reflectivity against the experimental reflecti-
vity spectra, in a similar way as the simulation and fit of X ray reflectometry
measurements [26]. The fitting procedure and strategies are detailed in Sec-
tion 4.3.1.1

The output of the program provides a way to extract the ReflEXAFS fine
structure of each spectrum, AR,,(F), from the reflectivity background by

76
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simply subtracting the simulated reflectivity from the experimental one,

AR, (E) = Ri?(E) — R ,(E), (4.64)
where Re(E) is the experimental reflectivity of spectrum m, and R (E)

its corresponding best fit simulated spectrum without the fine structure.

The best fit parameters from the program output give quantitative values of
the characteristics of the sample such as thickness, density and roughness of
the layers. Furthermore, it gives the precise values of the refractive indices
components of the layers without the fine structure, dy;(E) and fy;(E). These
values will be of paramount importance for the subsequent simulation of the
ReflEXAFS fine structure, as described below in Section 4.3.2.

4.3.1.1 Fitting description and strategies

The reflectivity simulation and fit tries to obtain the precise values of the
variables that the reflectivity depends on, by looking for the ones that makes
the simulated reflectivity closest to the experimental one. This is the solution

of the fitting problem.

The fitting variables can be divided in two types: those that determine the
sample to study, and those that determine each spectrum at the different

incidence angles for the same sample.

For a sample made of homogeneous layers deposited over a substrate, the
sample variables become the layers and substrate composition, density (to

calculate the refractive indices) and roughnesses, and the layers thicknesses.

Each spectrum depends on its incidence angle, that have to be considered in
the simulation in order to accurately determine its value. Besides, two more
variables have to be introduced for each spectrum: (1) a linear scale factor
that takes into account the possible part of the beam not impinging on the
sample as well as the beam loss due to possible lack of flatness of it; and (2),

an energy shift correction, that takes into account the possible miscalibration
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of the monochromator.

This is an enormous amount of variables to be calculated from a small amount
of experimental spectra, and besides, some of them are highly correlated.
This leads to the possibility of having multiple solutions to the same fitting
problem, of which there is only a real one. Thus, an effort to reduce this pos-
sibility has to be done, in terms of strategies that helps the fitting procedure.

Some of the general strategies used for this work are described below.

e The spectra for the different incidence angles refer to the same sample.
Hence, the simulation has to be done for all the spectra at the same
time, sharing the sample variables. This give a strong restriction to the
possible values of the variables, which is stronger when more spectra

are measured at different incidence angles.

e The reflectivity at energies close to the absorption edge is not well sim-
ulated by the equations described in Section 4.1, because most of the
approximations described are only valid when 5(F) < §(E), condition
that is not fulfilled at those energies for most materials [38]. Thus,
although the reflectivity is indeed calculated at that region, the fitting
procedure does not consider the points within around 10 eV from the
absorption edge for the calculation of the difference between experi-
mental and simulated spectra. This removes false restrictions to the

variables.

e These variables are not completely unknown. On one hand, the sam-
ple variables can be roughly inferred from the sample making, or can
be estimated from previous characterization. On the other hand, the
spectrum variables are approximately set at the reflectivity measure-
ments. This allows to set some limits to the possible values of the
variables, which reduces drastically the variable field to look for the

best fit values.
e These variables are not always independent of each other, so they can
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be coupled. For instance, a sample made of a multilayer probably have
a period of layers that share their roughness and refractive indices. This

reduces the number of variables to be calculated.

These strategies reduce the possibility of finding wrong solutions, but are not

enough to completely ensure the finding of the true solution.

There are two additional problems that makes difficult to find the true solu-
tion. The first is that the experimental spectra are quite noisy, and can even
have some singularity points due to the typical glitches that an X ray absorp-
tion measurement has. The second is that the partial reflectivities of some
of the layers may be quite small for different reasons, like a high roughness
or a low intensity of the beam at that depth. This can induce errors in the
calculation caused by the rounding of the small quantities in the computer.

In other words, the simulation is quite ill-conditioned.

For these reasons an more sophisticated algorithm that can cope with these

problems was used instead of a standard Monte-Carlo fitting procedure.

The algorithm used for this fitting is called Covariance Matriz Adaptation
Evolution Strategy or CMA-ES algorithm [48]. This is an type of evolutionary
algorithm, that is specifically designed for simulations that have the following

problems:

A high dimensionality. This is, a high number of independent variables.

Ruggedness. This is, a high amount of local possible solutions that are

not the best one.

High noise and discontinuities.

Tll-conditioning problems.

The use of this algorithm together with the strategies above described, made
the discrimination of the true solution among the local solutions possible for

the samples studied in this work.
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Once the simulation and fitting is done successfully, it has to be taken into
account that the free atom reflectivity fit cannot be accomplished perfectly
to the point that the difference between the experimental and simulated

reflectivity is 0.

The origin of this experimental-simulated reflectivity mismatch lies in the ef-
fects that have not been considered in the simulation. These can be classified

in two groups:

e Experimental issues like, for instance, the non linearity of the detectors
signal at different detected intensities, or the possible non planarity of

the sample, that causes dispersion of the reflected beam.

e Simulation model deviations from the real behaviour of the reflectivity,
like the ones from the approximations in the reflectivity equations, or

the roughness model used in the roughness effect calculation.

Although these differences are normally very small, they can introduce low
frequency oscillations in the ReflEXAFS fine structure, which may cause er-
rors in the subsequent EXAFS analysis. Therefore, they have to be corrected.
This is done by the introduction of an additional polynomial in the simulated
reflectivity, that is also fitted to get a perfect match of the experimental spec-

trum.

This is justified only if the polynomial correction is negligible compared to
the initial fit. In other words, the difference of the fitting parameters in case
a perfect fit could be achieved would be some orders of magnitude smaller

than their value.

4.3.2 ReflEXAFS simulation and fit

After obtaining the free atom reflectivity fits, the fine structures of each
reflectivity spectra at the different incidence angles are calculated by a sim-

ple subtraction of the best fit simulation reflectivity from the experimental
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spectrum,

AR, (E) = R%P(E) — RI'M(E). [4.64]

Om

Continuing with the layered sample case, there is a total of N + 1 layers,
including the substrate. However, the number of layers that contain the ab-
sorbing element whose absorption edge is being studied, that will be denoted

H, could be less than the total number of layers, i.e.

1<H<N+1, (4.65)

in general. Thus, the contribution to the fine structure of the reflectivity can

only come from the fine structures of those layers

AR, (E) = ARy, [AS,(E), ABy(E)] . (4.66)

where the subindex h € {1,..., H} denotes the layers that contain the ab-

sorbing element. Obviously by definition,

AG(E) = 6,(E) — dou(E) (4.67a)
ABW(E) = Bh(E) — Bon(E) (4.67b)

and each absorbing layer h may have a different fine structure spectrum.

The approximation that is used in this work has the same base as the previous
works. As the reflectivity fine structure, AR(FE) is small compared to the
reflectivity itself R(E), it is possible to approximate it by a linear Taylor
expansion in terms of Ad and AS. As the reflectivity fine structure depends
on all the absorbing layers, this expansion has to be made for all the possible
contributions from each layer h, so

H
AR, (F) ~

h=1

OR,,

oR,,
S| Ad(E) +

don 05 h

ABL(E)
Bon

, (4.68)

where each of the partial derivatives are explicit functions of E. Said in words,

this means that the reflectivity fine structure at each individual energy point
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can be approximated by a linear combination of the fine structures of the
real and imaginary components of the refractive indices of all the absorbing
layers. This equation is valid for each m spectrum, with its own partial
derivative coefficients, but sharing the same Ad,(E) and AS,(E), which are
characteristic of the layers, but not the spectrum. Thus, this form a linear

set of equations that can be written in a matrix form as

AG\(E)
ARy (E) AB(E)
: = A(E) : , (4.69)
ARy (E) Adu(E)
APy (E)
where the coefficient matrix, A, is
OR| OR\|  om| oR,
901 |5, OB g, dou |5, OBulg,,
A(E) = : : : : , (4.70)
OR ORy ORy ORy
951 |ay, OB1 s 00 sy OB |y,

which is a rectangular M x 2H matrix. It has to be taken into account that
every partial derivative is a function of energy. Therefore, there is a different

linear equation defined for each energy point.

There are two main ways to solve this equation. The first consists in building
a parametric function that describes the expected Apuy(E), which is propor-
tional to the EXAFS signal, and then calculate ASy,(FE) by equation 4.9 and
Ao, (E) by equation 4.8, which would be function of the same parameters.
Then, it is possible to look for and find the values of the parameters that
best fit all the Ad,(E) and ApB,(E) to all the experimental AR,,(E) by a

least squares fitting algorithm.

However, this method has a few problems. Finding an appropriate function

that describe well Apy,(E) without distorting the results may be difficult.
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Besides, the equation has to be fitted for each energy point, so a function
with too many parameters would lead to a huge number of calculations.
Moreover, some of the elements of matrix A(E) might be quite small, so
the rounding errors in a computer program will scale with the number of

calculations.

The second method is to assume Ay (FE) as a set of independent points,
one for each energy value. Then, AfS,(FE) is calculate by equation 4.9 and
Aoy (E) is calculated by equation 4.8.

Once these functions have been calculated, the coefficients of matrix A(FE)
can be calculated by a numerical derivative. With these coefficients, the
equation can be solved by the evaluation of the Moore-Penrose pseudoinverse,
AT(E) [49], of matrix A(E) for each energy point. This pseudoinverse is a
generalization of the inverse for a non-square matrix. The main property of

this pseudoinverse is that, given a system of linear equations

b= Ax, (4.71)

where A is the coefficient matrix, not necessarily square, the vector xq that
is the closest solution, i.e. the least squares solution, or in other words, the

one that minimises the Euclidean norm

min |Az — b|> = |Axzo — b, (4.72)

is the one that fulfills [50]
g — A+b, (473)

where AT is the Moore-Penrose pseudoinverse of matrix A.

The solution of the equation thus obtained for each energy point is a new
and different set of points that describe Ad,(E) and AS,(E). These new
functions can be used again to calculate the coefficients of matrix A(E) by a
numerical derivative, so the process can start again. This process is then done
iteratively until the difference between the Ad,(E) and ApS,(E) functions

between two consecutive steps is small.
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The problem of this method is again that, if some of the matrix elements of
A(FE) are too small, they will have rounding errors in a computer that will

be magnified in the calculation of the pseudoinverse.

To overcome these problems, it is convenient to use an orthogonal decom-
position method for the calculation of the pseudoinverse. Specifically, the

Singular Value Decomposition or SVD method was used in this work.

Matrix A(E) of Equation 4.69 can decomposed as

A=UDV*, (4.74)

where U is a M x M unitary matrix, V* is the conjugate transpose matrix
of V', which is a 2H x 2H unitary matrix, and D is a M x 2H diagonal
matrix of positive (or zero) values. Then, the pseudoinverse of A can be

easily calculated as

At = (V) 'D'U = VvDtU*, (4.75)

where it has been applied the property that defines the unitary matrices

uvlt=u, vi=v*, (4.76)

The inverse of the diagonal matrix D is calculated just inverting its diagonal

matrix elements

1
D)y =dis = (D*)y=— . Vi. (4.77)

A property of the SVD method is that, if a certain matrix element d,, of
the diagonal matrix D is small compared to the Tr(D) = ). d;;. then this
matrix element and its corresponding inverse 1/d,,, in the inverse matrix,

can be neglected. This leaves truncated matrices D and D where

A=UDV*, (4.78a)
At = VDHU*, (4.78b)
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where the truncated pseudoinverse matrix, ZJF, is as a very good approxima-
tion of A™. Thus, this property overcome the problem of the rounding errors

of the small matrix elements, as they can be neglected.

In many cases, the above approach did not converge and oscillated. For-
tunately, there is an additional constraint that can be used, which is the
Kramers-Kronig relationship between Ad(E) and ASB(E) of Equation 4.58.
This has to be applied at every iteration so as to assure that Equation 4.58

is fulfilled every time. This way, the equation has a double constraint.

The resulting ASy(E) are normalised to the fo,(E) jump so, finally, each
Xn(E) can be calculated using equation 4.49, and may be analysed using the
standard EXAFS analysis programs [45, 46|
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5.1 Characterization results

Introduction

The motivation for the preparation of the first set of samples is to have
a known system to test the experimental issues of the technique so as to
optimise the experimental method. Indeed, a set of somehow ideal samples
was made. More specifically, these samples should be as flat and smooth
as possible to avoid beam dispersion, and rather long and homogeneous in
the beam direction to maximise the reflectivity. Also they should be rather

simple from the analysis point of view.

As described in Section 2.1.2.1, a set of multilayered samples with a (CuCr)xN
structure was prepared to study the Cu local environment by analysing the
ReflEXAFS spectra around the Cu-K absorption edge. Cr was chosen as the
outermost layer to prevent the oxidation of the Cu layers to avoid having two
different EXAFS spectra at the same sample, that was not (yet) the aim of

this set of measurements.

The monocrystalline Si wafers gave the layers a extremely flat substrate
to grow. The magnetron sputtering deposition technique described in Sec-
tion 2.1.1 provided a straightforward method to obtain relatively dense and

smooth layers.

The samples were of approximately the same total thickness, but increasing
the number of periods: N — 2, 3, 4 and 8. This allows the possibility of
investigating the local structure of metallic Cu for different thicknesses of

the layers.

5.1 Characterization results

5.1.1 X Ray Reflectometry

As explained in Section 2.2.2, X Ray Reflectometry measurements were

recorded both in a laboratory X ray diffractometer and at the synchrotron
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radiation beamline BM29. All these diagrams were simulated and fit using

the program GenX |26| to obtain the layers characteristics of the samples.

The variables of the XRR diagram simulation were the interface roughnesses,
and the thicknesses and relative densities (to the bulk crystalline density of
each material) of the layers. Crystal densities are pc,—0.0847 at/A3 and
pcr—0.0833 at/A?). To reduce the number of free parameters, the thicknesses
and relative densities of the same layer (Cu or Cr) of each period of the
multilayer were linked, as they were grown in the same conditions. The
interface (either Cr/Cu or Cu/Cr) roughnesses were also linked, leaving the

substrate (Si/Cu) and the surface (Cr/air) roughnesses free.

The results of the fitting are summarised in Table 5.1. The experimental and

best fit simulated XRR diagrams and are shown in Figures 5.1, to 5.13.

Table 5.1: XRR simulation results for samples CuCrxN

Sample | Energy | Thickness | Relative Roughness
(A) Density (A)

Cu Cr Cu | Cr || Sub. | Intf. | Sur.

CuCrx2 | 8 keV 54 35 | 1.00 | 0.90 5 16 11

10 keV | 54 35 | 1.00 | 0.90 5 15 12

Cu-K, | 54 35 | 1.00 | 0.90 5 16 11

CuCrx3 | 8 keV 28 32 1.00 | 0.94 8 12 12
8.8 keV | 28 34 1.00 [ 0.88 || 10 16 14
10 keV | 25 33 1.00 | 0.98 | 11 13 16
Cu-K, 25 35 1.00 | 0.92 4 12 9

CuCrx4 | 8 keV 34 15 1.00 | 0.94 5 13 18
10 keV | 30 17 1.00 | 0.95 7 16 14
Cu-K, 28 19 1 0.99 | 0.92 | 12 11 9
CuCrx8 | 8 keV 19 10 || 0.98 | 1.00 8 17 8
10 keV | 19 9 0.99 | 1.00 7 3 16
Cu-K, 18 12 1.00 | 1.00 D 10 19
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Figure 5.1: XRR at 8 keV experimental diagram and best fit for sample CuCrx2
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Figure 5.2: XRR at 10 keV experimental diagram and best fit for sample CuCrx2
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Figure 5.3: XRR at Cu-K, experimental diagram and best fit for sample CuCrx2
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Figure 5.4: XRR at 8 keV experimental diagram and best fit for sample CuCrx3
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Figure 5.5: XRR at 8.8 keV experimental diagram and best fit for sample CuCrx3
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Figure 5.6: XRR at 10 keV experimental diagram and best fit for sample CuCrx3
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Figure 5.7: XRR at Cu-K, experimental diagram and best fit for sample CuCrx3
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Figure 5.8: XRR at 8 keV experimental diagram and best fit for sample CuCrx4
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Figure 5.9: XRR at 10 keV experimental diagram and best fit for sample CuCrx4
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Figure 5.10: XRR at Cu-K, experimental diagram and best fit for sample CuCrx4
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Figure 5.11: XRR at 8 keV experimental diagram and best fit for sample CuCrx8
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Figure 5.12: XRR at 10 keV experimental diagram and best fit for sample CuCrx8
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Figure 5.13: XRR at Cu-K, experimental diagram and best fit for sample CuCrx8

The XRR diagrams present a typical interference pattern of a layered system,

being quite similar for all the samples due to the similar total thickness.

Rather good fits were obtained in all cases, reading consistent values of thick-
nesses and densities. Nevertheless, a variety of values was obtained for rough-
nesses, ranging within a factor 2 or even 3 for some cases and the results are
less consistent for the samples with thinner layers. For this reason, it seems
that this indetermination can come from the fact that the approximations
in the theory involved in the roughness simulation |26, 41| fail for too high

roughness compared to the thickness of the layers.

5.1.2 Rutherford Backscattering Spectrometry

RBS measurements were carried out using the linear accelerator of the Centro

Nacional de Aceleradores (Seville), and analised as explained in Section 2.2.3.

RBS data give the amount of material per surface unit, so the thickness of a
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layer can be calculated by assuming a density of the layers. The density can
be assigned as the bulk density of the material, or as the density calculated
from the XRR measurements. The thicknesses determined using both bulk

density and the XRR calculated density are shown in Table 5.2

Table 5.2: RBS results

Sample | Thickness (A) | Thickness (A) | xN
(Crys. Dens.) | (XRR Dens.)
Cu Cr Cu Cr
CuCrx2 54 31 54 34 X2
CuCrx3 35 35 35 37 X3
CuCrx4 28 16 28 17 x4
CuCrx8 18 8 18 8 x8

The RBS thickness results are in good agreement with the XRR ones, given
the fact that the data come from completely different physical processes.
The measurements at different parts of the samples showed that they are

homogeneous in all the length within the accuracy of the technique.

5.1.3 Atomic Force Microscopy

Sample surface topography images were taken with a Topometrix TMX2000

microscope, and roughnesses were calculated as explained in Section 2.2.5.

The surface topography images of CuCrx2 to CuCrx8 samples are shown in
Figures 5.14 to 5.17. Table 5.3 summarises the roughness calculated from

the RMS values of these measured for each sample.

CuCrx2, CuCrx3 and CuCrx4 samples have similar topography and the vari-
ance of heights are near the instrument noise level. It can then be concluded
that they are quite smooth and homogeneous in the scale selected. However,

this also means that the calculation of the roughness is a convolution between
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0 0 nm

Figure 5.14: AFM surface topography for sample CuCrx2

Figure 5.15: AFM surface topography for sample CuCrx3
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Figure 5.16: AFM surface topography for sample CuCrx4

0 nm 1 rim

Figure 5.17: AFM surface topography for sample CuCrx8
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Table 5.3: AFM surface roughness for samples CuCrxN

Sample | Roughness (A)
CuCrx2 3
CuCrx3 3
CuCrx4 4
CuCrx8 9

the instrument noise and the actual roughness which results in a slight over

estimation.

On the other hand, CuCrx8 sample topography shows a set of emerging
columns of similar shape and height which are randomly distributed. Due
to the extremely thin thickness of the outermost Cr layer, this might show
a grow of Cu oxide from the second layer. The preferential spots can be a
consequence of the variance on the Cr layer thickness, so the oxygen only

penetrates at the places where the Cr layer is thin enough.

For these reasons, CuCrx2, CuCrx3 and CuCrx4 samples have a similar
roughness in this scale, while CuCrx8 roughness is higher due to the columns

seen in the topography figure.

5.2 ReflEXAFS experiments

5.2.1 Angle selection

As explained in Section 3.2.2, X ray reflectivity diagrams were recorded at
the synchrotron beamline, at different energies, to show the reflectivity be-

haviour, so as to choose the most convenient angles for the RelEXAFS scans.

The reflectivity patterns are shown in Figures 5.18 to 5.21. The figures are
marked with the angles where the ReflEXAFS measurements were made.

Since the ReflEXAFS measurements are at fixed angles and move in energy

101



5. CUCRXN MULTILAYERS

from 8 to 10.5 keV, they effectively move from the 8 keV curve position to

the same point on the rest of the energies.

These particular angles were chosen with the aim to have a wide range of
different patterns in ReflEXAFS scans. This allows a test of the fitting
procedure of the global analysis on a number of different baseline curve types,
including a valley point (at 10 keV for approximately 0.38°) and a rising peak
(at 10 keV for approximately 0.43°). This gives a good validation scope for

the subsequent analysis.

5.2.2 ReflEXAFS scans

ReflEXAFS scans were performed as explained in Section 3.2.3 at the angles
selected with the aid of the XRR curve. After that, each spectrum was
divided by the direct beam scan to remove the absorption component of the

air between the detectors and get a normalised spectrum.

The set of the experimental normalised spectra for each sample are shown in

Figures 5.22 to 5.25.

Both the background with the typical interference pattern due to the multi-
layers reflection and the EXAFS fine structure can be seen in all the samples

spectra.

The background of the spectra show the expected interference pattern due to
the multilayered structure of the samples, which is obviously different for each
of them due to the different multilayered structure. This pattern changes as
the angle change and also decreases its overall intensity for higher incidence
angles, due to the loss of the total reflection condition and the increase of

the transmission coefficient.

Superimposed to the background, it can clearly be seen the absorption edge
at the Cu-K absorption edge energy (8.979 keV), along with an EXAFS-like
pattern just after it. This pattern is better resolved at intermediate angles.

On one hand, the lowest angle spectrum interacts very little with the Cu
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Figure 5.18: XRR experimental diagrams and ReiIEXAFS selected angles for CuCrx2
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Figure 5.19: XRR experimental diagrams and RelEXAFS selected angles for CuCrx3
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Figure 5.20: XRR experimental diagram and RefIEXAFS selected angles for CuCrx4
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Figure 5.21: XRR experimental diagram and RefIEXAFS selected angles for CuCrx8

104



5.2 ReflEXAFS experiments

CuCrx2

= 0!
5
@
©
x
— 0.383°
— 0.400°
0.450°
1072 . ] . ] . ] . ] .
8.0 8.5 9.0 9.5 10.0 10.5

Energy (keV)

Figure 5.22: ReflIEXAFS normalised experimental spectra for sample CuCrx2
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Figure 5.23: ReflIEXAFS normalised experimental spectra for sample CuCrx3
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Figure 5.24: ReflIEXAFS normalised experimental spectra for sample CuCrx4
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Figure 5.25: ReflIEXAFS normalised experimental spectra for sample CuCrx8
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absorbing atoms due to the low penetration depth of the radiation; in fact,
the total reflection condition is fulfilled at those angles. On the other hand,
the highest angle spectrum has a worse signal-to-noise ratio due to the low

reflectivity coefficient at those angles.

5.3 Analysis

The RefIEXAFS spectra may be analised by using any of the approximations
described in Chapter 4. For this work, the total reflection approximation
analysis and the developed global analysis will be used, and the results will

be compared.

5.3.1 Total reflection approximation analysis

Using Martens [18| approximation, the EXAFS signal can be extracted di-
rectly from a spectrum of incidence angle below the critical angle. Thus, the

lowest angle workable spectrum for each sample was analysed.

However, a close inspection of the 0.250° spectra for CuCrx2 and CuCrx4
samples, and 0.300° spectrum for sample CuCrx3, reveals that their signal-
to-noise ratio is quite poor. This fact made the attempt to analyse these
spectra a failure. Thus, the next angle for those samples was analised, i.e.
0.300° for CuCrx2, 0.320° for CuCrx3, and 0.275° for CuCrx3. Spectrum
0.250° for sample CuCrx8 does have enough signal to noise ratio, so it could

be analised.

The EXAFS function obtained from these Refl[EXAFS scans were fitted by
using a Cu metal model structure with coordination numbers fixed to the
crystal values. A single free parameter, Aa, varying the lattice parameter
from the Cu bulk value (3.61 A) was used to allow the variation of coordina-
tion distances coherently for all the coordination shells of the model. More-

over, the Debye-Waller factors, that take into account the dynamic (mainly
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thermal) and the static disorder, were allowed to vary independently for each
shell.

The scattering paths used for this model were the single scattering paths
for each shell, plus the co-linear multiple scattering paths with the fourth
coordination shell, as these have a high contribution to the EXAFS signal
[51]. S2 was set to 0.81, which is a value within the range of values reported
in the literature [52|, that rarely varies for the same element at different
chemical environments. Then, six free independent parameters were used in

each fit.

The software used for the analysis was the UWXAFS software package [46,
53, 54].

The results of the fitting are summarised in Table 5.4. Figures 5.26, 5.28,
5.30 and 5.32 show comparative plots of the extracted experimental EXAFS
data, x(k), with the best fit obtained with the model described above, for
all the samples. Figures 5.27, 5.29, 5.31 and 5.33 show a comparative plot
of the Fourier transform magnitudes of the EXAFS signals, y(R), with their

respective fits, and with a Cu foil reference from the IXAS database [55].

Table 5.4: Total reflection angle EXAFS results for CuCrxN samples
Sample || Shell 15t | 2nd | 3rd | gt 5th a (A)
N 12 6 24 12 24 | [Aa (A)]

CuCrx2 | R (&) | 2.56 | 3.61 | 4.43 | 5.11 | 5.72 3.61
o? (A2) | 0.010 | 0.014 | 0.017 | 0.018 | 0.020 | [+0.00]
CuCrx3 || R (&) | 253 | 3.57 | 4.38 | 5.06 | 5.65 3.57
o2 (A?) [ 0.012 [ 0.012 | 0.022 | 0.023 | 0.025 || [-0.04]
CuCrx4 | R (&) | 253 | 3.58 | 4.39 | 5.07 | 5.67 3.58
o? (A2) | 0.012 | 0.015 | 0.021 | 0.023 | 0.030 || [-0.03]
CuCrx8 || R (&) | 251 | 355 | 4.35 | 5.03 | 5.62 3.55
o2 (A2) | 0.015 | 0.018 | 0.026 | 0.026 | 0.030 || [-0.06]
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Figure 5.26: EXAFS experimental x(k) and best fit for sample CuCrx2
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Figure 5.27: EXAFS experimental x(R) and best fit for sample CuCrx2
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Figure 5.28: EXAFS experimental x(k) and best fit for sample CuCrx3
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Figure 5.29: EXAFS experimental x(R) and best fit for sample CuCrx3

112



5.3 Analysis

At first sight, the pattern of both the EXAFS signal and the Fourier trans-
form magnitude are all quite similar to the Cu foil reference. However, there
is an evident decrease on the intensity of both the EXAFS signal and the
Fourier transform magnitude not only with regard to the Cu foil reference,

but also when the thickness of the layers decrease.

The results of the analysis show an increasing disorder in the local structure
around the absorbing Cu in the layers when their thicknesses decrease. This
is deduced from the values Debye-Waller factors for all the shells of the
model for the different samples. This may be caused because the deposition
method sputters almost atom by atom the material from the target, and
cannot relax to the crystal structure when it condenses on the substrate at
room temperature. Besides, the extremely low thickness of the layers prevent
further reorganization of the atoms, as the lack of long range element purity
in one dimension plus the possible interdiffusion of the Cr atoms are strongly
distorting the crystal lattice. Similar results have been obtained for similar

multilayers [56].

The results also show a slight compression of the lattice parameter of the
model from the Cu metal bulk value. The thinner the layers are, the more
compressed the lattice parameter is. This may be explained in two ways: The
Cr-Cr distance is lower than the Cu-Cu distance in the respective bulk metals,
so Cu-Cr distance in a metallic bonding should be lower than Cu-Cu distance.
As the number of layers increase (higher N), the number of Cu atoms in
contact with Cr atoms increase. Then, the number of Cr backscattering
atoms per Cu atom increase, so the average distance of the backscattering
atoms decrease. What is more, if the interfacial roughness is not neglected,
so the interfaces show some interdiffusion, the Cu-Cr bonding has a higher
probability of occurring than in a ideal smooth interface. At the same time,

the crystal lattice of Cr may be distorting the Cu lattice |57].

A hint of a peak at approximately the Cu-O distance can be seen in the
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Figure 5.30: EXAFS experimental x(k) and best fit for sample CuCrx4
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Figure 5.31: EXAFS experimental x(R) and best fit for sample CuCrx4
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Figure 5.32: EXAFS experimental x(k) and best fit for sample CuCrx8
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Figure 5.33: EXAFS experimental x(R) and best fit for sample CuCrx8
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Fourier Transform spectra for N = 4 and 8 samples, although not resolved
enough to be analyzable. This suggests a second explanation for the lattice
parameter compression that involves the oxidation of the Cu layers. If the
Cr protective layer is not thick enough to protect the first Cu layer, oxygen
can penetrate and oxidise it. This oxidation may be almost negligible and
remain unnoticed in an EXAFS spectrum, not showing a Cu-O well resolved
first shell peak. However, there could be enough Cu oxide to distort the first
Cu-Cu (or Cu-Cr) peak, moving it to lower R values, and interfering with it

so the amplitude might be lower.

This phenomenon can also explain the higher surface roughness of sample
CuCrx8 measured by AFM. The first Cu layer can be non-uniformly oxidised
due to the local variation of thicknesses that can occur in the first Cr layer.
Then, the Cu oxide grows preferentially in some spots, so the average surface
roughness consequently rises. These spots can be seen in fact in the AFM

topography image in Figure 5.17.

5.3.2 Global analysis
5.3.2.1 Free atom reflectivity simulation and fit

Background simulation was performed with the dedicated developed program
described in Chapter 4

The common variables of the fit were the same as those of the XRR spectra
simulation, i.e. the thicknesses and densities of the layers and the roughnesses
of the interfaces, linked in a similar manner to that described above: the
thicknesses and densities of the same type of layer (Cr or Cu) are forced to
be the same, as the growing conditions are the same; the roughnesses of the
Cr/Cu and Cu/Cr interfaces are also the same, leaving both the substrate
(Si/Cu) and the surface (Cr/air) roughnesses independent. The composition

of the layers are fixed to pure Cr or Cu.

Each spectrum has also its own variables: the incidence angle, the scale
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factor, and the shift in the energy values. These variables can be linked as
well. In fact, the energy shifts for these spectra were forced to be the same,

because the measuring conditions do not change among them.

The normalised experimental ReflIEXAFS spectra for all the samples together
with the corresponding best fit are shown in Figures 5.34 to 5.37. The pa-
rameters resulting from the best fit are summarised in Tables 5.5 (sample

parameters), 5.6 (angles) and 5.7 (shift in energy of the spectra).

Table 5.5: ReflIEXAFS free atom reflectivity fit results (Sample)

Sample | Thickness || Relative Roughness
(A) Density (A)

Cu Cr Cu | Cr || Sub. | Intf. | Sur.

CuCrx2 | 50 32 || 1.00 | 0.90 | 18 17 10

CuCrx3 | 24 36 | 0.98 | 0.88 | 15 20 13

CuCrx4 | 27 17 0.99 | 0.97 14 21 18

CuCrx8 | 18 10 0.98 | 1.00 20 17 14

The figures show the fit for all the angles except for those lower angles dis-

carded previously due to the low signal to noise ratio.

In most of the spectra, it can be seen that the fit is better after the absorption
edge that before it. This is caused by the polynomial refinement described
in Chapter 4, that is anyway so small that does not give any significant
additional error to the analysis. For the same reason, a step just after the
edge in the fitting curve may be seen in some of the spectra, which marks

the lower limit of the polynomial refinement.

The variables that measure the sample layers thicknesses, densities and rough-
nesses best fit roughly agree with the results coming from RBS measurements.
The main difference lies on the decreasing Cr layers density with increasing

thickness of this layer, what RBS cannot distinguish.

This can be explained by the increasing porosity of layers coming from sput-

117



5. CUCRXN MULTILAYERS

Table 5.6: RefIEXAFS free atom reflectivity fit results (Angles)

CuCrx2 CuCrx3 CuCrx4 CuCrx8
Angle | Fit || Angle | Fit | Angle | Fit || Angle | Fit
0.250 | 0.254 || 0.300 | 0.286 || 0.250 | 0.284 || 0.250 | 0.225
0.300 | 0.302 || 0.320 | 0.290 || 0.275 | 0.304 || 0.300 | 0.263
0.333 | 0.331 || 0.338 | 0.317 || 0.300 | 0.326 || 0.350 | 0.309
0.350 | 0.347 || 0.350 | 0.343 || 0.325 | 0.354 || 0.375 | 0.332
0.363 | 0.358 || 0.363 | 0.351 || 0.338 | 0.370 || 0.400 | 0.355
0.383 | 0.376 || 0.383 | 0.369 || 0.350 | 0.378
0.400 | 0.395 || 0.400 | 0.380 || 0.363 | 0.396
0.450 | 0.458 || 0.425 | 0.414 || 0.375 | 0.405

0.383 | 0.413
0.400 | 0.430

Table 5.7: Shift in energy of the spectra

Sample | AE (eV)
CuCrx2 —2.8
CuCrx3 —2.5
CuCrx4 —3.1
CuCrx8 —-3.1
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Figure 5.34: ReflIEXAFS experimental spectra (solid) and best background fit (dashed)
for sample CuCrx2

119



5. CUCRXN MULTILAYERS

Py
>
3]
Q@
©
x
\
N
\ \
\
oo
_ \ B
1072 \\ | \
/T——.— N -‘t/”(r\ ,.»r:’*
\\‘5’\%&%}- ; :,\»{\”’:" ~ \:
e N )
LR o —
&N&WM/%/
— 0.383°
—— 0.400°
0.425°
1 I . I . I . I |
8.0 8.5 9.0 9.5 10.0 10.5

Energy (keV)

Figure 5.35: RefIEXAFS experimental spectra (solid) and best background fit (dashed)

for sample CuCrx3
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Figure 5.36: ReflIEXAFS experimental spectra (solid) and best background fit (dashed)
for sample CuCrx4
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Figure 5.37: RefIEXAFS experimental spectra (solid) and best background fit (dashed)

for sample CuCrx8
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tering. As the growth of these materials is not layer by layer, but rather
an island-type one, the first islands may cast shadows to the forthcoming
atoms. This would make the layer rather porous, with increasing porosity
for the first stages of the growth, but tending towards a constant value |58|.
The reason for the Cu layers not following this tendency may be a different
sticking coefficient that allows a better mobility of the atoms at the surface

after the deposition [59].

Roughnesses are quite high respect to the layers thicknesses. Unfortunately,
these roughnesses cannot be directly related to the RMS roughness values
calculated from the AFM measurements due to the fractal behaviour of this
phenomenon. In fact, the roughness increase due to the columns that appear
on the CuCrx8 sample surface is unnoticed. Furthermore, various other
effects of beam loss may be modifying these values, such as non perfect

planarity of the sample, or beam angular dispersion.

However, these roughnesses results allows a relative evaluation of the different
layers. For instance, both the substrate and the surface seem to be slightly
smoother than the interfaces. The initial smooth monocrystalline surface of
the Si can explain the former effect, while the possible reorganization of the

Cr atoms due to surface oxidation could explain the latter one.

The angles values obtained in the fits show a certain consistency. Although
the fitted values are not the same as the measured th1 for most of the samples,
they all remain consistently lower of higher than the expected, what can
be explained by a possible misalignment of ry angle. This would cause an
equal shift in the experimental incidence angles for all the spectrum, but
different for each sample, as the alignment procedure was done for each one

independently.

Finally, the energy shift values are almost the same for all the samples, what
denotes that this parameter effectively does not depend on the sample but on

the measurement conditions, most probably the monochromator calibration.
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5.3.2.2 Global EXAFS analysis

The local environment of the Cu atoms in each of these samples must be
the same, as the growing conditions of all the different layers were identical.
Then, the EXAFS function was set to be the same for all the Cu layers of

each sample.

This function thus obtained was simulated and fit using a Cu metal model
with variable lattice parameter and Debye Waller factors, in the same fashion
as described above for the total reflection approximation analysis (Section
5.3.1)

The best fit results are summarised in Table 5.8. Figures 5.38, 5.40, 5.42 and
5.44 show the extracted experimental EXAFS data, x(k), compared with the
best fit function obtained with the model, for all the samples. Figures 5.39,
541, 5.43 and 5.45 show the Fourier transform magnitudes of the EXAFS
signals, x(R), together with their respective best fits, with the corresponding
total reflection angle experimental data, and with a Cu metal foil reference
taken from the IXAS database |55].

Table 5.8: Global analysis EXAFS results for CuCrxN samples
Sample || Shell 15t | 2nd | 3rd | gt 5t a (A)
N 12 6 24 12 24 | [Aa (A)]

CuCrx2 | R (A) | 2.56 | 3.61 | 4.43 | 5.11 | 5.72 3.61
0% (A?) | 0.011 | 0.017 | 0.019 | 0.020 | 0.030 || [+0.00]
CuCrx3 | R (A) | 2.53 | 3.57 | 4.38 | 5.06 | 5.65 3.57
o? (A?) | 0.011 | 0.015 | 0.023 | 0.023 | 0.024 || [-0.04]
CuCrx4 | R (A) | 2.53 | 3.58 | 4.39 | 5.07 | 5.67 3.58
o? (A?) ] 0.013 | 0.017 | 0.023 | 0.024 | 0.027 || [-0.03]
CuCrx8 | R (A) | 2.55 | 3.60 | 4.42 | 5.09 | 5.70 3.60
o? (A?) | 0.008 | 0.019 | 0.021 | 0.021 | 0.022 | [-0.01]
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Figure 5.40: EXAFS experimental x(k) and best fit for sample CuCrx3
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Figure 5.42: EXAFS experimental x(k) and best fit for sample CuCrx4
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Figure 5.43: EXAFS experimental x(R) and best fit for sample CuCrx4

127



5. CUCRXN MULTILAYERS

CuCrx8 — Global
—— Experimental

20 it
10F
N
<00 A /\
L% v
-1.0F
-20F

DN

k(A

Figure 5.44: EXAFS experimental x(k) and best fit for sample CuCrx8
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Figure 5.45: EXAFS experimental x(R) and best fit for sample CuCrx8
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The low angle and global analysis seem to give roughly the same results
within the accuracy of the technique. CuCrx8 is an exception to this, so the
big difference between the low angle approximation and the global spectrum

has to be caused by the nature of the sample itself.

It has been suggested with the aid of the low angle analysis and the AFM
images, that the topmost Cu layer of the CuCrx8 sample may have undergone
a partial oxidation due to the extremely low thickness of the Cr protective
layer. This oxidation would give a new local environment of CuQO,, that
would result in a new EXAFS function added to the Cu metal environment

one.

The addition of a new function in a low proportion can reduce drastically
the intensity of the EXAFS signal if the phases interfere destructively. This
may be the case of the CuCrx8 sample low angle analysis results, where
this interference had to be simulated with an abnormally high Debye-Waller

factor.

However, when the whole sample is probed at the global analysis, the pro-
portion of CuQ, decreases so much that it remains unnoticed. This also
explains why the lattice parameter at the global analysis is much closer to

the Cu metal value.
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Chapter 6

Copper oxide multilayers
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6.1 Characterisation results

Introduction

One of the capabilities of the extension of the RelEXAFS technique described
in this work is to distinguish between different local environments at different
depths in the sample. To empirically demonstrate this, a particular set of

samples was prepared.

As described in Chapter 2, a sample was prepared consisting of a CrCux3
multilayer, so the top layer is made of Cu. This would allow the oxidation of
this layer naturally just exposing the sample to open air. Thus, the sample
will have two different EXAFS environments (Cu oxide and Cu metal) that,
what is more important, are at different depths and can be easily distin-

guished due to the Cr layer between them.

However, although the top Cu layer was thin enough to be oxidised com-
pletely, the possibility of having a partial oxidation thus a top layer split in
two (Cu metal / Cu oxide) has to be considered and will be investigated in

terms of growth of the oxide and diffusion of the oxygen into the layer.

Furthermore, this will allow the study of the surface oxidation process from
the structural point of view without the aid of XRD, that is difficult to use
in these very thin layers due to the lack of long range order in at least one
of the space directions. In fact, not only the structure may be deduced, but
also the reorganisation process due to the oxidation reaction may be shown
by the EXAFS disorder quantification with the Debye-Waller factors.

6.1 Characterisation results

6.1.1 X Ray Reflectometry

As explained in Section 2.2.2, X Ray Reflectometry measurements were
recorded at the synchrotron radiation beamline BM29. All these diagrams
were simulated and fit using the program GenX [26] to obtain the layers

133



6. COPPER OXIDE MULTILAYERS

characteristics of the samples.

The model used for the simulation is a multilayered model as seen in Figure
2.6, where the layers are made of metallic Cu or Cr except for the top layer,
that is made of CuO (copper oxide (II)). This choice was made because CuyO

(copper oxide (I)) is less stable at standard conditions.

Similarly to the previous samples, the variables of the XRR simulations were
the interface roughnesses and the thicknesses and relative densities (to the
bulk crystalline density of each material) of the layers. Crystal densities are
Peu=0.0847 at /A3, pe,—0.0833 at /A3 and pe,o—0.0956 at/A3.

Again, to reduce the number of free parameters, the thicknesses and densities
of the same type of layer (Cu or Cr) were linked, as they were grown in
the same conditions. In this case, these links can only be applied to the
three Cr and two Cu layers closest to the substrate, so the top CuO layer
has its own thickness and density. The interface (both Cr/Cu or Cu/Cr)
roughnesses were also linked, while the top surface, the Cr/CuQO interface

and the substrate roughness are all independent variables.

However, this model did not work well and a good fit was not possible. Thus,
a model where the top Cu layer had undergone a partial oxidation, so it is
split in two different environments (Cu metal / CuO) was set. Thus, the
thickness and density of the un-oxidised top Cu layer was added to the vari-
ables explained above, along with a new roughness of the Cu/CuQ interface.
This way, the roughness of the interface shows the interdiffusion between

both species.

Furthermore, as the growing conditions are the same, the total amount of Cu
atoms in each layer should be the same, so the top CuO and top un-oxidised
Cu atoms together add up the same amount as the rest of the Cu layers.

Thus, this further restriction can be set at the XRR simulation.

The experimental and best simulated fit XRR diagrams are shown in Figures

6.1 and 6.2. The results of the fitting are summarised in Table 6.1
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Figure 6.1: XRR at 8.5 keV experimental diagram and best fit for sample CrCux3
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Figure 6.2: XRR at 10 keV experimental diagram and best fit for sample CrCux3
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Table 6.1: XRR simulation results for sample CuCrx3

Energy Thickness Relative
(A) Density

Cr Cu Top | Top || Cr | Cu | Top | Top

Cu | CuO Cu | CuO

8.5 keV | 16 38 30 47 11 0.98 1 0.97 | 0.61 | 0.66
10 keV 17 37 30 50 11 0.91 1 0.99 | 0.66 | 0.64

Energy Roughness
(4)

Sub. | Cr/ | Cu/ | Surf.

Cu | CuO

8.5 keV 3 7 3 19
10 keV 3 3 4 18

The XRR diagrams present a typical interference pattern of a layered system.
Contrary to those of the previous samples in Chapter 5, these patterns are
smoother, showing less defined peaks and valleys. This may be caused by

the broken symmetry of the layers due to the surface oxidation.

Rather good fits were obtained for both energies, with fairly consistent val-
ues of thicknesses, densities and roughnesses. A detailed interpretation of
these results will be presented in Section 6.3.2.1 together with the free atom

simulation results.

6.1.2 Rutherford Backscattering Spectrometry
RBS measurements were carried out using the linear accelerator of the Centro
Nacional de Aceleradores (Seville), and analysed as explained in Section 2.2.3.

RBS data give the amount of material per surface unit, so the thickness of a

layer can be calculated by assuming a density of the layers. The density can
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be assigned as the bulk density of the material, or as the density calculated

from the XRR measurements.

These measurements are not sensitive to the chemical environment of the
studied atoms, so they cannot distinguish between the top CuO layer and
the rest Cu atoms. Using the proportion of un-oxidised Cu / CuO of the first
layer from the mean value of the XRR simulations, the thickness of the top

Cu / CuO layer can be calculated from the RBS measurements.

This cannot be applied to the calculation of the equivalent thickness using
the bulk crystal density, as the Cu / CuO proportion of the first layer is
unknown. Thus, this top layer will be presented as it was not oxidised, but
taking into account that this is just a measurement of the amount of Cu

atoms in each layer.

The thicknesses determined using both bulk density and the XRR calculated

parameters are shown in Table 6.2.

Table 6.2: RBS results for sample CrCux3

Thickness (A) Thickness (A)
(Crys. Dens.) (XRR Dens.)
Cr Cu Cr Cu | Top | Top
Cu | CuO
13 36 14 37 29 47

The RBS thickness results are found to be in good agreement with the XRR
ones. The measurements at different parts of the samples showed that they

are homogeneous in all the length within the accuracy of the technique.

6.1.3 Atomic Force Microscopy

Sample surface topography image was taken with a Nanotec Dulcinea micro-

scope, and the roughness was calculated as explained in Section 2.2.5.
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Figure 6.3 shows the surface topography image of sample CuCrx3.

Z: 30'011111

Figure 6.3: AFM surface topography for sample CrCux3

The roughness calculated from the RMS value is 23 A.

The surface topography of this sample is quite homogeneous, from which it
might be deduced that the surface oxidation process has occurred at all the
surface homogeneously, in contrast with what happened in sample CuCrx8
from the previous set of samples (Chapter 5). The RMS roughness is higher
than those calculated for the previous samples. This is due to the oxidation
of the top layer, that may happen preferentially in some spots (like the grain
boundaries) and then grow more efficiently from those first spots, as the

surface is not a perfect crystalline plane.
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6.2 ReflEXAFS experiments

6.2 RellEXAFS experiments

6.2.1 Angle selection

XRR measurements were performed at 8.5 keV and 10 keV at the synchrotron
radiation beamline in order to show the behaviour of the reflectivity at dif-
ferent angles. This aids the selection of the most convenient angles for the
ReflEXAFS measurements.

Figure 6.4 shows the reflectivity patterns, which are marked with the angles
chosen for the RefIEXAFS measurements. These angles were selected in
order to have different penetration depths, so as to probe not only the upper

surface regions of the sample, but also the deep Cu layers buried below.
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Figure 6.4: XRR experimental diagram showing RefIEXAFS chosen angles for sample
CrCux3
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6.2.2 ReflEXAFS scans

ReflEXAFS scans were performed as explained in Chapter 3 at the angles
chosen with the aid of the XRR curve. After that, each spectrum was divided
by the direct beam scan to remove the absorption component of the air

between the detectors and get a normalised spectrum.
The set of normalised spectra for the sample is shown in Figure 6.5.

Both the background with the expected interference pattern due to the mul-
tilayers reflection and the EXAFS-like fine structure can be seen in all the
spectra. The background pattern changes as the angle change and decreases
its overall intensity for higher incidence angles in general, due to the loss of
the total reflection condition and the increase of the transmission coefficient.
However, for some angles, the reflectivity does increase again, following the
XRR pattern as shown in Figure 6.4. This allows the possibility of having
spectra measured at high angles, thus with a high penetration depth, but
with a relatively high reflected intensity, thus with a good signal to noise

ratio.

Superimposed to the background, it can clearly be seen the absorption edge
at the Cu-K absorption edge energy (8.979 keV), along with an EXAFS-like
pattern just after it. This pattern is better resolved at intermediate angles
as the the lowest angle spectrum interacts very little with the Cu absorbing
atoms and the highest angle spectrum has a worse signal-to-noise ratio due

to the low reflection intensity at that angle.

It can also be seen that the fine structure of the lowest angle spectrum
is significantly different from the rest of the spectra. This is because this
spectrum is the only one in the total reflection regime, so it only probes the
first tens of Angstréms. Then, the highest contribution to the EXAFS fine
structure should be from the Cu oxide environment, while for the rest of the

spectra, the Cu metal environment is predominant.
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Figure 6.5: Normalised ReIEXAFS spectra for sample CrCux3
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6.3 Analysis

For this sample, the Refl[EXAFS spectra was analysed by both the total
reflection approximation (Section 4.2.1) for the spectrum of the lowest angle

recorded, and by the developed global analysis (Section 4.3).

6.3.1 Total reflection approximation analysis

Using Martens [18] approximation, the EXAFS signal may be extracted di-
rectly from a spectrum of incidence angle below the critical angle. The critical
angle of a CuO surface of a relative density of 0.65, which is the average of
the XRR results, is approximately 0.237° for an incident beam of 9.2 keV
(just above the Cu-K absorption edge). Unfortunately, the spectrum of the
lowest angle was registered at 0.275°, so it does not fulfill the total reflection

condition.

The analysis of this spectrum would firstly cause the signal to be wrongly
normalised, as the absorption step is no longer proportional to the imaginary
part of the refractive index, S(FE), and have a term in 0(F) that cannot be
neglected. Furthermore, the fine structure is a mixture of the AJ(E) and
AB(FE) as explained in Section 4.2.1.

The Kramers-Kronig transform does not change the frequencies of the func-
tions it transforms. Then, the AJ(F) component of this mixed spectrum will
have the same frequencies as AJ(E) and thus the EXAFS signal [47]. This
makes the Fourier transform magnitude peak positions and relative ampli-
tude to be the same of those of the EXAFS signal, although nothing can be
said about the phase and the overall amplitude. Thus, the spectrum is not
valid to be simulated, but at least the Fourier transform magnitude can give

a qualitative idea of what is present at the surface of the sample.

Figure 6.6 shows a comparative plot of the Fourier transform magnitude,
|X(R)|, of the extracted spectrum recorded at 0.275°, together with a Cu
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metal foil, a CuO and a Cuy0O references taken from the IXAS database [55]
for comparison. These references have been scaled down to better compare
the plots.

CrCux3 — 0.275°
—— Experimental
.......... Cu Foail (x 0.3)

CuO (x 0.3)
.......... CUZO (x0.3)

0.8

[x(R)I

R (A)

Figure 6.6: EXAFS experimental x(R) for sample CrCux3 and Cu meta, CuO

The Fourier transform magnitude of the spectrum with the lowest incidence
angle seems to be quite similar to the CuO reference, which is consistent with
the XRR calculations. However, an intermediate peak at approximately 2 A
suggests that some Cu metal environment should be added to the spectrum.
This is also consistent with the fact that the penetration depth of the beam
at this incidence angle just above the critical angle is high enough to probe

the un-oxidised part of the first layer and even some of the next Cu layer.

In principle, the spectrum seems to lack of a CusO environment, but this
cannot be assured until a complete analysis of the ReflEXAFS spectra is

made.
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6.3.2 Global analysis
6.3.2.1 Free atom reflectivity simulation and fit

Background simulation was performed with the dedicated developed program
described in Chapter 4.

The common variables of the fit were the same as those of the XRR spectra
simulation, i.e. the thicknesses and densities of the layers and the roughnesses
of the interfaces, linked in a similar manner to that described in Section 6.1.1.
Each spectrum has also its own variables, which are: (1) the incidence angle;
(2) a scale factor that takes into account the possible part of the beam not
impinging on the sample as well as the possible lack of flatness of it; and (3)
a shift in the energy values, that takes into account a possible miscalibration

of the monochromator.

Figure 6.7 show the normalised experimental RelEXAFS spectra for all the
samples together with the corresponding best fit spectra. Tables 6.3 and
6.4 summarise the best fit values calculated for the sample variables and the
incidence angles of the spectra respectively. The shift in energy was +4.1 eV

for these spectra.

Table 6.3: ReIEXAFS free atom reflectivity fit results for sample CuCrx3

Thickness Relative Roughness
(A) Density (A)
Cr | Cu | Top | Top || Cr | Cu | Top | Top || Sub. | Cr/ | Cu/ | Sur.
Cu | CuO Cu | CuO Cu | CuO
16 | 37 | 29 44 11 0.92 | 1.00 | 0.68 | 0.60 4 3 7 13

As shown in Figure 6.7, the spectra are better fitted after the absorption
edge, what is a consequence of the polynomial fitting described in Section
4.3.1.1, which is made only after the absorption edge. For the same reason,

a small step may be seen just after the edge, which is the starting point of
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Figure 6.7: ReflEXAFS experimental spectra (solid) and best background fit (dashed)

for sample CrCux3
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Table 6.4: RefIEXAFS background simulation results

Angle | Fit
0.275 | 0.285
0.350 | 0.360
0.400 | 0.463
0.500 | 0.535
0.600 | 0.677
1.000 | 1.039

the polynomial refinement. This step is well below the EXAFS region, so it

will not disturb the subsequent analysis.

The sample best fit parameters are consistent with the results of the XRR
diagrams simulation and fit. Both show firstly an increase of the surface
roughness compared with the interface roughnesses. This is consistent with
the oxidation process that may happen preferentially in the grain boundaries,
and then grow more efficiently from those first spots, which is confirmed by
the AFM results.

Secondly, there is a slight reduction in density of the Cr layers compared with
the crystalline value, also seen in the previous CuCrxN samples, as described
in Section 5.3.2.1. This may be caused by an increasing porosity of Cr layers

due to shadow effects during sputtering deposition.

Thirdly, a strong decrease of the density of the un-oxidised Cu region of the
top layer compared to the rest of the Cu layers. This layer was grown in
the same manner as the inner ones, so this difference must be caused by the
subsequent oxidation process of this first layer with the oxygen from the air.
The oxidation may be preferential in some places of the surface such as the
grain boundaries. This may cause the later migration of Cu atoms to the

initial oxide spots |60, 61|, leaving the Cu metal layer with a high porosity.

Finally, the low density of the CuO top layer compared with the bulk value
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is a consequence of the same process of preferential oxidation that increases

the roughness, leaving a highly porous oxide layer with a low density.

6.3.2.2 Global EXAFS analysis

For this sample, a model with two different local environments was used.
The top Cu oxide layer was set to have one EXAFS function, while the un-
oxidised top Cu layer and the rest of the Cu layers below were constrained

to have the same EXAFS but different from the previous one.

The EXAFS function extracted from the top Cu oxide layer had some low-
R (below 1.2 A) peaks in the Fourier transform magnitude function. These
peaks do not have any physical meaning, so they must be a consequence of an
inaccurate background subtraction, that had introduced some low frequency
oscillations. A Fourier filtering of the signal was performed to remove these
peaks. Unfortunately, the first real peak of a coordination shell was rather
close to one of the low-R peaks, so a remaining of them was left unfiltered in

order not to distort the real one.

This EXAFS function from the top Cu oxide layer was simulated by using a
CuO structure model. This is a monoclinic structure that leads to a complex
set of coordination shells and a high number of possible scattering paths. In
principle, this fact seems to make difficult the use of this model. However, this
amount of shells and scattering paths tend to interfere and finally compensate
among themselves when the number of paths at similar distances is high. This
happens at a relatively short scattering length for this structure, so eventually

only the closest (below 3.5 A) few coordination shells are relevant.

This model had the coordination numbers fixed to the crystal values. A single
free parameter, which was set as the variation of the coordination distance
from the crystal value of the first Cu-Cu coordination shell, was used to allow

the variation of coordination distances proportionally in all the structure.

The shells were grouped according to their coordination distances, so a single
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Debye-Waller factor was assigned to those shells that are relatively close to

each other. All these factors were then allowed to vary independently.

The scattering paths used were just the single scattering paths. The ampli-
tude reduction factor, S2, was set to 0.81, which is a value within the range of
values reported in the literature |52|, that rarely varies for the same element

at different chemical environments.

Unfortunately, after performing a first fitting attempt with this model, the

fit unsatisfactory.

The examination of the shape of the experimental |y(R)| magnitude showed
that the region above the first coordination shell is slightly different from the
usual CuO one. Then, the possibility of having a different local environment

added to the CuO one was taken into account.

The oxidation process of a Cu surface is known to consider the formation
of a metastable Cu oxide (I) phase, CusO, which may dismute afterwards
in metal Cu (0) and CuO [62]. The EXAFS spectrum of the CuyO phase
includes a Cu-O first coordination shell at a similar distance as the CuO
one, and a Cu-Cu second coordination shell that produces a peak of a high
intensity at about 3 Ain the phase uncorrected |y(R)| plot, as can be seen
in Figure 6.6. Thus, if there were some remains of this phase in this top

oxidised layer of the sample, it would mostly perturbs precisely this region.

This CuyO phase would probably be located mostly at the interface between
the un-oxidised top Cu layer and the Cu oxide layer, as the process of the
formation of the surface Cu oxide involves the first oxidation to CuyO and
then, when the oxygen at the surface is unable to diffuse trough the Cu,O
layer, CuO appears.

Thus, the CusO environment was added to the model, in the same fashion
as the previous one, i.e. with coordination number fixed to the crystalline
values, a single free parameter, Aa, that accounts for the variation of the first

Cu-Cu coordination distance, and allows the coordination distances to have
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a proportional variation within the structure, and an independent Debye-
Waller factor for each single scattering path. The first four coordination

shells of this model were considered.

Both environments were weighted by a linear factor that take into account
the proportion of each in the spectrum. However, it must be noted that this
factor cannot be directly related to the thickness ratio between the CuO layer

and a possible Cu,O layer, as both species might be highly intermixed.

Also, the energy shift of the CuyO environment was set as -2 eV from that of
the CuO environment. This is to simulate the energy shift of the absorption

edge due to the change on the oxidation state of the element.

The software used for the simulation and fit of these data was the UWXAFS
software package [46, 53, 54].

The results of the fitting are summarised in Table 6.5. Figure 6.8 shows a
comparative plot of the extracted experimental EXAFS data, x(k), with the
best fit obtained with the models described above. Figures 6.9 shows a com-
parative plot of the Fourier transform magnitude, |x(R)|, with its respective
fit, and with a Cu foil reference taken from the IXAS database [55].

The EXAFS function obtained for the Cu metal layers was simulated and fit
using a Cu metal model with variable lattice parameter and Debye Waller
factors, in the same fashion as described for the simulation of the EXAFS

signal of the CuCrxN samples, as described in Section 5.3.1.

The results of the fitting are summarised in Table 6.6. Figure 6.10 shows a
comparative plot of the extracted experimental EXAFS data, y(k), with the
best fit obtained with the models described above. Figure 6.11 shows a com-
parative plot of the Fourier transform magnitude, |x(R)|, with its respective
fits, and with a Cu foil reference taken from the IXAS database [55].

The fitting results show a noticeable difference of the lattice parameters of
the Cu oxide environments compared to the bulk values. Specifically, both

the CuO and CuyO environments show a high compression of the lattice.
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Table 6.5: Global EXAFS results for top Cu oxide layer

CuO
Proportion 86 %
a [Aa] (A) 2.80 [—0.10]

Shell 1 2 3.1 3.2 3.3 4.1 | 4.2
(Element) | (O) | (O) | (Cu) | (Cu) | (Cu) | (O) | (Cu)
N 4 2 4 4 2 2
R(A) | 1.8 | 260 | 2.80 | 2.98 | 3.06 |3.29 | 3.30
o2 (A2) | 0.005 | 0.006 0.007 0.008
Cu,O

Proportion 14 %
a [Aa] (A) 2.99 [—0.12]
Shell 2 3 4
(Element) | (O) | (Cu) | (O) | (Cu)
N 12 6 6
R (A) 1.78 | 2.99 | 3.40 | 4.10
o2 (A2) | 0.005 | 0.007 | 0.008 | 0.010

Table 6.6: Global EXAFS results for Cu metal layers

Cu Metal
a [Aa] (A) 3.60 [—0.01 A|
Shell 1 2 3 4 5
N 12 6 24 12 24
R (A) 2.55 | 3.60 | 4.41 | 5.10 | 5.70
o? (A?)  ]0.012]0.016 | 0.018 | 0.019 | 0.025
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Figure 6.8: EXAFS experimental x(k) and best fit for Cu oxide layer
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Figure 6.9: EXAFS experimental y(R) and best fit for Cu oxide layer
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Figure 6.10: EXAFS experimental x(k) and best fit for Cu metal layers
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Figure 6.11: EXAFS experimental x(R) and best fit for Cu metal layers
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6.3 Analysis

This might be caused by two main processes. First, the surface formation
of oxides implies a bond with the metal matrix that compresses the upper
oxide lattice parameter when the oxide layer is still relatively thin (below
100 A) [60]. Second, the initial stage of the formation of the oxides can
accommodate a high number of O vacants that may distort the lattice by

reducing its average lattice parameter.

The Cu metal environment also shows a slight compression that may be
explained by the same reasons as for the CuCrxN multilayer samples, as
described in Section 5.3.1. However, this compression is in the limit of the

sensitivity of the EXAFS analysis for this parameter, so it may be neglected.

The Debye-Waller factors are also relatively high compared to those typical
for a bulk crystalline sample. This is also consistent with the results for the
previous samples, which were made by the same deposition method, so the

same explanation can be applied (Section 5.3.1).

In contrast, the Debye-Waller factors of both the CuO and CuyO are rel-
atively low, approaching the typical values of crystalline species. As these
phases come from a rather disordered Cu metal layer, this implies that there

is an atomic reorganisation [60] with a consequent reduction of the disorder.
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Introduction

Transition metal nitrides such as VN, Zr-N, Hf-N, Ta-N, W-N and most
prominently TiN have been extensively studied for their interesting electronic
and mechanical properties that give multiple applications. For instance, they
have been used as diffusion barriers for semiconductor metallisation and as
superconducting materials, while their wear and corrosion resistance makes

them useful for protective coatings [63].

These properties are influenced by their chemical composition, crystallo-
graphic phase and morphology. Most of them crystallise in the fcc NaCl
type structure. Hexagonal close-packed (hep) or simple hexagonal (with non-

metal atoms in interstitial sites) structures are also stable |64].

Relatively small number of studies have been devoted to group 6 elements.
Molybdenum nitride phases include two non-stoichiometric compounds, cu-
bic 7-MosN and tetragonal 5-MosN, and the stoichiometric , hexagonal com-
pound §-MoN [65]. v-MoyN is known to be a superconductor with a T, of
5.2K; 6-MoN is a hard material with a low compressibility, showing a su-
perconducting transition in the 4—12K range [66]. A theoretical study has
predicted that a v~-MoN with a cubic NaCl type structure would have a su-
perconducting T. at 29K [67].

Various methods have been used to synthesize molybdenum nitrides, being
the reactive sputtering one of the most used for thin film deposition |63, 68,
69].

When they have one dimension much smaller than the other two, as in the
form of thin films for surface protective coatings, this material tends to adopt
structures different than in crystalline bulk, getting sometimes unusual ones
or even amorphous phases. A common feature is that they lack long range
order, most frequently when films are thinner, so XRD techniques are diffi-
cult to use. That makes EXAFS and the ReflEXAFS technique particularly

suitable for the determination of the structures of these kind of materials.
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The election of Mo from the technique development point of view was mo-
tivated by the high energy of the Mo-K absorption edge (20000 eV) to be
studied, which makes the measurements challenging for several reasons. At
this energy, the critical angle of reflection is approximately 0.12° for a Mo
metal surface, so the incidence angles to be studied are rather small and its

range is narrower.

Besides, the penetration depth of the radiation is quite high at this energy,
and changes dramatically with it. This makes sometimes unavoidable the
mixing in the same spectrum the EXAFS signal of different local environ-
ments of the same element that are located at different depths of the sample.
Thus, the total reflection approximation, described in Section 4.2, is difficult
to apply for these kind of measurements. However, the layer by layer dis-
crimination of the global analysis method of the RefIEXAFS technique can
provide the EXAFS signal of each layer, i.e. a solution to this problem.

Two different samples were prepared to study MoN thin films grown by re-
active sputtering, as described in Section 2.1.2.3. This samples are bilayers
of MoN /Mo or Mo/MoN that have two additional layers of Cr: one of them
as a buffer layer for the Si substrate, and the other as a top layer to prevent
oxidation. These samples add the difficulty of having a second Mo structure

(in this case Mo metal) at a different depth in the sample.

7.1 Characterisation results

7.1.1 Atomic Force Microscopy

Sample surface topography images were taken with a Molecular Imaging Pico
Plus microscope, and roughnesses were calculated as explained in Section
2.2.5.

Figures 7.1 and 7.2 show the topography images of the samples. Table 7.1

summarises the roughness calculated from the RMS values of these measured
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for each sample.

o 100 200 300 400

Figure 7.1: AFM surface topography for sample MoN60Mo

200

Figure 7.2: AFM surface topography for sample MoN60N
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Table 7.1: AFM roughness for samples CuCrx3

Sample | Roughness (A)

MoN60Mo Y
MoN60N 7

Both samples have similar topography and the variance of heights are close
to the microscope noise level. It can then be concluded that they are quite

smooth and homogeneous in the scale selected.

7.1.2 Rutherford Backscattering Spectrometry and

Nuclear Reactions Analysis

RBS and NRA measurements were performed for all the samples at the
Centro Nacional de Aceleradores, and analysed as explained in Section 2.2.3

in order to quantify the amount of Mo and N per surface unit of the samples.

It has to be taken into account that RBS measurements cannot distinguish
between Mo in the metal or in the nitride layers, as the depth resolution of

the technique is not enough to discriminate between layers as thin as these.

Thus, a reference sample of pure MoN, grown in the same conditions as all
the MoN layers in the other samples was prepared. Afterwards, both the
amount of Mo by RBS and N by NRA were measured. This way, the Mo/N
atomic ratio was calculated and this ratio was assumed to be the same in all
the MoN layers. Then, being the N abundance measured for all the layers by
NRA, and also assuming that it is only present in the MoN layer, the amount
of Mo in the MoN layer can be calculated with the aid of the Mo/N ratio

calculated, so that the remaining Mo would be the one in the metal layer.

Table 7.2 shows the results of the measurements for the MoN reference sam-

ple. According to this results, the N/Mo ratio is 1.7.
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Table 7.2: RBS and NRA results for reference sample

Sample | Abundance (at/A?) | Ratio
Mo N

MoN-Ref 2.9 10.1 1.7

As explained in Section 2.2, both RBS and NRA measurements gives the
amount of material per surface unit, and this is converted to thickness by

assuming a density of the layers.

RBS and NRA thickness results assuming bulk density of the layers are shown
in Table 7.3. Crystal densities are pp;,—0.0643 at/A?’ and ppon—0.0504
molec/A‘g. Note that the table has been simplified, so the columns do not
show the order of the layers. Sample MoN60Mo has a Mo metal layer on top
of the MoN layer, while sample MoN60N has the MoN layer on top of a Mo

metal layer.

Table 7.3: RBS and NRA results

Sample Thickness (A)

Bot | MoN | Mo | Top
Cr Cr

MoN60Mo | 22 42 30 | 30
MoN60N 16 53 20 | 16

7.2 ReflEXAFS experiments

The measurement the spectra at the range of angles that the Mo-K absorption

edge to be studied adds a experimental difficulty, as the angles have to be
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quite lower than the ones for the previous samples, so the footprint at the
sample become quite large. For instance, with a 100 ym experimental vertical
slit gap, the footprint on the sample for the critical angle of a Mo surface
at 20 keV (0.120°) would be about 48 mm. A sample of this size would be

inhomogeneous for most laboratory thin film deposition methods.

Thus, the beam vertical size was reduced to 50 pum by using a narrower
experimental vertical slit gap. The intensity of the beam is then reduced as
well, but BM29 beamline bending magnet provides its highest flux at around

the Mo-K absorption edge energy, so the reduction is partially compensated.

7.2.1 Angle selection

XRR measurements were performed at 19 keV and 21 keV in order to show
the behaviour of the reflectivity at different energies, so as to choose the most

convenient angles for the RelEXAFS measurements.

Figures 7.3 to 7.4 show the reflectivity patterns at both energies, and are
marked with the angles chosen for the RelEXAFS measurements. These
angles were chosen in order to have different penetration depths, so as to
probe all the regions to be studied of the sample, that are buried below the

protective Cr layer.

7.2.2 ReflEXAFS scans

RefIEXAFS scans were performed as explained in Chapter 3 at the angles
chosen with the aid of the XRR curve. After that, each spectrum was divided
by the direct beam scan to remove the absorption component of the air

between the detectors and get a normalised spectrum.

The set of normalised spectra for each sample are shown in Figures 7.5 and
7.6.

Both the background with the expected interference pattern due to the mul-
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Figure 7.5: Normalised ReIEXAFS spectra for sample MoN60Mo
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Figure 7.6: Normalised ReIEXAFS spectra for sample MoN60N
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tilayers reflection and the EXAFS-like fine structure can be seen in all the
spectra. The background pattern changes as the angle change, following the
XRR diagram. This can be seen better in a 3D plot where the z, y and z
axes are energy, incidence angle and reflectivity, as shown in Figure 7.7 for
sample MoNGON. In this plot, the projection of the interpolated surface on
the YZ plane would yield the XRR diagrams for the different energies, while
the projection on the XZ plane gives back the energy-reflectivity plot shown
in Figure 7.6

At first, it decreases its overall intensity for increasing incidence angles due
to the loss of the total reflection condition, but then the reflectivity does
increase and decrease again due to the interferences of the layers. This allows
the possibility of having spectra measured at high angles, thus with a high
penetration depth, but with a relatively high reflected intensity, thus with a

good signal to noise ratio.

Superimposed to the background, it can clearly be seen the absorption edge
at the Mo-K absorption edge energy (20.000 keV), along with an EXAFS-like
pattern just after it. This pattern is better resolved at intermediate angles
as the the lowest angle spectrum interacts very little with the Cu absorbing
atoms and the highest angle spectrum has a worse signal-to-noise ratio due to
the low reflection intensity at that angle. It is noticeable that such thin layers
(less than 75 Aof Mo species) may be probed so a good and well resolved

absorption edge may be registered.

It can also be seen that the fine structure of the lower angles spectra is
significantly different from the rest of the spectra. This is because those
spectra have a penetration depth relatively low, so they probe mostly the
first environment in the first layer, either Mo metal for sample MoN60Mo
or MoN for sample MoN60N, while the rest of the angles probe both of the

environments in a more balanced proportion.

These experimental spectra show how the experimental method developed is

able to obtain high quality data on these challenging conditions. The signal
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Figure 7.7: 3D plot of the normalised ReilEXAFS spectra for sample MoN60N, as

function of energy and incidence angle
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to noise ratio is excellent for almost all the spectra, where these cover a range
of 4 orders of magnitude. The fine structure can be seen even for an incidence

angle as high as four times the critical angle.

7.3 Analysis

The RefIEXAFS spectra may be analysed by using any of the approximations
described in Chapter 4.

Unfortunately, none of the experimental spectra reached the total reflection
condition angle, which is 0.120° for Mo metal at 20 keV, and even lower for
MoN at the same energy. Anyway, a qualitative description of the Fourier
transform magnitudes for the lowest incidence angle spectrum of each sample
will be detailed below.

Furthermore, the global analyses of these spectra are currently in progress at
the time of the writing of this report. The expected results would discrim-
inate the Mo metal and MoN EXAFS signal, and would analyse the MoN
phase generated with the reactive sputtering deposition. These results will

be published elsewhere.

7.3.1 Total reflection approximation

As already explained in Chapter 4, using Martens |18]| approximation, the
EXAFS signal may be extracted directly from a spectrum of incidence angle

below the critical angle.

However, these samples have such a low critical angle for the energies in-
volved, that a spectrum of an angle low enough to surely fulfill the total

reflection condition was impossible to record.

Anyway, the spectrum corresponding to the lowest angle was extracted by

the standard EXAFS analysis programs, and its Fourier transform magnitude
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was calculated.

As explained in Chapter 6, the Kramers-Kronig transform does not change
the frequencies of the functions it transforms [47]. Thus, the spectrum is
not valid to be simulated, but the Fourier transform magnitude can give a

qualitative idea of the local environment at the surface of the sample.

Figures 7.8, and 7.9 show comparative plots of the Fourier transform experi-
mental magnitudes with a Mo metal foil and a 6-MoN references taken from
the IXAS database [55].

The Fourier transform magnitude of sample MoN60Mo shows a main peak
at the position of the first peak of the Mo metal environment. It also shows
a pair of peaks at higher R distances that may correspond to the further Mo
metal shells. This result seems consistent with the fact that, at this angle,
the penetration depth of the radiation is still relatively small, so the main
contribution to the EXAFS signal must come from the most shallower layers,

which is Mo metal in this case.

However, an additional smaller peak at about 1.5 A denotes that a light
backscattering atom exists at a lower distance. This peak is at a close position
of the first Mo-N shell peak from the 6-MoN environment, so there must be
some EXAFS signal coming from the MoN layer below the Mo metal layer
added to the spectrum. As the Mo metal layer is relatively thin, the radiation

penetrates enough to probe efficiently that second layer.

On MoNG60N sample, the Fourier transform magnitude is quite different. This
has a main peak at the distance of the first coordination shell of the J-MoN
environment. This result seems consistent, as the first layer the radiation
encounters is the MoN layer, so the highest contribution to the EXAFS
signal must come from there. The second peak of the experimental spectrum
seems to be either a highly distorted second coordination shell of the MoN
environment, or the result of the destructive interference of this peak with

the first shell peak of the Mo metal environment below.
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Figure 7.9: EXAFS experimental y(R) for sample MoN60N, and references
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In any case, the MoN contribution seems to be much stronger than the possi-
ble Mo metal contribution, contrary to what happens in the previous sample,
where both contributions seems to be rather balanced. This is because the
MoN layer in MoN60N sample is quite thicker than the Mo layer in MoN60Mo
sample, so the radiation can penetrate better to the second layer in the latter

sample.

These results show that, at these energies, the penetration depth of the
radiation is so high that even in the lowest incidence angles the samples
are probed further than the shallowest layers. The discrimination of the
contributions at different depths can only be done by the global analysis
method.
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Introduction

Steels are present in most of the industrial fields as well as in everyday life.
Their versatility coming from the many different compositions and treat-
ments makes them the most widely used material for its excellent mechanical

properties.

Among the various treatments to modify the surface properties of the steel,
nitriding is a treatment that aims for an improvement of the mechanical

properties such as hardness, wear resistance and fatigue resistance.

Gas nitriding is the traditional method of performing this treatment. It
consist on a heating to a temperature between 450 and 550°C, while NH3 and
Hy are flowing in the preparation chamber. These conditions are maintained
for a time that depends on the type of nitriding wanted, but can last from a
few hours to some days. At those temperatures involved, the iron is in the

ferrite phase (a-Fe, bee structure) and does not change it.

The mechanism of nitriding is generally known, but the specific reactions
that occur in different steels and with different nitriding processes are not
always the same. Nitrogen atoms are introduced into the structure of the
surface of a steel. These have partial solubility in iron, so it forms a solid
solution with ferrite reaching nitrogen contents up to about 6%. At that N

proportion, a compound called +/, with a composition of Fe,N is formed.

The outermost layer formed by this compound is commonly referred to as
the white layer. This layer is normally harder than the base steel, although
is so brittle and shows such a low adherence to the steel that it is usually

removed in the common industrial procedures.

However, under this layer, a compound with a composition of FezN is formed
and called e. This phase is still quite hard while not so brittle, giving some
improved hardness and wear resistance. Moreover, below this layer there is
some solid solution from the nitrogen diffusion that swells the Fe structure.

This makes the Fe structure rather distorted, what induces it to be much
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more resistant.

Improved mechanical properties may be achieved when the steel contains
small amounts of Al and/or of transition metals such as Cr, V, and Mo.
The nitrides of these elements that show a rock salt structure are among the

hardest compounds, achieving hardnesses similar to that of diamond.

When the steel is submitted to the nitriding treatment, the alloyed elements
tend to form their respective nitrides on the surface of the steel, improving

its properties [2].

The nitriding process induces strong improvements in the mechanical prop-
erties, but very subtle changes in the structure and chemical composition.

Highly specific techniques are needed to detect them.

e The nitrides from the minor elements can be studied by EXAFS in the

fluorescence mode [2].

e The enlargement of the Fe lattice close to the surface can be measured

by recording X ray diffractograms in glancing angle geometry.

e The tiny amount of nitrogen in the surface can only be detected by
X ray photoelectron spectroscopy due to its strong surface sensitivity,
after the sputtering of the outer layers to remove the oxygen contami-

nation.

By conventional fluorescence EXAFS, the Fe local structure seems to be the
same in the surface and in the bulk, as the probe depth of this technique is
in range of thousands of Angstréms. However, the changes should appear in

a shallower region.

Its higher surface sensitivity makes ReflEXAFS a suitable technique to study
the changes in the Fe local structure, with the added advantage of getting a
depth profile of it.

From the RefIEXAFS technique development point of view, the nitrided steels

are one of the most interesting and difficult scenarios. As explained above,
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there is a continuous change in the local structure of the Fe of the steel that
depends on the depth from the surface. Firstly Fe,N phases should appear
at the surface; then, a distorted bce Fe structure with N atoms in it appears;

and finally, the original ferrite bcc Fe of the steel is found at the bulk.

Discriminating among the different EXAFS of these phases is a real possi-
bility with the global analysis method since they should appear at different
depths.

Thus, two samples were prepared to study the structure of the nitrided steels,
as explained in Chapter 2: two pieces of commercial ferritic steel with 3% Cr,
0.8% Mo, 0.3% V, 0.3% C and balance Fe, before and after being submitted

to a gas nitriding treatment.

8.1 Characterisation results

8.1.1 X Ray Diffraction

X ray diffraction diagrams were measured for both samples at glancing angle
regime in order to enhance the structures present near the surface. There
were two measurements for each of them: one before polishing the samples
(Figure 8.1), right after the nitriding treatment for the nitrided sample, and
one after the polishing (Figure 8.2), so as to remove the white layer of the
nitrided sample.

The diagram for the un-nitrided steel show the typical pattern of a bce struc-

ture for the Fe lattice, with no difference before and after polishing.

The nitrided steel diagram before polishing shows not only this structure,
but also peaks corresponding to the Fey,N phase. However, the peaks of
this structure disappear at the diagram for the polished sample. On the
other hand, the remaining Fe-bcc peaks are wider and shifted towards lower

angles when compared to those of the un-nitrided sample. This points to the
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Figure 8.2: XRD diagram for un-nitrided and nitrided steel after polishing
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deformation of the Fe structure above mentioned in the regions close to the

surface.

8.1.2 Scanning Electron Microscopy

The samples surfaces were treated with a mixture of nitric acid and ethanol
for a few second in order to reveal the grain structure by attacking preferen-

tially the grain borders.

Figure 8.3: SEM micrograph of the surface of the nitrided steel

The SEM micrograph of the surface (Figure 8.3) show the grains that have

a needle shape, typical from ferrite precipitation in the steel fabrication.
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8.2 ReflEXAFS experiments

8.2.1 Angle selection

XRR measurements were performed at 8 and 8.9 keV in order to show the
behaviour of the reflectivity at different energies, so as to choose the most

convenient angles for the ReflEXAFS measurements.

Figures 8.4 and 8.5 shows the reflectivity patterns for the un-nitrided and
nitrided steel, and are marked with the angles chosen for the ReflEXAFS
measurements. These angles were selected in order to have different pene-

tration depths, so as to probe a wide region in depth in the sample.

These XRR diagrams are quite different from the previous samples ones. As
the steels surfaces do not have a defined layered structure, its reflectivity
patterns are a monotonous decay without any maxima due to interferences

between the layers.

8.2.2 ReflEXAFS scans

ReflEXAFS scans were performed as explained in Chapter 3 at the angles
chosen with the aid of the XRR curve. After that, each spectrum was divided
by the direct beam scan to remove the absorption component of the air

between the detectors and get a normalized spectrum.
The set of normalised spectra for each sample are shown in Figures 8.6 and
8.7.

Contrary to the layered samples spectra, this ones do not show interference
patterns with maxima and minima of reflectivity changing their positions
with energy and incidence angle. This is because no layers are present.
Instead, the spectra follow the XRR diagram with a monotonous decrease of

the reflectivity, from 1 to 1073, with angle range from 0.20 to 0.65°.

The changes of the shape while moving to higher angles comes from the
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Figure 8.6: Normalised RefIEXAFS spectra for the un-nitrided steel
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different proportions of the § and [ of the refractive index for the different

angles.

At first glance, the spectra of the un-nitrided steel is quite similar to the
nitrided ones. The main difference lies in the lower signal to noise ratio for
the lowest angle of the latter. Being both surfaces different, the oxidation
process may have originated a different roughness, in fact higher for the

nitrided steel.

Superimposed to the background, the fine structure associated with the ab-
sorption can clearly be seen. At first sight, there is no difference between
the un-nitrided and nitrided steel, although a further analysis must be per-
formed. In both cases the intensity and frequency of the oscillations suggest
that the main contribution to the fine structure should came from a heavy

backscatter, most probably Fe.

8.3 Analysis

The RefIEXAFS spectra may be analysed by using any of the approximations
described in Chapter 4.

8.3.1 Total reflection approximation

As already explained in Chapter 4, using Martens |18]| approximation, the
EXAFS signal can be extracted directly from a spectrum of incidence angle

below the critical angle.

The spectra recorded at 0.250° for both samples fulfill the total reflection
condition. Figure 8.8 show a comparative plot of the extracted experimental
EXAFS data of this angle for both the samples. Figure 8.9 show a compar-

ative plot of the Fourier transform magnitudes of the same spectra.

A difference in the Fourier transform magnitude can be seen between both
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8.3 Analysis

samples spectra. While the shape of the un-nitrided steel |x(R)| suggest a
metal bce structure, the nitrided steel one seems to have some other contri-
butions at lower R. This may come from either a N or an O backscattering

shell, which may be disclosed with the quantitative analysis.

8.3.2 Global analysis

The global method cannot be applied to these kind of samples. The current
form of the analysis program is optimised for the analysis of a sample made
of a finite number of homogeneous layers. A sample like the nitrided steel
have a continuous change on the EXAFS spectrum with the depth from the
surface. In principle, a model with a high number of layers could be tested,
but the errors would scale with the number of calculations, and the results
would be meaningless. At the moment, the development of the method is

heading towards the analysis of this type of samples.
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Chapter 9
Conclusions

When the recording of an XAS spectrum is carried out by detecting the
intensity of the reflected instead the transmitted beam, the technique is called
ReflEXAFS. With this experimental arrangement the structural properties
of near surface regions in the sample are effectively probed by the evanescent
electromagnetic wave. This arrangement provides information not only the
structure in the outermost layer of a sample surface but also the structure
in the buried layers, since the detected species are the reflected photons and

not the emitted electrons.

The aim of this project was to extend the RelEXAFS technique to the anal-
ysis of the spectra not only below, as it had been made up to now, but also
above the critical angle of reflection. This was of interest since it should
enable the extraction of structural information not only about the shallowest
region of the sample (extending a few tens of A from the surface) but also
about deep regions hundreds of A underneath To achieve such an aim, he gen-
eralisation of the ReflEXAFS technique had to be done in the experimental

and theoretical fronts.

In the Experimental one it was carried out the development of an experimen-
tal protocol using the available standard instrumentation (X-ray absorption

beamline with a reflectometer) to obtain X-ray reflection measurements be-
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low and above critical angle conditions. It has to be carried out in a highly
accurate way to optimized angular configuration, energy scale and reflected
beam intensity. The protocol was optimized at beamline BM29 (European
Synchrotron Radiation Facility) in such a way that it could be done in a
rather efficient and automatic way. It was tested in several types of samples
designed to fulfill special requirements concerning surface structure, planarity
and roughness. Moreover it was applied to commercial samples, such as sur-

face modified steels.

In the theoretical front, a global method that considered all the angles be-
low the critical angle was developed. This was achieved by developing the
algorithms that allowed to simulate, extract and analyze the EXAFS data
from the raw measured ReflEXAFS spectra. It was showed how the global
analysis method here presented could be reduced, within the appropriate
conditions, to the low and high angle approximations Refl[EXAFS approx-
imations carried out previously by other authors (Martens |7, 17, 18| and
Borthen [19, 20]).

The selection of the samples was made in such a way that they not only
fulfilled the requirements of the technique, but were by themselves interesting
from the materials science point of view. The samples covered the fields of the
multilayers, modified surfaces by controlled atmosphere, hard metal nitride
coatings and, finally, the nitride-modified steels for cutting tools. In all cases,
complementary information concerning both layers structure and interface
properties on one hand, obtained from the reflectivity patterns, and short
range order structure, obtained from the fine structure, was obtained. To
obtain the second type of information the full analysis of ReflEXAFS results
has to be carried out. It involved the treatment of the raw experimental
data, the low angle approximation EXAFS analysis when possible, the global
simulation and EXAFS extraction results, and finally, the EXAFS simulation

and fitting to calculate the structural parameters of the studied environments

The first type of samples had the ideal characteristics for an easy optimisation
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of the technique. They were bimetallic Cu-Cr layers deposited over Si(100)
wafers by magnetron sputtering techniques. In these systems the variables
were the thickness of the metal layers (8-40 A). It was found that for all the
samples the Cu layer showed the structure of crystalline copper, although an
increase in the disorder and a decrease in the lattice parameter appeared for

the smaller thicknesses.

In the second type of samples, Cr-Cu layered samples with similar character-
istics but with copper layer exposed to the air, the process of copper oxidation
was followed. Apart from crystalline metallic copper, the main phase found
was Cu(II) oxide together with a small amount of Cu(I) oxide in the first
layer. A significant increase of copper layer thickness, roughly by a factor of

two, was a found as a consequence of copper oxide formation.

The third type of samples had the experimental difficulty of the measure-
ment in a high energy. This made the value and the range of angles to be
measured quite small compared to previous samples, so a smaller beam size
had to be used. However, high quality data was obtained with these adverse,

conditions, so the experimental method was found to be rather robust.

Finally, a set of commercial steels (nitrided and un-nitrided) was studied.
This give the chance of testing the ReHEXAFS technique with a sample that
not fulfilled completely the requirements for obtaining good measurements.
Fortunately, the method developed was robust enough to get spectra of high
quality even in these adverse conditions. Regarding the samples, it was
found that, contrary to that observed by fluorescence EXAFS, changes in
Fe environment are detected after the nitriding treatments. This mean that
the changes in the Fe environment that give the useful properties to nitrided
steels occur in a shallower region than the detection depth of fluorescence
EXAFS (in the order of 1000 A). RefIEXAFS was able to see these changes.
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Introduccion

Hoy en dia, los materiales con propiedades superficiales singulares distintas de
las del resto del material son del méaximo interés a escala industrial. Existen
principalmente dos tipos: los recubrimientos en forma de laminas delgadas,
por ejemplo, los usados en los sistemas 6pticos para mejorar su reflectan-
cia o transparencia, o los recubrimientos duros que protegen ciertas piezas
industriales del desgaste, y los tratamientos superficiales que modifican las
propiedades del material como la nitruracién de aceros para herramientas de
corte. Debido a que el espesor de esta capa o zona superficial suele ser mucho
mas pequeno que sus otras dos dimensiones, no suelen presentar un buen or-
den a largo alcance, con lo que su caricter es mayoritariamente amorfo. Esto
hace que las técnicas de caracterizacion estructural tradicionales, fundamen-

talmente la difraccién de rayos X, no proporcionen datos concluyentes.

Las técnicas de absorciéon de rayos X en general y la espectroscopia EXAFS
(Extended X-ray Absorption Fine structure Spectroscopy) en particular su-
ministran informacién sobre los parametros estructurales de los entornos cer-
canos de los 4tomos estudiados, como las distancias de enlace y los nimeros
de coordinacién, que pueden ser fundamentales en la comprensién de cier-
tos fenbmenos macroscopicos. Estas técnicas se basan en el andlisis de la
estructura fina presente en la senal de absorcion de rayos X de energia varia-
ble, consecuencia de la retrodispersion de los fotoelectrones producidos en el

proceso de absorcion, provocada por los &tomos vecinos al absorbente.

El modo de deteccién en transmision, el mas usual en los experimentos
EXAFS, no distingue entre la superficie y el resto del sistema estudiado,
con lo que los resultados contienen informacion mezclada de ambas partes
del sistema. Ademas, como la cantidad de material en la superficie suele ser
tan pequena, la intensidad de la senal registrada no es suficiente como para

obtener resultados fiables.

La sensibilidad a la superficie se puede conseguir usando otros modos de
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deteccion. Por ejemplo, en lugar de detectar la radiacion transmitida por
la muestra se pueden detectar los electrones emitidos por el material como
consecuencia de las transiciones energéticas relacionadas con el proceso de
absorcion de la radiacion. Como el recorrido libre medio de los electrones en
un so6lido a estas energias suele ser de unos cuantos nanémetros, la informa-

cion obtenida procede tinicamente de las capas superficiales del material.

Otra forma de obtener sensibilidad superficial en esta técnica es usar una
geometria diferente, incidiendo en la muestra a un angulo muy pequeno con
respecto a la superficie y detectando la onda reflejada. A este modo de de-
teccion se le denomina ReflEXAFS.

Los primeros trabajos que consiguieron analizar la estructura fina de la onda
reflejada los realizé Barchewitz |70|, aunque la primera aproximacion impor-
tante al problema tanto desde el punto de vista tebérico como experimental
se debe a Martens |7, 17, 18]. Heald [8], Pizzini |9, 15, 71, 72| y D’Acapito
[12, 13, 16] también han hecho experimentos con un angulo de incidencia
rasante, pero detectando la emisién de fluorescencia en lugar de la onda
reflejada. Todos estos estudios se han realizado en condiciones de reflexion
total, por debajo del &ngulo critico, donde las condiciones experimentales son
buenas debido al alto flujo de rayos X reflejado, y las condiciones teoricas

permiten aproximaciones que permiten analizar los datos con los programas
comunes de analisis de datos EXAFS, como FEFF / FEFFIT [45, 46].

Los trabajos de Borthen [19, 20| significaron un avance al encontrar una
forma de analizar la senal de estructura fina para espectros registrados a
angulos por encima del critico. Sin embargo, este método so6lo es valido en
ciertos casos muy concretos. Hasta ahora no ha habido una aproximacién

general al problema.

El avance principal de este trabajo de investigacion consiste en extender la
aplicacion de esta técnica al analisis de espectros con angulos de incidencia
por encima del angulo critico para obtener informacién sobre el entorno local

de los 4tomos de zonas proximas a la superficie a distintas profundidades
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en la muestra estudiada. Esta extension debe hacerse en dos frentes: el ex-
perimental, disenando los protocolos de toma de datos adecuados dadas las
condiciones de baja reflexién para angulos altos; y el de analisis de datos,
desarrollando los algoritmos que permitan extraer y tratar la estructura fina

de espectros medidos.

A.1 Preparacion y caracterizacion de muestras

Las muestras que se pueden caracterizar mediante ReflEXAFS deben poseer

una serie de caracteristicas para poder obtener la maxima reflexion posible.

La planaridad es esencial para tener un buen rayo reflejado. Para un tamano
de rendija en el detector de reflexion de 1 mm y una distancia muestra-
detector de 1 m, la apertura del haz no debe ser superior a 0.06° para que
pueda entrar por completo en el detector. Por tanto, éste es el limite angular
de curvatura de la muestra para no perder senal en la reflexién. También la
rugosidad causa dispersion del rayo, por lo que interesa que la muestra sea

lo menos rugosa posible.

La huella del rayo X sobre la muestra tiene una longitud de d/sinf, donde d
es el tamano vertical del rayo determinado por la rendija y 6 es el angulo de
incidencia (ver Figura A.1). Asi pues, las muestras deben ser de este tamano
y homogéneas en toda su longitud para poder contener toda la huella y asi
tener una alta reflectividad. Como el &ngulo suele ser pequeno, esta huella es
grande. Para tamanos tipicos de rendija de 100 pm, y angulos de incidencia

de entre 0.2 y 0.6 grados, la huella est& entre 29 y 10 mm respectivamente.

Sin embargo, una muestra de poca calidad puede ser compensada por una
mejor calidad de fuente de rayos X. Por ejemplo, se puede contrarrestar una
alta rugosidad en la muestra con un mayor flujo de rayos X, o una muestra
pequena se puede medir a bajo &ngulo con una rendija més estrecha y también

mayor flujo de radiacién.
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Figura A.1: Huella del rayo X sobre la muestra

Con estos requerimientos, las muestras tipicas que se pueden estudiar son,
por ejemplo, las laminas delgadas, pues suelen depositarse sobre sustratos
planos, v las superficies tratadas siempre que estén planas y bien pulidas. Los
liquidos, que tienen una superficie plana natural, pueden estudiarse siempre

que se tenga un método para desviar el rayo incidente hacia la muestra.

A.1.1 Preparaciéon

Se uso6 la técnica Magnetron Sputtering Physical Vapor Deposition para fabri-
car multicapas, pues este método proporciona las caracteristicas necesarias

a las capas para poder ser medidas facilmente mediante ReflEXAFS.

Esta técnica consiste en crear un plasma de Ar y dirigir los iones de Ar™
hacia el cdtodo, donde se encuentra una diana del metal a depositar, que se
ve pulverizada por el impacto de estos iones. Para aumentar la velocidad de
evaporacion, se genera un campo magnético permanente de forma toroidal
cerca del catodo que concentra los iones y electrones en las cercanias de la

diana. Un esquema de este sistema se puede ver en la Figura A.2.

Cuando se trata de fabricar compuestos binarios como nitruros u 6xidos, se
puede usar como gas de trabajo Ny u Oy, de forma que el plasma producido

reacciona con el metal pulverizado y se depositara el compuesto resultante
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sobre el sustrato. Esta técnica se denomina Reactive Sputtering.

Sample holder \
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Sputtered
metal

Ar* lons

~

Magnetic
field 3

Metal for

deposit =
(Target)

Target holder / DC HV
Magnetron I/
mp

Vacuum pu
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Figura A.2: Esquema de la camara de Magnetron Sputtering

El espesor se control6é haciendo pruebas previas con los mismos parametros
en la cAmara que permitieron medir la velocidad de deposicion y se supuso
la misma velocidad al fabricar las muestras mencionadas. Aun asi, se midio6

el espesor de las muestras a posteriori con otras técnicas.

Para los primeros experimentos se usaron una serie de muestras sencillas, de
composicién y estructura conocidas formadas por multicapas metdlicas de
(CuCr)xN, de diversos espesores y niimero de periodos, que permitieron la
puesta a punto de los protocolos y métodos experimentales de la técnica para

luego poder aplicarla a muestras mas complejas.

Estas se depositaron sobre sustratos de Si (100) de 4 x 1 ¢cm de superficie
para asegurar la planaridad. Se deposité la tltima capa de Cr en la superficie
para prevenir la oxidacion de las capas de Cu. Un esquema de las muestras

puede verse en la Figura A.3
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Figura A.3: Esquema de las muestras CuCrxN

Otra serie de muestras consistio en multicapas similares a las anteriores, pero
con el periodo invertido, (CrCu)xN, de forma que la capa més externa fuera
Cu. De esta forma, esa capa se oxidaria con la atmosfera y se tendria el
mismo elemento (Cu) con dos entornos de coordinacion diferentes (6xido y

metal) para distintas profundidades en la muestra.

La siguiente serie de muestras consta de una multicapa de Mo y nitruro
de Mo producida por Reactive Sputtering. Estas muestras también tienen
dos entornos diferentes a distintas profundidades en la muestra. Ademas, el
estudio del borde de absorcion K del Mo, a una energia mucho més alta
(20 keV), lo que implica permite probar la técnica en distintas condiciones

experimentales.

La tltima serie de muestras estan compuestas de un acero comercial. Una de
las muestras ha sido sometida a un proceso de nitruracién gaseosa, mientras

que la otra permanece sin nitrurar. Estas muestras permiten analizar la apli-
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cacion de la técnica a muestras mas “reales” (menos planas y mas rugosas),

y con una dificultad anadida al anélisis de datos.

A.1.2 Caracterizacion

Las muestras se estudiaron empleando distintas técnicas para obtener infor-
macién sobre su estructura y composicién antes de efectuar los experimentos

ReflEXAFS, para comprobar si eran adecuadas.

Se comprob6 la cristalinidad de las muestras mediante Difraccion de Rayos
X (XRD). Mediante Reflectometria de Rayos X (XRR) se calcularon los
espesores, densidades y rugosidades de las capas. Se midi6 la cantidad de
los distintos elementos que contienen las muestras, mediante Espectrometria
de Retrodispersion Rutherford (RBS), en el Centro Nacional de Aceleradores
(CNA, Sevilla) La Microscopia de Fuerzas Atoémicas (AFM) proporcioné una
medida de la rugosidad como la dispersion estadistica (RMS) de las alturas

en una superficie de 23 x 23 micras sobre las muestras.

A.2 Experimentos ReflEXAFS

Esta técnica tiene ciertos requerimientos experimentales. Primero, como en
cualquier experimento EXAFS, se necesita una estacion de absorcion de rayos
X en una fuente de radiacién sincrotrén que proporcione una buena resoluciéon
en energia en las proximidades del borde de absorcién que se vaya a estudiar.
Ademas, al caer rapidamente la reflectividad para angulos por encima del
critico, se necesita un flujo de rayos X especialmente alto para poder tener
una buena relacion senal-ruido a estos angulos que permita obtener una senal

de estructura fina suficientemente limpia.

Una alta estabilidad angular es imprescindible para poder medir con precision
los dngulos de incidencia. Este tipo de inestabilidad provocaria un cambio

en la profundidad de penetraciéon estudiada, que si ocurriera en el transcurso
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de una medida, nos daria una estructura fina cambiante con el tiempo muy

complicada de estudiar.

La estacion debe poseer la instrumentaciéon necesaria que permita montar la
muestra y tomar los datos necesarios para los distintos Angulos con precision.
Para ello, se necesita un reflectémetro de al menos 2 circulos para colocar la
muestra al angulo requerido respecto del haz incidente y orientar el detector

en el correspondiente angulo del rayo reflejado.

El alineamiento de la muestra es extremadamente importante como se ex-
plica més adelante, por tanto el reflectometro debe estar equipado con un
goniometro que permita mover la muestra en los 3 angulos y 3 direcciones

del espacio con gran precision.

Los experimentos se realizaron en la fuente de radiacién sincrotrén europea
E.S.R.F., en el marco de un proyecto cuyo proposito ha sido desarrollar esta
técnica en la estacion BM29. Esta estacion dispone de las caracteristicas

necesarias para cumplir con los requerimientos.

A.2.1 Instrumentacion

El reflectémetro usado en estos experimentos es un Huber de 3 circulos com-
pletamente automatizado cuyo esquema se puede observar en la Figura A.4.
Uno de ellos (Illamado th!) sostiene el goniémetro en el que se monta la
muestra y rota en un eje horizontal, en la direccion perpendicular al rayo X.
Otro de ellos (llamado th2) es concéntrico a thl y lleva adosado el detector
de reflexién y una rendija motorizada. Ambos tienen una precision de 0.001

grados para pequenos movimientos.

El goniémetro permite movimientos en las tres direcciones del espacio y en
tres angulos de ejes perpendiculares entre si. La precision de los motores
lineales es de 0.001 mm para la direccion z y 0.01 mm para las direcciones x

e y. La precision de los motores angulares es de 0.01 grados para todos ellos.

El tamano del haz que incide sobre la muestra viene determinado por una
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Figura A.4: Esquema del reflectémetro

rendija horizontal, que se abre hasta ocupar algo menos que el ancho de la
muestra, y otra vertical que debe ser de una apertura pequena para poder
acceder a Angulos de incidencia pequenos sin que la huella del rayo X se salga
de la muestra. La rendija vertical utilizada en estos experimentos es de 50
micras para las medidas en el borde de absorcion del Mo, y de 100 micras

para el resto de las medidas.

Como en cualquier experimento EXAFS, se necesita una pareja de camaras
de ionizacion iguales para detectar el haz incidente [y y el reflejado I de
forma precisa y con baja relacion senal-ruido para un espectro variable en
energia. Ademas, es necesario que sean pequenas y ligeras con el objetivo de
no danar el circulo th2 al montar la segunda cdmara sobre el brazo antes

mencionado.

Las camaras usadas en estos experimentos fueron unas OKEN S-1194A1 de
15 ecm de largo, facilmente rellenables con la apropiada mezcla de gases en
funcién del borde de absorcion del elemento que se vaya a estudiar. Como

es usual, la primera (Iy) y la segunda (I;) camara se llenaran de forma que
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absorban un 20 % y un 80 % del rayo incidente, respectivamente.

Cada camara de ionizacion lleva asociado un pre-amplificador de corriente
Stanford Research Systems SR570. Estos pueden trabajar con sus propias
baterias para minimizar el ruido electronico, y permiten un control remoto

de las ganancias desde un ordenador.

A.2.2 Protocolo experimental
A.2.2.1 Alineamiento

El alineamiento es un proceso esencial en estos experimentos por dos motivos:
la necesidad de una reflectividad méaxima y la necesidad de medir el &ngulo
de incidencia con precisién. Por ello, se ha desarrollado un procedimiento

estandar durante los experimentos.

El objetivo de este procedimiento es conseguir, por un lado, orientar la mues-
tra con su lado mayor paralelo a la direccion del rayo, plana con respecto a
la rendija y por otro, colocar el centro de rotaciéon del circulo thi, que nos da
el angulo de incidencia, en el centro de la muestra y en la direccion del rayo.
Asi, un giro de este circulo dara el angulo de incidencia con exactitud y no

se iluminard mas que la muestra a partir del angulo minimo.

A.2.2.2 Medidas de Reflectometria de Rayos X

Al intentar medir con angulos de incidencia superiores al dngulo critico, la
reflectividad cae drasticamente. En ciertos casos, como en muestras formadas
por laminas delgadas, los efectos de interferencia ocasionados por las distintas
interfases pueden aumentar o disminuir la reflectividad para algunos angu-
los. Por tanto, es aconsejable registrar algunos espectros de reflectometria
de rayos X (XRR) para asi poder elegir los dngulos més convenientes para
tomar los datos ReflEXAFS. Esta técnica consiste simplemente en registrar

la reflectividad de una muestra a una energia de rayos X fija para un cierto
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rango de angulos de incidencia 6. Lo que se mide es la intensidad de radiacion

detectada en 26 (angulo de reflexion) para cada 6.

Lo mas 1til es registrar un espectro XRR a una energia cercana al borde de
absorcion que se va a estudiar para saber qué reflectividad se tendra cerca
de ese borde de absorcion para todos los dngulos. El rango debe ser desde 0°,
hasta el maximo angulo para el cual la relacion senal ruido sea satisfactoria,

y asi saber el limite al cual se puede llegar.

A.2.2.3 Medidas ReflEXAFS

El procedimiento para registrar los espectros ReflEXAFS sigue los siguientes
pasos. Se mueve el circulo th1 hasta el angulo de incidencia elegido. Después,
se busca el rayo reflejado con el circulo th2 y se coloca th2 en ese punto.
Seguidamente se escanea el motor z del goniémetro para encontrar el méximo
de reflexion, que correspondera a la posicion ideal de la huella del rayo X en la
muestra, consiguiendo asi que toda esta huella esté contenida en ella. En este

momento se estd en condiciones ideales para medir espectros ReflEXAFS.

Se hace un barrido en energia y se registra la senal en los detectores [y e I;
a la vez, tal como se hace en una medida EXAFS convencional. Los limites
de este espectro deben ser, como minimo, 500 eV por debajo y 1000 eV por
encima del borde de absorcion estudiado, pero es recomendable registrar 1000
eV por debajo y 1500 eV por encima para facilitar el posterior tratamiento
de datos.

Con la ayuda de las curvas XRR, se eligen varios dngulos de incidencia pa-
ra los cuales se registran los espectros para cada muestra. Es aconsejable
tener espectros que cubran todo el rango de reflectividad, y se deben aprove-
char los efectos de interferencia (si los hay) para registrar espectros con alta

reflectividad a 4ngulos altos.

Se deben registrar un total de 6 a 10 angulos distintos, dependiendo de la

muestra, con el objetivo de tener suficientes datos para el posterior analisis
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de datos. También es importante tener varios espectros del mismo angulo
para comprobar la reproducibilidad y mejorar la relacion senal ruido de los

mismeos.

Adicionalmente, se deben registrar datos de los fondos de radiacién para
normalizar los espectros y asi obtener datos de reflectividad absolutos que se
puedan ajustar mediante un modelo tedrico. Para ello, simplemente se aparta
la muestra, se coloca el detector en la direccion del rayo directo, y se registra

un espectro en el mismo rango de energia que se ha estado usando.

A.2.2.4 Automatizacion

Cuando se desarrolla una nueva técnica de caracterizacién, es importante
tener en cuenta que debe ser facil de usar y que debe tener un protocolo
rutinario. Por tanto, se debe hacer un esfuerzo en sistematizar y automatizar
en la medida de lo posible el uso de la misma. El desarrollo de programas
que controlan automéaticamente el alineamiento y la toma de datos ha sido

fundamental en el desarrollo de este proyecto.

Tanto el alineamiento que se ha descrito mas arriba como otros procesos (la
busqueda del dngulo de reflexion, por ejemplo) son procesos iterativos en la
mayoria de los casos, pues se deben hacer barridos en las posiciones de los
motores del goniémetro y el reflectémetro y comprobar las representaciones
graficas de la intensidad en el segundo detector hasta que se encuentra el
punto adecuado. En algunos casos, esto puede ser automatizado en forma
de programas informéticos para que a lo largo de la medida sélo se tengan
que controlar los resultados. De esta forma se logra una sistematizacion del
proceso, reduciendo el nimero de errores humanos y aumentando la velocidad
de toma de datos. Se pueden representar estos procesos mediante diagramas
de flujo que pueden servir luego como base para escribir los correspondientes
programas en el lenguaje necesario. Como ejemplo, se presenta uno de los
diagramas de flujo en la Figura A.5, que corresponde al alineamiento del

angulo psi del eje vertical a la muestra. En total, el alineamiento requiere de
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Y
|Open ehg to 1 mml

Y

Scan y |

*ymm)

10 10

Set tilt angle
A =2 deg

Sot |A| < 0.1 deg

A=-AJ2

Figura A.5: Ejemplo del proceso de alineamiento
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ocho de estos procesos.

A.3 Teoria y analisis de datos

El anéalisis de datos ReflEXAFS difiere enormemente del analisis de los es-
pectros EXAFS tradicionales por varias razones. En la mayoria de los casos
no es posible hacer simplemente una sustracciéon del fondo para extraer la es-
tructura fina de los espectros a distintos angulos. Por ello, se ha desarrollado

un procedimiento de andlisis especifico para este proyecto.

A.3.1 Base teodrica
A.3.1.1 Reflectividad

Tradicionalmente, el indice de refraccion de un material en la region de los

rayos X se escribe [37]

n(E) =1-§(E) —iB(E), (A.1)

donde §(E) y B(F) se pueden relacionar con los factores de dispersion anéma-
la, f'(E)y f"(F) mediante [38]

27_12

S(E) = 5w [0+ 1'(B)] (4.22)
2h2

B(E) ~ ;eom %pat F(E), (A.2b)

los cuales se pueden calcular a partir de una descripcion clasica [38] o mecano-
cuantica [35] de la interaccion foton-electron en el atomo absorbente. Ademas,

d(F) y B(F) estan relacionados por las transformaciones de Kramers-Kronig
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(1K)
o(B) = KKp(B) = 2 [T e, (asw)
B(E) = KK'[5(E)] = % /O h dE’ﬁ(S(E’) o (A3D)
— _KK[5(E)]. (A.3¢)

Ademaés, S(F) esta relacionado directamente con el coeficiente de absorcion

p(E) por la expresion
2F
n(E) = EB(E) ; (A.4)

El formalismo de la reflectividad de una superficie para angulos bajos y en
el rango de los rayos X fue propuesto por Parratt [37]. En él, el coeficiente
de reflexion de Fresnel, r;_; ; en la intercara entre dos materiales j — 1y 7,

con indices de refraccion n;_; y n;, puede aproximarse en la forma

gj—1 — gj
T A5
Jj—Lj 9j1 s ( )
donde
9i = \/ 07 1 — 20; — 2ip; (A.Ga)
9o = o, (A.6Db)

siendo ¢; el angulo del rayo en el material j, y 0y el dngulo en el material

inicial, que se considera aire o vacio (ng = 1).

En el mismo formalismo, se puede obtener una expresion del coeficiente de
reflexion completo, 7’3-_1 ;» de una intercara cualquiera de una muestra hecha
de N capas sobre un sustrato (que seria la capa N + 1), que proviene de la

suma de las multiples reflexiones entre las intercaras [37|

ot —i¢; (E)—Djp;(E)
/ tj—1,4tj-175 416" I

T, =TT ; .
-1 = Tj—1j o “id;(E)—Dju; (E
Lt mj1y75 0™ it (B)

(A7)
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Esta es una expresion recursiva, ya que depende del coeficiente para la inter-
cara inferior. Como desde el sustrato se considera infinito, no proviene de él

ninguna reflexion,
/ _ / .
"NpiNg2 =0 = Ty Np1 = TN N4 (A.8)

por lo que los 7_, ; pueden calcularse iterando desde el sustrato hacia arriba
para al final obtener el coeficiente para la superficie, r(’M, y asi calcular la

reflectividad,

(A.9)

| x
Ry = ‘7"0,17”0,1

A.3.1.2 Rugosidad

Este formalismo supone unas intercaras perfectamente planas. En muestras
reales existe una interdifusién de material que se suele expresar como una
rugosidad. Si esta rugosidad se modela estadisticamente, se puede llegar a
una expresion de la reflectividad en funcién de un parametro de rugosidad

0j, de la intercara superior de la capa j.

El modelo més usado para la rugosidad es el de Nevot [41], que considera
una rugosidad como una funcién gaussiana de las alturas en la intercara. En
este trabajo, se ha usado una modificacién de este modelo, que considera una
interdifusion modelada por una funcion tanh [42], de forma que el indice de

refraccion en la intercara j — 1,5 es

nj—1+n;  Nj-1—ny \/5 2
= tanh —— A.10
n(z) = ML BT ( ) e

donde z = 0 es el punto donde el indice de refracciéon es la media aritmética

entre los de ambas capas. Esta funcién da como resultado una distribucién

de alturas (rugosidad) con la forma

Pt (z) = ! (A.11)

V2mo; cosh? <\/gai)
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que es muy parecida a la distribucion gaussiana. La ventaja de escoger esta
funcién es que es integrable, por lo que podemos introducirla en la ecuacién
del coeficiente de reflectividad de Parratt (Ecuacion A.5) para obtener la
reflectividad real

3
2

sinh [(w/z) kj-1(gj-1 — gj)}

ojtanh G
~1(gj-1+ gj)}

Til1, =1,

, (A.12)

Nlw

sinh [(7‘(‘/2)

donde el pardmetro G;_; ; tiene la forma

r [22'\/7/20]-/@;193;1] r [—i\/ﬂi/?%‘k‘jfl (gj-1+ gj)]

r {—21'\/77201%—19]‘—1] " r [ VT [20ki1(g5-1+ g5 ]
P [~iv/a2 o5k (951 ]>]
U iv/ml2 ok (g1~ 95)

(A.13)

Gj1j=—

X

A.3.2 Analisis RelEXAFS

A.3.2.1 Aproximacién de reflexién total

Martens |7, 18| propuso un modo de analizar un espectro ReflEXAFS en el

caso de un angulo de reflexion total.

Como la estructura fina de cada espectro RelEXAFS es pequena comparada
con el fondo de reflectividad, se puede aproximar en primer orden en funcién

de las estructuras finas de §(£) y S(E) en la forma

R(5,8) — Ro(d0, Bo) = AR ~ 88]; as+ 28 AB, (A.14)

donde
§(E) = 60(E) + Ad(E) (A.15a)
B(E) = Bo(E) + AB(E) (A.15b)
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siendo Ry, g y Po las funciones sin la estructura fina, es decir, las funciones
que habria si los atomos estuvieran aislados. En el caso de reflexién total, es

decir, cuando en édngulo de incidencia es inferior al &ngulo critico,

0 0
—=—<1. (A.16)
V26 0
ocurre que g—? es varios 6rdenes de magnitud superior a %—? para valores

tipicos de 6 (107°) y B (107°). Por tanto, AR(FE) es proporcional a AS(E) y
se puede calcular la estructura fina EXAFS x(F£) de forma sencilla

H(E) — io(E) _ B(E) - 6o(E) _ AB(E) _ AR(E)
MO(E> 50(E) ﬁo(E> RO(E) 7

\(E) = (A17)

A.3.2.2 Analisis global

Para un analisis global de los espectros ReflEXAFS es necesario el calcu-
lo completo de los términos de la ecuacién A.14. Para ello, primero debe
calcularse los coeficientes dy y 5 mediante una simulacion y ajuste de la re-
flectividad sin la estructura fina. Luego, se simulan las estructuras finas de la
reflectividad para cada angulo en términos de las funciones EXAFS presentes

en la muestra.
Simulacion y ajuste de la reflectividad de dtomo aislado

Los espectros de reflectividad sin la estructura fina dependen de los indices de
refraccion de cada elemento presente en la muestra. En el ejemplo particular
de una multicapa, con capas j € {1,..., N}, cada espectro de reflectividad

se puede escribir como
ROm(E) = ROm [50j(E)7 BO](E” ) (A18)

donde m € {1,..., M} denota cada angulo diferente al que se ha recogido el

espectro.

Cada muestra puede identificarse por los espesores, composicion y densidad

de cada una de sus capas, asi como por la rugosidad de sus intercaras. Me-
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diante las ecuaciones presentadas en la Seccion A.3.1, se pueden calcular las

reflectividades.

Como ni parametros que definen la muestra ni los parametros experimentales
(dngulos de incidencia precisos, desplazamiento en energia de los espectros)
se pueden determinar con total exactitud, estos se introducen como variables
en un programa de simulacién que busca los valores a partir de los cuales se

genera el espectro de reflectividad que mejor reproduce el experimental.

Al haber una gran cantidad de variables, es necesario disenar estrategias que
faciliten la localizacion de la solucién 6ptima, asi como usar un algoritmo
de optimizacion del tipo evolutivo llamado Covariance Matrixz Adaptation
FEvolutionary Strategy o CMA-ES [48]

El resultado de la simulacién proporciona por un lado la posibilidad de ex-
traer la estructura fina AR,,(F) de cada espectro, y ademés, calcula los

valores de dg; v Boj, que seran necesarios para el siguiente paso.
Simulacion y ajuste ReflEXAFS

Una vez extraida la estructura fina de cada espectro, ésta se puede suponer
como funcion de las estructuras finas de los indices de refraccion correspon-

dientes solo a las capas que generen una senal EXAFS, es decir

AR (E) = AR, [A6y(E), ABu(E)] , (A.19)

donde h € {1,..., H} es el indice que cuenta las capas que contribuyen a la
senal EXAFS, es decir que contienen el &tomo cuyo borde de absorcion se
esta estudiando, de forma que 1 < H < N + 1 en general. Como AR,,(E) es
pequeno, se puede desarrollar en primer orden en funcién de las estructuras

finas de 65 (E) y Brn(E) en la forma

H

OR
A6, (E) + —=
Son h< ) O

ABu(E)
Bon

, (A.20)

Estas ecuaciones se deben satisfacer simultaneamente y para todos los posi-

bles espectros m a cada angulo de incidencia diferente, pero compartiendo los
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Aop(E) y ABy(E), pues la muestra es la misma. Entonces podemos escribir

todas las ecuaciones en forma matricial

A6 (F)
AR, (F) AP (E)
: = A(F) : : (A.21)
ARy (E) Ady(E)
APu(E)
donde la matriz de coeficientes, A(F), es
om| om| om| om
901 |5, 9B |4, om |5, OB |g,,
A(E) = : : : : , (A.22)
ORyv|  ORm|  ORy ORM
901 |5, 9B |g,, ou |5, OBu |4,

Este sistema de ecuaciones lineales se puede resolver. Para ello, se generan
funciones aleatorias Ad,(E) y ABy(E), para las cuales se calculan los coefi-
cientes de la matriz para cada punto de energia. Seguidamente, se calcula la
matriz pseudoinversa de Moore-Penrose AT (E) de A(FE), ya que ésta da la

solucion de minimos cuadrados de este sistema sobredeterminado [49, 50].

Esta solucion es otro conjunto de funciones Ad,(E) y ABy(E) en general
diferente de la anterior, que se pueden volver a introducir en la ecuaciéon en
un proceso iterativo hasta que la diferencia entre las funciones en dos pasos

consecutivos sea pequena.

Para el calculo de la matriz pseudoinversa, es conveniente usar una descom-
posicion ortogonal de la matriz A(E). Especificamente, se uso el método de
descomposicion en valores singulares (SVD), ya que permite la posibilidad
de despreciar los valores pequenos en esta matriz, que provocarian errores de

redondeo en el calculo de la matriz pseudoinversa por un ordenador.
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A.4 Resultados

En este resumen se han seleccionado sbélo algunas muestras representativas.

El resto de los resultados puede verse en los capitulos 5 a 8

A.4.1 Muestra CuCrx2

A.4.1.1 Caracterizacién

La curva XRR fue simulada usando el algoritmo del programa GenX [26],
para obtener el espesor, densidad y rugosidad de las capas en la muestra.
La Figura A.6 muestra la curva experimental y la simulada, mientras que la

Tabla A.1 incluye los parametros de mejor ajuste de la simulacion.

10°

CuCrx2 - 8 keV
—— Experimental
— Fit

|_\
o
N

Reflectivity
)
) o
L | llll'l'l

|
1.0 15 2.0 2.5 3.0
26(")

o

H '—\
o o
A &
o[

Figura A.6: Curva XRR experimental a 8 keV y menor ajuste para la muestra CuCrx2

Los resultados de RBS se muestran en la Tabla A.2, donde se ha supuesto que

la densidad de las capas es igual a la densidad del metal en estado cristalino,
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Tabla A.1: Parametros de mejor ajuste de la curva XRR para la muestra CuCrx2

Energia | Espesor || Densidad Rugosidad
(A) Relativa (A)

Cu | Cr Cu Cr || Sus. | Int. | Sup.
10 keV | 54 | 35 || 1.00 | 0.90 5 16 11

o bien a la densidad calculada en la simulaciéon de la curva XRR, y que todas
las capas de la misma composicién tienen el mismo espesor, ya que han sido

depositadas en las mismas condiciones.

Tabla A.2: Espesor de las capas de la muestra CuCrx2 medidas por RBS

Muestra | Espesor (A) Espesor (A) | xN

(Dens. Crist.) | (Dens. XRR)
Cu Cr Cu Cr

CuCrx2 54 31 04 34 X2

La Figura A.7 muestra la topografia superficial de la muestra CuCrx2 medida
por AFM. La rugosidad superficial calculada como la dispersion de las alturas

en el rango de la medida da un resultado de 3 A

A.4.1.2 Experimento ReflEXAFS

La Figura A.8 muestra la curva XRR, donde se han marcado los a&ngulos esco-
gidos para registrar los espectros ReflEXAFS. Estos angulos se seleccionaron
porque cubren un rango suficientemente amplio tanto en la profundidad de
penetracion de los rayos X, como en las distintas formas que pueden tomar

los espectros debido a las interferencias entre las capas.

La Figura A.9 muestra el conjunto de espectros ReflEXAFS (en linea con-
tinua), normalizados por el espectro de haz directo. Por un lado, se observa

la rapida caida de la intensidad de la onda reflejada por encima del angulo
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Figura A.7: Topografia superficial de la muestra CuCrx2, medida por AFM

10°F CuCrx2
: — 8 keV
F — 10 keV
2107 F
> F
5 X
2 o
s |
o
107 3
10—3 L I L I L I L I L
0.1 0.2 0.3 04 0.5 0.6

Incidence Angle(°)

Figura A.8: Diagrama XRR experimental mostrando los angulos escogidos para los

espectros ReflEXAFS, para la muestra CuCrx2
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critico (que, en este caso, esta alrededor de 0.320°). Asimismo, se pueden
observar los patrones de interferencia producidos por las multicapas de la

muestra.

Superpuesto al fondo de reflectividad, se puede ver claramente el borde de
absorcion K del Cu (8.979 keV), y de la estructura fina justo a continuacion,

extendido hacia alta energia.

A.4.1.3 Analisis

Usando la aprozimacion de reflexion total |18], podemos extraer la estructura
fina del &ngulo mas bajo. Debido a que el espectro a 0.250° tiene muy mala

relacion senal-ruido, se escogi6 el de 0.300° para este anélisis.

La funcion EXAFS obtenida se ajusto con los programas FEFF 6.0 y FEFFIT
2.54 |45, 46|. Se us6 un modelo de Cu metélico, tomando las cinco prime-
ras esferas de coordinaciéon con los niimeros de coordinacion fijos e iguales
a los cristalinos. Se tomo un pardametro Aa, que variara el parametro de
red del cristal, de forma que todas las distancias de coordinacién variaran
coherentemente. Los factores de Debye-Waller se consideraron parametros

independientes para cada esfera.

Los resultados del ajuste se pueden ver en la Tabla A.3. Las Figuras A.10 y
A.11 muestran la comparacién de los espectros EXAFS experimentales con

las curvas de mejor ajuste tanto en el espacio k£ como en el espacio R.

Tabla A.3: Parametros de ajuste EXAFS para el angulo 0.300° en la muestra CuCrx2

a (Aa) 3.61 A (+0.00 A)
Esfera 1¢ 2¢ 3¢ 4° 5@
N 8 6 12 | 24 8

R (A) | 256 | 3.61 | 443 | 5.11 | 5.72
o? (A?) | 0.010 | 0.014 | 0.017 | 0.018 | 0.020
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CuCrx?2

o
iR

Reflectivity

| 1 | 1 | 1
8.0 8.5 9.0 9.5 10.0 10.5
Energy (keV)

Figura A.9: Espectros experimentales RefIEXAFS (continuo) y mejor ajuste (disconti-

nuo) para la muestra CuCrx2
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CuCrx2 - 0.300°

20k — E_xperimental
— Fit
X’
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Figura A.10: x(k) EXAFS experimental y mejor ajuste para la muestra CuCrx2

30k CuCrx2 - 0.300°
P —— Experimental
— Fit
.......... Cu Fo||
20F
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Figura A.11: x(R) EXAFS experimental y mejor ajuste para la muestra CuCrx2
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La estructura del Cu en estas capas es andloga a la que presenta en fase
cristalina en lo que a distancias y ntimeros de coordinaciéon se refiere, pero
mucho mas desordenada, como se refleja en los valores de los parametros de
Debye-Waller.

Para analizar los espectros ReflEXAFS de forma global, se us6 el programa
desarrollado expresamente para este fin. Primero se simulé el fondo de re-
flectividad (sin la estructura fina) dando como resultado los parametros de
mejor ajuste de espesor, densidad y rugosidad de las capas, ademés de los
angulos concretos de los espectros y el desplazamiento en energia. Estos se
muestran en las Tablas A.4 (parametros de la muestra) y A.5 (dngulos de

mejor ajuste). El desplazamiento en energia de los espectros fue de -2.8 eV.

Tabla A.4: Resultados de la simulacién de espectros RefIEXAFS (muestra)

Muestra | Espesor (A) || Densidad (at/A?) Rugosidad (A)
Cu Cr Cu Cr Subst. | Interf. | Sup.

CuCrx2 20 32 0.085 0.075 18 17 10

Tabla A.5: Resultados de la simulacién de espectros ReIEXAFS (angulos)

CuCrx2
Angle | Fit
0.250 | 0.254
0.300 | 0.302
0.333 | 0.331
0.350 | 0.347
0.363 | 0.358
0.383 | 0.376
0.400 | 0.395
0.450 | 0.458
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Posteriormente, se extrajo la estructura fina suponiendo que todas las capas
de Cu tienen la misma funciéon EXAFS. Asi, el ajuste completo se puede

apreciar en la Figura A.9 (discontinuo).

Una vez que se extrajo la funcion EXAFS global a partir de los espectros
medidos a todos los angulos, fue analizada de la misma forma que la de &ngulo
de reflexion total. En la Tabla A.6 se resumen los parametros de mejor ajuste
del andlisis. En las Figuras A.12 y A.13 se muestran la funcion EXAFS y su

mejor ajuste en los espacios k y R.

Como ya se vio en el ajuste del espectro del angulo de reflexion total, puede
observarse como el desorden estructural en el entorno local del Cu en las
capas de esta muestra es notable comparado con un entorno cristalino. Esto
es producido porque el sistema de deposicién de capas empleado no permite
la relajacion de la estructura de las capas a la estructura cristalina, ya que
la condensacion de los atomos sobre el sustrato se produce rapidamente, y
no se ha aplicado un calentamiento al mismo. Ademas, el pequeno espesor
de estas capas tiene el mismo efecto inhibiendo el orden a largo alcance en

una de las direcciones del espacio.

Tal como es esperable, los resultados del anéalisis global (que analiza la mues-
tra completa) difieren poco del andlisis de angulo de reflexion total (que solo
analiza las primeras decenas de Angstréms). Esto se debe a que la capa mas
superficial de Cr que recubre la muestra ha evitado la oxidacion de la capa
superior de Cu, que debe tener una estructura muy parecida a la inferior,

pues estan sintetizadas en las mismas condiciones.
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Tabla A.6: Resultados globales EXAFS para la muestra CuCrx2

a (Aa) 3.61 A (+0.00 A)
Esfera 1¢ 2¢ 3¢ 4 5¢
N 8 6 12 24 8

R (A) | 256 | 3.61 | 443 | 5.11 | 5.72
o? (A?) | 0.011 | 0.017 | 0.019 | 0.020 | 0.030

20} CuCrx2 - Global
—— Experimental
i — Fit
1.0
A M
4
gO.O I
X =
-1.0F
—20[ I . I . I . I
4 6 10
k(A™h

Figura A.12: x(k) EXAFS experimental del anélisis global, y mejor ajuste para la mues-
tra CuCrx2
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CuCrx2 - Global
—— Experimental
— Fit
Experimental 0.300°
.......... CU F0||

IX(R)]

0.0

3
R (A)

Figura A.13: x(R) EXAFS experimental del angulo de reflexion total, global, y mejor

ajuste del global para la muestra CuCrx2

A.4.2 Aceros modificados superficialmente

Se estudiaron dos muestras del mismo acero de herramientas, ferritico, con
una composicion de 3% Cr, 0.8 % Mo, 0.3% V, 0.3% C y resto de Fe, una

nitrurada y la otra sin nitrurar.

A.4.2.1 Caracterizaciéon

Se registraron diagramas de difraccion de rayos X a bajo d4ngulo para ambas
muestras. Asi se aumenta la senal de las especies presentes en la zona mas
superficial. Estos diagramas se tomaron tras pulir las muestras, para estudiar
el desorden de la matriz de Fe eliminando los compuestos FeN_, ya que tienen

poca adherencia y no mejoran las propiedades mecanicas (Figura A.14).

Los picos del Fe-bce en la muestra nitrurada son més anchos y estan despla-

zados hacia angulos de difraccion menores que en la muestra no nitrurada.
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Figura A.14: Diagrama XRD para el acero nitrurado y no nitrurado tras el pulido

Esto indica que la nitruracion produce una deformacién y expansion de la

estructura.

Se tomaron micrografias SEM tras tratar la superficie de las muestras con

acido nitrico y etanol para revelar su estructura de granos.

La micrografia (Figura A.15) muestra la estructura de agujas tipica de la

precipitacion de la ferrita en la fabricacion del acero.

A.4.2.2 Experimentos ReAEXAFS

Se obtivieron diagramas XRR a 8 keV para ver el comportamiento de la
reflectividad a diferente d4ngulo para una energia cercana al borde K de ab-
sorcion del Fe, y asi escoger los angulos mas convenientes para las medidas
ReflEXAFS.

Los espectros RefIEXAFS se registraron a distintos dngulos en torno al borde

K de absorcion del Fe, para ambas muestras (Figuras A.16 y A.17).
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Figura A.15: Micrografia SEM de la superficie del acero nitrurado

A primera vista, los espectros de ambas muestras parecen iguales. Sin em-
bargo, al extraer los espectros para angulo de reflexion total, se puede ver

que existe una diferencia notable entre ambos (Figura A.18 )

Las transformadas de Fourier de los espectros EXAFS (Figura A.19) reve-
lan que, mientras que la muestra sin nitrurar tiene un entorno tipico de la
estructura Fe-bce, la muestra nitrurada presenta una contribucion a bajo R
que puede deberse a una esfera de coordinaciéon con un retrodispersor ligero,

como el N.

A.5 Conclusiones

El objetivo principal de este proyecto consistié en el diseno de protocolos
para el registro y el anéalisis de espectros ReflEXAFS en un amplio rango de

angulos, incluidos aquellos superiores al &ngulo critico cuya medida y anélisis
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Figura A.16: Espectros ReIEXAFS normalizados para el acero no nitrurado
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Figura A.17: Espectros ReIEXAFS normalizados para el acero nitrurado
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Figura A.18: x(k) EXAFS experimental para el angulo de reflexion total para los aceros
no nitrurado y nitrurado
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Figura A.19: x(R) EXAFS experimental para el angulo de reflexion total para los aceros
no nitrurado y nitrurado
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no se habia abordado hasta ahora.

Esto ha permitido la obtencién de informacion estructural no sélo a la parte
mas superficial de las muestras (decenas de A desde la superficie) sino de

regiones mas profundas, a centenares de A.

Para ello, se trabajo en dos frentes. En el frente experimental se desarrollaron,
en la estacion BM29 de la Fuente Europea de Radiacion Sincrotron (ESRF),
los protocolos de medida optimizados para obtener datos de forma eficiente,

automaética y de suficiente calidad como para ser analizados.

En el frente teorico, se desarrollé un método de anélisis de datos especifico
para estas medidas. Este método toma todos los datos de forma global para

obtener la funciéon EXAFS de la muestra.

Las muestras estudiadas se seleccionaron no sb6lo para que sirvieran para
probar la técnica en diferentes condiciones, partiendo desde las mas sencillas
a las mas complicadas de estudiar, sino que también se tuvo en cuenta su

interés desde el punto de vista de la ciencia de materiales.

La primera serie de muestras fueron multicapas CuCrxN que sélo tenian
un entorno local en toda la muestra, Cu metélico. Se vio cémo al reducir
el espesor de las capas de cobre, aumentando nimero de repeticiones de
la multicapa manteniendo su espesor total, éstas aumentaban su desorden
estructural y reducian su pardmetro reticular, pero mantenian las distancias

y niimeros de coordinacion del Cu metalico.

La segunda serie fueron multicapas de CrCux3, donde se expuso la capa de
Cu mas superficial al aire. Se encontré como ésta capa se oxida parcialmente

dando tanto 6xido de Cu(I) como éxido de Cu(II)

También se estudiaron multicapas de Mo y MoN, con las cuales se demostro
que el protocolo experimental desarrollado es suficientemente robusto como
para poder obtener espectros de alta calidad en condiciones adversas de rango
angular limitado provocado por la alta energia estudiada, llegando a medir

espectros con una diferencia de intensidad reflejada de 4 6rdenes de magnitud.
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Finalmente, se estudiaron aceros nitrurados en fase gaseosa. De estas mues-
tras se obtuvieron buenos espectros a pesar de que no reunian las caracteris-
ticas Optimas para su medida por esta técnica, lo que demostro la robustez
del método desarrollado. Se encontr6 que existen cambios en el entorno local
del Fe a muy baja profundidad desde la superficie, cosa que no se ha detec-
tado en los espectros EXAFS de fluorescencia |2|, donde la profundidad de

penetracion de la técnica es del orden de los miles de A
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Appendix B

The Laws of synchrotron

radiation experiments

Law 1 If a motor has two possible ways of movement, the experimentalists

will always move it in the wrong one first.

Theorem 1.1 The experimentalists will not realize this until this wrong

movement has been done completely.

Law 2 Once the experimentalists have checked everything in the sample room,
left the room, closed the door, checked the security issues and sit in front of
the computer in the control room, they will find out what is missing or wrong

in the sample room.

Law 3 An experiment will only run properly if there is someone watching

and checking constantly.

Theorem 3.1 Any attempt to program a macro to let the experimen-
talists do something different than watching or checking the experiment
has a high probability to fail.

Corollary 3.1.1 The probability of a macro to fail is proportional

to the amount of sleep the experimentalists are enjoying.
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Corollary 3.1.2 The probability of a macro to fail is proportional
to the amount and quality of the food the experimentalists are eat-
mng.

Corollary 3.1.3 The probability of a macro to fail is proportional

to the amount of amusement the experimentalists are enjoying.

Law 4 The most interesting sample will be measured the last, so the data

will be incomplete or useless.

Theorem 4.1 This is independent of the amount of planning done

before and during the experiment.

Theorem 4.2 The experimentalists will realize which was the most
interesting sample once they have returned home.
Corollary 4.2.1 Any attempt to bring the most interesting sam-
ple to the synchrotron to be measured again will be impossible due
to either sample destruction or no more beamtime allocation or

beamline/synchrotron closure.

Law 5 The probability of missing breakfast/lunch/dinner for some more sleep
s proportional to the quality of the food involved.

Law 6 The experimentalists will only need the local contact when he/she is

unavailable.

Theorem 6.1 The probability of having a problem is proportional to

the unavailability of the local contact.

Theorem 6.2 The seriousness of the problem is proportional to the

unavailability of the local contact.
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