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ABSTRACT

INTERFACE STRUCTURE
IN
METAL/CARBON MULTILAYERS

W/C Multilayers

We have studied the structure of W/C multilayers using a diverse
numbers of techniques. The samples were prepared by plasma rf
sputtering techniques and the modulation and lattice structure were
determined by x-ray diffraction and electron microscopy. Electron
energy loss spectroscopy was used to obtain a non destructive
composition depth profile of the material by changing the impinging
electron energy. The measurements were carried out under UHV
conditions. All the major electron energy loss peaks of the multilayers
were identified. The measurements were performed as a function of
temperature, between 293K and 973K. Auger spectroscopy and
Rutherford back scattering measurements were also performed in all
the samples. We found EELS to be very sensitive to the structural
modifications in the samples. We observed the formation of a carbide
at the W/C interface. The structure of the interface was identified
using surface electron energy loss fine structure and x-ray scattering.
We investigated the stability of the multilayers in an oxidizing

environment and at high temperatures.
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Single crystal TiC[111]

The electron energy loss (EEL) spectra of a TiC [111] single
crystal were measured over a wide range of electron primary energies.
The electron energy losses below 16 eV were analyzed using the
theoretical band calculations of Price and Cooper.! The volume and
surface plasma excitations were identified from their electron primary
energy dependence. Energy losses due to core electrons autoionization
effects were identified above 35 eV. We observed a difference in the
electronic structure of the surface vs the bulk of TiC. The temperature
dependence of EEL spectra was studied between 300 to 1250 K. The
reaction of the TiC surface with ethylene and oxygen was also
investigated. The ethylene bonding to the TiC surface was found to be
very weak. There is evidence of the formation of surface defects on the

TiC [111] surface at high temperatures.

Ti/C Multilayers

We have performed an experimental investigation of the
structure of Ti/C multilayers. The samples were prepared by
conventional techniques and the lattice structure was characterized by
x-ray diffraction. The modulation wavelengths of the samples were
from 27 to 38 A , and the total thicknesses between 1350 to 1900 A.
The measurements were analyzed using Fresnel's laws of optics and
assuming Gaussian roughness at the interfaces. Rutherford
Backscattering (RBS) was employed to characterize the chemical
composition of the samples. It was observed that the Ti/C interface is
isolated by a thin titanium oxide layer. The electron density of carbon

shows a graphitic character. We have found that the interface has a
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graphite like atomic arrangement rather than a carbide-like

arrangement.

Single crystal o-SiC-6H [0001]
We report a study of the surface composition of a-SiC between

room temperature and 1273 K. Electron energy loss spectroscopy was
employed to detect the changes in surface structure of silicon carbide

as a function of temperature. The electron energy loss spectra were

analyzed using the bulk and surface dielectric functions of o-SiC. Auger
spectroscopy, RBS, elastic resonance scattering of o-particles from

160, and surface reflected electron energy loss fine structure were
employed to characterize the sample. We observed the formation at
rather low temperatures ( around 570 K) of a graphitic surface layer
on the silicon carbide. We attribute the formation of this layer to
carbon migration to the surface. This migration will create carbon
vacancies in the bulk. We also found evidence of internal oxidation of

the silicon carbide at temperatures of 823 K and above.

Si/C Multilayers

We have studied using angular resolved electron energy loss
spectroscopy the structure of silicon/carbon multilayers. The total
thickness of the multilayers was between 900 to about 2000 A. The
modulation wavelength of the samples was 14 to 62 A, as determined
from x-ray diffraction. The major electron energy loss peaks were
identified. We inferred from the electron energy loss measurements

that a carbidic interface is present at the silicon-carbon interface. The
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electron energy loss measurements of the multilayers were also
carried out at high temperatures, up to 873 K.

We have also studied using x-ray reflectivity, the structure of
silicon/carbon multilayers. The measurements were analyzed using
Fresnel's laws of optics and assuming Gaussian roughness at the
interfaces. We found from the analysis of the data that a carbidic
interface formes at the silicon-carbon interface for samples heated in
vacuum to 873 K. These results are in very good agreement with

electron energy loss measurements.
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CHAPTER 1
INTRODUCTION

Multilayers (or superlattices) are artificial lattices that consist of
alternating layers of two different types of elements. The thickness of
the individual layer is between a few angstroms and a few hundred
angstroms. Recent progress in ultra thin layer deposition techniques
has made possible the deposition of elements with a regularity of a few
angstroms. Supported by these developed deposition techniques, it is
also possible to deposit metallic multilayers onto shaped, ultra smooth
substrates leading to optics with focusing properties.

Multilayer structures have shown successful promise for the
production of xuv and x-ray optical elements. The multilayer coatings
can enhance the xuv reflectivity of mirrors over a wide range of angles
and at the same time provide spectral selectivity. These coatings
consist of different refractive indices in each layer, and are similar to
the multilayer mirrors used at longer wavelengths. The multilayers
can be used as diffraction grating in soft-x-ray spectrometer for space
astronomy, or for microscopy.24 Multilayers can also be used as
bandpass reflector that scatters a range of wavelength into a defined
solid angle with high efficiency. This bandpass reflector has been
applied extensively in producing focused beams of x-rays for x-ray
lithography® or other techniques where a high flux of x-rays in a range
of wavelengths is required in a small area. Thus the development of
this new type of optics has important applications in a wide variety of
fields, and a full understanding of the micro mechanism is necessary.

In the new lattices, as in the case where the layer thickness
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becomes comparable with atomic dimensions, the properties of

multilayers take on characteristics representative of new compound
materials. These characteristics are not obtained by simply
considering the sum of the component materiais. The periodic
variation of the layers gives rise to a periodic alternation in the
electronic potential. One can expect that at the interface, the Fermi
level of the element which looses electrons will shift to lower
energies, and the Fermi level of the element which takes up the
electrons shifts to higher energies, within the respective valence
bands. This charge redistribution in the lattices may change the bond
structure, and consequently, will have a strong effect on many physical
properties.

The semiconductor superlattice materials have been studied
extensively in the past two decades. Considerable attention is now
given to the man-made one-dimensional periodic structure, referred
to as metallic multilayers. Many anomalous physical properties have
been reported. For instance, W. M. C. Yang et al.,% J. E. Hillard,” D.
Baral et al.,8 and D. Wolf et al.9 have investigated the mechanical
properties of metallic superlattices, and they have found an anomalous
enhancement in the elastic modulus and in a number of systems.
Thaler, Ketterson and Hillard10 have reported an enhancement in the
magnetization density in Cu/Ni systems.

The interest in metallic superlattice materials has come in large
measure from the fact that it is possible to produce new materials
which do not occur naturally. In this thesis, we have pursued the
study of the interface structure in metal/carbon multilayers. We want

to study a new class of ultra thin multilayer structure fabricated by two
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dissimilar materials (W/C, Ti/C, Si/C). Thin metal /carbon multilayers

were selected in order to obtain a more detailed picture of the
interface and the accumulation of signals from each layer can enhance
the signal received by the detector. Our ambition is to study the
electronic structure at the interface, to discover the unique properties
of these artificial materials. We attempt to understand whether the
metallic multilayers can offer an advantage over the naturally occurring
crystalline structures in maintaining high-temperature stability in an
oxygen containing environment. The metal-carbon bonds at the
interface should be very similar to the bonds in the carbides. The
carbides are refractory materials of great importance because of their
remarkable stability and strength at high temperature. The
multilayers can be used as model systems for high temperature
composite materials and for the study of the thermal and chemical
stability of the interfaces.

We also have studied some standard crystals (TiC, SiC), since
the study of natural single crystals (TiC, SiC) can supply the reference
points for the identification of the behavior of these metallic
multilayers, especially the electronic excitations. Transition-metal
carbides from the IVB, VB and VIB columns of the periodic table
are uncommon compounds. In general, the carbides which exhibit
the greatest hardness and brittleness represent those materials
which are covalently bonded while still preserving a degree of metallic
electrical and thermal conductivity. Their melting temperatures!! are
higher than the metallic constituents alone, and thus, place them well
among the refractory materials. This combination of properties has

made the carbides important in a wide variety of applications.
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Titanium carbide is one of the refractory metal monocarbides. Its

light weight has made it particularly attractive in aerospace
applications. Silicon carbide is also a high temperature, high thermal
conductivity material. It offers the electronic device manufacturer
many useful features which are not available from other semiconductor

materials; in particular, its refractory nature, inertness, and large
energy gap (B-SiC=2.2~2.6eV, 2H-SiC=3.3eV, 6H-SiC=2.86 eV)12 allow

high power dissipation and superior reliability.

Recently, heat-fusion research workers!3-14 have discovered that
the silicon carbide and titanium carbide are the most promising
candidate materials for use as the coating on the first-wall. Because
coating materials with low Z like SiC and TiC have high stability
against thermal load and neutron bombardment. They can help
improve the surface erosion under the impact of plasma particles.

It is our other desire to use surface sensitive techniques to
investigate the electronic structure and temperature sensitivity of
these single crystals (TiC, SiC).

In this research, we employed a variety of techniques to study
the interface structure; Auger spectroscopy (AS), electron energy loss
spectroscopy (EELS), surface electron energy loss fine structure
(SEELFS), Rutherford back-scattering (RBS) and X-ray reflectivity at
small angles to characterize the samples.

This dissertation is divided into 9 chapters. The first chapter
explains the objective and motivation of this research. Chapter 2
deals with the theoretical background which is necessary for the
understanding of the experimental results. In Chapter 3, we discuss

the experimental set-up and sample preparations. In Chapters 4
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through 8 we discuss a series of experimental results (AES, EELS,

SEELFS, RBS, and X-ray reflectivity). Multilayers of W/C, Ti/C, Si/C
are discussed in Chapter 4, 6, and 8, respectively. Single crystals
TiC and SiC are discussed in Chapter 5 and 7, respectively. Finally, in
Chapter 9, we summarize the results and conclusions of all our

investigations.



CHAPTER 2
THEORETICAL BACKGROUND

2.1 Electron Spectroscopy

2.1.1 Introduction

During the past two decades, the advances in ultra-high vacuum
technology and electron optics have made the slow-electron scattering
from solids into a new probe for microstructure analysis. Surface
spectroscopes that make use of electron scattering, like Auger
electron spectroscopy (AES), electron energy loss spectroscopy
(EELS), and surface electron energy loss fine structure spectroscopy
(SEELFS) have been used widely to investigate the chemical and
physical properties of surfaces. Electrons with energies between 10
to 1000 eV are ideally suited to investigate the top surface layers of
solids. The reason is that their mean free path in solids is only a few
atomic layers. The characteristic electron mean free path as a
function of electron energy is shown in Figure 2.1.

Electron spectroscopies have found, by far, the widest
application in surface analysis for a number of reasons. Electrons can
be easily focused into a beam, and then detected. Electrons can also
be analyzed with respect to energy or angular distribution. Another
advantage of using electrons as a probe is that electrons disappear in
the vacuum chamber after being used for surface analysis, whereas
atoms or ions do not have such an advantage.

The electron spectroscopes are based on an analysis of the

energy distribution of electrons emitted from the sample surface. A
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Figure 2.1 Universal curve for the electrons mean free path in

solids as a function of their energy.

typical energy distribution spectrum of electrons emitted from a solid
that is subjected to bombardment by an electron beam with energy
Ep is shown in Figure 2.2. The relative intensity of the different
features in the spectrum depends on the intensity of the primary
beam, the angle of the incident beam, and the angle of the detecting

system.
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Figure 2.2 Schematic energy distribution of backscattered

electrons obtained with an incident beam energy of Ep (eV).

The energy distribution curve, N(E), may be divided into 4
regions:

(1) The large peak located in the very low energy range (region
I) represents the so called “true secondary electrons.” This broad and
huge bump is created by the inelastic collisions between the primary
beam and the electrons bound in the solid. When a single primary
electron suffers several inelastic collisions, a cascade of secondary
electrons is then generated by the transfer of a small amount of
energy in each collision.

(2) In region II, the spectrum is a superposition of some small
peaks and a smooth backgrounid. The transitions in this region are

usually caused by the Auger electrons, SEELFS, or ionization losses.
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(3) In region III, the characteristics of the spectrum are caused

by the energy losses of the primary electrons due to the electronic
excitation in the solid, or the collective excitation of the valence
electrons in the solid.

(4) In region IV, the sharp peak at energy Ep is due to the
elastically reflected electrons. This elastic peak contains the
structural information of the bulk and surface. The energy losses of
much less than 1 eV are caused by the excitation of the surface
vibrations or phonon excitations. They are normally not separated
from the elastic peak, unless higher resolution energy analyzer and
primary electron beam are used. In this work, we are interested in

regions II and III of the electron scattering spectrum.

2.1.2 Auger Electron Spectroscopy

2.1.2.1 Introduction

When a core level electron in a free atom is ionized by x-ray
irradiation or by an energetic electron, an inner shell vacancy is
created. The excited atoms can release their energy in one of the
following processes:
(1) Radiative transitions: An electron from a higher level drops
into the “core hole.” The available excess energy (Ex - E;) will be

released by the emission of a characteristic x-ray photon.



10

X-ray INCIDENT
hoton ELECTRON
HARACTERISTIC
LOSS ELECTRON

Lm

Lt exciTAaTiON

Ly
INNER SHELL
VACANCY

KLLm
AUGER
ELECTRON

Lm

Figure 2.3 Auger process. (a) X-ray photon or electron incident
upon an atom. (b) Ionization of inner shell electron by an impact of
electron. (c, d) Processes of de-excitation, (c) emission of x-ray
radiation, (e) emission of an Auger electron.

(2) Nonradiative transitions: An electron from an outer level fills
the “core hole.” The extra available energy is transmitted to another
electron either in the same level or in an outer level, whereupon the
second electron is ejected. This process is called Auger effect (Figure
2.3), and the ejected electrons are called Auger electrons.

The relative probabilities of relaxation by emission of an Auger
electron and by emission of an x-ray photon per K-electron vacancy is

shown in the Figure 2.4.



11

10 Auger Electron Emission
2
o
[s]
o
o
X-Ray Fluorescence
0.0
L I | I I | I
1 5 10 15 20 25 30 35 40
Atomic Number
Figure 2.4 Relative probabilities of relaxation by emission of an

Auger electron and by emission of an X-ray photon following creation
of an inner vacancy hole in the K shell.

In this figure, the probability is plotted as a function of the atomic
number. The probability of relaxation by Auger electron emission is
favored over that of x-ray emission for lower atomic number.

The Auger electron emission process involves a three-electron
transition. There are no strict selection rules, but the transition is
mainly controlled by the electrostatic forces between a hole in an
incomplete shell and its surrounding electron clouds. For the x-ray
emission process, the probability is governed by the selection for
dipole transition.

The Auger transition, as described in Figure 2.3, is named in
the conventionally used j - j coupling KL;L;;;. Generally, the Auger
electrons are classified by referring to the energy levels in their

production and they are named in the notation Wy X,Y,. (W, X, Y=K,
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L, M are the x-ray level notation; p, q, r are the j values). W, is the

level in which the primary vacancy hole is generated, X, is the level
from which an electron fills the vacancy hole, and Y, is the level from
which the Auger electron is ejected. The Auger transition in which
the initial vacancy, and one of the electrons that fills this vacancy are
in a shell with the same principal quantum number ( like WyW,Y;), is
called as a Coster-Kronig transition. Such Auger transitions are very
fast. They are observed only in a limited part in the periodic table
since the differences in the subshell binding energies must be
sufficient to eject an electron from an orbital in the next outer shell.
In the condensed matter, the Auger transitions are more
complicated. The reason is that the electrons at the higher level of
the solid (outer level) always form an energy band (valence band) with
more or less delocalized electronic states and a finite energy width.

The Auger electrons can be emitted from the valence band (as in

Figure 2.5).
f Vacuum
//// ///% Valence Band
7
/ Primary
—O——@— L
Figure 2.5 Auger effect in the condensed matter.

In these cases, the notation will be changed from W,X,Y; to

WpVV. ( V here only represents the valence electrons). For example,
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in Si, the LMM will be replaced by LVV, if the hole is in the L level,

and is filled by an electron from the valence band, and another
electron is emitted from the valence band.

The energy of the Auger electrons is a characteristic of the
target atom, it can be used to discriminate the elements of a solid
from the Auger spectrometer. Therefore, it is very important to have a
knowledge of the distribution of Auger electron energies. In the first
approximation, the kinetic energy Ewxy of the Auger electron can be

calculated as follows:

Ewxy = Ewp(Z) - Exy(Z)- Eyp(Z+1)- ¢4, 2.1
where Ew,(Z) is the binding energy of an electron in the state wy of
the neutral atom, Exy(Z) is the binding energy of the electron in the
level x4, and Eyy(Z+1) is the binding energy of the y, level in the

presence of a hole in the level x,, and is therefore different from
Ey (Z), and ®, is the work function of the analyzer (not the sample).

For practical applications, the energy of the Auger electrons can be
found from the Handbook.15

The AES is one of the most popular and convenient methods to
identify unambiguously the composition of solid surfaces. It is capable
of uniquely identifying each element, except of course, hydrogen and
helium, and is essentially a surface probe, as the data come from the

top atomic layers.16-18 It has been reported!9 that a small amount of
contaminants down to 1012 atoms/cm? range can be detected under

high-vacuum conditions. Moreover, the line shape of the Auger peak
can always help us to determine the chemical effect of the

environment. For example, the carbon line shapes are very different
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in graphite and in the compound state of titanium-carbide (see Figure

2.6, 2.7, 2.8).
In this work, the Auger spcetroscopy was used mainly to
determine the cleanliness of the samples, the composition of the solid

surface, and the chemical effect.

C
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Figure 2.6 Auger spectra of graphite in the energy range 0 to 440
eV.
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Figure 2.7 Auger spectra of SiC in the energy range 0 to 440 eV.
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Figure 2.8 Auger spectra of TiC in the energy range 0 to 500eV.

2.1.2.2 Example
In Figures 2.6, 2.7, 2.8, the Auger spectra are shown in the

dN(E)/dE mode respectively for graphite, «o-SiC-6H, and TiC. It is

noted the large differences in the line shapes of carbon between
graphite and titanium carbide.

Because of the various energy loss processes (N(E) mode) in
their way out of the solid, Auger peaks have a “tail” on their low
energy side [see Figure 2.9a | and appear to fall off relatively more
rapidly on their high energy side. The first derivative mode of AES is
shown in Figure 2.9b. The AES structures usually consist of a main
peak followed by additional features on the low-energy side because of
different couplings of the Auger transition to the valence band
electrons. The energy position of an Auger electron transition energy

values is measured in the position of the negative end of the peaks |
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see Figure 2.9 b]. The peak-to peak signal strength in the derivative

spectrum is usually used as a relative quantitative measure of elemental

surface concentration.

dN(E)
dE

N(E)

E--> E--->
(a) (b)

Figure2.9 (a) Auger peak in the energy distribution function N(E).
(b) The first derivative of N(E) for identification of Auger peaks.

2.1.3 Electron Energy Loss Spectroscopy
2.1.3.1 Description of EELS

A beam of monoenergetic electrons with certain energy Ep
impinges upon the target, part of the primary electrons undergo
inelastic scattering. An energy loss of AE from these primary
electrons will contribute to the excitation of the target electrons.
These excitations are mainly caused by one electron or many electrons
interactions which are characteristic of the electronic structure of the
target. The scattered electrons are detected through the energy
analyzer. The recorded electron energy distribution spectrum, with
respect to the primary beam, is called electron energy loss

spectroscopy (EELS).
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EELS can be divided into fast and slow electron energy

spectroscopy. Electrons with energies ranging from 10° to 10° are
usually treated as fast electrons, and those with energies that fall
below 103 are customarily regarded as slow electrons. Fast electron

inelastic scattering (FEELS) is usually used at forward small angle

transmission scattering measurements. FEELS inelastic scattering has
been developed mainly by the experimental work of Raether et al,20

Geigers,2! and Boersch??2 and is studied broadly in solids for the past
40 years. The results of the reported FEELS23 are surprisingly

matched in the position of the extreme points and line shape with the
loss function Im(-1/¢(0,w)) which is derived from optical reflectivity

measurements. FEELS is considered as one of the best techniques in .
detecting the electronic structure in solids. Contrary to FEELS, and
because of the short mean free path characteristics, slow electron
energy loss spectroscopy (SEELS) can only be used in the reflection
scattering measurements. In the past 20 years, SEELS has been
extensively used for surface analysis. One important aspect of this
spectroscopic technique is the possibility of obtaining a non
destructive depth profile of the material by changing the impinging

electron energy.

2.1.3.2 Excitation of Core, Valence, and Collective Electrons and
Surface Vibrations

An example of a typical EELS in the second derivative mode is
shown in Figure 2.10. The characteristic losses can be described

mainly in the following four categories:
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Figure 2.10 A typical EELS in the second derivative mode.

(a) Excitation of Core Electrons: These excitations occur if the
primary electron interacts with the inner shell electron, and transfers
an amount of energy (AE), which is sufficient to raise the core electron
into an unfilled state above the Fermi level. The energy loss AE can be

described as follows:

AE =2 Ef-Eg , 2.9

where Egis the Fermi level energy, and Eg is the binding energy of the
core electron. These transitions may provide information about the
unoccupied density of states (DOS) in the conduction bands of solids.24
The threshold energy of the core electrons usually agrees to within a

few eV with the known ionization energy of the atom. Thus the core
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electron energy loss can provide another easy way of identifying atoms

of different types in the target.

(b). One Electron Excitation of Valence Electrons: This excitation
involves an energy transfer from a few eV to 20 eV. Usually, an
electron in the valence band of a solid may be excited by the incident
electron to a higher unfilled level of the same band (intra-band
transition) or into another energy band (interband transition). These
transitions involve a convolution of the valence and conduction band
density of states, and hence are not easy to interpret.

(c). Collective Excitations of Valence Electrons: In solids, the

collective oscillations of valence band electrons lead to discrete peaks
with characteristic frequency ®p. These oscillating electrons are
called plasmons. The energy of these collective excitation is in the
range of 5 to 50 eV. The plasmon frequency o, mainly depends on
the electron density,25

=,/ 4Tnee2 |
@ m 2.3

where m is the effective mass of the valence electron, ne is the
electron density, and e is the electron charge.

At the surface of solids, collective excitation can also exist. This

kind of excitation is called surface plasmon.2¢ Its characteristic

frequency wyg is defined as:

0, =2,
Vi+e 2.4

where ¢ is the dielectric constant of the medium outside of the

surface.
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In reflection electron energy loss spectroscopy, bulk plasmons

can be distinguished from surface plasmons by the energy dependence
of the loss peak intensity.

(d). Excitation of Surface Vibrations: These excitations are
predominantly due to phonon excitation or the vibration of the
adsorbed atoms at the surface of the solids. Energy losses of these
excitations are usually less than 1 eV, and they can be seen only using

a higher resolution EEL spectrometer.

2.1.3.3 Inelastic Scattering and Inelastic Scattering Cross Section
of Electrons

Our goal in this section is to discuss briefly the theories which

describe the relation between differential cross section, d2¢/dodQ

and the solid dielectric function &(q,).

It is well known that the dielectric function describes the
response of the electrons in a solid to an applied electric field. The
dielectric function and the differential cross section can be connected
together through the transition rate which can be calculated from
quantum mechanics. The electron-electron scattering through the
Coulomb field involves two main scattering processes: one is the
elastic scattering, the other is the inelastic scattering. In EELS, we

are interested in the inelastic scattering. The following discussion
will closely follow the analysis of references [27-28].

Theoretically, the total Hamiltonian which describes the system,

incident electron and the sample, should be considered:
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H = Ho+§—+2|r_rj| 2.5

where the first term H, describes the unperturbed sample system,

the second term p2/2m is the kinetic energy of the incident electron,
and the third term is the Coulomb interaction between the incident
electron and electrons in the sample. The positions of the incident
electron and the electron labeled as j in the sample are denoted by r
and r;, respectively.

The eigenfunction of the unperturbed system has the form

| 1 k0> = ¢1(rl ...... rN)eiko.I' ’ 2.6
where ¢(ry....ry) is the many-body wavefunction for the sample in

state 1 with energy E,;, explik,T) is the plane wavefunction of the

incident electron with wave vector k,. After a small-angle scattering,
the wave vector of the incident electron changes to k. In Figure 2.11,
a typical representation of the wave vector before and after scattering

is shown.

Figure 2.11 Primary electrons of momentum hl;o, after being
scattered at an angle 0, with momentum change to ik, and with the

momentum transfer hid being equal to ko - K.
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From the first order time perturbation theory, one can calculate

the transition rate?® from the initial state i of energy E; to the final

state f of energy Ef. That is,
Ry = 2H({HP 5(E: - Bt ho) - 0.7

where < f | HI i> is the transition matrix.
In the electron scattering system, we define the initial state as

llo,ko>, and the final state as |11,k>. Thus the transition rate is

=20 s €
R ;-112‘-!< ’ki?h-rjl

After calculating the Coulomb interaction term, we have

2
Ry .51= %725 43;3 } ' I’Z exp(ig .1 5(Elo -E; Eo-Ei\ by

lo,ko)r‘S(Mi' o) .
h 2.8

lo)

2.9

where K4 is the momentum transfer.

If we replace the delta function by an integral representation,

Eio-Eq 1 1Ee B o)
L= +0) =} e dt
=5 ) o f h

Bj -
=—Lf elion o252t gt
2n

2.10
then Eq. 2.9 can be written as follows :

Ejot
fdt (“"t’<g'Ze 5 elane po h

R, -51(g,0)= J{——g—-

i

0>0
2.11

where X;eldfy can be treated as the electron density operator nq(r).

Eit Bt
The € h €''9€ | term can be treated as the Fourier transform of the

electron density at time t. The transition rate will then have the form
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R ,-51(q0)= Zg{ﬂgir j dt el®0(iq ng (£) i n.qllo) -
R°l q 2.12

In real experiments, we measure only the total transition rate R(q,o),

which is the sum of the final states 1 for a given energy of the scattered
electrons. The total transition rate after getting the sum over the

final states is
_ 215’ 4me??
R(q,m)— h2 q2

— Q{4ne2
h q2

f dt eto (I ng(t)n gl

-ca

? S(q,) ,

2.13

where

S(g.00)=2& f dt et (Igng(t)n.g/lo)
h
" 2.14
is called the dynamic structure factor. It is the space-time Fourier
transform of the electron density - density correlation function. This
dynamic factor is related to the longitudinal dielectric function of the

sample as follows:

2

q -1
S(q,®) = Im 2.15a
= ek

2
S(q,m) = 31 €2 2.15b

4n2e2 €1 + €5

where € is the dielectric function &(q,w), (elq,.w) = &(q,0)+ig(q,0)),

which describes the characteristic response of the sample under an
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applied electric field. (Details of this relation are described in

Appendix A.) Using Eq. 2.15a, Eq. 2.13 can be written as:

_ 8mne?
hq?

R(Aw) Im ()

2.16

Thus, if € can be determined from other independent sources, then

the transition rate at small angles can be figured out. The differential
scattering cross section per atom can then be obtained from the
transition rate. Actually, the differential cross section is equal the
transition rate divided by the incident flux ik/m, the number of atoms

in the sample N, and then multiplied by the number of states available
for the electron to lose energy between ho and h(w+dw). The final

result is:

d’c _ hV Im( -1 ),
dadQ (mea,q)?N  €(q,0) 2.17

where ag is the Bohr radius, V is the volume for the normalization of
the incident electron wave function.

Equation 2.17 describes the differential scattering cross section
that an electron experiences in the bulk of the sample. For the
electron scattered at the surface, because half of the space is in

vacuum, the field inside the medium, which is built up by a moving

electron outside, is screened by a factor of e+1 due to polarization.

Thus we have to replace € by e+1, and the differential scattering cross

section at the surface is:
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d20 — hV Im( -1 )
dodQ (meaq)?N  €(q,w)+1 2.18

In the EELS, the factors Im(-1/¢) and Im(-1/(e+1) are

customarily called bulk loss function and surface loss function,
respectively. Each contains both one-electron (inter-band, intraband)

and many electron (plasmon) excitations.

2.1.3.4 The Dielectric Function of Free Electron, Bound Electron and
Interband Excitation
The interpretation of the EELS spectra generally uses one of the

three models: the dielectric model,30-32 the density-of-states model,33-

36 or the joint-density of states model that is modified by exchange
interactions.37 Except for the DOS model, the other two directly or
indirectly involve the use of the dielectric function. A deeper
understanding of the dielectric function is very important. |

The dielectric response function of a solid to the electron or
photon excitation is determined by either the longitudinal or
transverse dielectric function. Both the longitudinal and transverse
dielectric functions are equal in the random phase approximation, in
the small momentum transfer (q) limit. This equivalence allows us to
compare the EELS spectra with the loss spectra derived from optical
measurements.

In FEELS, the scattering angle is chosen to be small, the
energy loss is small compared with the primary electron beam, and
the momentum transfer q is very small. The differential cross

section for this scattering process can be described by:27
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— ' .
dEdQ  af ¢ 2.19

where q is the momentum transfer, r is the electron distance for the

atom. The operator in the matrix elements can be expanded as follows:
edf =1+ ia.f-%ﬁ.fﬂ Fonen s 9.0
therefore, the dipole approximation is valid.

For slow electron energy loss spectroscopy that is measured in
the CMA or spherical detector, the scattering angle is very large, if
one considers only a one- inelastic-scattering-step process. Actually,
multiple-scattering can always happen in the electron scattering
process. Most of the acceptable interpretations about the inelastic
reflection scattering is that several scattering events are responsible
for scattering a number of inelastic electrons into the backward
direction. The simplest model that is suggested by E. Bauer, E.
Sickfus, and N. R. Avery353839 js the two-step process in which the
electrons experience an elastic scattering, and then follow an inelastic
scattering (I-E) or visa versa (E-I). To show the scattering picture, we
plot the two-step process40 in Figure 2.12, which is especially suited

for the interpretation of the SEELS measurements using a CMA. In
Figure 2.12 (a) ko "k are the momentum before and after scattering,
respectively, and d is the momentum transfer. The left hand side of

(@), and of (b) describe the I-E scattering, and the right hand side of
(a) and of (b) describe the E-I scattering.
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Figure 2.12 A typical diagram of a two-step [ I-E, E-I ] scattering
process [Ref. 40].

Based on this idea, the maximum and minimum momentum

transfer g can be calculated as follows:

q(max) - VZmAE ,

h 2.21

. = ¥2m, A E, -
q (min) B (VEp -VEp- AE) , 2 99

where AE is the energy loss, and Egis the primary energy. According

to this relation, we plot the momentum transfer vs energy loss for
three different primary energy beams in Figure 2.13. From Figure

2.13, we can see that at an energy loss smaller than 20 eV, the

minimum momentum transfer is less than 0.5A'l. Thus the dipole
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approximation at a lower energy loss region is valid. For a large q, a

higher order approximation should be considered. Evidences for slow
EELS have been reported by many authors like C. Colavita, H. Araki, M.

H. Mohammed, etc. 41-43

¢

- . ) ) . Ep:_GOOeV
0 5 10 15 20 25 30 35
Energy Loss (eV)

Figure 2.13 Maximum and minimum momentum transfer q at three
different primary energies. At the small energy loss region, the long
wavelength approximation is possible.

For the angle resolved SEELS, the detector has the freedom of
focusing at those inelastic scattering electrons which are closed to the
specular beam. If the scattering angle is very small, then the dipole

approximation is valid.

(1) Free Electron: The long wavelength dielectric function e(w) of a

free electron gas with damping and relaxation time tis obtained from
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the equation of motion of a free electron in an electric field E(x,t),

.s m. —
mx + T eE . 9.23
Let both x and E have a time dependence of exp(-int), then
- - ipMx = -
mmx m)Tx eE , 2.94
x=—¢€E
2 L il
me® + io7 - 9 95
The dielectric function at frequency o is
elw) = D(w) _ 1+ 47P(w) ,
E(w) E(w) 2.26

where P(w) is the polarization, and is defined as the dipole moment

per unit volume. That is,
P = -nex. 2.27
Then it follows from Eqgs. 2.25 - 2.27 that the dielectric function of

free electrons is

1- 4nne?
ma? +ia)r—fcl—
= 1- 4nne?/m

o? +iQ
T

£(w)

= 1- w% s 2.28
w2 +i%

where wp? =4nne?/m is defined as the plasmon frequency.
Since €= ¢g; + igy |
then

g =1- @ 1 2.29
o? 1412
ot
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_1_9%; 1 2.30
T 2 ’

1.2
+ —
(mt)

At g(w) = O, we obtain as a solution, ® = ®; + in,, where

1 412
(2m,7)2 2.31

W= o[ 1-

®2=57 2.39

If damping is neglected, for ot >>1, we then have w;= o, and w,=0.

By substituting the values of ¢ and & from Egs. 2.29 and 2.30,

respectively, into the loss function

2
ImEl) = 82 - "’P;””’ . 2.33
€ €11+€ ((1)2-(1)12)) +(0)/’C)2

There is a maximum for small 1/t at @p in this Lorentz-like function,
that is,

ImE) =Ll _=a,. 2.34
€ max € (wp)

In Figure 2.14, a schematic representation of g;, & and the loss
function Im(-1/¢) are shown. A plasmon oscillation frequency is

observed when g; crosses the zero value and g, is at a small value.
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Figure 2.14 The dielectric function of €, &5 and the loss function of
a free electron gas at ho, =15 eV [ Ref. 32].

(2) Bound Electron: In the case of an electron bound by a harmonic

force and acted upon by an electric field E(x,t), the dielectric function

e(w) can be obtained in the same way as in the free-electron case, and

that is by solving the equation of motion,

.o m. 2
mx + X + moi= - eE
T n 2.35

where wy, is the eigenfrequency of the bound electron.
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e(w) is given by

e(w) =1+ 4nne? 1 )
m 2. @ +o/t 2.36

where n is the number of electrons per unit volume. If n; is the

number of f-ee electrons per unit volume, there will be ny, electrons in
eigenfrequency w,. The dielectric function can be described in this
way

gw) = 1 +xr+xp 2.37
with the contribution of free electrons

4nne?
g = 4mne? 1

b

-0 - i/t 2.38
and the bound electrons

b = 4nnpe? 1
M wZ-w?-in/t 2.39

The eigenfrequency of plasmon excitation with 1/t =0 is the solution

of gg =0:

1+Yp 2.40

where o, is the plasmon frequency under the perturbation of bound

electron excitations. There are two different plasmon frequencies

under the influences of the bound electron excitations :

(a) If o lies at higher frequencies (see Figure 2.15)

0)<conandwp<(on,thus
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_4nnye? o

m 2 2.41

2

_ 2
o, = g

This means that the plasmon energy hay, is reduced when the plasmon

frequency of ngfree electrons lies below the bound electrons.

(b) The reverse happens if the regarded frequencies o are higher

than the interband transition and with o, < . We then have

) 4751'1b€2
Of = OF +=— 2 . 2.42

So the plasmon energy hp shifts to the higher energy side. A simple

picture showing the results is given in Figure 2.15.

—
W\ —

£1(w) %<“b %< %b
/“’p
b)

c)

a)

Figure 2.15 The influence of bound electrons in the dielectric
function. (a) If the eigenfrequency of the bound electrons w,, lies

below the plasmon frequency of the free electrons w,, the position of
g;(w) = O will shift to higher values. (c) The reverse takes place if Op
>Wp, [Ref. 32].



34
(3) Dielectric function and interband transition: The basic connection

between electron band structure and the dielectric constant43 g, can

be expressed by:

& = gwgzn?_j =z %L)’%Je.mw(knz S(Ec(k)- Ey(k) -ho),
’ T
. 2.43

where M,y is the dipole transition matrix. This equation tells us that
the imaginary part of the dielectric constant is determined by all

possible interband transition between states of energy difference ho
and the matrix element €.Mcy which depends on the wave function of
both the initial and final state.

g; can then be obtained through the Kramers - Kronig integral

relation

81=1+2- Pf 0)'82(0)') ——l'—l—'?d(l)' .
T ®? - o 2.44

Thus in principle, once the band structure is known, one can calculate
all the dielectric constant g, &5 through Eqgs. 2.43 - 2.44.

Equation 2.43 can be transformed into a surface integral by using

the 6 function relation

b

h(x)3[fx))dx = 3, h(xo)jad_f-]" . 2.45
Xo Xlx=xo

a

It then takes the form
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g(m) = e2 3 fdc |€. Mcv(k)

TC(’)Zmz v,C C]Vk(Ec - Ev )EC-E,,= he l 2.46

The matrix element Mcv is always a smooth function of k except near
special k vectors where | €.Mcv | vanishes because of symmetry. The

kernel part of the integral

ds
Vk(Ec - Ey )E.-E, = ho I

Zl.

is always defined as the joint density of states (JDOS)

J ds

JCV -— z .
Vk(Ec - Ev )E-E, = ho l 2.47

V,C

The contribution to the dielectric function from a pair of bands is now
proportional to 1/w? and the quantity from JDOS. The JDOS shows a
strong variation in the neighborhood of particular values of E:

Vi EcK) = Vi Ev(K) =0, 2.48

which are called critical point energies. These critical points defined
by Eq. 2.48 and characterized by a set of values (w,k) are the most

important part in the discussion of optical spectra.

2.1.4 Surface Electron Energy Loss Fine Structure (SEELFS)
2.1.4.1 Introduction

SEELFS (Surface Electron Energy Loss Fine Structure) is a
surface-sensitive, electron-induced spectroscopy. It also displays the
oscillations above the threshold frequency, and bears information of

interatomic distances. The study of SEELFS is a parallel development
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to the photon induced EXAFS techniques.

It is well known that the x-ray absorption cross section will be
modulated by the presence of other atoms close to the absorbing
center. The photoelectron emitted in the absorption process will
propagate as a spherical wave. The outgoing wave will be back
scattered by the neighboring atoms (see Figure 2.16), thereby

producing

Figure 2.16  Schematic representation of the interferences of two
different waves incoming and outgoing. The outgoing photoelectron
(solid line) originated from the central atom ( circle) propagates to
the neighboring atoms (dashed lines circle). The back-scattered
waves (dashed lines) interfere with the outgoing waves, and give rise
to the EXAFS.

an incoming wave which will interfere either constructively or
destructively with the outgoing wave. The final result is that the

interference gives rise to an oscillatory variation in the absorption
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cross section. It was shown that this oscillatory behavior contains

information on the interatomic distances.44

2.1.4.2 EXAFS and SEELFS
Theoretically, the x-ray modulation of the absorption rate45 in

the Extended X-ray Absorption Fine Structure (EXAFS) (Figure 2.17)

after normalized to back-ground absorptions (u,) can be described as:

X(E) = WE) - uo(E))/uy(E), 2.49
where the absorption rate p described by the dipole approximation
for the x-ray induce transition of an electron from an initial state |¢;>
to a final state |¢¢> has the form:

u=D|(04 €10 , 2.50

where D is a constant.

T
EDGE

\/\Mq EXAFS >

44—
EDGE

Figure 2.17 Typical X-ray absorption spectrum ux vs E (Ref, 46).




38
In the k space, x(k) can be expressed, in more detail, in the

structure parameters as:

x(K) =S;A; sin(2krj+9g(k)) , 2.51
with A;=SN; S;(k) Fj(k) exp(-20;2k2)exp(-2r/\ (k) /kr2
where N;jis the number of neighboring atoms of the jth shell, S;(k) a
reduction factor, and Fi(k) is the backscattering amplitude function.
The term exp(-20j2k2), is the Debye -Waller factor, taking into
account the thermal vibration and static disorder of the atoms in the

jth shell. The term exp(-2r;/A(k)) is due to the photoelectron inelastic

scattering with a mean free path of Aj(k). 6y(k) is the total phase shift
experienced by the photoelectron. It is described by:
Gljl(k) =911(k)+93(k)- lTC, 2.52

where 6;l(k) and Bj(k) are the phase shift of the absorber and the

backscatter, 1=1 for K and L; edges and 1=2 or O for Ly
Sin(2krj+eij(k)) is the oscillation part due to the modulation from the

presence of the other atoms in an EXAFS spectrum.

In Figure 2.18, a simplified model of the interaction of fast
electrons with an atom is shown. When the inner shell electrons are
excited by the inelastic scattering of fast electrons, the EELS
spectrum can exhibit EXAFS - like oscillations. Such observations have
been reported in recent literature.47-48 In the EELS, the scattering

cross section2? (under the Born approximation) can be described as:
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2 l M Y exp(i5) ¢i> '2
dg g ~ J y 8(E;-Es-ho) , 2.53
® agq

NCIDENT ELECTRON
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SECONDARY
ELECTRONS

Figure 2.18 Interaction of fast electrons with an atom. Many
different transitions may happen after an atom is ionized by an
energetic incident electron. Continuous white radiation may be
produced while the incident electron is decelerated in the field of the

nucleus. [ref. 45]

where o is the energy loss in an inelastic scattering, ay is the Bohr
radius, and q is the momentum transfer. E; and E; are the initial and
final state energies of the target, respectively. vy; and yy are the

corresponding many - electron determinantal wave functions. In the
close shell initial states, the matrix element can be reduced to a

single electron matrix element:49
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| (v X expiad pvi) = V2|(6 dexp (g o) 2.54

For small 47 values, the single electron matrix element can be

expressed by the dipole approximation:

d’c
dQdw

—~
_~

I(¢dexp(i§x-ﬁ)'¢ i>'28(Ei-Ef-Hm) :
a(z)q 2.55

where 8/:1 is the wunit vector of q. Comparing Eq. (2.50) with Eq.

(2.55), the matrix element for inelastic electron scattering in
SEELFS is similar to that for x-ray absorption. This equivalence shows
that the oscillating fine structures detected above the core edge in the
loss spectra of SEELFS should obey the EXAFS formula (Eq. 2.51) and
indirectly give information about the radial atomic distribution
function F(R) around the absorbing central atom.

In the reflection electron energy loss speciroscopy measured in
the CMA, the scattering angle is very large if one considers only one
inelastic scattering step process [Sec. 2.1.2.4]. The radius distance r
for a core electron is smaller than 1A, so that dipole approximation is
possible. A comparison between the SEELFS and EXAFS techniques
has been reported by M. De Crescenzi et al,?©¢ and their results made
a very strong evidence that both SEELFS and EXAFS spectra have

similar fine structures.
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2.2 Rutherford Back Scattering and o particles on 1°0 resonance
Elastic Scattering

2.2.1 Introduction
Rutherford backscattering spectroscopy (RBS) is a useful

technique to measure the concentration vs depth profiles of elements

in the outermost layers of a solid. When using 2Mev He* ions, one can

get a penetration depth of arcund 1 pm. Under special circumstances,

the depth resolution might be 1 nm.5! The RBS can provide fast and
quantitative profiles that are nondestructive and reliable. Its major
applications have been directed towards layered structures containing
few elements.

The basic experimental arrangement of a Rutherford

backscattering is shown in Figure (2.19).

—_ﬂ/
incident Particles \
} Beam
g Source
, Backscattered
Particles
—
Particle Analyzer X
Output
Multichannel Analyzer—>
Figure 2.19 Schematic diagram of a typical backscattering

experiment in use today.
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The ion sources chosen for the probes are usually the light elements

such like Het and H*. The energy of acceleration is often kept below
the threshold for nuclear reactions or resonance scattering. The
probability that the ion particles experience a large angle scattering is
about 10-5.

The basic physical concepts of RBS. can be ascribed to the
following three parts: (1) kinematic factor, (2) scattering cross section

, and (3) energy loss.

2.2.2 Kinematic Factor (K) of Elastic Collision

In an elastic collision (like the RBS), the monoenergetic
particles (He+, H*) hit a very heavy target nucleus. The target nucleus
will remain stable and absorb only a little energy. The backscattering
particles (He+, HY) will retain most of its incident energy. But, if the
projectile particles (He+, H+) hit on a light target nucleus, the target
will absorb most of the energy and leave the backscattered particles
(He*, HY) with a low energy. The energy ratio of the projectile
particles after and before scattering (E ger collision/Ebefore collision) 1S
specified by the kinematic factor (K) (E,per collision/Ebefore collision):
This factor can be calculated by using the momentum and energy

conservation laws. The results of this calculation is :

. 1/2 2
K= Eafter collision - mcos(6)+(M2 -m251n2(9))
Ebpefore collision m+M

b

2.56

where m, M is the mass of the projectile, target separately; 6 is the

scattering angle. From Eq. 2.56, we can find that the energy transfer

will favor the light target.
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2.2.3 Scattering Cross Section

Rutherford backscattering is totally due to coulomb forces, and
can be accurately described by the Rutherford differential cross

section formula52

((1-(@ysin@)” 1" % 1c0s(6))

do _ (zlzz 4
dQ ‘4EJ gin4(@) [1‘((-71\‘%)sin(9))2 ]1/2

9

2.57

where Z,; is the atomic number of the ion, (He+, H+) with mass m and
Z, is the atomic number of the target with mass M. 0 is the scattering
angle in the laboratory frame. From Eq. 2.57, one finds that more
scattering occurs for high atomic number target atoms and less from

lower ones. Therefore this technique is more sensitive to small

amounts of heavier elements than to light ones.

2.2.4 Energy Loss

When the ion pushes its way through the target, it will lose
small amounts of energy due to the collisions with the dense electron
sea of the target. This energy loss is almost continuous and passes

through the final energy, providing information to the total depth

length of the projectile in the target. This energy loss SE per unit

length 6x (normal to the target surface) depends on the density of the

target, the velocity and the identity of the projectile. The relation

between energy loss and penetration depth (x) can be specified by.%3
AE = [e]Nx 2.58

where ¢ is called the stopping cross section, N the atom density in the

target and x the ion penetration depth.
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2.2.5 Example

In Figure 2.20, a schematic representation of RBS is shown.
From this figure, the large energy change of the projectile can be
used to identify the atomic masses in the target from the simple
correlation E ger conision=KEo,- One can also see that energy loss
distributions are in a broad band. This is because of the small amount
of energy losses due to the electron sea of the target. The ions
scattering depth in the target give lower energy. So each broad peak

gives the profile of the target element concentration versus depth.

Substrate | ™ | M [9 Eo
A
M
L SE=@E)5x
B
Substrate d—-E—: dx
= m
i Energy
& KnE, 4—voooo] Eo
—> KmE, ¢—

Figure 2.20 A typical backscattering spectrum of an ion at energy
E,. M represents the heaviest element, substrate is the lightest. The
heavy mass (M) gives a signal at high energies side, then next m. The
high energy edge of each peaks is equal to KE,[ref. 53].
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2.2.6 0resonance elastic scattering
Small amounts of low atomic mass mixed in a target with
higher atomic mass are very difficult to detect by RBS. However, if one
chooses the scattering at the resonant scattering, the scattering cross
section will be greater than the pure Rutherford backscattering many

times. From reference,5¢ we find that the scattering cross section for
3.05 Mev «-particles impinging on 160 s very large compared to

RBS. This provides a good way to detect the oxygen.

2.3 X-RAY Reflectivity
2.3.1 Introduction

X-ray has the property of long range penetration in the surface of
a solid compared to low energy electron beams. With this
characteristic, X-ray reflectivity at small angles is one of the best
techniques for measuring the electron density in a solid. The electron
density at the interface of the multilayers may be extracted from the
parameters obtained by fitting to a theoretical formula. With the
electron density information one can determine the composition of

the sample. The basic theory is described as follows.

2.3.2 The Refractive Index of Matter for X-rays of Wavelength A:

It is well known that the complex refractive index (n) obtained
from optical measurements can be used to characterized the
nonmetallic medium. For the metallic medium, at a certain
wavelength of X-rays, the metallic medium is also characterized by its

complex refractive index n. The refractive index of matter for X-rays
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of wavelength A is expressed as:

n=1- 6+if, 2.59

where

2.60

B =\ w(dm), 2.61

where N,p/A is number of atoms per unit volume. Z+Afis the real part
of the scattering factor. pis the linear absorption coefficient. p is the
effective electron density. For low Z materials, p is just equal to the
total electron density p;. But for high Z materials, there is some
fraction (f) of the electrons having binding energies which are greater

than the incident x-ray energy, the density p should change to p(1- f).

By ignoring B, we can have n=1- 86<1. This complex refractive

index (n) in matter is less than unity, therefore it is totally externally

reflected from a surface at small glancing angle incidence. The

condition for total external reflection is when :

6.<6: =25 ~ Vpi 2.62

For a silicon substrate and A=1.5405 A, 6. = 0.2220 degree.
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2.3.3 Reflectivity and Fresnel formula

(a) Thin Film

The reflectivity of X-rays from a flat, ideal surface can be
calculated by wusing the classical Maxwell equations.55 For a
homogeneous thin film (Figure 2.21,) the Fresnel formula, for a non-

magnetic media, p=1, can be expressed as:

_ n1cos(0;) - nacos(6;)
n1¢0s(8;) + nacos(6y) 2.63

ri2

Figure 2.21 A schematic representation of the reflectivity at small
angle.

where r;5, is the reflectivity coefficient, n,, n, are the complex
refractive index of media 1 and 2. 6; and 6; are the incident and
transmission angle with respect to the normal direction. Then the
reflectivity is given by Eq. 2.63:

R =|r,P= n;cos(8;) - nycos(8y) [°

njcos(0;) + nycos(0,) . 2.64

At a small angle and by using Snell's law [(n;sin(8;)=nysin(0¢)], the
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reflectivity®® can be modified as following:

)1/2 2

2 .
|8 -(6%-02+iB
6 +(0%-02+ip

yr2) 2.65

where 0 is defined as in Figure 2.22, 6, is the total reflection critical

angle. It is more convenient to express the reflectivity using the

scattering vector by transforming

q=4nsin(0)/; qc=4nsin(0c)/A.
That is :

1/2 [2

q - (q2-q2+2i/p)
q+ (qz-q§+2i/u)

Re= 172

2.66

This form is valid for angles greater than about twice the critical angle,
where refraction effects are negligible.

For the real surfaces, the interfaces are neither sharp nor flat.
Roughness surfaces always exist between these interlayers. Thus the
distributions of electron density will not behave like a step function. A
common and well known method to take account of this effect is by

multiplying by a Gaussian-like factor the R;. That is:

R= Ry exp(-czqz). 2.67
where ¢ is the root mean-square average of the roughness of the
surface. The presence of roughness modify the type of equations that

are needed to analyze the reflectivity.
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(b)Multilayer
The calculation of the reflectivity of a multilayered structure has

been treated in many optical textbooks (for example, reference 56-

57). One can calculate the multilayer performances either by the

Matrix methods or by the iterative use of the single film formula. In
the matrix method, each boundary (or each film) is characterized by a
matrix (M;) and the multilayer is characterized by the product Matrix

(M):

M=Mj*Mo*......... M, - 2.68
The reflectivity is expressed by the elements of the product matrix M:
ma 2
R='m11

In the iteration method, the reflectivity coefficient58 is

I‘()j+}!‘T jj+16xp(2iq;d))
1+1jrt; jr1exp(2igidy) 2.69

10..n(Q)=

(r?L (q) - rj,j+1+rj+1,j+2 exp(2igj1di+1)
j,j+1 = . ,
: 141541141, w2 ©XP(2igjv1d1)

where rt;;,;is the compound reflectivity amplitude arising at the j, j+1
interface, dj is the thickness of the j layer.

From the above analysis, one can see that the reflectivity is a

function of the refractive index n; and the thickness dj;. Thus by

fitting the data with the theoretical reflectivity formula, then the
electron density at a different layer can be figured out. At the
interface, if there is a change in chemical state, the electron density

will be different from other layers, and it can be extracted from the
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parameters after fitting. A successful determination of the oxide

layers on thin solid film by measuring the X-ray reflectivity has been
reported in reference [59]. The oxide layers usually produce an
additional amplitude modulation in the reflectivity, which depends on

the average thickness and the density of the oxide layers.
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CHAPTER 3

EXPERIMENTAL DESCRIPTION AND SAMPLE PREPARATION
In this chapter, we will make a simple description of the

surface science experimental set up.

3.1 Electron Spectroscopy Apparatus
The equipment used in this experiment are
(1) Two ultra high vacuum chamber systems (VSW, Perkin
Elmer) which were equipped with
a a Cylindrical mirror analyzer (CMA) (in the Perkin
Elmer vacuum chamber),
b. a Hemispherical energy analyzer (in the VSW vacuum
chamber),
c. a High resolution electron gun (EM50) (in the VSW

vacuum chamber),

d. a Sputter ion gun,
e. a Sample manipulator and holder,
f. a Heater and thermocouple,

(2) Vacuum pump

(3) Pressure gauge

3.1.1 Cylindrical mirror analyzer equipment

In Figure 3.1, we show one of the set ups in the (Perkin Elmer)
vacuum chamber.

The main constituent part of the electron spectroscopy system
(AES, EELS, SEELFS} is the electron energy analyzer which is

entirely contained inside the high vacuum chamber. In our laboratory,
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CMA

L\, Sputtering
» Ion Gun

Sample

| Vacuum chamber Window

LEED

Figure 3.1 A schematic block diagram of experimental set up for
the surface science research.

we have a cylindrical mirror analyzer and a concentric hemispherical
analyzer(CHA). A schematic diagram of the CMA is shown in Figure
3.2. The schematic diagram for the CHA will be shown 3.1.2.

In Figure 3.2, the electron beam is generated from the electron
gun which is mounted coaxially with two cylinders. The two cylinders
have radius r,(inner) and r, (outer). The inner cylinder is grounded

with the analyzer and the outer cylinder is negative- biased through
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terminal Vm. Electrons reflected from the sample pass through an

aperture and then deflected by the electric field built up between
these cylinders, and then directed through the exit aperture on the
CMA to the electron multiplier. The relationship of the energy of
electrons chosen to pass through the CMA and the applied voltage Vi
is (in our CMA):

Epass ~1.7 Vm 3.1

Outer Cylinder

C Electron
A I Multiplier

— Ma@itic Shield

Sweep
- Supply

Modulation -
Control

Figure 3.2 A typical Cylinder Mirror Analyzer.
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where E;,;s and Vm are in the unit of electron volts (eV). The

constant 1.7 is determined from the analyzer geometry structure.

By changing the bias voltage Vm on the outer cylinder, and by
measuring the resulting current simultaneously, the energy
distribution function N(E) of the electrons reflecting from the target is
produced. The Auger spectrum can be more emphasized if the
derivative of the energy distribution is depicted rather than the energy
distribution N(E) itself. One way to carry this out is to apply a small AC
voltage component to the DC voltage applied to V. The amplitude of
the applying AC voltage ranges from O -10 V. By detecting the first
harmonic synchronous signal, by using an electron multiplier and a
lock- in amplifier, the first derivative of the energy distribution is
obtained. Surface constituents can then be identified. The second
derivative mode alsc can be obtained by detecting the second

harmonic synchronous signal.

3.1.2 Angle Resolved Spectroscopy Equipment

In Figure 3.3, we show a flow chart of the angle-resolved
electron spectroscopy set up. The energy analyzer and the electron
gun are installed in the VSW high vacuum chamber. The incident
electron beam is generated from the electron monochromator, after
scattering, the reflected electrons are detected and analyzed by the
hemispherical analyzer. The detected signal is in the integrated
mode.

In Figure 3.4, a schematic diagram of the concentric
hemispherical analyzer(CHA) is shown. Two concentric hemisphere

surfaces of inner radius R; and outer radius R, are mounted with the
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Figure3.3 Typical experimental arrangement using the electron
monochromator (EM50) and VSW hemispherical analyzer.

common center of O. R, is the mean radius, the entrance and the exit
slits are both centered on it. A potential V is applied between the
surfaces so that the outer sphere is negative and the inner sphere is
positive with respect Vg, which is the median equipotential surface
between the hemispheres. The relationship between the kinetic
energy Epass of an electron traveling in an orbit of radius R, and
applied voltage V is given by the expression:
Epass =eV/(Ry/R;- R;/Ry) 3.2
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e-

Figure 3.4 A schematic diagram of the Concentric Hemispherical
Analyzer(CHA).

3.2 RBS equipment

The RBS equipment is using an already built up Dynamitron
accelerator at Brooklyn College. A general set up for measuring the
Rutherford Backscattering is shown in Figure 3.5. The accelerator
consists of an ionization chamber for creation of the ions, followed by a
column where the ions are accelerated. The acceleration high voltage
is obtained from a series High Voltage multiplier which is supplied by
a RF oscillator. This accelerator can support a maximum voltage

around 3.7Mev. The pressure in the beam line is from 10-7 to 10-6
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Torr. An annular silicon surface barrier detector with resolution

around 15KeV was used in all the measurements. Scattering angles

were selected around 16009,

lon Source

Accelerator

Quadrupole

cH< ' ) Focusing
Magnet

Detector
Preamplifier Slit1
[
P i S5/ g
C I e e Magnetic
Slit2 Analyzer

Samplie

| | a I
Data Handling Scattering Chamber Beam Generation

Figure 3.5 A typical schematic diagram of a Backscattering
spectrometer system.

3.3 X-ray reflectivity equipment

The X-ray specular reflectivity measurements were performed at
room temperature using beam line X-18B and X-6B at the Brookhaven
National = Synchrotron Light Source facility. Figure 3.6 shows a
schematic of the X-ray reflectivity measurement set up. A Si(220)

double crystal monochromator was used for selecting the synchrotron
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radiation wavelength. The sample was mounted on a high precision

goniometer attached to a two axes Huber diffractometer. The
monochromatic X-ray beam passes through the beam monitor chamber
which measures the intensity of incident beam I, then the beam
strikes the sample. Reflected X-ray was detected by a Nal scintillation

detector, and then digitized and collected using computer interfaces.

Detector
Photon
Shutter
X-ray Source P I
Crystal
- Monochromator
Storage
Ring —p Hutch ¢—ou——

Figure 3.6 A typical X-ray reflectivity experimental set-up.
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3.4 SAMPLE PREPARATION
3.4.1 W/C, Ti/C Multilayerst0

The multilayers (W/C, Ti/C) were prepared using an argon
plasma rf-sputter deposition system. The substrates were placed on a
water cooled platform rotates below the carbon (reactor-grade ATJ
graphite) or W/Ti (99.95%) targets. A shutter with a circular opening
allows the preparation of several samples under almost identical
conditions. The base pressures were 5x105 Pa and the argon
pressure during deposition (~0.15Pa) was controlled using a
capacitance manometer at argon gas flow rates of ~0.4cc/sec. Water
vapor was gettered from the Ar sputtering gas by flowing it through a
titanium gettering system.

The silicon single crystals [111] were micropolished by a
combined chemical-mechanical process. Before deposition, the
substrates were heat treated at 4000C for 2 hours. The targets were
pre-sputtered for ~2hours in order to clean surface contamination in
the targets. The samples were characterized using Microcleave
Transmission Electron Microscopy®! and X-ray diffraction. The W/C
sample modulations were between 11 to 30 A. The W and C
thicknesses were from 5.9 to 10 A, and from 4.7 to 20 A respectively.
The number of periods was different in each sample, and the top layer
was terminated by carbon. The Ti/C sample modulations were
between 27 to 38 A. The Ti and C thicknesses were from 14.7 to 25.7
A, and from 11.5 to 12.1 A respectively. The number of periods was

in the average around 50, and the top layer was terminated by carbon.
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3.4.2 Si/C Multilayers62

The silicon/carbon multilayers were prepared by magnetron
sputtering of 5N silicon and 4N graphite targets. The substrates were
placed on a water cooled platform rotating below the Si and C targets.

The base pressure of the system was around 10° Torr. The substrates

used for preparing the multilayers were a-Al,O3 (1120) and float glass,

the substrate temperature during growth was maintained around 300
K. The samples were characterized by low and wide angle X-ray
scattering using an in house facility. The total thickness of the
samples were between 900 to about 2000 A. The carbon layer
thicknesses were between 10 to 35 A, and the silicon layer between
5 to 35 A thick. The modulation wavelength of the samples was

determined to be from 14 to 62 A.
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CHAPTER 4

INTERFACE STRUCTURE AND STABILITY INW/C
MULTILAYERS

4.1 Introduction

Recent progress in sputtering deposition technologies have
made possible the preparation of multilayers from refractory metals
like tungsten. The interest in metallic multilayers arises from the
possibility of producing new materials with novel properties. In
recent years there has been great interest in the fabrication of W/C
multilayers that can find applications as X-ray mirrors in the soft X-ray
and UV range.%3-66 Tungsten-carbon compounds posses extraordinary
material properties, from both a physical and a chemical point of view.
The tungsten carbides (WC/W,C) have high melting point, extreme
hardness, and metal like thermal and electrical conductivities.67
Tungsten-carbide can be used as a catalyst for a number of reactions
which are readily catalyzed by platinum, but not by tungsten
metal.8869 The tungsten carbides are chemically stable at room
temperature, they oxidize in air only at very high temperatures.70.71 In
structural applications, the cemented tungsten-carbides are widely
used as tips on drills, metal-cutting tools, wear- resistant, protective
coating, etc. All these peculiar properties has stimulated our interest
in studying the tungsten/carbon multilayers.

We report in this thesis a systematic study of W/C multilayers.
Our main interest is the study of the metal-carbon bonds in the
multilayers. A diverse number of experimental techniques were

employed in the characterization of the sample, Auger spectroscopy,
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electron energy loss spectroscopy (EELS), Rutherford back-scattering,

resonance elastic scattering of a-particles by 160, X-ray diffraction etc.

EEL spectroscopy is highly sensitive to variations in the electronic
structure at the surface and bulk of the material. Several process
contribute to the energy loss spectrum; optical inter/intra band
transitions, collective excitation and core ionization and Auger
processes31:387273,  We employed in our experiments the electron
reflection geometry. We measure the evolution of the EEL spectra of
the W/C multilayers at high temperatures. The objective was to
investigate the electronic structure of the multilayers under such
conditions, and to understand whether the artificially constructed
structures offer an advantage over the naturally occurring crystalline
structures in maintaining high-temperature stability in an oxygen
containing environment. Our research was directed towards
characterization of the W/C interfaces, and their possible role in

determining the material properties of the multilayers.

4.2 Experimental

We employed a variety of techniques to study the interface

structure. We used Rutherford Back Scattering (RBS), resonance
elastic scattering of a-particles by 180, Auger spectroscopy (AS),

electron energy loss spectroscopy, and surface electron energy loss
fine structure (SEELFS) to characterize the sample.
The RBS measurements were performed using the Brooklyn

College CUNY Dynamitron accelerator. Two different ion sources (p,
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o) were employed as the probe in this investigation. We also used the

oxygen elastic scattering resonance of a-particle at 3.05 MeV to detect

the presence and distribution of oxygen within the sample. This
technique was employed because of its great sensitivity to the
presence of oxygen in the sample. If there is oxygen in the sample,
then oxide inclusions will be present that will affect the mechanical
properties of the multilayers.

For AS, EELS, and SEELFS measurements, the sample was
mounted on a Molybdenum sample holder. A Chromel Alumel
thermocouple was attached to the surface of the sample. The sample
holder was hanging on a high precision manipulator with electron
beam heating. The vacuum system used in these experiments has a
base pressure around 1x10°10 Torr. The AS and EELS measurements
were taken using a cylindrical mirror analyzer. The first derivative

mode was used for AS and the second derivative for the EELS
measurements, with a resolution AE/E =0.6%. The modulation voltage

used for the measurements was 1 eV p-p. The SEELFS measurements
were carried out using an electron primary energy of 2200 eV and a
modulation of 8 eV p-p.

The EEL spectra were measured at room temperature using
different electron primary energies, from 100 to 1800 eV. The
temperature dependence of the EEL spectra were measured between
293 K and 973 K. The oxidation of the multilayers were studied by
exposing the material to 60 L (L=10-6 Torr) of oxygen at 773 K. AS
measurements were taken before and after exposure to oxygen.

The X-ray specular reflectivity measurements were carried out at
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room temperature using beam line X-6B and X-18B at the National

Synchrotron Light Source facility at Brookhaven National Laboratory. A
Si(220) double crystal monochromator was used for selecting the
synchrotron radiation wavelength. Horizontal and vertical slits were
placed before the monochromator to define the beam size prior to
monochromatization of the radiation. Inside the experimental hutch
a second slit was placed for defining the monochromatic beam and a
beam monitor was place after this slit to measure the photon flux
before scattering from the sample. A third slit was placed after the
beam monitor (ionization chamber) for trimming of the slit scattering,
but causing no reduction in the collimated photon beam. The sample
was mounted on a high precision goniometer attached to a two axes
Huber diffractometer. After the sample a fourth slit was placed to cut
down any scattering not originating in the sample. The last slit was
placed before a Nal scintillation detector and was set wide enough to
accept all the specularly reflected scattering. At very low angles the X-
ray intensity is very large and this will saturate and damage the
detector. To avoid this problem at very low angles we used a set of
calibrated aluminum absorbers to reduce the beam intensity reaching
the detector. In X-ray specular reflectivity measurements, one must
determine the angle of incidence with great accuracy. The alignment
of the sample and diffractometer was carried out using a methodology
similar to that described in reference.5® The energy of the X-ray used
in this investigation was 9.988 KeV. The spectra from different beam

lines for the same sample were totally reproducible.

Table 4.1 gives the list of samples studied in this work.
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Table 4.1

W and C composition of the multilayers

A C No. of Periods
Thickness Thickness

(A) (A)

6 5 200

7 7 150

10 20 150

10 13 65

4.3 Results and Discussion

RBS and a-particles resonance scattering from 160 were used to
obtain a compositional profile of the multilayers. In Figure 4.1 we
plotted the RBS spectra W/C=7A/7A corresponding to o-particles

with energies of 3.065 to 3.04 MeV. One observes the dominant
scattering by the high Z element, tungsten, and the silicon substrate
contribution. We detected also the presence of small amounts of argon
(which is incorporated in the samples during sputtering). Oxygen only
appears at a beam energy of 3.05 MeV and with a very narrow peak.

From reference [74] we know that 3.05 MeV is the energy for the
resonance elastic scattering of o-particles by 160. At this energy the

scattering cross-section is very large compared to Rutherford back
scattering. We increased the beam energy, so that the resonance
could occur not only on the sample surface but also in the bulk. The
results were negative, indicating that the oxygen in the multilayer is
present only on the surface. AS measurements show also the presence

of surface oxygen.
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Figure 4.1. RBS spectra for a W/C multilayer ( W/C= 7A/7 A), o-
particles at energies of (a)3.065, (b)3.05, (c)3.045, (d)3.04, MeV.
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Figure 4.2. RBS spectrum for a W/C multilayer { W/C= 7 A/7 A) using
protons at 3.0 MeV.
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The carbon signal cannot be observed at this energy range

(~3.05 MeV), because its cross-section is at the lowest value.”S When
we éhanged the ion source to protons and turned the energy to 3.0
MeV, then the carbon signal was easily detected, see Figure 4.2.

EELS is sensitive to the surface and bulk electronic properties of
the material. One important aspect of this spectroscopic technique is
the possibility of obtaining a non destructive composition depth profile

of the material by changing the impinging electron energy. The

inelastic scattering is proportional to Im (-1/g(q,w)) for the bulk,
where €(q,m) is the dielectric function of the crystal. The surface

inelastic scattering is proportional Im(-1/(1+e(q,0)). In EELS, the

longitudinal part of the electric field is involved, while in optical
processes the transverse field is involved. In our study we use as
standards the loss functions calculated from optical measurements for
graphite and tungsten?6.77.78, Since up to now, there is not any optical
measurements for the W/C multilayers. We try to construct the loss
function in two different ways. The first way is to treat the dielectric
constants of graphite and tungsten separately. The second way is to
treat the two set of dielectric constants combined in a method
analogous to capacitor in series. In Figure 4.3 we plot the bulk loss
function for tungsten and graphite, and the surface loss function for
graphite separately.

The volume and surface losses of graphite are very easy to

observe in Figure 4.3. The peak around 6.7 eV is due to the bulk loss

function - Im(1/e), plasmon excitation cf the n electrons?6, and at

25.3 eV by the & electrons plus ¢ electrons.”® The surface plasmon
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Optical dielectric loss function for graphite and tungsten.
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produced by the n electrons is at about the same energy as the bulk
plasmon, but the high energy surface plasmon (19.5 eV) is well
separated from the bulk plasmon at 25.3 eV.

The loss peaks at energies of 10.0, 15.2, 25.3 eV for the bulk
loss function of tungsten have been identified as bulk plasmons.!8
These bulk plasmons (except the one at 15.2 eV) also have been
observed by Luscher’® using EELS. The peak around 31.5 eV in
tungsten is produced by the core (Ny;, Nyy) ionization.80 The high
energy broad peak observed at 43 eV in Figure 4.3 is due to the core
ionization of O;.80

In the combination method, we use the basic series-capacitor
model to calculate the loss function from the two set of dielectric
constants (dielectric constants of W and C). Since the (W/C)
multilayers are fabricated layer by layer, the whole package looks like

a condenser constructed by two different dielectric media. By using

this method, the 1/(gtq) can be described as:

- 1 1 1 4.1 5y, 1
Stotal ( ) (€c2 S 2) """ (GcN 3 N) - 4l
@——-—@ G—b ¢
Ist bilayer 2nd bilayer Nth bilayer

In the case of EELS measurements, because the inelastic scattering

is very strong, it is more reasonable to introduce the mean free path

factor into Eq. 4.1. By multiply a thickness (t) and mean free path (l*l

) dependent factor ef(tA in each terms in Eq. 4.1, we can get the

new 1/(gc1a1). The result is:

'A* = A/E2 + BE!/2 ( Where E is the primary energy, A,and B are constants)8!
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1 = (efta) L ;eftmA) 1y (eftar) 1 pofitwad) 1y 4
Etotal (e €c1 Ewl ) +(e €c2 Ew2 )

. (eftand)_ 1 ofitend)_1
... (e ey e - )

- 1 1
Re(fitotal) + Im(etotal) ’ 4.2

Then the loss function can be extracted from 4.2 using the relation:

- 1y - . 1
Im(s) Im(etntal)

In Figures 4.4a-4.4b, we plotted the combined dielectric loss
function as a function of primary energies (Ep). The bilayer number
(N) applied in Figures 4.4a and 4.4b is 4. The thickness of W/C in
Figures 4.4a and 4.4b are 6A/5A and 6A/2A respectively. The aim for
choosing different of W/C thickness is just for a comparison. From
these two figures, we can see that the dominate peaks (at energy 7eV
and 25eV) are from carbon, some small wriggles (at energy
10ev,15ev and 32eV) are from the tungsten. (The thinner C is, the
clearer tungsten signal appears.) The characteristic transitions are
obviously not as clear as those from Figure 4.3. In this model of
expression, the loss function can only be shown up to 40eV, since the
provided dielectric constant values are good only up to 40eV.

We measured the electron energy loss spectra at room
temperature as a function of primary energies (from 100 to 1800 eV).
The EELS spectra for the W/C= 6A/5A are shown in Figures 4.5 and

4.6. Similar spectra were obtained for the other samples. The inset



72

25 LI L LI L L L
5 E o
L | S
' —800eV -
B — 60067
r ——500eV
| — 3506V |
815- ——300eV -
N [ —250eV |
‘é - ——200eV
b ) S
0l 1506V
' \
1
/;:_/f{ \ — —
0 S gt L aa e b oo oo |

0 5 10 15 20 2 30 3» 4N
Energy (eV)

Figure 4.4(a) Combined optical dielectric loss function from graphite
and tungsten with W/C= 6A/5A and total bilayer (N)=4.
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Figure 4.4(b) Combined optical dielectric loss function from graphite
and tungsten with W/C=6A/2A and total bilayers(N)=4.
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is an expansion of the spectra from 10 eV to 70 e€V. The positions of

the most prominent energy loss peaks are listed in Table 4.2 and
have been labeled as atoi.

At primary energies of 100 and 150 eV, the EEL spectra have
the characteristic losses of graphite. At these energies the primary

beams can only penetrate a few angstroms, the carbon top layer. We

Table 4.2

Electron Energy Losses of W/C=6A/5A.

ENERGY a b c d e f g h i
[Ep (eV)]

100 36 6.1 13.6 20.7 26.6

150 36 6.1 13.7 20.7 25.4

200 4.4 7.5 13.7 20.8 25.7 35.0

250 5.1 13.4 20.7 25.4 35.0 52.0

300 6.0 13.7 20.9 25.3 34.9 54.2

350 6.6 13.7 20.8 25.2 34.5 43.8 53.4

400 7.4 14.3 21.4 25.3 34.6 43.8 53.4

500 10.3 14.5 25.7 34.8 44.0 53.8

800 15.3 25.3 43.9 53.7
1000 24.6 44.2 53.7 80.6
1400 25.4 53.1 80.2
1600 25.5 52.9 80.0

1800 25.5 53.6 80.0
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Figure 4.5. EEL spectra at room temperature before heating for a
W/C multilayer (W/C= 6 A/5 A). The spectra were taken for primary
energies from 100 to 400 eV.
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Figure 4.6. EEL spectra at room temperature before heating for a
W/C multilayer (W/C= 6 A/5 A). The spectra were taken for primary
energies from 500 to 1800 eV.
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obtained similar spectra for the other W/C multilayers when using the

same electron primary energies. Peak a centered at 3.6 eV is far
away from the n electrons bulk/surface plasmons of graphite. This
peak is probably an inter/intra band transition of graphite. Peak ¢ at
13.6 eV is assigned as an n->c interband transition from ps3~to p3* in

a single layer of graphite band structure calculated by Painter et al.82
(see appendix B). The results of the unpolarized near normal
reflectance measurements on natural graphite,’¢ demonstrated a
broad peak in the imaginary part of the dielectric constant at 14.5 +
0.5 eV. Wills et al.83 observed a peak at 13.5 eV in photoemission and
secondary electron emission measurements. Therefore the assignment
of peak ¢ is in good agreement with band calculation and other

experimental measurements. We assigned peak b as the combination

of surface and bulk plasmon of the n electrons, peak d as a surface
plasmon and e as the bulk plasmon of the n +o electrons of the

graphite layer.”6

When the primary energy increases to 200 eV a slight shift in
energies take place for peaks a and b. At higher energy losses, while
peaks ¢, d, and e remain at the same positions, a new broad weak peak
appears around 35 eV. This peak (f) is the (Ny;, Nyy) core ionization
from tungsten. The emergence of this peak suggests that the beam
had penetrated to the tungsten layer at this primary energy, as
expected. At this primary energies the EELS measurements suggest
that the interface W/C has not reacted in this sample. By contrast, we
detect the presence of a pronounced electron energy loss peak around

9 eV in a multilayer with W/C= 7A/7A. The latter loss peak appears to
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Figure 4.7. EEL spectra before heating for a multilayer with
W/C=7A/7 A.
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be characteristic of the interface for this particular sample, see Figure

4.7.

When the primary energies increases to 250, 300, and 350 eV
the relative intensities of peak d and e start to change. We attribute
this to the fact that the EEL spectra will show a larger contribution
from the bulk of the multilayer. The intensity of peak f increases and
peak g (the O;; core ionization of tungsten) is observable. Peak h is
identified as due to bulk multiple plasmon losses. When the primary
energy increases over 500 eV, the contribution of the energy losses at
f and g diminishes. All the multilayer samples show similar spectra,
with different threshold energies towards the appearance of the
tungsten metal features in the EEL spectrum.

We measured the electron energy loss spectra of the samples as
a function of temperature. Our objective was to use this technique to
investigate the possible reactions taking place at the interface W-C. In
Figures 4.8 and 4.9 we show the EEL spectra taken at different
temperature for Ep=200 and 350 eV. We observe an irreversible
phase transition at temperatiire between 873° K and $73° K. The
EEL spectra at 973° K are very different from those spectra measured

at lower temperature. The electron energy losses at 13.5 and 20.6 eV
disappeared, see Table 4.3. A new peak( o) appears centersd at 9.6

eV (10.8 eV for Ep = 350 eV). The peaks corresponding to the Ny,
and Nyj; core ionization of W located at 34 eV are now very well
resolved. This spectrum has some of the characteristic losses of
tungsten.”® However some of the features of the EEL spectrum
suggest the presence of a new compound. All the samples show a

similar behavior at high temperatures. We were limited in our
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Figure 4.8. EEL spectra as a function of temperature for a 200 eV
electron primary energy ( W/C= 6 A/ 5 A).
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EEL spectra as a function of temperature for a 350 eV
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our high temperature measurements to maximum of about 1000 K,

due to the thermal properties of the silicon substrate used to grow the
multilayers.

We measure the AS spectrum after heating the sample in UHV,

see Figure 4.10 line (b). The tungsten signal has increased. This
reflects the fact that some carbon migration into the W layer took

place.

Table 4.3
Electron energy losses of W/C=6A/5A as a function of temperature
(Ep=350 eV)
""""""""""""""""""""""""" LOSS PEAKS (eV)
Temperature a b c d e f g h i

6.6 13.7 20.8 25.2 34.5 43.8 53.4
6.5 13.7 21.1 25.7
673 6.5 13.7 20.9 26.0
6.5 13.3 20.8 26.4
6.3 13.4 20.4 25.9

a1 o2 o3 o4 o5 06
973 6.3 10.8 24.5 33.5-35.2 43.2 53.3



83

C
(c) P
W
V ww
- /
/) 252
pad
o 260*
e
2 | (b) 273
K
5 | (a)
>
=
'z
o)
100 200 300 400

Energy (eV)

Figure 4.10.  Auger spectra around the carbon signal for a W/C
multilayer ( W/C= 6 A/5 A): (a) before heating, (b) after heating and
(c) after reaction with oxygen.
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In order to verify this phenomenon, we exposed the sample to oxygen

at 773° K for one minute. The AS spectrum taking after this reaction
is very illuminating, Figure 4.10 line (c). The Auger spectrum of
carbon (KL, 3L, 3 at 273 eV) after the reaction changes, and additional
features at 260 eV and 252 eV appear. The Auger spectrum shows the
characteristic structure of the formation of carbides. Figures 4.11 and
4.12 we show the EEL spectra before heating, at 973° K, and after
reaction. The EELS spectra after heating and after reaction are very
similar indicating that a carbide interface was formed during heating.
The exposure to oxygen removes the graphitic top layer and expose
the carbidic interface. The EEL spectra has energy losses from W and
the carbide as well as from the other deeper layers (depending on the
impinging energy). The carbides are very stable in an oxygen
environment, at least up to 773 K.

Inner core shell electrons can be excited by the inelastic
scattering of electrons and the EELS spectrum can exhibit EXAFS like
oscillations.#4 We performed SEELFS measurements4748 at the carbon
K-edge for the samples before, after heating and after reaction. The
magnitude of the Fourier transforms ( multiplied by the square of the
momentum of the electron) for the SEELFS spectra are shown in
Figure 4.13. The spectra are dominated by the carbide character of
the interface. This provides further proof of the correct identification
of the interface. The position of the C/C and C/W distance are
indicated in the Figures. X-ray diffraction measurements gave further
evidence of carbide formation. The type of carbide formed at the
interface was identified as W,C. A comparison of near-neighbor

distances for the Carbon atoms in the W,C and the experimental
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measurements (extracted from Figure 4.13b after heating) is listed in

Table 4.4. The deviation between the true distance r and the peak

position r’, due to the phase shift 6y (k) can be roughly estimated
using the linear approximation (0y(k) = Py+P;k). The oscillation part
sin(2kr;+6;) in Eq. 2.51 is now rewritten as follows after introducing
the linear phase function 6;(k):

sin(2kr+0;) = sin(2krj+Py+P1k)

= sin(2k(r; +22L)+po)
= sin(2kr’j+ po). 4.3

The deviation Ar = rj- Iy is approximately equal to -0.5P;. P; can now

be found out by fitting the theoretical phase shift data. In this analysis,
we used the theoretical phase shift data listed (in appendix V) in
ref.[45], and then performed a least square fit to the data. In this
fitting, we limited the maximum k to 10A-l1. This is because the
maximum k value in the SEELFS is only about 10A-1 (400eV in energy
scale, see Figure 4.13a). After the fitting, the parameters of p; for C-
C and C-W are about -0.7 and -0.6 respectively. The interatomic
distances F(R) after the phase shift correction are listed in the Table
4.4. Some of the interatomic distances have 20% deviation from the
standard crystal. This can be realized, since the peaks in Figure 4.13b
(solid line) are not very separated from each other, and these peaks
overlapping can prevent us to determinate the radius r; precisely.
Our objective in this analysis is to have a semiquantitative evaluation of
the parameters for a corroboration of the identity of the species

present in the sample.
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Figure 4.13. (a) SEELFS spectrum taken at C K-edge. (b) Magnitude
of the Fourier transforms of the Carbon K-edge SEELFS spectrum,
before heating (dot line) and after reaction (solid line).
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Table 4.4
Comparison of near-neighbor distances for the Carbon atoms in the
W,Clref. 84] and the experimental measurements (from the solid line

in Figure 4.13).

HCP W2C Exp. F’(R) After Phase Shift
Shell Bond Distances Correction F(R)

(A) (A) (A)
1 209 CW ¢ 22 25
2 2.99 CC 2.7 3.0
3 3.64 C-W 3.2 3.5
_________ Graphite =~ Exp. F'(R)  After Phase Shift
Shell Bond Distances Correction F(R)

(A) (A) (A)

1 1.42 (C-C) 1.1
2 2.46 (C-C) 1.7 2.0
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X-ray reflectivity

The basic theory for analyzing the X-ray reflectivity data has been
discussed in chapter 2. In the following analysis, we will use the
iteration method (Eq. 2.69) and a Gaussian type roughness at the
interface to fit the experimental data. In this analysis of the data, the
interface roughness, and the electron density of each layer are
assumed to be constant throughout all the layers. Because of the large
number of data points in each spectrum and the time consuming
iteration calculation, most of the experimental data can only be
analyzed in the main frame (CUNYVM) computer.

Figures 4.14, 16, 18, and 4.22(a) show part of the X-ray
reflectivity measurements. Figure 4.14a shows the experimental data
and the fit result of sample W/C= 6A/5A. In this figure, the upper line
indicated fit(+1), is shift up by 1 in the log scale from the Y axis. There
are three different modulations in this experimental data spectrum.
One is from the the bilayer structure, one is from the interference of
reflectivity waves between the substrate and the total thickness, and
the remainder is from an unknown layer. From the width of the
modulation, one can estimate that the thickness of this unknown layer
is about 60A. In the theoretical calculation, we assume that there is an
extra layer with certain thickness embedded between the substrate
and the first layer (tungsten). The result of the rough calculation
shows that the medium frequency modulation is from a layer with
thickness around 53A and electron density at 2.8(6.022x1023 e/cm3).
The line shape of the fitting and the amplitude of the high frequency

modulation are very similar to the experimental data.



91

ty (Log)

wi

Reflecti

002 0128 0236 0344 0452 056
qd’)

Figure 4.14a X-ray specular reflectivity of multilayer of W/C=6A/5A
with 200 periods. The upper curve is the theoretical calculation and
is shifted by 1 from the Y axis for illustration. The values of the fitting
parameters are shown in Table 4.5 and Figure 4.15. The large
modulation in this fitting curve is produced by assuming that there is
an extra layer which is just embedded between the surface of the
substrate and the multilayer with thickness of 53A, electron density
2.8(6.022x1023 e/cm3). Figures 4.14b-4.14d are the expansions of
Figure 4.14a.
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Table 4.5

Parameters obtained from the fitting of the experimental data for the
W/C=6A/5A multilayer.

Materials Thickness Interface-Roughness
I 17 od
Si(substrate) e~ 0.3 (Si - bottomlayer)
bottomlayer 52.5 0.8 (bottomlayer - W)

W 4.57 26 (W-W,(C)

W,C 2.10 2.9 (W,C-C)

C 3.65 3.8 (C-Wy,)

2.9 (W,C-C)

Fad Expt.

i Substrate

Electron Density (6.022x10% e/cem?)
E Y

N Croen Lape

Bilayer - - > Z

Figure 4.15 A comparison of electron density between the known bulk
state and the experimental state. The experimental electron densities
of W, W,C and C are from the parameters used to obtain fit in Figure

4.14a. The electron densities of W, W,C and C are about 10% , 7% and
14% less than the known bulk state respectively.
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The fitting is not perfect but basically it tells us that the medium

frequency modulation is built up from a thin layer with certain
electron density. The thickness, electron density and the interface-
roughness parameters of the individual layers are shown in Table 4.5
and Figure 4.15. Thin tungsten carbide W,C layer was about 2A at the
interface.

Figure 4.16 is a spectrum measured from sample W/C=7A/7A
before heating and Figure 4.18 from sample W/C=7A/7A after heating.
Both figures are very similar. The position of the two peaks from the
first Bragg peak in Figure 4.18 is slightly higher than the peaks from
Figure 4.16. This indicated that the growing of the carbide at the
interface may cause a contraction from the bilayer. It is very hard to
expect a good fitting in these two figures because of the weak
reflectivity at the first Bragg peak. In this analysis of the data, the
following model is used. We assume that the two peaks at the first
Bragg peak position were made up by two multilayers with very

similar bilayer thickness. In Figure 4.16, we assume that the
thickness (A,) of the bilayer from peak (a) is about 13.2A and with 23

periods (let us name this multilayer as M), the thickness from peak
(b) is 3.5% least than peak (a) but with 127 periods (let us name this
multilayer as Myp). The multilayer M, is arranged on the top of the

multilayer My, The thickness of the bilayers Ap and A, is assumed to

be linearly increasing from the direction of substrate layer to the top
layer with AA/A = £ 1% for peak b (£1.8% for peak a). The thickness
ratios dy,/dy,c/d. are kept constant. For the case in Figure 4.18,
we use the same model but the thickness of the bilayer of peak (b) is
about 6.5% least than peak (a). The theoretical calculations are
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Figure 4.16 X-ray specular reflectivity of multilayer of W/C=7A/7A
with 150 periods. The thin line curve is the theoretical calculation
and the coarse line is the experimental data. The values of the fitting
parameters are given in Table 4.6 and Figure 4.17. The two peaks at
the first Bragg peak position were made up by two different thickness
bilayer lattices. In Figure 4.16, we assume that the thickness (A) of
the bilayer from peak (a) is about 13.18A and with 23 periods, the
thickness from peak (b) is 3.5% least than peak (a) but with 127
periods.
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Table 4.6

Parameters obtained from the fitting of the experimental data for the
W/C =7A/7A multilayer before heating.

Materials Thickness Interface-Roughness
____________ ad oA
Si(substrate) e~ 24 (Si-wy T
W 4.4 56 (W-W,(C)

W,C 2.3 6.8 (W,C-C)

C 4.3 55 (C-W,)

9 E
~ 8 3
S 7
© 5
a E
o ° 3
v 3
M 3
8
S
© 4 E
= C
B
g 1 7 3

Bilayer---> Z

Figure 4.17 A comparison of electron density between the known bulk
state and the experimental state. The experimental electron densities
of W, W,C and C are from the parameters used to obtain fit in Figure

4.16. The electron densities of W, W,C and C are about 1% , 2% and
8% less than the known bulk state respectively.
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Figure 4.18 X-ray specular reflectivity of multilayer of W/C=7A/7A
with 150 periods after heating. The thin line curve is the theoretical
calculation and the coarse line is the experimental data. The values of
the fitting parameters are shown in Table 4.7 and Figure 4.19. In
the theoretical calculation, we used the same model as in Figure 4.16
but the thickness of the bilayer of peak (b) is about 6.5% least than
peak (a).
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Table 4.7

Parameters obtained from the fitting of the experimental data for the
W/C=7A/7A multilayer after heating.

Materials Thickness Interface-Roughness
S aay ody
Si(substrate) e~ 24 (Si-w) T
w 4.3 55 (W-W,y(C)

W,C 2.4 6.6 (W,C-0Q)

—— e e  ———— s —— . —— . —— — . —— A T S (s S e T i e S — ———— it At P

0

1.124

Electron Density (6.022x 102 e/cm?)
Y

Bilayer ---> Z

Figure 4.19 A comparison of electron density between the known bulk
state and the experimental state. The experimental electron densities
of W, W,C and C are from the parameters used to obtain fit in Figure

4.18. The electron densities of W, W,C and C are about 1% , 1% and
2% less than the known bulk state respectively.
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shown in Table 4.6, Figure 4.17 and Table 4.7, Figure 4.19

respectively. The roughness at each interface is very large. We
believe that the poor reflectivity at the diffraction peak is mainly
caused by this roughness.

Figure 4.20 is a spectrum measured from sample W/C =10A/20A.
We can not find the interference of the reflectivity waves between the
substrate and the total thickness in this figure. The reason is that the
wave width created from the interference of the 4800A bilayers is
much smaller than the resolution of the diffractometer. In the analysis
of the data, the thickness of the bilayers A is found to be

monotonically increasing from the substrate up to the top layer with
AA/A = £ 2.5%. The thickness and electron density parameters of the

individual layers are shown in Table 4.8 and Figure 4.21.

Figure 4.22(a) is a spectrum measured from sample W/C
=10A/13A. The interference of reflectivity waves between the
substrate and the total thickness in this figure is very irregular. This is
mainly caused by the influence of the thickness errors
which are distributed in a randomize sequence. It can not be fit
properly. So we use a simulation method to specify this spectrum. In
this simulation, we assume that the thickness of the bilayers can be
divided into several groups with different occupation numbers. The
occupation number of the bilayer is assumed to have a Gaussian type
distribution with respect to the thickness. The distribution is shown
in Figure 4.23. The 150 bilayers are randomly arranged in a sequence
in the way to form the multilayer. An X-ray reflectivity calculation is
then performed. Figure 4.22(b) is one of the results by using the

simulation method. From 4.22(b), we can find out the similarity of
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the irregular interference which happened in Figure 4.22(a). It is

indirectly proved that the thicknesses in this sample are randomly
distributed. The thickness and electron density parameters of the

individual layers are shown in Table 4.9 and Figure 4.24.
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Figure 4.20 X-ray specular reflectivity of multilayer of W/C=10A/20A
with 65 periods. The thin line curve is the theoretical calculation and
the circle line is the experimental data. The values of the fitting
parameters are shown in Table 4.8 and Figure 4.21.
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Table 4.8

Parameters obtained from the fitting of the experimental data for the
W/C=10A/20A multilayer.

Materials Thickness Interface-Roughness
T ) VA
Si(substrate) ~ ~ 70 (Si-w)
\"Y 8.4 9.0 (W-WwWy(C)

W,C 7.7 11.0 (W,C-C])

C 9.1 10.0 (C - W,C)

8.5 (WoC -W)

9
Expt.
8 Known Bulk State

% . T
8?; . V
= (1) %

Bilayer --->

Figure 4.21 A comparison of electron density between the known bulk
state and the experimental state. The experimental electron densities
of W, W,C and C are from the parameters used to obtain fit in Figure

4.20. The electron densities of W, W,C and C are about 16% , 15%
and 17% less than the known bulk state respectively.
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Figure 4.22 X-ray specular reflectivity of multilayer of W/C=10A/13A
with 150 periods. The top one (a) is the experimental measurement
and the lower one (b) is the theoretical calculation. The values of the
simulation parameters are shown in Table 4.9 and Figure 4.24.
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Figure 4.23 A Gaussian distribution of the occupation number versus
bilayer thickness. The deviation ¢ used in this model is 1.2 A.

Table 4.9

Parameters obtained from the fitting of the experimental data for the
W/C=10A/13A multilayer.

Materials Thickness Interface Roughness
____________ akdy kb
Si(substrate)  ~ 45 (Si-w)y T
W 5.2 4.3 (W-W,C)

W,C 4.6 4.4 (WyC-C)

C 8.1 4.4 (C-Wy)
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Figure 4.24 An illustration of electron density for the known bulk
state and the experimental state. The experimental electron densities
of W, W,C and C are from the parameters used to obtain the simulation

in Figure 4.22b. The electron densities of W, W,C and C are about
19% , 15% and 17% less than the known bulk state respectively.



107
CHAPTER 5

SINGLE CRYSTAL TIC[111)

5.1 Introduction

Titanium carbide is an uncommon compound, it has a simple

cubic rock-salt structure. It is similar to metals in its thermal
conductivity and electrical resistivity. Its high melting points and
hardness!! make it widely used in cutting tools, wear resistant
surfaces and high temperature materials. Some carbides posses
superconducting properties at low temperatures.!! These
remarkable characteristics have stimulated continuous theoretical

and experimental research of this compound. Titanium carbide is

one of the most technologically important carbides. The TiC micro-
hardness shows a curious temperature dependence when compared
to other transition metal-carbides. The hardness decreases linearly
from 3000 to 400 (kg/mm?2)85 when the temperature increases
from 300 K to 1073 K. Above this temperature it becomes rather
ductile and deforms plastically. These physical properties should

be to changes in electronic structure.

During the past two decades, there have been a number of

TiC band calculations performed by different methods, tight
binding approximation, EPM, LCAO, APW and MAPW,1.86-93 to name a
few. The results of these calculations are not always in full agreement.
However, most of them show that the C-2p and Ti-3d states
form the strongest bonding, and that the C-2s states are well

separated from the lower level. More recent calculations are
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considering not only pure covalent bonding but a mixture of covalent,

metallic and ionic bonding between carbon and titanium.

Experimentally XPS and UPS have been used to investigate the

band structure of titanium carbide.91.9498 The results of those
measurements show that the C-2s band lies 10.0 -10.6 €V below the
Fermi level, and the C-2p and Ti-3d hybridized band lie 2.9-3.6 eV

below the Fermi level. The measurements are consistent with

recent band structure calculations.

We present in this thesis an electron energy loss spectroscopy (

EELS) study of TiC [111]. We also report in this manuscript the
evolution of the EEL spectra at high temperatures. The objective was
to investigate the electronic surface structure under such conditions.

The reactivity of the TiC surface towards oxygen and ethylene was

also investigated using the same techniques.
5.2 Experimental

The crystal studied was 8 x11 mm?2 and 2 mm thick. It was
mounted on a Molybdenum sample holder. A Chromel Alumel

thermocouple was attached to the surface of the sample. The crystal

was mounted on a high precission manipulator with electron beam
heating. A high power Yag Laser (200 W) was used for surface

annealing of the sample. The vacuum system used in these
experiments has a base pressure around 5X107!! torr. The Auger

spectroscopy (AS) and EELS measurements were taken using a
cylindrical mirror analyzer. The first derivative mode was used for AS

and the second derivative for the EELS measurements, with a
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resolution AE/E= 0.6%. The modulation voltage used for the

measurements was 1 eV p-p.
The AS spectrum of the sample showed the presence of

oxygen and graphitic carbon on the surface. After many hours of
annealing and many cycles of argon ion (at 2000 eV) sputtering we
were able to obtain a clean sample as shown in Figure 5.1a. In
order to monitor the cleanness of the surface, Auger spectra were

recorded before each EELS measurement. Usually, it just needed a
flash-heating for the removal of the residual oxygen.

We measured the EEL spectra in the N(E) and -dN2/d2E modes
for comparison purposes using electron primary energies from
Ep=100 to 350 eV, see Figure 5.2. We observe in the figure that the
N(E) mode has a strong background, and that can create difficulties
in detecting small features in the EEL spectrum. By contrast, in the
-dN2/d2E mode, the background is suppressed, so that small features
are easily detected. Because of this fact, we decided to used the
second derivative mode in our studies. For comparison purpose we
also measured the EEL spectrum of a Ti single crystal.

The TiC EEL spectra for the clean sample were measured at

room temperature using seven different electron primary energies (
Ep= 100, 150, 200, 250, 300, 350, 450 eV ). The spectra are
shown in Figure 5.3. The temperature dependence of the EELS
spectra was measured in two different regions; between 128 K and
1073 K for Ep =150, 300 eV; and between 300 K and 1250 K for
Ep=200 eV.
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Figure 5.1 Auger spectra for (a) clean TiC (b) with Oxygen coverage.
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Figure 5.2 EELS spectra for N(E) and -dN2/d2E mode as a function
of primary electron energy (100 to 350 eV) at 300 °K.
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The clean TiC sample was exposed to 240 L of ethylene at

various temperatures 136 K to 700 K. Light exposures to oxygen were

also performed on the clean samples to investigate the surface

oxidation of the sample.

5.3 Results and Discussion

AS: The Auger spectra for the TiC sample with and without oxygen
are shown in Figure 5.1. Figure 5.1a shows the spectrum of a clean
TiC sample after ion sputtering and thermal annealing ( including
laser annealing ). Figure 5.1b shows a typical spectrum of a TiC
sample with small amount of oxygen on the surface.

EELS: The EEL spectra of clean TiC are shown in Figure 5.3. They
were measured at room temperature using electron primary energies
of Ep =100, 150, 200, 250, 300, 350, and 450 eV. The spectrum of
Ti metal (Ep=150 eV ) is also shown in Figure 5.3 for comparison
purposes. The electron energy loss peaks of TiC are indicated in the
Figure by the letters atol. All electron energy loss spectra in Figure
5.3 have been normalized with respect to the elastic peak. The
enegy loss peak positions are listed in Table 5.1. We also reproduce
in Figure 5.4 the projected DOS calculations from Price and Cooper.!
We will use this theoretical calculation for the interpretation of the
EEL spectra.

Peak a at 4.4 eV appears at electron primary energies from 100

eV to 350 eV. This peak is not easily observed at 450 eV due to
energy resolution limitations of the CMA. We assign this energy loss

as an inter/intra band transition from the occupied valence states
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Figure 5.3 EELS spectra at 300 °K as a function of primary
electron energy (100 to 450 eV).



Table 5.1.

Electron energy losses of TiC [111].

Loss Peaks (eV)

ENERGY a b c d e £ g h i i k 1
(Ep)

100 44 6.8 8.8 11.6 16.4 23.5 35.2 39.6 46.2

150 44 6.8 86 11.6 16.6 24.5 26.6 35.2 40.1 46.2 52.1 64.1
200 44 6.8 8.6 11.6 16.6 23.7 26.4 35.5 40.1 46.2 51.9 64.1
250 44 6.8 88 11.7 16.6 24.0 26.9 35.8 40.4 46.7 52.1 64.5
300 44 6.8 83 11.5 16.6 24.0 26.6 36.0 40.4 46.7 52.1 64.5
350 44 6.8 11.5 16.4 23.7 26.6 36.2 40.4 46.7 52.4 64.3
450 6.7 11.5 16.7 23.6 26.5 36.3 40.0 46.6 52.2 64.4
avg. 44 6.8 8.6 11.6 16.6 23.9 26.6 35.7 40.1 46.5 52.1 64.3
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C-2p, Ti-3d to the Ti-3d empty states (pgz -->dg, ds-->dg, see Figure

5.4 and Table 5.2). We assign this transition using the theoretical
calculations given in Figure 5.4. The intensity of peak a shows a
strong energy depence. It emerges as the strongest peak at Ep =100
eV, and then decreases gradually. This is strongly suggestive of
surface states, at low electron primary energies only the top atomic
layers of the sample are scanned. The inelastic mean free path at
these energies is short enough to sense only the surface layers.

According to Ion Scattering Spectroscopy (ISS) and angle dependent

XPS measurements? the top layer of TiC [111] is favored by the
titanium atoms. This nonneutral surface can be stabilized by
charge redistribution accompanied by significant changes in the
surface electronic structure. This means that the surface DOS is
significantly different from the bulk. Fujimori et al.190 have
calculated the surface DOS for an eight atomic-layers film of TiC
[111], Ti or C terminated. Their results show that for the Ti
terminated surface the empty states are quite different from the
bulk. All these observations are consistent with our interpretation of
peak a as produced by surface states. Peak b located at 6.8 eV is
identified as a transition from the occupied C-2p and Ti-3d states to
empty states C-2p and Ti-3d ( e.g. py-->dg, p;--> dg, do--> d5, dy--
>dg, dz-->py. dsz-->d,, see Figure 5.4 and Table 5.2). This peak
does not show a strong dependence on the electron primary energy.
Peak c is assigned as an inter band transition. This peak is
narrow and weak when compared to the others. Peak d can be
identified as an inter band transition from the occupied states C-

2p,Ti-3d to empty states ( e.g. p;-->ps, P;-->dg, do-->ps, dy-->dg, see
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Table 5.2

Electron energy loss peaks in Figure 5.3 and the corresponding transitions according to
Figure 5.4.

loss peak  energy loss (eV) Most probable transition path (Figure 5.4)

(a) 4.4 C-2p-> Ti-3d , Ti-3d-> Ti- 3d
(pg-->ds, dg=>ds)

(b) 6.8 C-2p -> C-2p, Ti-3d -> Ti-3d
(p1-->dg, p1-->ds, P2-->d7, Pa-->P4
dy-->dg, dy-->dg, dz-->ps, dz-->d7)

(c) 8.8 C-2p -> Ti3d, Ti-3d ->Ti3d
(p3-->d8, d4'->d8)

(d) 11.6 C-2p -> Ti-3d, Ti-3d -> Ti-3d
(p;-->ps, P1-->dg, dg-->ps5  da-->dg)

(e) 16.6 C-2s-> C-2p, Ti-3d->C-2p, Ti-3d->Ti-3d
(C’ZS">p5, dl">p5, dl">d8, dl"’>dg)

* All the p; (i=11035), and d; (i=1 to 9) refer the C-2p and Ti-3d states respectively.

Lit
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Figure 5.4). Angle Resolved Photoemission was employed in

reference [97] to study TiC, they observed a transition at 11.7 eV
close to the position of peak d. They identified this peak as a
transition from Lg to L,. Those measurements seems to be in good

agreement with reported theoretical band calculations. 86:88,90,91,92

The assignment of peak d is very different in our work to that of

reference[87]. In reference[87], the optical loss function -Im(1/¢g)

showed a strong peak at an energy around 11 eV, they identified this
peak as a bulk plasmon. The range of the optical measurements was
from 0.5 eV to 21 eV; they missed the range where the bulk
plasmon will appear. We compare in Figure 5.5 our measurements
(EELS at Ep=200 eV) to the loss function obtained in reference[87].
We use the same scale but shifted to lower energies by 0.5 eV. The
dot line represents the loss function derived from optical

measurements. We can observe in the figure that the positions of

the two functions maxima appear at about the same energies. The

major difference is the relative intensity of the peaks. This

agreement can be taken as further evidence that the dipole
approximation can be used to analyzed the EEL measurements

In Figure 5.6a, we plot peak d intensity vs primary electron
energy, E,.  From the figure we can observe that the intensity
increases rapidly at low energies, but after 200 eV, it starts to
saturate. It does not show the characteristics energy dependence of

bulk plasmons.
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The energy loss values of peak e and f are 16.6 and 23.9 eV

respectively. They are assigned as surface and bulk plasmon
respectively. The assignments are according to (1) the dielectric
constant theory!®l and (2) from the loss peaks functional
dependence on incident primary energies. Generally, without
considering the structure of the valence electrons; the free electron
plasmon from the 8 valence electrons (4 from carbon, 4 from
titanium) should be 23.3 eV. But from the (LMTO) calculation! and
other band calculations,86.889091.92 there are two C-2s electrons deeply
bound at the lowest level of all other bands. The plasmon energy
should count only on 6 valence electrons, this will give a value of
about 20.3 eV. From the dielectric constant theoryl0!l, the frequency
of the bulk plasmon under the influence of intra/inter band transitions

can be expressed as:

Where mp*z =ne2/(m’eo)

{ M’ : electron effective mass over the Fermi surface for k- k=q => 0.
€o : (4nx9x1 0! 1)'1 Coul. (Volt ecm)” 1}

88((np' )ic the contribution from the interband transition [
from the conduction band (c) to the free band (f) above it ]. The term

Se(wp' )§c in the dominator, is only a small correction. It is positive
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when the inter band transitions occur at an energy below the free

electron plasmon, and negative in the reverse case. Using the free
electron approximation (m* = m), we obtain hop" = 20.3 eV . In the

energy loss spectra, we can observe inter band transitions in an
energy range below the free electron plasmon value. Consequently.
We expect that the true plasmon should shift to higher energy, this
can explain why we do not measure the bulk plasmon at 20.3 eV, but
at the energy of peak f 23.9 eV.

From the surface and bulk plasmon energy relation, we have:

hog=hoy/V (1+) ..., (5.2)
or ho)s=h(x)p/\/_2_ ......... (5.3) (vacuum boundary)

If we insert the bulk plasmon (23.9 eV) value into equation (3) we

can find that fi®s = 16.9eV; very very close to the value of peak e. In

Figure 5.6b, we plot the relative intensity of peak f to peak e vs

electron beam energy. From the figure we can see that the ratio
changes rapidly when Ep increases. This is related to the energies

dependence of the electron mean free path. At low energies the
probability of exciting surface plasmons is higher. We must add that
from the DOS theoretical calculations! there is a possible contribution
to peak e from interband transitions. According to the calculations

in references® and®! this transition can happen from the C-2p to
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Ti-4s states. The results show that the energy level of Ti-4s is high

above the fermi energy, the Ti-4s charge will diffuse to Ti-3d & C-2p
to form the metal-metal, metal-carbon bonds, so the C-2p

electrons  still have a great probability to be excited to the partial

empty Ti-4s states.
Peak g appears only at high primary energies as a small

shoulder of peak f. This peak is not clearly resolved, and we have
not given any assignment to it.

We assign peak h as a transition from the core level Ti-3p to

the Ti-3d empty states102, The measured energy loss value is 35.7

eV. It is shifted by 3 eV in comparison to titanium metal. It shows a
maximum intensity between 100 and 150 eV. The strong energy
dependence is partially related to the core-ionization cross - section
variation with  primary electron energy. We have used Worthington
and Tomlin's103.104 calculations obtained from the modified Bethe's
equationl®> to evaluate the energy dependence of the cross-section.

The modified equation is given by:

GnFC dn| bnl cmz

E%llUnll Wa
1.65+2.35€Xp(1-Un|) ...... (5.4)

where ay; is the number of electrons in that shell; U, =E /E;;; C isa

constant (6.51X10-14); b,; is a parameter (for the M shell
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b,;=0.25). The cross-section is only a function of U,;, see Figure

n
5.7. The maximum in the cross-section occurs around U,; =3, and
decreases rapidly there after. For a binding energy of 35.7 eV, the
maximum cross-section will be at a primary energy of 107 eV. This
value is very close to that observed experimentally. There is also a
strong contribution from transitions to the empty 3d surface statesl0l,
At these energy the penetration of the primary electrons in the

sample is very sensitive to the electronic structure of the surface.

These two factors dominate the behavior of peak h at low energies.

Peaks i, j, and k are not clearly observed at low primary

energies, Ep =100 eV. Their intensities increase for Ep values
above 150 eV. The energy loss values for the i , j and k peaks are
40.1, 46.5 and b52.1 eV respectively. We assign these peaks as
autoionization electron emission corresponding to the Ti-3p - Ti-3d

resonant transitions.106-109 The processes can be described as :

3p®3dN --> 3p%3dN+t ... (5.5)

3p3aN+1..5 3p63dN-1ief .. .. .. (5.6)

where ef is the electron emitted into a continuum state which is
well above the vacuum level. Eq. (5.5) represents the Ti-3p-> Ti-3d
resonance excitation. In eq. (5.6), the final state is followed by an
Auger transition accompanied by a shake up process. There are many
reports in the literature about the autoionization emission effect,
especially for transition metals. Optical resonance effects measured

on Titanium and Nitrides of Titanium also show this

phenomenon, 108-110
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Peak ] is assigned as a Ti-3s core-ionization. According to ref.

[111], the binding energy of Ti-3s is 58.7 eV referred to the
fermi level. The clean titanium metal EEL spectrum also displays a
strong peak at 58.7 eV and a smaller one at 63.5 eV. In the carbide
this transition appears at 64 eV, the shift in energy is attributed to the

strong covalent bonding present in TiC.

Ti metal: In Table 5.3, we list the loss peaks of the clean metal.

The most common interpretation of the energy losses found in the

literaturel02.112, 113 jg the following :

(B4) is the surface-plasma loss.

(B,) is the volume-plasma loss.

(B3) is a combination of surface-volume plasma losses.

(B4) is due to the second harmonic of the volume plasmon.

(Bg) is the transition from the Ti 3p to empty 3d states (M core

ionization).

(Bg) is attributed to the Ti 3p resonance(Ti 3p-3d threshold

transition).

(B;) is from the Ti 3s to empty 3d states transition(M core

ionization).

- " Tapbles3. T
Electron energy losses (in €V) of clean Ti(100) for Ep=150 €V.
" LossPeaks 7
B, B, B,y B, Bs Bg B,

6.1 11.6 17.0 25.9 32.7 44.9 58.4
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Bertel et al.114 and Robins and Swan 115 identified the 17 eV loss
as a volume plasmon, because from the well-known "Dielectric

Theory",116 the volume-plasma loss for free electron is

AEp= hwp=hv 4nne/m =17.7eV

while the surface -plasmon loss :

AEs= a2 =12.5 eV.

Best,117 however, assigned the 11.4 eV loss as an interband

transition and the 25.1 €V loss as volume plasmon.

A comparison between titanium metal and the carbide shows
great differences in the EEL spectra. This is associated with the
variation in the electronic structures of the compounds, the bonding

is metallic for the former and mainly covalent for the carbide.

Temperature Dependence

We show in Figures 5.8, 5.9, 5.10 and 5.11 the EEL spectra
taken at different temperatures for three electron primary energies,
Ep=150, 200, and 350 ¢V. The EEL spectra remained the same in
the temperature range from 128 K to 673 K (Ep=150 €V). When
the temperature increases to 1073 K one can observe a shift in peak
¢ to 14 eV from 16.6 eV. This peak is also narrower. We can observe
that peak a increases with temperature and the intensity of peak ¢

decreases. We attribute these changes to partial surface



128

| LA IR RS
\d Ep=150eV
h . .
b Il e fg 0 1 k
- d
: 128K
g |
N% L/V/\»\\/\/"\\/\“W
g 293K
4 |
v 673K
L l/\,-//\\ﬂ/\/\/\’-\"w
{N 1073K
R A A I IR B A AN B AR A I
0 10 20 30 40 50 60 70

Energy Loss (eV)
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oxidation. The core level peaks, shown in Figure 5.7, are very stable

through all the temperatures. For a primary electron energy of 350
eV, the EEL spectra remain the same as a function of temperature.
This fact is taken as evidence that the bulk electronic structure

remains unaltered as compared with the surface.

In Figure 5.12 the electron reflectivity is shown as a function

of temperature for two different primary energies. At low energy
(Ep=150 eV ) there is a large decrease in reflectivity above 750 K. By
contrast for a higher energy ( E;,=1000 eV ) there is a significant
increase in reflectivity. This is probably indicative of the presence of
defects on the surface at high temperature. The surface also shows
the presence of a very small amount of oxygen. The changes in the
surface electronic structure of the carbide can have important
technological implications in bonding of the carbides to other
surfaces. The [111] surface seems to show some temperature effects
that can be detrimental towards the formation of stable interfaces in

ceramic materials.

Ethylene Reaction With TiC [111]

Figure 5.13 shows the EEL spectra recorded after C,H,
adsorption at 136 K. Basically, the spectra are very similar to the
spectra shown in Figure 5.3. The positions of the maxima are the
same but the relative intensities are different. There is a peak

denoted as (c) that appears and keeps its position and intensity even
at higher primary energies. This peak is identified as a nP-n *

transition from ethylene (7.6 eV gas phase).117 This peak remains
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even after the temperature is raised to 300 K. But after flash-

heating the peak disappears. The EELS spectra returns back to that
of clean TiC. This implies that the the bonding to the carbide surface
is weak, ethylene bonding to the surface seems to be only

physisorption.

Molecular Oxygen Reaction With TiC [111]
Figure 5.14 shows the EEL spectra after O, adsorption taken at

room temperature. The Auger measurement showed that the oxygen
coverage was 1.6ML. The intensity of peak a changes appreciable
when compared to the clean sample and it fades rapidly after
Ep=250 eV. This reveals that he electronic structure at the surface
has been changed by the reaction with oxygen. However, the EEL
spectra are different from those observed for titanium oxide.l18 Peak
¢ is stronger than in the clean sample at the same Ep. At
Ep=100eV we find an extra peak located at 13 eV, this peak is
induced by the surface oxygen. It is attributed to an oxygen 2p
ionization loss. For higher electron primary energies, we can not
observe this peak. All other peaks show no significant changes with

respect to the clean carbide.
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CHAPTER 6

INTERFACE STRUCTURE AND STABILITY IN Ti/C
MULTILAYERS

6.1 Previous work

Previous work on AES and EELS

In 1988, N. Thangprasent et al.l118 had studied the Ti/C
multilayers by using surface sensitive techniques like AES and EELS.
It was observed that the Ti/C interface is isolated by a thin Titanium
oxide layer. The estimated thickness of TiO, layer is about 4-5A.119
The center of the Ti layer gives a typical EELS spectrum of Ti metal.
The carbon shows a graphitic character. The results of these
measurements have confirmed that the equilibrium structure is
dominated by C-C bonding and they found that the interface has a
graphite-like atomic arrangement rather than a carbide like
arrangement. They further explored the interactions in this graphitic
arrangement and found that the interface does not have a significant
Ti-C bonding and that the interface most likely consists of simply a
layer of graphite adjoining a titanium surface.l’® This carries

important implications for the diffusion and bonding at the interface.

6.2 Introduction

It is well known that titanium carbide is one of the refractory
metal monocarbides. Its hardness, high-temperature stability, good
electrical conductivity and lightweight have made it extremely
attractive in the aerospace industry. The interest in titanium carbon

multilayers is based on the fact that it is possible to synthesize some
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novel materials with character similar to titanium carbide but more

ductile. Some artificial structures have shown remarkable elastic
properties, so-called supermoduli had been discovered by W. M. C.
Yang et al.,6 J. E. Hillard,” D. Baral et al.,8 and D. Wolf et al..®
Multilayers are artificial structures that have drawn attention due to
the possibility of tailoring material properties by appropriation of
chemical elements and periodicity. Multilayer synthesized Ti/C is
one way to control and modify the bonding between metal and carbon.
If we can change the bonding length then we may succeed in
controlling the mechanical properties of the multilayers, because
covalent bonding typically supplies hardness, but at the price of
brittleness, while metallic bonding supplies ductility. This is one way
to explore the correlation between structure and bonding at the
interface and mechanical properties of the multilayers.

In this chapter we used X-ray reflectivity at small angles and RBS
to study the properties of Ti/C multilayers.

6.3 Experimental.
The multilayers studied in the present paper were prepared
using a Perkin-Elmer argon plasma-rf-sputter deposition system.

Table 6.1 gives the list of samples studied in this work.

Table 6.1

Ti and C composition of the multilayers

Ti C No. of Periods
(A) (A)
25.7A 11.5A 50 (Sample 1)

14.7A 12.1A 50 (Sample 2)
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The X-ray specular reflectivity measurements were carried out at

the National Synchrotron Light Source facility at Brookhaven National
Laboratory using beam lines X-6B. The alignment of the sample and
diffractometer was carried out using a methodology similar to that
described in reference[56]. At very low angles, a set of calibrated
aluminum absorbers was used to reduce the beam intensity before
reaching the detector. All the measurements were carried out at
room temperature. The energy of the X-ray used in this investigation
was around 10.0 KeV.

We also used RBS to obtain the elemental composition of the
samples as a function of depth. The RBS experiments were carried out
at the Brooklyn College CUNY Dynamitron accelerator. Two different

ion beams were employed in this investigation, protons and alpha
particles. Resonance elastic scattering of o - particles by 160, were

also used to detect the presentation of oxygen within the multilayers.

Different energies of ion beam had been used in this study.

6.4 Results and Discussion

RBS

Figure 6.1 shows a typical RBS spectrum. In this measurement,
we used He* as the ion source, and the accelerating energy at 2.2MeV.
For all the samples we observed the presence of two peaks due to Ti
and C as well as features due to the substrate Si. We also observed a
small peak below the Ti that corresponds to Argon (which was

embedded in the samples during sputtering). The most active
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element - oxygen cannot be seen at this energy range (it did exist at

the interface from the AES, EELS measurements!18). In order to
make sure of the presence of oxygen in the bulk of the sample or not,
we used the elastic scattering resonance of alpha particles at 3.05
MeV. Figure 6.2 shows a typical spectrum at the resonance energy for
alpha particles energy. Oxygen can be clearly observed at this energy
stage. There is a strong dependence of the O peak on the alpha
particles energy. A work of caution is necessary concerning the area
of the peaks. Although O and C peaks seem to have similar areas, the
amount of oxygen is very small. This is because resonance scattering
is a nuclear force scattering. The scattering cross section is
anomalously enlarged and it cannot be treated like RBS. This
identification of the presence of oxygen within the sample is
consistent with the AS and EELS measurement.118 The total thickness

(t) of oxygen at the interface can be calculated by using (Eq. 2.58)

AE=[g]Nt,

where AE = energy loss,

[e] = stopping cross section factor,

N = number of atoms (Oxygen in TiO,) in cubic center meter.



141

IIIlllllllllllllllllIlIIIIIIIIIIIIITIIIIIIIIII1II

Count (arb. units)

nnl:n.Inulnnlnuluk—ﬂluw

7 175 25 3% 45 5T
Channel Number

Figure 6.1 RBS spectrum for alpha particles at 2.2MeV.



142

IlllllllllllllllllIlllllllllllllllllllllIlllllllf

Count (arb. wunits)

Ar
WETE FRRTE FRRTE FUTT FRRTE PR AT ..|...L.~.

7 175 275 375 475 579
Channel Number

Figure 6.2 A typical RBS spectrum for alpha particles at 3.05 MeV.



143
By a rough calculation, one can obtain the total thickness t around

540A ~ 670A for energy losses at 20 keV and 25 keV. (This
calculation is slightly larger than the AES, EELS measurements.) The
average thickness of oxygen at each interfaces is about 5.4A~6.7A.
This thin oxygen layer has been provedl!8 that it comes from the
titanium oxide layer which formed at the Ti/C interface.

RBS from the proton ion beam did not give significant results

but it provided a better signal for the carbon.

X-ray reflectivity

The basic theory for analyzing the X-ray reflectivity data has been
mentioned in chapter 2. In the following analysis, we will use the
iteration method (Eq. 2.69) and a Gaussian type roughness at the
interface to fit the experimental data. In this analysis of the data
fitting, we do not consider the oxidation layer as an individual layer,
because the electron densities of TiO, and Ti are almost the same.
The electron density sensitive X-ray reflectivity can not make the
discrimination between them.
Sample 1: The sample consists of 50 bilayers of [Ti(25A)/C(12A)] on

Si. In this analysis of the data, the following model is used. The
thickness of the bilayers A is assumed to be linearly increasing from

the substrate layer to the top layer with aA/A = + 2.5%. The thickness
ratio dr;/d,. is kept constant. The roughness between titanium and
carbon, and the electron density of titanium and carbon are assumed
to be constant throughout all the 50 layers. In order to have a good fit
to the experimental data, the changing of thickness of each bilayer is

necessary. A continuously, smoothly changing thickness can always
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eliminate the strong interference happening around the Bragg peak.

Figure 6.3 shows the experimental data and its best fit. The data
and the fit are represented by the closed circles and the bold solid
line respectively. @ The spectrum of the data is quite complicated
because there are three different modulations mixed together. One is
from the bilayer structure, one is from the interference of reflectivity
waves between the substrate and the total thickness, and the

remainder is an unknown one. This unknown modulation is due to a
layer with total thickness (A) about 320A. Therefore, the possibility

for a thin interface oxide layer creating this kind of modulation is
very small. This layer can only exist in three different cases: (a) as a
bottom layer, (b) as a submultilayer with different electron density in
every 320 A within the Ti/C multilayer, (c) as a topmost layer. We did
try to fit the data for the three different cases. In case (a) and (b) we
can not get a good fitting, only in case (c) can we obtain a good fitting
like in Figure 6.3. In Figure 6.3, the fitting is very close to
experimental data up to the first Bragg peak position (due to the
bilayer structure near q ~ 0.17A-1). The secondary fringes, due to the
interference of the reflected waves between the substrate and the total
thickness of the multilayers match each other very well regarding
angle (from g~ 0.065A-1to 0.18A-1) and intensities. The position of
the critical angle and Bragg peaks give information about the electron
density contrast of the first few top layers, and modulation wavelength.

Those are accurately determined by this fitting. An angle divergence

A® =~ 0.00900f the incident X-ray beam was taken into consideration.
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The thickness and electron density parameters of the individual

layers are shown in Table 6.2 and Figure 6.4. In this fitting, the
known bulk electron density ~1.124(6.022x1023e/cm3) for carbon in
graphitic state is used. The electron density of carbon is about 20%
less than its nominal bulk value. The thickness of the topmost layer is
323A and its electron density ~0.324(6.022x1023¢/cm?). This layer
may be formed by low electron density organic materials deposited on
the the sample. Figure 6.5 illustrates the structure of Ti/C multilayer
near the substrate with the interface roughness obtained from the
fitting. Thin titanium dioxide layer was introduced in this schematic
diagram in order to specify the configuration at the interface. The

roughness at the TiO,/C interface is only 1.2~1.3 A,

Table 6.2

Parameters obtained from the fitting of the experimental data for the
Ti(26A)/C(12A) multilayer.

Materials Thickness Interface Roughness
d(A) o (A)

Si(substrate) oo 18.5.0

Ti 25.7 1.3

C 11.5 1.2

Topmost-layer 323.7 10.0
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Figure 6.4 A comparison of electron density between the known bulk
state and the experimental state. The experimental electron densities
of Ti and C are from the parameters used to obtain fit in Figure 6.3.
The electron densities of Ti and C have changed about 0% and -
20% with respect to the known bulk state value.



148

Topmostlayer

c=10.0A

c=185A
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Figure 6.5 Schematic diagram of the [Ti(26A)/C(12A)] multilayer
near the substrate with interface roughness values.

Sample 2: The second multilayer sample consisted of 50 bilayers of
[Ti(15A)/C(124)] on Si. In Figure 6.6 we show the X-ray reflectivity
measurements for this sample. The plot in Figure 6.6 includes the
first Bragg peak due to the multilayer spacing, the theoretical fit is
also shown. In the analysis of the data the thickness of the bilayers A

is found to be monotonically increasing from the substrate up to 19

layers with AA/A = 5.8% and then decreasing slightly by 1% up to the
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top layer. The thickness ratios were kept constant during the analysis.

It was necessary to assume the presence of an extra layer of SiO, with
thickness around 190 A embedded between the bottom layer and the
substrate. With this extra SiO, layer we can obtain a good fit of the
medium frequency modulation.

Figure 6.6 shows the experimental data and its best fit. The data
and the fit are represented by the closed circles and the bold solid
line respectively. The fitting is very close to the experimental data
from the angle q=0.095A-1 to 0.255A-1 which is just before the first
Bragg peak. The secondary fringes due to the interference of
reflectivity waves between the substrate and the total thickness of the
multilayers match each other very well regarding angle and intensities.
In the region of g=0.035A-1 to 0.095A-1, there is a slight discrepancy
between the data and the fit.

The thickness and electron density parameters of the individual
layers are shown in Table 6.3 and Figure 6.7. The electron density of
Ti and C are about 2% and 2% less than its nominal bulk value
respectively. The thickness and electron density of the SiO, layer are
190.7A and 1.380(6.022x1023¢/cm3) respectively. This layer could be
formed during substrate cleaning. Figure 6.6 illustrates the structure
of Ti/C multilayer near the substrate with the interface roughness
obtained from the fitting. Thin titanium dioxide layer was also
introduced in this schematic diagram. The roughness at the TiO,/ C
interface is 8.0 A. Compared with sample 1 this roughness is very

large.
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Table 6.3

Parameters obtained from the fitting of the experimental data for the
Ti(15A)/C(12A) multilayer.

Materials Thickness Interface Roughness
d(4) o (A)

Si(substrate) oo 7.0

Si0, 190.7 16.0

Ti 14.7 8.0

C 12.1 8.0
_ 257 ——— T _
® r Known Bulk State ]
® 20T 8 J
] g ]
QS _§ Si0, :
g 15 ? 156 L ]
) [ ? :
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Figure 6.7 A comparison of electron density between the known bulk
state and the experimental state. The experimental electron densities
of SiO,, Ti and C are from the parameters used to obtain fit in Figure

6.6. The electron densities of SiO,, Ti and C have changed about
+5% , -2% and -2% with respect to the known bulk state.
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Substrate

Figure 6.8 Schematic diagram of the [Ti( 15A)/C(124)] multilayer
near the substrate with the values of the interface roughness.
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CHAPTER 7

SURFACE STUDY OF SINGLE CRYSTAL of o-SiC-6H [0001]

AT HIGH TEMPERATURES

7.1 Introduction.

Silicon carbide is a very important high temperature material
that find wide industrial applications. SiC is a wide band gap
semiconductor with good thermal conductivity and a small expansion
coefficient.120.121  These properties make this material very suitable
for high temperature applications in electronic devices. Silicon
carbide finds wide applications as a structural material. Self-bonded
- SiC was used as a cladding for nuclear fuels in gas cooled reactors. 122
It can be used in the aerospace industry for wear resistant parts, as a
refractory material, for coatings, and reinforcement of materials
exposed to high temperatures. SiC is one of the commonly used
reinforcers in carbon and other composites.

SiC appears in many polytypes that differ from one another only
in the stacking sequence of double layers of Si and C atoms.!24 Each
double layer consists of a plane of close-packed (cp) Si atoms over a
plane of cp C atoms; where one silicon atom lies directly over each

carbon atom in a double layer. The most frequently encountered form
of silicon carbide is hexagonal o-SiC, also known as 6H-SiC. The
lattice parameters of «-SiC are a, =3.08065 A and c,=15.117384 A It

sublimes at temperatures higher than 1800 C. Its physical stability if

considered excellent below 1500 C. B-SiC is a cubic form of silicon
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carbide (zinc blende structure) that has been studied in considerable

detail in recent years.

There is considerable interest in the high temperature
properties of silicon carbide. It has been reported that SiC evaporates
with an excess of silicon in the vapor phase, free carbon being formed
on the solid surface. It has been reported that the surface is
completely covered with graphite in the high temperature region.
Adachi et all24 reported the evaporation of Si at high temperatures

under UHV conditions. The surface depletion of silicon was also
observed for B-SiC.125 Great progress has been accomplished in

recent years in understanding the surface properties of silicon
carbide. In general the most common tool employed to study the
silicon carbide surface has been Auger spectroscopy (AS). It is
interesting to observe that the carbon AS signal is not significantly
different from that observed for graphite. Electron energy loss
spectroscopy (EELS) has not been widely applied to the study of the
surface properties of silicon carbide.126:127 We find this technique far
superior to AS for surface characterization of silicon carbide.

We report in this thesis a series of high temperature
measurements on hexagonal platelets of a-SiC, the platelets faces were

perpendicular to the crystal c-axis <0001>. The initial surface face
was carbon terminated. The surface measurements were performed
under UHV conditions. We employed AS, EELS and surface electron
energy loss fine structure (SEELFS) to characterize the variations in

surface composition as a function of temperature and under oxidation

conditions. Rutherford back scattering (RBS) and °0(a, o) 160 resonant
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scattering were employed to study the elemental profile of the silicon

carbide before and after reaction with oxygen.

7.2 Experimental.

The measurements were performed in an ultra high vacuum
system with a vacuum better than 10-10 Torr. The samples were
characterized by X-ray scattering prior to their use in the UHV system.
The SiC sample was attached to a tungsten sample holder, and an
electron beam heater was used to raise the sample temperature. The
temperature was monitored and controlled using a proportional
temperature controller. The chamber was equipped with a LEED
system and a single pass cylindrical mirror analyzer(CMA) for AS and
EELS measurements. The second derivative mode was used for the
electron energy loss measurements using the CMA. The sample were
exposed to oxygen using a needle valve, the sample temperature
during oxygen exposures was varied between room temperature and
823 K. The angular resolved AS and EELS measurements were
performed in a UHV system equipped with a 50 mm hemispherical
analyzer with a position sensitive electron detector. A high resolution
electron gun was employed for the angular resolved EELS (AREELS)
measurements (15 meV resolution at 25 eV).

A very powerful tool to investigate the local atomic structure is
SEELFS which has a similar fine structure as EXAFS. We have
employed this techniques to study the variation in local structure
around the carbon and silicon atoms. We used electron energy loss
fine structure in our studies because of the low threshold energies of

the carbon K-edge and silicon L,3-edge. The energy resolution for
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the SEELFS measurements was about 8 e¢V. A modulating voltage of 8

volts was used in the measurements. This is necessary in order to
obtain good signal to noise in the second derivative detection mode.

The incident electron energy used in this experiment was 1500eV.

The RBS and !60(a,0)160 elastic scattering resonance

measurements were performed using the Brooklyn College
dynamitron. This technique was used to determine the elemental
composition profile on the silicon carbide samples before and after
oxidation. We employed this technique to determine the oxygen
content and depth profile in SiC. We also employed these tools to
select our samples from different single crystal batches in order to

have samples with no oxide inclusions.

7.3 Results and Discussion.
Auger Spectroscopy.

We employed AS for chemical characterization of the silicon
carbide surface. Angular integrated AS did not show a high enough
sensitivity to determine the type of carbon bonding at the surface or to
distinguish between carbidic and graphitic carbon at high
temperatures. Angular resolved AS was more sensitive for the
identification of the surface composition. Figure 7.1 shows two AS
spectra measured at two different angles of incidence, one at almost
glancing angle (a) and the second at normal incidence (b). The
spectra were collected in the count mode (no derivative of the
spectrum was taken), one easily detects the presence of Si and C.
One can clearly observe the presence of oxygen on the surface of the

sample and its absence in the bulk. The oxygen peak disappears
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Figure 7.1 Angular resolved AS a) glancing angle of incidence. b)
angle of incidence 700°.

after moderated heating of the sample. The angular resolved AS
measurements did not give any further information at high

temperatures.

Surface Energy Loss Structure Fine Structure.

It is well-known that the X-ray absorption cross section will be
modulated by the presence of other atoms close to the absorbing
center. Inner shell electrons can also be excited by the inelastic
scattering of electrons and the EELS spectrum can exhibit EXAFS like
oscillations. Such observations have been recently reported in the
literature.4748 In the present work we used the same methodology

reported in references.4748 We measured the K-edge of C and the Ly 3
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edges of Si. In Figure 7.2 we show the SEELFS spectra for the Si L-

edge before and after heating to 1273K. One can observe the good
quality of the signal to noise in the data. The magnitude of the Fourier
transforms of the data before and after heating are shown in Figures
7.3a and 7.3b respectively. It is noted that no appreciable change has
occurred in the Si nearest neighbors environment. In marked
contrast the carbon K-edge spectra show remarkable differences
before and after heating. In Figures 7.4a and 7.4b one observes that
the spectra are very different. We attribute this difference to the fact
that a thick graphitic surface layer has formed on top of the SiC. A

comparison of the near-neighbor distances for carbon atoms in o-SiC

6H and the experimental measurements (extracted from Figure 7.4a)
is listed in Table 7.1. Table 7.2 is a comparison for carbon atoms in
graphite and the experimental measurements (extracted from Figure

7.4b). The difference between the true distance r and the peak

position r’, Ar = r- r’ due to the phase shift 6y (k) in Eq. 2.52 can be
roughly estimated using the linear approximation (0j(k) = Po+P;k).

The deviation Ar =r - r’ is equal to -0.5P,. P; can now be found out by

fitting the theoretical phase shift data. In this analysis, we used the
theoretical phase shift data listed (in appendix V) in ref.[45], and then
performed a least square fit to the data. After the fitting, the
parameters of p; for C-C and C-Si are about -0.7 and -0.48
respectively. The interatomic distances F(R) after the phase shift
correction are listed in the Tables 7.1 and 7.2. Some of the
interatomic distances have 16% deviation from the standard crystal.

This can be understood, since the peaks in Figure 7.4a and 7.4b are
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not very separated from each other, and these peaks overlapping can

prevent us to determinate the real distance. Our objective in this
analysis is to have a semiquantitative evaluation of the parameters for a
corroboration of the identity of the species present in the sample.

A word caution is pertinent at this point. Great care must be
taken in outgassing the electron source prior to carrying ocut any
measurement at the carbon K-edge and to have excellent base vacuum.
If one ignores these procedures the detected graphite could be the
result of residual gases reacting with the electron beam. We took the

appropriated precautions to avoid this problem.

Table 7.1.
Comparison of near-neighbor distances for the Carbon atoms in the

o- SiC-6H(128.84) gnd the experimental measurements extracted from
Figure 7.4a.

o- SiC-6H Exp. F’(R) After Phase Shift
Shell  Bond Distances Fig7.4(a) Correction F(R)
(A) (A) (A)
1 1.89 C-Si 1.9 2.1
2 3.07 C-C 2.9 3.2
3 3.61 C-Si 4.0 4.2
4 4.75 C-Si 4.8 5.0
Table 7.2

Comparison of near-neighbor distances for the Carbon atoms in the

graphitel84] and the experimental measurements extracted from
Figure 7.4b.

Graphite Exp. F’(R) After Phase Shift
Shell  Bond Distances Fig7.4(b) correction F(R)
(A) (A) (A)
1 1.42 1.5 1.8
2 2.46 2.4 2.7
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Figure 7.3 Magnitude of the Fourier transform of the SEELFS
spectrum of Si: a) before heating; b) after heating.
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Figure 7.4 Magnitude of the Fourier transform of the SEELFS
spectrum of C: a) before heating; b) after heating.
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RBS and 10(o,0) 160 measurements.
The RBS measurements were used to study the purity of our

samples prior to its selection for our studies. The elastic scattering
resonance of a particles by !0 were used to investigate the

penetration of oxygen in the material. We observed for best samples
that oxygen was confined to the surface at room temperature. There
was evidence of rapid penetration of oxygen in the bulk for samples
that were exposed at high temperatures to an oxygen environment.
In some cases oxygen was detected at a depth of more than 300 A.

The reactions were carried rapidly, in a matter of seconds.

Electron Energy Loss measurements.

In our study we have calculated the dielectric functions for a-SiC

and graphite. In Figure 7.5 we plotted the bulk and surface loss
functions, as well as the second derivatives. One observes a broad
peak around 22 eV that corresponds to the bulk plasmon, and a
second peak at 17 eV corresponding to the surface plasmon. For
graphite we obtain a bulk plasmon at 25 eV and the surface plasmon at
about 19.5 eV.

The EEL spectra measured with the CMA using primary
energies between 100 to 500 eV. The angular resolved EEL spectra
were taken at various angles of reflection. One obtains great surface
sensitivity with this technique, in particular for a glancing angle of
detection with respect to the crystal face. The electron primary
energy in the angular resolved measurements was varied between 50

to 300 eV.
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In Figure 7.6 we show the EEL spectra (second derivative mode)

as a function of primary electron energy (E;) at normal incidence.

The spectra correspond to the pristine single crystal, with the
characteristic o-SiC plasmon losses at 22.2 and 18.6 eV. The bulk

plasmon peak becomes more pronounced for high electron primary
energies. The inelastic scattering mean free path for 500 eV
electrons is about 22 A. In the figure we have indicated with letters
(a-f) the energy position of the electron losses (Ep=150eV): a=3.2 eV;
b=6.0 eV; ¢=11.3 eV; d=13.6 eV; e=18.6 eV; f=22.3 eV. It is very
significant that peak a is very close in value to the band gap in silicon
carbide, we identify this peak as an exciton loss. The energy losses
change slightly with increasing primary energy. There is considerable
structure at low E, due to surface states and excess carbon. Basically

our EEL spectrum does differ much from the ones reported in the
literature!2? for a-SiC (0001) and B-SiC (111).

In Figures 7.7 and 7.8 the EEL spectra are shown for
temperatures between 300 K and 1273 K. A very significant change
occurs between room temperature and 573 K, one observes that the
plasmon losses has shifted significantly to higher values, about the
same as measured for graphitic carbon. The low energy losses have
not shifted significantly. In Figure 7.7(E,=150eV) one can clearly see
the formation of a graphitic layer on top of the sample. Two
mechanism contribute to this phenomenon migration of carbon by
creation of vacancies in the bulk and Si loss. The dramatic changes in
all spectra occurs at rather low temperatures, where silicon

evaporation is impossible. Consequently surface migration of carbon
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Figure 7.6 EEL spectra of a-SiC taken at room temperature as a

function of electron primary energies. The insert is the expanded
spectra of the most important energy loss region.
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Figure 7.7 EEL spectra plotted as a function of temperature for
E,=150 eV.
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Figure 7.8 EEL spectra plotted as a function of temperature for
E,=500 €V.
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remains the only mechanism that can explain the observed

phenomenon. This surface is rather resistant towards oxidation at low
temperatures. The structural integrity of the carbide could be affected
by the presence of the carbon vacancies, which could facilitate internal
oxidation if the surface has porosity towards oxygen. In Figures 7.9
and 7.10 we show the spectra ( E;=150 and 500 eV) before, after
heating, and after reaction with oxygen at 823 K. It is noted that the
spectra at E;=150 eV after heating and after reaction with oxygen are
practically identical. However, the spectrum for E,=500 eV shows
small differences that suggests the presence of a third species within

the bulk of the sample. These observations were corroborated by the
alpha scattering measurements from 160,
We used AREELS to study the angular dependence of the o-SiC

energy losses and facilitate their correct identification. We were
concerned that the presence of carbon on the surface which could
confuse some of our electron energy loss assignments. In these
experiments we were able to detect signals coming from the top two A
from those from the bulk. We studied the pristine sample, after
heating and after sputtering. In these measurements we employed the
counting mode of detection and not the second derivative method. We
have very high energy resolution in this system, the observed width of
the energy losses are intrinsic to the transitions and not instrumental.
Typical AREEL spectra are shown in Figure 7.11 for an angle of
incidence of 359 with respect to the crystal face normal, and E,=300

eV, the spectra were taken for different angles of detection. One

clearly observes the bulk plasmon peak of o-SiC, and at glancing
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Figure 7.9 EEL spectra plotted at room temperature, after heating
and after reaction with oxygen for E;=150 eV.
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Figure 7.10 EEL spectra plotted at room temperature, after heating
and after reaction with oxygen for E;=500 eV.
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Figure 7.11 Angular resolved EEL spectra taken at room temperature
for an angle of incidence of 359 and angles of reflection of a) 559,
b)700, c¢) 8590. All the angles are measured with respect to the normal

to crystal face.



173
detection angle the surface plasmon can be seen as a shoulder of the

main plasmon peak. For a primary energy of 50 eV the surface
plasmon peak dominates the spectrum at a glancing angle of
detection. We clearly observe the formation of a graphitic layer on the
surface after heating the sample. Figure 7.12 is an AES spectrum
taken after sputtering. This figure clearly shows a strong carbon peak
but no oxygen and silicon. The AREELS measurements are in good
agreement with our measurements using the CMA second derivative
method. Finally, we want to point out that a mild sputtering of the
surface with argon ions produces a significant change in the AREELS
results. We observed Si enrichment of the surface that is easily
detectable from the characteristic energy losses. Figure 7.13 is an
EELS spectrum measured after sputtering at E;=200eV. The incident
angle is about 350, and the detecting angle is about 720 with respect to

the normal direction.
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Figure 7.12 This AES spectrum was taken at glancing angle after
sputtering(;, =72%, 6, =35%. This figure clearly shows a strong carbon

peak but no oxygen and silicon.
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Figure 7.13 This is an EELS spectrum measured after sputtering at
E;=200eV. The incident angle is about 35% and the detecting angle is

about 729 with respect to the normal direction.
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Chapter 8

INTERFACE STRUCTURE AND STABILITY IN Si/C
MULTILAYERS

8.1 Introduction

Metal-carbon multilayers are artificial structures that have
found applications in soft X-ray optics129.130, Multilayers of Si/C are
very attractive for high temperature applications, in particular if the
interface Si-C has carbidic character. These systems have potential
applications as low weight structural components. They also can be
used as models for high temperature structural materials to investi-
gate the bonding and thermal stability of the carbon-silicon carbide
interfaces of such materials. A powerful tool to determine the
interface structure is X-ray specular reflectivity. The non-destructive
character of this technique permits the characterization of interfaces
in such materials.

We report in this thesis the first electron energy loss study of
silicon-carbon multilayers. We measured a diverse number of
multilayers of variable thicknesses and grown on two different
substrates, sapphire and float glass (SiO,). The measurements were
performed under UHV conditions. We employed Auger spectroscopy
(AS) and EELS to characterize the samples and the variations in
composition as a function of depth. The stability of the interfaces was
measured as a function of temperature for all the samples.

We also employed the X-ray specular reflectivity measurements
to characterize the silicon-carbon multilayers. We measured a
number of multilayers of variable thicknesses and modulation

wavelengths.



176

8.2 Experimental.

The Auger spectroscopy and electron energy loss spectroscopy
measurements were performed in an ultra high vacuum system with a
vacuum better than 10-10 Torr. The Si/C multilayers were mounted
on a tungsten sample holder, and electron beam heater was used to
change the sample temperature. The temperature was monitored and
controlled using a proportional temperature controller. The sample
temperature was varied between room temperature and 1073K ( for
multilayers grown on a sapphire substrate). The chamber was
equipped with a single pass cylindrical mirror analyzer(CMA) for AS
and EELS measurements. The second derivative mode was used for
the electron energy loss measurements using the CMA. The electron
primary energies was varied between 20 eV (using a high resolution
gun) to 2600 eV. This large range of values for the primary electron
beam allows to obtain depth sensitivity in the EELS measurements.
The angular resolved AS and EELS measurements were performed in a
UHV system equipped with a 50 mm hemispherical analyzer mounted
on a goniometer with a position sensitive electron detector for rapid
data acquisition.

The X-ray specular reflectivity measurements were carried out at
room temperature using beam line X-18B at the National Synchrotron
Light Source facility at Brookhaven National Laboratory. A Si(220)
double crystal monochromator was used for selecting the synchrotron
radiation wavelength. X-ray beam monochromatization is the same as
described in chapter 2. The sample was mounted on a high precision

goniometer attached to a two axes Huber diffractometer, and a Nal
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scintillation detector was used in this measurement. At very low

angle, we used a set of calibrated aluminum absorbers to reduce the X-
ray beam intensity before reaching the detector. The alignment of the
sample and diffractometer was carried out using a methodology similar
to that described in reference[56]. All the measurements were
carried out at room temperature. Table 8.1 gives the list of samples

studied in this work.

Table 8.1
Si and C composition of the multilayers
Si ) No. of Periods
Thickness Thickness
(A) (A)
10A 19A 30 (sample 1)
25A 25A 30 (sample 2)
29A 14A 30 (sample 3)

8.3 Results and Discussion.
AREELS, AES, EELS

The AREEL spectra were measured with  primary energies
between 450 to 2600 eV and are shown in Figures 8.1a, 8.1b and 8.2a,
8.2b. The angular resolved EEL spectra were taken at an angle of
incidence of 400 and equal to the angle of reflection( the angles are
measured with respect to the sample normal). Figures 8.1a, and 8.1b
show the measured spectrum using the angular resolved system for a
Si/C multilayer with Si=25 A and C=25 A (sample 2), 30 periods thick.
We observe a significant variation in peak positions as the energy of

the impinging electron increases. In Figures 8.2a, and 8.2b we show
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Figure 8.1(a) Angular resolved EEL spectrum as a function of
electron primary energy for Si(25A)/C(25A) at Ep=450-1550eV, the
angle of incidence is equal to the angle of reflection=400.
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Figure 8.1(b) Angular resolved EEL spectrum as a function of

electron primary energy for Si(25A)/C(25A) at Ep=1750 - 2600eV, the
angle of incidence is equal to the angle of reflection=400.
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the second derivative of the spectra given in Figures 8.1a, and 8.1b.

This figures give a more detailed picture of the variations in peak

positions as a function of primary electron energies.
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Figure 8.2(a) Angular resolved EEL spectrum ( second derivative)

as a function of electron primary energy for Si(25A)/C(25A) at Ep=450

- 1550eV, the angle of incidence is equal to the angle of reflection
=400,
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Figure 8.2(b) Angular resolved EEL spectrum ( second derivative)

as a function of electron primary energy for Si(25A)/C(25A) at
Ep=1750 - 2600eV, the angle of incidence is equal to the angle of
reflection =400,
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The top layer of the sample is made of carbon, we detect at low

energies a strong energy loss around 23-24 eV, a value slightly
smaller than for pure graphite. This result is not totally surprising
since the carbon crystallographic form in this type of multilayer is not
well understood, and is a subject of considerable interest and
controversy. These experimental observations are in good agreement

with the angular resolved AS measurements, see Figure 8.3. In the AS

PamnS
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Figure 8.3 Angular resolved AS spectrum as a function of electron
primary energy for Si(25A)/C(254), the angle of incidence is equal to
the angle of reflection=300°, 409, 500, 609, and 700°.
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measurements the carbon signal shape is significantly different from

that of graphitic or carbidic carbon. When the electron primary
energy increases one observes what appears to be a contribution from
the interface Si/C, a loss peak near 21 eV. Eventually a pronocunced
energy loss peak appears around 18 eV. The latter peak is typical of
the Si bulk plasmon. One obtains great surface sensitivity with the
AREELS technique, in particular for a glancing angle of detection with
respect to the crystal face. In Figures 8.4a, 8.4b, 8.4c, 8.4d, and 8.4e
the AREELS spectra are shown as a function of angle of incidence and
reflection, Ep=2400 eV. We observe the same behavior of the electron
energy loss peaks, at angles close to normal the Si plasmon peak is
very pronounced. At glancing angles the carbon top layer and the
interface contribution are very pronounced. When the sample
temperature increases the EELS spectra becomes more like those of
graphitic carbon (see Figures 8.5a, 8.5b, and 8.5c¢). The effect of
temperature is to anneal the carbon and form more crystalline
graphite layers. This result is also corroborated by the change in the
shape of the carbon Auger signal.

In Figure 8.6 we show the AREEL spectra (second derivative
mode) for a multilayer with Si=29 A and C=14 A as a function of
primary electron energy (Ep), this sample was prepared on SiO,
substrate. The angle of incidence of the electrons is equal to the angle
of reflection, 400, The bulk plasmon peak of Si becomes more
pronounced at lower electron primary energies, than in the
Si(25A)/C(254) multilayer case. Such results are indicative that our
interpretation of the EEL measurements is correct. It is noted in

Figure 8.6a, 8.6b that the interface contribution can be seen at
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Figure 8.4(a) Angular resolved EEL spectrum as a function of the
angle of reflection for Si(25A)/C(25A) at incidence angle 30°.
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Figure 8.4(b) Angular resolved EEL spectrum as a function of the
angle of reflection for Si(254)/C(25A) at incidence angle 400.
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Figure 8.4(c) Angular resolved EEL spectrum as a function of the
angle of reflection for Si(25A)/C(25A) at incidence angle 500°.
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Angular resolved EEL spectrum as a function of the
angle of reflection for Si(25A)/C(25A) at incidence angle 600,
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Figure 8.4(e) Angular resolved EEL spectrum as a function of the
angle of reflection for Si(25A)/C(254) at incidence angle 700.
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Figure 8.5(b) EEL spectrum as a function of temperature for
Si(25A)/C(25A) multilayer, at Ep=350 eV.
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Figure 8.5(c) EEL spectrum as a function of temperature for
Si(25A)/C(25A) multilayer, at Ep=600 eV.
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electron primary energies between 750 to 1150 eV. The silicon

carbide plasmon peak is detected at these electron impinging

energies.
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Figure 8.6(a) Angular resolved EEL spectrum as a function of

electron primary energy for Si(29A)/C(14A) at Ep=450-1550eV, the
angle of incidence is equal to the angle of reflection=400°,
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Figure 8.6(b) Angular resolved EEL spectrum as a function of

electron primary energy for Si(29A)/C(14A) at Ep=1750-2650eV, the
angle of incidence is equal to the angle of reflection=400°.
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In Figure 8.7 we show the AREELS spectra for very low primary

electron energies. We observe two energy losses that are typical of
carbon electronic transitions, one at 4.4 eV, the second at 6.5 eV.
The lower peak (at energy 4.4 eV) is assigned as the interband
transitions at Qgg-- @9, in the graphite band structure calculated by
Painter et al.82 (see appendix B). This transition had also been
observed from the photoemission and secondary electron electron
emission measurements.83 From optical reflectance
measurements?6.131 of the graphite, a peak which corresponded to
interband transition in the imaginary part of the dielectric constant at

energy 4.5eV had been found. Greenaway et al.132 observed a peak in
optical reflectivity for polarization E 1 C at photon energy about 4.6
eV, which they assigned asQ .-~ Q 9, transitions. The peak at 6.5eV
is referred to the combination of surface and bulk plasmon of the =

electrons from graphitic carbon.”® The major effect of heating the
sample to moderate temperatures (due to the silicon substrate melting
point) is to make the carbon layers more graphitic and probably to
help in the formation of a carbidic interface.

The EEL spectra for the other samples reflect the variations in
relative thicknesses of the Si and C layers. For a thinner carbon layer
the silicon loss peak appears at lower primary electron energies. The
low energy losses have not shifted significantly in all the
measurements and reflect the graphitic character of the carbonaceous
top layer. In the case of samples prepared on a silicon oxide substrate
there is clear evidence that the Si/C interfaces are rougher. The most

significant change that occurs at high temperatures are the
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crystallization of the carbon layers, and probably an increase in the

carbidic interface thickness.
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Figure 8.7 Angular resolved EEL spectrum as a function of low
electron primary energies for Si(29A)/C(144), the angle of
incidence is equal to the angle of reflection=45°.
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X-ray reflectivity results and discussions.

Measurements of the specular X-ray reflectivity give information
on the electron density profile of the multilayers.133 This information
can be used to determine the composition profile of the sample. In
our analysis we employed the method developed by Vidal and
Vincent!33 to fit the reflectivity data, in this case we assume a
Gaussian type of roughness at the interface. The theoretical
reflectivity is fitted to the experimental data to obtain information on
the electron density composition of the layers and the normal
roughness at the interfaces. We assume that the Si/C interface
roughness is the same for all the layers. The C/Si interface is another
parameter in the fit in particular for the sample heated to 873 K
under UHV conditions. The top and substrate roughness are assumed
to be independent parameters. Since the samples are exposed to
ambient conditions during the measurements the top most layer will
have a significantly different electron density.

The theoretical fit is valid over all angles since we are solving
the full dynamical problem, no kinematic approximation was taken. In
our measurements we select an X-ray energy of 24.5 keV in order to
neglect absorption effects.

In Figure 8.8 we show the X-ray specular reflectivity for sample
1 which consists of 30 bilayers of [Si(10A)/C(194)] on a- Al,O5;. In the
analysis of the data, the thickness of the bilayers A is assumed to be

linearly decreasing from the substrate to the top layer with AA/A = +

7% and the thickness ratio dg;/d. is kept as a constant. This was

found to give the best fit to the experimental data. The roughness
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between silicon and carbon, and the electron density of silicon and

carbon are assumed to be as a constant throughout all the 30 layers.
It was necessary to add an extra topmost thin layer with very low
electron density to achieve a good fitting to the data. By introducing
the top layer, one can also reproduce a weak node in the reflectivity
spectrum q=0.075A-1 in Figure 8.8. Figure 8.8 shows the
experimental data and the best fit. The thickness of the topmost layer
is in 35.0 A and its electron density is 0.46(6.022x1023 e/cm3). The
data and the fit are represented by the closed circles and the solid
line respectively. Fitting is almost perfect up to the first Bragg peak
position due to the modulation structure near g=0.21Al. The
secondary fringes due to the interference of reflectivity waves between
the substrate and the total thickness of the multilayers match very
well, regarding both angle and intensities. The position of the critical
angle and Bragg peaks give information of electron density contrast
of the first few top layers, and modulation wavelength respectively.
Those are accurately determined by this fitting. The node shape at
q=0.075A-1 can also be recovered in this fitting curve. Attempts to fit

the data without a low electron density top layer gave a poor fit to the
data. Divergence of the incident X-ray beam was found to be A6 =

0.005° and was taken into consideration in the analysis of the data.

The variation in the total thickness was introduced in the analysis of

the data by assuming a Gaussian function with standard deviation o.
The relation used in the analysis was Rt (0)= | g(D)R(O©,D)dD, where
g(D) is a gaussian function, R(©,D) is the reflectivity at an angle of inci-

dence O, and D is the total thickness of the multilayer. This relation
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take into consideration the variation in total thickness of the sample

and the best fit was accomplished with o, =10 A.

The parameters of thickness and electron density in individual
layers are shown in Table 8.2 and Figure 8.9. Figure 8.10 illustrate
the structure of multilayer near the substrate with the interface
roughness obtained from the fit. The electron density of silicon and
carbon are about 3% and 15% less than its nominal bulk value
respectively. The roughness at the silicon interface is only 0.5A
indicating a very sharp interface in the Si/C multilayers, partly because
of amorphous nature of Si and C. Such a multilayer with a small
interface roughness is an important physical systems. It is an ideal
model for study the nature of interface bonding and roughness. It has

important implications in terms of the mechanism of thin film growth.

Table 8.2

Parameters obtained from the fitting of the experimental data for the
Si(10A)/C(19A) multilayer.

Materials Thickness Interface Roughness
d(4) c (A)

a-AlyOg e 0.8

Si 10.0 0.5

C 19.4 0.5

Topmost 35.0 4.0
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state and the experimental state. The experimental electron densities
of Si, C and topmost layer are from the parameters used to obtain fit in
Figure 8.8. The electron densities of Si, and C are about 3%, and
15% less than the known bulk state respectively.
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Figure 8.10 Schematic diagram of the Si(10A)/C(19A) multilayer
near the substrate with interface roughness values.

The second multilayer (sample 2) originally consisted of 30
bilayers of Si(25A)/C(25A) on the a-Al,O5 that was heated up to 873 K
under UHV conditions. In the analysis of the data the thickness of
the bilayers A is found to be monotonically increasing from the
substrate up to two third of the total thickness, about AA/A = 13% and

then decreasing slightly by 0.5% up to the top layer. The thickness
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ratios were kept constant during the analysis. The total thickness

standard deviation obtained was op=15 A, we employed the same

methodology in this analysis as in sample #1.

In Figure 8.11 we show the X-ray reflectivity measurements for
this sample. The plot in Figure 8.10 includes the first Bragg peak due
to the multilayer spacing, the theoretical fit is also shown. In this case
it was absolutely impossible to fit the data without the presence of a
silicon carbide interface. This observation was independently
corroborated by electron energy loss spectroscopy.

SiC layers were formed as the result of an interface reaction
during heating of the sample. The structure now consists of 30
bilayers of [Si(12A/SiC(10A)/C(13A/SiC(10A)]. The interface roughness
between Si and SiC, between SiC and C are kept constants respectively
throughout the film in the fit of the data. The electron densities of Si
and C are also kept constants for all the layers. Figure 8.11 shows the
experimental data and its best fit. The data and the fit are
represented by the closed circles and the solid line respectively.
Fitting is almost perfect from the region of critical angle q =~ 0.04A-1
to 0.12A-1, which is just before the first Bragg peak. A good
agreement is observed between theory and the experiment for the
secondary fringes due to the interference of the reflected waves from
the substrate and the total thickness of the multilayers. In the region
of q =0.12A-1 to 0.15A-1 there is slightly discrepancy between the
data and the fit. Beyond the Bragg position, the good fit recovered
again. A surprising result is that in spite of the chemical reaction
result at interface the modulation structure is well preserved with

larger roughness between Si and SiC.
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The thickness and electron density parameters for the

individual layers are shown in Table 8.3 and Figure8.12. Figure 8.13
illustrates the structure of Si/C multilayer near the substrate with the
interface roughness values obtained from the fit. The electron density

of Si, SiC and C are about 2%, 3% and 15% less than their nominal
bulk values. The roughness at the Si/SiC interface is ¢ =5.0 A. On

the other hand the roughness at the SiC/C interface is only 0.5A. This

result suggests that Si is more reactive than the C at such
temperatures. The roughness between Si and substrate, «-Al,Os is
also very large (13.04), this is due to the large chemical reactivity at
the substrate interface during heating of the sample. We did not
observed the presence of a low density top layer on this sample. This

is attributed to the sample heat treatment to 873 K under UHV

conditions, probably the desorbing the surface contaminants.

Table 8.3

Parameters obtained from the fitting of the experimental data for the
Si(254A)/C(254) multilayer after reaction at 873 K.

Materials Thickness Interface Roughness
d(A) o (A)

a-AlyOg e 13.0

Si 12.1 5.0

SiC 10.1 0.5

C 13.1 0.5
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Figure 8.12 A comparison of electron density between the known
bulk state and the experimental state. The experimental electron
densities of Si, SiC and C are from the parameters used to obtain fit in
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Figure 8.13 Schematic diagram of the Si(25A)/C(25A) multilayer
near the substrate with the values of the interface roughness.

The third sample consists of 30 bilayers of [Si(29A4)/C(14A)] on
SiO,. In this fitting, the thickness of the bilayers A is assumed to be

linearly decreasing from the substrate and then linearly increasing

until to the top layer. The variation of theAA/Ais = 7%. The rougnhess
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between silicon and carbon, and the electron density of silicon and

carbon are assumed to be as a constant throughout all the 30 layers.
Figure 8.14 shows the experimental data and its best fit with

angle divergence around 0.0125° and the standard total thickness
deviation op, about 60 A. The data and the fit are represented by the

closed circles and the solid line respectively. The secondary fringes
due to the interference of reflectivity waves between the substrate and
the total thickness of the multilayers can not be observed in this
sample.

The parameters of thickness and electron density in individual
layers are shown in Table 8.4 and Figure 8.15. Figure 8.16 illustrates
the structure of Si/C multilayer near the substrate with the interface
roughness obtained from the fitting. The electron density of silicon
and carbon are about 2% and 9% less than its nominal bulk value
respectively.  The roughness at the interface is very large compared
with sample 2, and 3. The sample prepared on a float glass substrate
shows X-ray specular reflectivity characteristic of samples with
considerable mixing at the interface. Although they can be fitted with
our theoretical dynamical models the information on the interface
composition is not as definite as in the case of the multilayers grown

on sapphire.
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Table 8.4.

Parameters obtained from the fitting of the experimental data for the
Si(29A)/C(14A) multilayer.

Materials Thickness Interface Roughness
d(A) c (A)
SiO, ° 0.3
Si 28.53 12.3
C 13.99 10.3
2.0
«® . Known Bulk State
L |
® 1.5
] I
(=
i T
N 3
g I
© 1.0
A
2 | &
‘a m—b
E 3
A 0.5 [
g ' .,
3] 7
| o
0.0

Bilayer

Figure 8.15 A comparison of electron density between the known
bulk state and the experimental state. The experimental electron
densities of Si, and C are from the parameters used to obtain fit in
Figure 8.14. The electron densities of Si, and C are about 2%, and
9% less than the known bulk state respectively.
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Figure 8.16 Schematic diagram of the Si(29A)/C(14A) multilayers
near the substrate with the values of the interface roughness.
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CHAPTER 9

CONCLUSIONS
9.1 W/C Multilayers

We have studied the interface structure of W/C multilayers using
a number of diverse techniques. We were able to identify all the major
electron energy losses in the multilayers. The W/C multilayers show
the presence of a carbidic interface. The interface thickness grew in
an irreversible fashion above 873° K. After the oxygen reaction, the
graphitic layers are strongly reduced, and the carbidic phase are
dominates in the AS and the EEL spectra. The carbidic interface was
identified as W,C. This interface and the multilayer structure shows
good thermally stability in the presence of oxygen up to 773 K.

9.2 Single crystal TiC[111]

The observed EEL spectra in this work are in good agreement
with the optical loss function. The EEL spectra for TiC [111] have
been analyzed using the [LMTO] density-of states calculations. The
theoretical DOS was used to identify the most probable intra/inter
band transitions. The major electron energy loss peaks were
identified as interband transition, (surface, bulk) plasmon excitations
and core resonance - excitations. The temperature dependence of the
energy losses show evidence of a variation in the surface electronic
structure compared to the bulk of the material. The surface structure
of the material shows evidence of the formation of defects at high
temperatures. Ethylene bonding to the clean TiC surface was found
to be very weak. The reaction with small amounts of oxygen leads to

the formation of an intermediate surface oxide.



212
9.3 Ti/C Multilayers

We have used X-ray specular reflectivity and RBS to study the
compositional profile and interfaces of the Ti/C multilayers. We have
experimentally observed that there is a small amount of oxygen within
the sample. The strongly alpha particles energy dependence specified
that the oxygen distributed deeply inside the sample. The great affinity
of titanium towards oxygen made us believe that oxygen could only
exist with a titanium-oxide state in the carbon-titanium interface.
This conclusion is consistent with the AES and EELS
measurement.118 212 Due to the similarity in electron densities, we
cannot detect this oxidation using the X-ray reflectivity. From the X-
ray reflectivity analysis, we can infer that the titanium layers have a
bulk metal character, the carbon layers show a graphitic behavior. The
interface does not have significant Ti-C bonding but has a graphite like

atomic arrangement rather than a carbide like arrangement.

9.4 0-SiC-6H[00O01]
We have used a diverse number of techniques to study the
surface composition of a-SiC at high temperatures. We were able to

identify all major electron energy losses in the spectra of silicon
carbide. There was clear evidence of carbon migration to the surface
during heating of the sample under UHV conditions. This
phenomenon occurs at rather low temperatures, around 573 K.
Consequently, the formation of carbon vacancies in the bulk occurs at
low temperatures. At such temperatures Si evaporation is not

probable. We also found evidence that oxygen can migrate into the
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bulk and form oxide inclusions. We think that carbon vacancies in

conjunction with surface porosity can promote such an oxidation. It
is noted that in our experiments the oxidation characteristics are
dependent on the history of the sample ( purity, presence of

protecting surface oxide, etc).

9.5 Si/C Multilayers

We have prepared Si/C multilayers of various thicknesses.
Samples grown on sapphire substrates show smoother interfaces than
those prepared on SiO, We have used AS, EELS and AREELS to
study the variation in electronic structure of the Si/C multilayers. We
were able to identify all major electron energy losses in the spectra of
the multilayers. The values of the electron energy losses were
estimated from the dielectric functions calculations for graphite,
silicon and alpha-silicon carbide. There is evidence from our
measurements that an interface of silicon carbide is formed in the
multilayers. This phenomenon probably occurs during preparation of

the multilayers and/or during heating.

We have studied the interfaces of Si/C multilayers grown on o-

Al,O5. The samples grown on sapphire substrates show very smooth
interfaces. = We have used X-ray specular reflectivity to study the
compositional profile of the Si/C multilayers. We were able to identify
the structure of the multilayers interface. We also found the formation
of silicon carbide at the interface silicon-carbon after the multilayer is
heated in UHV to 873 K. The silicon carbide is formed in the
multilayer during heating by interdiffusion of carbon and silicon.

These observations are in good agreement with electron energy loss
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measurements in the same systems. There is evidence that the Si

layer is more reactive than the carbon layer since it also reacted with

sapphire substrate.
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Appendix A

Structure Factor and Dielectric Function

Image that the electrons system of the sample is perturbed by an
external electrostatic potential which couples to the electron charge
density through the interaction

H =f P@dexe(r.AT .
........ Al

The electrostatic potential could be produced by the injecting
electrons. The induced electron density can be calculated by using

Kubo’sl34 perturbation and response function theory. The results is

Pind (T,®) ‘—“ﬁf exp(iot)ping (r,t)dt

=f F(r,r',w)q)ext( r',().))d3l" ?

........ A2
where F(r,r’,) is the response function and is described by
F(r,r‘m)=-if exp(i((o+i5t){p(r,t),p(r‘O)])dt .
o A3
The Fourier transformation of Eq. A.2 yields
Pind (3.0 =F(q,0)¢ex(q) A4

where

F(q,w) = -if exp(i(w+idt){ pq(t),p-q(0)])dt -
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It is well known that the ¢;,,4 (r,®) can be expressed as follows:

¢ind(r’0))=f ———dpilnrd(_rr’.clo) r .
........ A6

By using Eq. A.2, the Fourier transformation in momentum space of
Eq. A.6 is given by:
4n
¢md(q’w)=:15F(q’(o)q)ext(q,m) .

From the definition of the dielectric function and a little

mathematical arrangement, we can have

1 _E(q0)

e(q,0) Dl(q,w)
=¢total(q’0)) .
¢ext(qom)

........ A8

By using Eq. A.7 and §ota] =dind+0ext » the dielectric function in the q

space is given by:

1
e(q,m)

=1+ z—gF(q,a)) :

In Eq. A9, the imaginary part of 1/e(q,0) should equal the imaginary
part of F(q,w), then we can have the relation between the response

function and the dielectric function:

m(F(@0) =l 1m (L)
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In order to find out the relation between S(q,0) and Im(-1/g), we

derive the relation between S(q,m) and F(q,w).

Suppose that we have a complete set of states for an interacting

system in thermal equilibrium. $S(q,w) can be described in terms of

these system and their energies

-1 iot
S(q,m) 2nh£ elot S(q,t)dt

z 1 f eiot eBEl 15| ng | JeilEio -Ex)t/5<]j ngq|lo) dt

Io, 1

ePEq( lgng| I §(w +Eo-E1y
h A.l1

--------

=31
w1l
{where 3 = 1/kT}

The correlation function can be expressed in a similar way

T(q,0) = }_J elot T(q,t)dt

E_zl_j elot e'ﬂElo( Nq(0) ng(t) )d

Y L edEu(1gng| P sle +21- Ll 'hElo) :

=y

When interchanging the dummy indices 1 and 1,, we have

T(q,®) = ebhe Sqw) ...

With this relation (Eq. Al13) and the Eq. A.5, we can determine the
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relation between response function F(q,w) to the structure factor

S(q,»). The result is :
F(q,®) = -iezf el + 18t ([n (t), nq(0)] )dt

-
= -ie2 J ell® + 13t (S(q,t) - T(q,t))dt

(o]

= -ie2Jr ei(ﬂ)”&tj elot (5(9,®')-T(4 '))dt de' .

After the time integral, the response function F(q,w) is given by:

[ s(@.0)T@w),,,
_J, ®-o +id

F(q,m)= e2

[ -et)s(q.0)
_J ®- +id

-

= e2S(dw)in(l- e¢Bo) . L. A.15

= e2

And S(q,m) can then be expressed:

-Im(F(q,®))
e2n(l- efhoy” A.16

S @ w) =

For the special case, when Bho>>1 ihe structure factor is given by:

_-Im(F(q,0))
S(@e) = o T A17

Finally, by combining Eqs. A.10 and A.17, the relation between
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structure factor S(q, ®) and the dielectric function Im(-1/g) is given by

S(q,0) =—L Im(=1 .
4e272 elq,0)
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Appendix B

Energy- band structure of a single two dimensional layer of graphite
calculated by Painter and Ellis, Ref. [82].
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