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Abstract:

In this study, we report the growth of thin epitaxial Ti films with a face-centered cubic structure on the
A1(110) and A1(001) surfaces at room temperature. Bulk-like Ti phases exist in nature either in a
hexagonal close-packed crystal structure at room temperature or in a body-centered cubic crystal
structure at temperatures higher than 877°C. The observed fcc structure is stabilized by the Al
substrate, where the Ti-Al interfacial energy exceeds the strain energy associated with structure misfit.
A maximum thickness of about 5 ML is measured for a flat fcc Ti film, at which thickness the strain
energy and the interfacial energy are comparable. The Ti film is pseudomorphic with the Al cubic
structure, and only a slight distortion of 2.4% in the (001) interplanar distance is measured. Beyond this
thickness, the film undergoes a transformation that involves the readjustment of the Ti atomic positions
in the film to accommodate the Ti bulk-like structure.

Thermal diffusion of Ti overlayers into the Al substrate was also investigated. Thin Ti films deposited
at room temperature diffuse into Al when heated at 400 °C. The Ti atoms react with the Al substrate,
where they occupy fcc lattice sites, substituting for the Al host atoms. Approximately 93% of the Ti
atoms occupy such sites distributed over a depth of 300 a.

Hydrogen uptake measurements of Ti films with various thicknesses were also carried out: The total
uptake of the films, after exposure to H2 gas, correlates well with their atomic structures. Only a
limited uptake is observed for Ti films with an fcc structure, and is attributed to surface adsorption of
hydrogen. However, a relaxed film exhibits a relatively large uptake. These observations may be
understood in terms of either a decreased solubility because of the reduction in the Ti atomic volume in
the new fcc phase, or a surface kinetic barrier that blocks hydrogen from diffusing into the film.
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ABSTRACT

In this study, we report the growth of thin epitaxial Ti films with a face-centered
cubic structure on the Al(110) and Al(001) surfaces at room temperature. Bulk-like
Ti phases exist in nature either in a hexagonal close-packed crystal structure at room
temperature or in a body-centered cubic crystal structure at temperatures higher than
877°C. The observed fcc structure is stabilized by the Al substrate, where the Ti-Al
interfacial energy exceeds the strain energy associated with structure misfit. A
maximum thickness of about 5 ML is measured for a flat fcc Ti film, at which
thickness the strain energy and the interfacial energy are comparable. The Ti film is
pseudomorphic with the Al cubic structure, and only a slight distortion of 2.4% in the
(001) interplanar distance is measured. Beyond this thickness, the film undergoes a
transformation that involves the readjustment of the Ti atomic.positions in the film to
accommodate the Ti bulk-like structure. ' ‘

Thermal diffusion of Ti overlayers into the Al substrate was also investigated. Thin
Ti films deposited at room temperature. diffuse into Al when heated at 400 °C. The
Ti atoms react with the Al substrate, where they occupy fcc lattice sites, substituting
for the Al host atoms. Approximately '93% of the Ti atoms occupy such sites
distributed over a depth of 300 A.

Hydrogen uptake measurements of Ti films with various thicknesses were also
carried out. The totalluptake of the films, after exposure to H, gas,. correlates well
with their atomic structures. Only a limited uptake is observed for Ti films with an
Jfec structure, and is attributed to surface adsorption of hydrogen. However, a relaxed
film exhibits a relatively large uptake. These observations may be uhderstood in terms
of either a decreased solubility because of the reducftioh in the Ti atomic volume in the
new fcc phase, or a surface kinetic barrier that blocks hydrogen from diffusing into the
film. '
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CHAPTER 1

OVERVIEW

Epitaxial growth of ultrathin metallic films on single crystal substrates in an
ultrahigh vacuum (UHV) environment continues to receive a considerable amount of

attention. !

These systems éxhibit intgresting physical properties and are important in
the search fof new materials. The interfacial strain associated with the misfit between
the substrate and overlayer lattice structures, as well as the difference in thé surface
free energy between the overlayer and the substrate materials, circuﬁscribe the formed
structures. The modified electronic and atomic structures in the overlayer may result
in different physiéal properties for the deposited film as compared to those of the ‘bulk
material.  Palladium, for example, shows an enbanced magnetié susceptibility
associated with the expansion of the Pd unit cell in the Au-Pd-Au epitaxial structure.?
Also, tﬁin Pd films on Mo(lOOj exhibit a reduced hydrogen uptake relative to that for
bulk Pd.3 An interesting subgroup of theée bilayer systems is one in which metastable
overlayer phases form due to the adatom-substrate interaction. In these systems, new
phases, or i)hases that exist only at elevated temperatures are stabilized on the substrate
surface at room temperature. For example, face-centered cubic @c) Co films grow
epitaxially on Cu(001) substrates, and body7cente;ed cubic (bcc) Co films can be
grown on Fe(001) thin films, whereas bulk Co exhibits a he'xégonal close;packed (hcp)

structure at room- temperature.*> An fec Co film of up to 30 monolayers (ML) in

thickness was observed to grow epitaxially on a Ni(001) surface.®
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Besides the study of epitaxial growth in bimetallic films, exnloring metallic alloying
in thin films, at the attomic level provides for understanding the macroscopic properties
of the alloy, and for exploring possible means of materials modifications. In this
respect, transition metal aluminides have attracted a great deal of interest for their
technological applications atnd have generated a considerable ‘amount of research

concerning the various structural aspects responmsible for their properties.”®’

In
particular, several Ti-Al alloys exhibit high specific strength, strength retention at high
ternperatures, oxidation resistance and_hign melting  temperatures. Eecause of these
properties, these alloys are receiving a greet deal of attention for their potential
apnlications. as aerospace structural materials to be used in the National Aerespace
Plane (NA’SP).10 " The addition of small aineunts of metal dopants like Nb are used to
~ overcome problems such as lack of room- temperature ductility, as well .as high-
temperature embrittlement. Thin Ti—At films are also of interest for their applications
in the microelectronics industry as diffusion barriers _.between silicon and Al
metallization layers in semiconductor devices, improving thermal stability as well as
. hillock growth resistance.!:12

Although an enormous wealth ef detta is available on intermetallic films, more work
needs to be perfermed to help understand the underlying phenomenat responstble for
their properties. This thesis is an integral part of an Aongloi’ng program to understand

the fundamentals of the surface physics' involved in the growth of ultrathin

intermetallic layers in the early stages of formation, and their hydrogen uptake
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properties. ~ We believe that such studies are important not only from a fundamental
point of view, but also from an applied perspective b;acause the nature of the surface
plays a vital role in determining properties like oxidation and hydrogen uptake.

In this study, we examined the growth of thin Ti films on Al(110) and Al(100)
.surfaces. During the growth process, the atomic structures of the overlayer and the
sub_'strate were monitored in-sifu. Ti films up to 12 ML thick, were cieposited on both
surfaces. The growth was done in increments of about 0.5 ML, and the structure was
characterized after each c;overgge iricrement. We found that the films grow epitaxially
up to a critical thickness, after which the growth mode changes in character. The main
focus of this thesis is the characterization o‘f the epitaxial growth from an atomic point
of view. Although the structure of the thicker films, beyond the critical thickness, was
also of interest, our findings were not as conclusive. Hydr(.)gen uptake. of these films
was also meas_ured. These measﬁrements were done as a fuﬁction of exposure to H,
"gas, and the experiments were terminatéd after saturation. We found that epitaxial fcc
films exhibit a minimal hydrogen uptake when compared with the uptake of the films
with jchickﬁesses exceeding the critical thickness. The Ti/Al diffusion as a flmc_tion of
temperature Was‘ also studied. In this respect, no appreciablg diffusion was observed
up to a temperature of 350°C. For films annealed at higher temperatures, it was
observed that Ti diffuses into the Al substrate, and primafily occupiés fec lattice sites,
substitu‘_tiﬁg for Al atoms.

A combination of complementary surface techniques was used to verify the initial
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state of the clean and ordered A1 surfaces. These fcechm'ques were alsd used to monitor
the growth of the deposited Ti layer at various stages of the experiment. The primary
technique is high energy ion scattering (HEIS), where a collimated beam of about 1
MeV He" ions is inc.ideflt along a major crystallographic direction of the Al éinglé
crystal, and backscattered ions with various energies are counted.- HEIS provides a
precise .measuremen“t of the overlayer coverage when the ion beam is incident in a
random direcﬁon. The major reduction in the backscattering yield in the aligned
géometry (ion channeling), compared tc; random alignment, pfovides a capability to
probe solid sta‘:ce atomic structures. The shadowing of the underlying atoms by the
surface atoms is also central to the uti_lization of the technique as a surface probe.
Unlike most electron spectroscopies, HEIS is not reétricted to probing the surface.
Instead, it provides a non-des;tructive depth profiling capability. o

The technique of X-ray .photoemission spectroscopy (XPS) was uséd to monitor
surface contamination levels during the cleaning procesé and to examine the nature of
the overlayer growth during the Ti deposition process by measuring changes in the
substrate photoelectron intensity. Measurements of the binding energies provide
additional information to determine the chemical state of the film/substrate system.
Also, the angular dependence of the emitted photoelectron intensit.y"-was used to
complement our channeling measurements. This technique is referred.to as x-ray
photoelectron diffraction (XPD). The Wave-liké nature Qf the photoelectroﬁs emitted

from a source atom leads to an interference pattern at.the detector location as a result




5

of scaﬁgring' from surrounding atoms. | In ;the high electron kinetic energy regime, the .
central maximum of the interference pattern becomes very intense, while the secondary
maxima subside signiﬁc_:antly. This- effect is referred to as forward focusiné, and is
utilized té study surface structures. To our knowledge, ﬁs is the first time HEIS and |
XPD have been _integ;ated on the same system as complementary techniques.

Hydrogen uptake measurements were done using elastic re\coil detection analysis
‘(ERDA). In this technique, a collimated beam of about 2 MeV He* ioné is incident
at a grazing angle on the sample surface. The protons recoiled in the‘forward direction
as a result of He-H _collisioﬁs are energy analyzed and countea. ) |

‘The following is a list of acronyms frequently used in this thesis:"

AES' Auger electron. spectroscopy.
ERDA Elastic recoil detection analysis.
HEIS High energy ion scattering.

HA Hemispherical anélyzer. '
LEED Low energy electron diffraction.
ML Monolayer. . '
MCA -  Multichannel analyzer.

RBS Rutherford backscattering spectrometry.
RGA Residual gas analyzer.

SP Surface peak. -

UHV. Ultrahigh vacuum.

UPS Ultraviolet photoelectron speétroscdpy.
XPS X-ray photoelectron Spectroscopy.

XPD X-ray photoelectron diffraction.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES -

Because of the susceptibility of surfaces to contamination.. in an atmospheric
environment, it is critical to conduct certain eXperiments involviné surface phenomena
in a vacuum chamber where surfaces are kept clean long ‘enough to carry out the
necessary measurements. For.a typical surface,-a calculation of-the areal atomic ciensity

2 A éomputation for the rate at which contamination

yields a value of 101> atoms/cm
takes place leads to the result that the whole surface would be completely contaminated
after exposing the sample to a pressure of 1076 Torr for one second, i.e. 1.0 Langmuir
(L). However, it should be mentioned that this calculation is ‘baséd on a worst-case
scenario: a sticking coefficient of unity is assﬁmed. In reality,‘the contamination rate
depends a great deal on the chemical nature of the surface, as well as the degree of
_reactivity of the residua;l gases in the chamber. Thus it is necessary to maintain a very
low pressure in the Viéinjty of the surface. This environment is referred to as an °
ultrahigh V.acuurn (UHV) environment when a pressure of aBout 10710 Torr, or lower,
is maintained in the chamber f.or the duratioﬁ of experiménts. This pressure gives the
experim;:nter a time period of about 10* seconds to carry out the measurements before

the surface is- seriously contaminated, thus corrupting the measurements. In addition,

all ion- and electron—based surface analytical techniques require high vacuum
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environments bgcause the mean-free-path associated with ions and el;:ctrons is. very
short in air. Because of the low breakdown-voltage of gases at intérmediate‘ pressures,
this environment is also necessary when high voltages need to be maintained, -as is'the
case with X-ray sources, lens elements and elecﬁon multipliers . in electrostatic
analyzers, as well as in electron and ion sources. Hot elements like wire filaments are
also severely affected by low vacua, leading to very short lifetimes.

In this study, a combination of surface analytical techniques was empioyed in
the initial characterization of the sample surface, as well as in the study of the
formation and the properties of the new structures. While high energy ion écaﬁering
(HEIS) was used as the main analytical technique, X-ray photoemission spectroscopy
(XPS), and low energ'y electron diffraction (LEED) were combined to complement our
- studies. Elastic recoil detection analysis (ERDA) was also used to study the hydrogen
uptake properties of systems' under study. |

Iﬁ this chapter, a description of the experimental setup which was used is
presen‘;ed, anci the basic physical brinciples of the various surface analytical techniques,

‘except for ERDA which will be discussed in the next chapter, are introduced.




|

2.1 Experimental Setup

2.1.1 Ion Scattering Chamber and Vacuum System

‘The majority of the experiments presented in this thesis were carried out in the
ion scattering UHV chamber. This chamber is maéé out of stainless st@el and its igside
is covered with mu metal to provide a-magnetic field-free-region. . This is especially
important during XPS measurements in the low kinetic energy regime as well as during
LEED measurements. The chamber is connected to a 2-MV Van de Graaff accelerator '
through a differentially pumped beém line. Schematic diagrams of the chamber are
shown in Figures 2.1(a) and 2.1(b). The chamber is usually baked at a temperature. of
150°C for 36 hours to eliminate water, oil vapors and other_adsorbed' gases. After
balcing the chamber, a pressure of 1..O><10'10 Torr was typically obtained which is
essential for carrying out surface studies. Iﬁ addition to the chamber, the vacuum
systém consisted of' a Balzers TPU110 (110 Vs) turbomolecular pump, a Leybold- .
Hearaeus DA8 (190 1/min.) backing rotary-vane pump, a Variaﬁ (120 1/s) sputter-ioﬁ '
pump, and a tit;mium sublimation getter pump. The getter pump is efficient for
pumping reactive molecules like hydrogen, oxygen and carbon dioxide. An optically
dense foreline trap fuil of an absorber material is used to pre‘vént backing . pump oil
vapor froﬁ backstreaming into the vacuum chamber. Two- sorption pumps are used to

evacuate the gas introduction line and reservoir prior to exposure experiments in which
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gases are introduced through a leak valve. Argon gas is also introduced to the sputter
gun using the same mechaﬁigm. A Varian nude ionization gauge is '_used to' monitor the
ioressure in the chamber during the various stages of the experiment. A 5.0 kV sputter
gun is also available for cleaning the samplés.

The chamber is equipped with a Dycor Electronics quadropo_le 'residual \gas '
analyzer (RGA) to monitor ;the different gas components during various phases of
’ experimepts and for leak detection. Because of the low ion yield at.high vacuum, the
ion current is often amplified by means of an electron ﬁlultiplier. A mass spectfum of

‘the residual .gas at an operating pressure’ of 1.4>_<1O'10 Torr is shown in Figure 2.2.

2.1.2 Sampie Holder and Goniometer

The sample holaer consistea of a Mo block fas‘.cened to a three-aiis- goniometef
which also allows for two independent translati;)ns. The angular rotations of the sample
are controlled using three accurate feed-through shafts with an angular precision of
about 0.1°. This goniometer was essential to carry ‘out the channeling meaéurements
as well as the photoelect.ron' dilffraction measurements. The sample holder includes a
thin W filament for sample heating and a i’t resistor to monitor the .sample temperature.
The Mo biock is electrically insulated using quartz rods to allow éharge_integration
during. ion scattering experiments. The sample is mounted in the block such that the

rotation and tilt axes are approximately in the same plane.




2.1.3 X-ray Photoemission F'acilify

An XPS fécility was used consisting of an X-ray sour‘ce, electrostatic analyzer,
and counting electronics. The X-ray source consists of a water-cooled VSW‘ TA10.
twin-anode providing characteristic x-rays of Al K« (hv;1486.6 eV) with a line width
of 0.85 eV, and Mg Ko (hw=1253.6 eV) with a linewidth of 0.70 eV. A thin Al
window, 5.0 pm in thickness, is mounted in front of the soﬁce to prevént stray
‘electrons from reéchiﬁg the sample. and to minimize coﬁtaminaﬁon of the sample ciue-
to filament degassing and \eVapqration. The X-ray source is mounted-on a bellows to
allow ‘the introduction” and the retraction of the source near the sémple and to avoid
damage to the thin Al window when maneuvering the sample. X-ray radiation intensity
is stabilized by c_ontr.olling the filament emission current. This stability is critical when
studying the changes in photopeak intensities, e.g. to model the groxﬁh morphology of -
a thin film. Itis also essential to maintain a stable X-ray intensity during photoelectron
diffraction experimenté. A filament current of 3.0 A, an electron emission of 20 mA,
and an anode voltage of 10 kV are typically used in our studies. A 100 mm VSW
hemispherical analyzer (HA100) is used to analyze the kinetic energy of phot_oelectrons
emitted from the sampler Potentials for lenses, hemispheres, and the electron multiplier
are all set using the VSW HACS5000 control unit. The sample is set to ground potential
during the measuremer.lts.' The control unit a}lo'Ws the collection of data in the. fixed
analyzer transmission (FAT) mode, and conséquently maintains a fixed elecﬁon energy

resolution. In this mode, the kinetic energy of electrons is retarded by a variable factor
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so that eleqtrons enter 'the hemisphere with a fixed pass energy. The HAC5000 also
allows a fixed retardation ratio (FRR) throughout the spectrum to maintain a fixed
sampled area. The F'RR mode is useful when scanning a wide energy range of the
spectrum; and therefore allows the compariso_n of peak’ intensities to determine surface
éomposition. On the other hand, the' FAT mode is useful when scanning the intensity
of photoelectrons emitted by specific atomic elements. Pass energies of: 10, 25, 50 and
125 €V, and retarded ratios of 5, 10, 50 and 100 are allowed. The pass energy of 50
eV is fypically used, giving reasonable energy resolution of 1.0 eV and maintaining an
acceptable signal intensity. A number of scanning rates afe also allowed’ during the
measurements. A scan rate of 0.1 eV/sec is used to scan individual peaks, while larger
rates are used to scan wider kinetic energy ranges.
During energy scanning, emitted photoelectrons with a certain kinetic energy are )
.'deﬂected 180° after entering the hemisphere, and. are then inciden’; on a single' channel
electron multiplier (channeltron). The electron multiplier is made out of a curved tube, '
with a length—t(.)—diameter ratio of about 100:1. The tube is coated with high resistance
" material, where the surface becomes a continuous dynode. FElectrons are incident on
the low potential end of the multiplier, causi_ng seccl)ndary electrons to be emitted from
the tube walls. ‘These electrons are accelerated along the tube causing more secondaries
to Be emitted. Due to this avalanching process, a large number of electrons is produced
at the high potential end of the multiplier. A gain of about 10% is obtained. This

process is analogous to using a combination of discrete dynodes in the conventional
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photomultiplier. A charge sensitive preamplifier is used to shape the electron pulses,
vs;hich are then ﬁltefed, ampliﬁed and finally counted using a PC based multichannel
card and software. To ol;tain' yield versus energy ’scans, the XPS control unﬁ is
triggered to' start, and the PC based acquisition system is set to acquire data
simultaneously. The time—to—énergy ‘c.onversi.on is obtained frorﬁ the widtﬁ of the
energy window and the scan rate, both of which aré set by the XPS analyzer control
unit. The experimental setup used to perform tﬁe XPS measurem_ents' is shown in

Figure 2.3.

2.1.4 Helium/Hydrogen High Energy Particle Detection and Energy Analysis
Energy analyses of backscattered particles for HEIS and ERDA measurements
were performed using two bakable, passivated,» implanted, planar silicon (PIPS)

detectors. The HEIS detector is mounted on a rotatable arm, and is located 3" away .

from the sample. The detector position is set at a scattering angle of 105° for

channeling measurements. A circular aperture, 0.125" in diameter, is placed in front

of the detector subtending a solid angle (AQ) of 3 millisteradian.
The ERDA detector is positioned at a fixed scattering angle of 25°, and is
mounted on a vacuum feed—through shaft permitting a variable solid angle for particle

collection. Typically, the detector is positioned 4.2" away from the sample, subtending -

" a solid- angle of ébout 08 millisteradians. An Al foil, 8.0 um thick, is placed in front

of the detector to filter out the forward scattered He particles due to the primary beam.
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This thickness was chosen based on the average projec'ted rangé of He" ions in Al:, The
' stopping cross-section of He is considerably larger than that for protons in Al, hence
permitting the passage of protons through the stopper foil With some definite energy
loss. |

. Hydrogen and helium ions create electron-hole pairs in the depleted region of
the reverse-biased p-i-n junction of an area diode. The number of created pairs is
directly proportional to the energy of the incident particles, provided we a use a thick
enough depletion layer, and provided also that the bias field is strong énough to prevent

1 The detectors that were used in this study have an active

. electron-hole recombination.
thickness of 100 um, which far exceeds the H and He ranges in Si for the ion energy
ranges of interest. 'The electrical contacts- to the Si wafer are ion-implanted which
makes them wit‘hstand baking up to 200 °C. Current pulses due ;co~incident energetic
particles vary in height linfaarly with the energy of each incident particle. These pulses
afe shaped,. amplified and finally sorted accofding to their heights using a set of
electronic units and a PC-based acquisition card and software. Energy resolution of

about 20 keV is obtained in the range of interest. A schematic diagram for the charged-

particle detection system is shown in Figure 2.4.

2.1.5 Van de Graaff Accelerator
The ion scattering chamber is connected to the 2 MV Van de Graaff accelerator

via a differentially pumped beam-line. The accelerator is used as a variable flux source
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of-well focused and collimated H" and He* beams. Primarily, ;che accelerator consists
of an ioﬁ source and an evacuated cOlﬁmn with a strong potential gradient of about 10°
V/m. It. is connected to a field free evacuated béam pipe that leads to a strong
analyzing magnet and then to the chamber. He or H, gas is leakéd into the ion source,
where an rf ﬁeld is used to ionize the gas.. Ionization is enhanced by means of a
‘quadrupole magnet idcated around the. ionization vessel. A potential .grédi'ent is
established and maintained along the column by means of the' continuous charging of
the positive terminal (a shiny dome-shapéd steel overlay). This is a;:coniplished using
a highly insulated belt that transfers positive charges from a (0-3‘0) kV spray charge -
power supply to the high-potential end of the column. The column includes a large

number of equipotential electrodes, connected in series with a string of resi's’ltors

between the high poténtial ’te‘rminal and ground.

During the operation of the. accelerator, a delicate balance between charge
deposited on the terminal and charge leakage to ground through different channels is
maintained. An important channel is the one in which charge :is transferred to a
collection of sharp poin‘Fed needles positioned directly above the terminal. These are
referred to as the corona points, while the charge transfer is referred to as the corona
current. The corona points are brought closer to the terminal to lower the terminal
potential, and are retracted away from the terminal to increase the pofential. This
control mechanism allows the ﬁne adjustment of the potential gradient, while the coarse

adjustment is obtained using the variable spray charge power supply. The corona points
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are also essential in the voltage sfabilization circuit. The stabilization is accomplished
'via the outcoming ion beam and analysis magnet. A srﬁall perturbation in the potential
gradient is translated into a 'devliation in the kinetic energy of ions accelerated down the
column. - The switching magnetic field deflects the ions with the desired' energy into the
scattering chamber.- An ion beam with higher kine‘;ic energy will have a smaller
deflection, while ions with lower kinetic energy Will-have a larger deflection. Two
collector slits, horizdntally p.ositioned inside the beam line, a few I_nillimeters apart, are
used to measure a portion of the current associated with the ion beam. These slits are
part of a feec}.-back cﬁcuit where an appropriate Vc;ltage, proportional to the measured
difference in the slit current, is applied to the corona points to reduce or increase the

corona current, affecting the charge balance on the accelerator terminal and thus

stabilizing the ion energy.

2.1.6 Leybold Vacuum Chémbgr
LEED and X}’S -measurements for the Ti/Al(110) experiments were dope in a
Leybold vacuum chamber. The general characteristics of the XPS capability in this
chamber are similar to those discussed earlier in section 2.1.3. An adciitional feature
is a variable-size slit, located at ;the entrance of the electrostatic hemispherical analyzer.
This slit is ﬁtilized to avoid contributions to the photoelectric signal associated with the
sample holder and other surroundings. The chamber also features a 5.0 keV Ar'" ion

gun for surface sputter-cleaning. Sample heating is accomplished by -passing a current
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through a thin W coil immediately below the sample. A thermocouple wire is used to
monitor the sample temperature. A quartz crystal oscillator (QCé) was used to monitor
the film thickness during deposition. The chamber also features a Varian Ll;TED optics
and controller. The sample was transferred back and f’orth, under vacuum, between the
XPS cha.mber aﬁ_d the LEED chamber. Ti depositions were done in the XPS chamber.

A schematic diagram of the system is shown in Figure 2.5.
2.2 Analysié Technigues

2.2.1 High Energy Ion Sca;ttering

This study is primarily Based on results obtained from ion scatter'ing'
experimeﬁts. The significance of the ‘Fec'hnique stems from its effec%:iveness in
characterizing bulk and surface structures‘ in terms of their absolute atomic compositions
and crystallographic oriehtétions. Ion scattering can be.applied in a variety of modes’
depending on the objective of the stud.y and the complexi;cy of the expeﬁmental setup.
This tephnique will bé discussed briefly in the following two sections for the purpose.
of organizing the discussion. First, we discuss the standard and more widely used
appliéation of ion écattering used in elemental analysis and absolute coverage
measurements. Second, we present the technique as a structural probe, emphasizing

its use as a surface tool.
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2.2.1.1 High Energy Ion Scattering/Standard App]{ications .

In high energy ion scattgring, alsc_) referred to /as Rutherfc_)i‘d backscattering
spectrometry (RBS), a well-collimated ion beam of He" or H' is incident on the target,
with a kinetic energy of 1-3 MeV, and with an ion current of about 10 nA.> Normally,
the.ion beam is incident on é sample area of a few mm?. These partiéles are energetic
enough to penetrate the atomic electronic cloud, and to interact ﬁth the positively
charged nuclei of the target via the Coulomb potential. Eﬁergy and number analyses
of 1t')acksclzattgared particles are used to explore the conipositioﬁ of solid targets. - To a
good approximation, the angulaf distribution of the elastically scattered particles can be
described. using the classical Rutherford cross-section. Considering a binary event,
since multiple scattering events can be neglected in this case, the differential cross-

section in the laboratory frame is given by: -

2
do | ZiZe® | leos@+(1 —(MI/MZ)Zsinze Y22,
dQ 2E Osin29

2.1),.
\/ 1- (M 1/Mz)zsinzé '

where Eo is the energ}.r of the incident parﬁcle, M, and M, are masses of the incident
and target particles fespectively, Z; and Z, are atomic numbers of the incident and -
- target particles respectively, and 6 is the scattering angie. For target atoms with the
ratio M /M, less than unity, the cross-section has a non-zero value for all values of .
The energy of the particles scattered ,from.j:he surface atoms is simply related to the

v
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energy of the incident particles; namely, it is directly proportional to the energy of the

incident particles. This is expressed by the following relationship:

)E

Ml
E=K(®,
M.

2.2).
A |

o

The constant X is called the kinematic factor and can be obtained by requiring energy

and momentum conservation during the collision. The kinematic factor is given by:

2

x . \/M22 —Mlzsinze +Mlcose

(2.3).
M, + M,

Because of the nature of thg two previous equations, the energies of the outcoming
“-particles are related to the masées of the target atoms, sincé the geometry is known for
a certain experimental conﬂguratiQn. In principle, the energy measurements of the
scattered particles lead to the elemental analysis of the sample since each element has
a unique atomic mass. HoWever, because of the finite energy resoluﬁon of the
spectrometer, the mass resolution is limited. The ﬁleasurement of the ion scattering
yield provides a means for counting the--target atoms in an absolute . sense. The
Rutherford cross-section, the number of incident. ions,- and the solid angle of the.

detector are used to normalize the yield.
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In a realistic situation, this description is still too simplistic, and othef asbects
need to be taken into account. For example, for a semi-infinite target geor;ietry, the
ions that do not l;ackscatter from the target surface continue to traverse the sample at
finite energy loss rates, due to a variety of.electronic excitations aﬁd low scattering
angle nuclear encounters. In effect, this process leads to the variation of E, in the
above equations. The energy loss per unit length experienced by the ions.is a well-
studied problem, and loss rate values are tabulated for a wide variety of elements. and
compounds over a wide range of particle.:' energies. However, thls makes the
mathematical problem of concentration profiling transcendental, and thus it must be
solved approximafely. This is because tﬁe energy loss of the ions is a function of the
sample composition, the very quéntity we want to meaéu:re. Hence, the solution to the ‘
problem must be app.roximated'. numeficaliy. A typical approach to resolve this
difficulty is to divide the solid into a finite number of thin layers of uniform
compositions, where the enereg loss is assumed constant throughout each lay.er. The
computer pr'ogram, RUMP, is often used to extract concentration profiles from .
backscattering spectra. .RUMP is also used to simulate backséattering spectra expected
for an almost arbitrary set of ta}gét, beam, and cietector parameters. >

Since éomposition profiling using RBS is not the'focus of this thesis, we shall
not present the. formal treaﬁpent here. This formalism is presented in many books and
' research pap-ers.2 Instead we will emphasize those aspects which were used in the’

course of this study, namely the ion yield ‘and energy distribution due to scattering
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from thin solid films. The energy spectrum can be expressed in terms of a narrow peak
located at KE, on the energy axis. This is because of the small energy spread of the

backscattered particles. The area of the peak is given by:

A=) -o(E ,,0,M,/M,) -AQ - Q - (2.4,

where Q is the time integrated curfent. of incident ions, o(E,,0,M,/M,) is the 'scattering
cross-section, AQ is the solid angle sub;[ended by the detector, and Nt is the number of
target atoms per unit area of tﬁe ﬁlm. Several approximations are made when usirig'
equation (2.4). Firstly, the film is assumed to be thin enough. sc; that there is no -
appreciable energy Joss as the Beam traverses the film. Secondly, the detection solid
angle is assumed to be small enough so that the scattering cross-section can be
approximated by the differentigl cross-section. A third; less obvious, approximation is
the assumption that the underlying atoms within the film are not shadowed by overlying
atoms. As will be discussed_ in the next section, this phenomenon can be utilized in the
study of crystal and overlayer structures.

While the ion energy. distribution associated with the scattering from a thin solid
film is a narrow peak, the energy. distribution of particles due to a semi-infinite vtarget
is broad, and thus can be approximated by a step function. O'né‘ can obtain the height
of the spectrum due to éthicic substrate by considering the yield, H,, in a small eﬁergy
width 6F corresponding .to a thin slab, 6x ih thickness. Equation (2.45 can be rewritten

as follows:
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H0=(N8x)'-o'-AQ-Q , ’ C ' (2.5).

In addition, 6x can be representéd in terms of 0E, in the first approximation, through

a generalized Stopping cross-section factor [S,], such that:

sx=OF . - (2.6),

- where [S,] is given by:

I dE K dE | |
S |= il e Boudl [ 2.7),
[ 0] sino. dx F‘Eo sin(0 -ot) dx |E‘KE0

where o is the grazing exit angle and where the surface energy apf)roximation is used.
Combining equations (2.5) and (2.6), we 6btain an expression for the height of the step.
due to a semi-infinite substrate:

. H0=N-_5_E_-c AQ-Q - (2-55-
.} |

o

The situation where a thin film of an unknown thicknesé is deposited on a semi-infinite -
substrate .is frequently encountered. In this c_ase,‘ equations (2.4) and (2.8) are

combined, and the following expression is used to calculate the areal density of the film:
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N

(o)
@), =N, 22 OF %o

-2 2 2.9),
AN 2.9

where fhe 'subscr'ipts. s and o are used to denote the substrate and .the thin o'veriayer,
respectively. Equation (2.9) is an alterna:cive to equation (2.4) when the substrate
material is known. The need to measure Q dand AQ is eliminated. Figure 2.6 depicfs a
calculated spectrum for a Ti film, 50 A .in'thicknes.s, on an Al substrate; typical
. exlierimental parameters are used in the simulations. The RUMP program was used to

generate the spectra.

2.2.1.2 High Energy Ion Scattering/Sfructuré Probe

In the previous section, Ithe atomic structure of the target was assumed to be
completely fandom'. Hence, such treat;nent applies more to amorphous solids where all
target atoms within the probing depth contribute the same yield regardless of where
they. are over a depth range in which energy loés of ions may be neglected. This
assumption is implicit when using equations (2.4) and (2.8). When dealing' with single
crystals and ordered Qve‘rlayers_, this assumption is obviously no longer valid.

For an ion b/eam‘ incidént along a certain crystallographic direction, i.e. along a
row of atoms, the Coulomb interaction with the target nuclei perturbs the ion

trajectofies in a peculiar-way. Namely, the ions are steered away from the atomic rows .

into the open channels- of ordered structures. As a result the backscattering yield is
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greatly reduced compared to the case for a random incident ion direction. This
phenomenon is known as channeling, and .coﬁstitutes a rather powerful surface
technique.* The channeling effect is illustra;ted in Figure 2.7, where the top atom
shields the . underlying atoms down the atomic rows due to the shadow cones.
Assuming a pure Coulomb interaction, the radius of the shadow cone; R, is defined in
terms of the trajectory of ions that most closely approach the second atom in the row.

The expression, in CGS units, is given by:*

(2.10),

where d is the interatomic distance along the rows. For a 1.0 MeV He" ion incident
on aluminum along the [100] direction, the Vallue of R, = 0.081 A at d = 4.05 A, the
lattice constant of aluminum. This value of R, is much larger than the nuclear
dimen;siéns, and thus causes the complete shielding of the m&erlying row of atoms in
a static lattice. According to this picture, only surface atoms contribute to the ion
backscattering yield, because only then is a nuclear close-encounter possible. The
energy distribution of the scattered ions can be represented by a narrow surface peak
at energy KEO Figure 2.8 illustrates the major reduction in the backscattering yield
from aluminum when ions are channeled, compared to the case for random incidence,

and also illustrates the concept of a surface peak.
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In reality, the sﬁadOwing effect is more complicated because of the ﬁermal
vibrations of t.alrget. atoms about their equilibrium positions. For example, the one-
dimensional, rmk.v vibrational amplitude, #;, of aluminum atoms at room temperature is
about 0.095 A, exceeding the s_hadow cone radius.> This iridicates that the static.modc;l,
described earlier, is an oversimplification of the problem. In this picture, each of the
underlying atoms has a finite cloée-encounter probabilify which can be calculated by
the convolution of the ion flux distribution with the atom position distribution governed
by thermal motion. Geﬁerally, this calculation leads to.diminishing close-encounter
probabilities for deeper atoms as compared to those for atoms near the surface. Fc;r

example, the close-encounter probability of the second atom in the row is given by:4

, -R; :
P=|1+ Re | ot 2.11)
4ul2

* The area under the curve of the energy distribution of the backscattered ions is |
directly related to the sum of the close-encounter probabilities of the atoms in the row, |
P,,. For a surface with I rows per unit area, and according to equation 2.4, the yield

L

in the surface peak area is given by:

 A=3-P,_,-c-AQ-Q 2.12)
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Using this equation P,, can be evaluated 'éxp.er'imentally.' It shéuld be noted that
the premise of the technique lies in this equation. The structure of surfaces can be
- studied by comparing Pc; as meaéured by expérimént with P, as calculated from
- models and computer simulations 6f the scattering process. Obviously, the validity of
these studies is constraihed by the accuracy of the models used. One rather .impor;cant
modification to the earlier discussion is in thg ion-atom intera;:tior; potential. Thé
Coulomb potential is not sufficiently accurate -to calculate the ion flux distribution for
impact parameters la-rger than 0.1 A. Instead a Thomas-Fermi model for the atémic
interaction potential is used. “A modiﬁed shadow cone radius, R 1 15 generally utilized.
R, is substantially smaller than R, for high-Z elements and at low incideﬁt ion energies.
A universal curve for the summed P_, has been calculated in terms of the ratio
o/R,, where p is the two-dimensional rms vibra;cional amplituc.le.6 This curve is a result
of computer simulations and is shown in Figure 2..9.' The predictions obtained from this
curve are in good agreement with the experimental re.sults for a large number of perféct
crystals with incidence along the various difections. In reality, however, perfect crystals
.a:re rarely encountered,. and surface phenomena like reconstructibn, relaxati'on, and
édatom- adsorption effeéts need to be treated.
Extens-ive computer simulatipn codes of ion scattering a.re often used for the
calculation of the individual close;encounter probabilities, ‘Pi., In the course of this
study, we used the VEGAS ‘computer code to simulate our scattering experiments.%

VEGAS allows the creation of three-dimensional lattices. Atom types, coordinates, and
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vibrational amplitudes ‘can be set by the ﬁser. This flexibility allows the simulation of
- reconstructed, and relaxed surfaces. It also allows the simulation of overlayers with
arbitrary structures. Beam and detector parameters are also set as a part qf.an ihput file.
" The output of the simulations consists of ’ghe individual close encounter' probabilities for
all the atomé in the lattice. The results of channeling simulations from an ideal .-A1(100) .
surface are shown in Figure 2.10. These results are in Agood- agreement with
experiments. | |

Ion channeling. is well suited to study overlayer/substrate interactions. Figure
2.11 illustrates how this technique can be utilized in these studies. An epitaxial growth
of overlayers resﬁlts in a decrease in the surface peak areas due to tﬁe substrate e;nd the
film (Figure 2.11 b). Overlayer relaxation is associated with an increase in the substrate
peak area and a decrease in the overlayer peak area when the ion beam is aligned with
an overlayer off-normal direction (Figure 2.11 c¢) and vice v;arsa. On' the other hand,
an increase in the substrate peak area as a function of oVerlaye;r thickness, where the
ion beam is aligned with the substrate, is indicative of a reaction in which the substrate
. atoms a're displaced from their equilibrium positions as shown in Figﬁe 2.11 c. The -
applications of ion channeling to study the epitaxial growth of titanium on an aluminum
surface is explained in detail in Chapters 4 and 5.

Ion chaﬁneling can 1;e used to study the impurity 1atti<.:e sites in a host crystal.
This is done by measuring the ion scattering yields as a function of the angle of ion

incidence, for the impurity and for the substrate. The resulting plots are referred to as
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rocking curves, and. they reflect the spatial symmetries of both'species. These curves -
can also be used to determine the atomic structures of ordered overlayers reiative,to
these of single crystal substrates. Both of these methods are utilized iﬁ the study of tﬁe

Ti/Al systems, .and these uses are -further illustrafed in Chapters 4 and 5.

2.2.2 X-ray Photoelectron Spectroscnopy

When'photons interact with 'materials, bound electrons ﬁlay be excited provided
the phpton energy, Ay, exceeds the binding energy olf the electrons, Some electrons
rﬁay escape the material. - This phenomenon is known as.the photoelectric effect and
el;:ctro'ns eﬁiﬁed through this channel of excitation are referred to as photoelectrons. 8

In 'X-réy photqemission, a flux of photons with a well-defined energy is
generated by the bombardment of a Mg or an Al anode with a beam of high kinetic
energy elecﬁons, typically 10 keV, from a hot' wire ﬁlamént. This leads to the
iom'zatipn of afomic inner-shells, where holes ére created. Subseq.uently', the ionized
core levels are filled through electronic trgnsitions, aﬁd photons are emitted with the
characteristic enérgies of the transitions, e.g. p — s, which are referred to as Ka
traﬁsitions. When using-Al and Mg aﬁodes, .the transitions Kot corresponding to the
‘doublet decays of 2p 12 —> 8 and 2py, —> s, are isolated and dominant transitions with -
line widths of 0.85 eV for Al and 0.70 for Mg.. bther transitions are also allo.wed and

generally contribute to the complexity of the photoelectron energy distribution curves

(EDCs).- For example, the K ;, transition gives rise to photopeaks with relative
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intensities of 8% at kinetic energies about 10 eV higher than those of the ma.in
photopeaks. |
The kinetic energy of an emitted elecﬁrqn is given by the energy differencé
1b‘e‘n_,’véen the phot;)-excited state and the final jonized ‘state of the S};stem. According -
to Kobpman’s theorem, the energies of all electrons in the system remain constant

during ionization and thus thé kinetic energy of the photoelectron is given by:

E=hv-E, . (2.13)

where E' is the binding energy of the electron n‘ieasured with respect to the vacuum
level. For a metal, a more conventional reference for the binding energy, Eb,' is the -

Fermi level, in which case the electron kinetic energy is expressed as:

E,=hv-E,-b, 3 o (2.14)

where ¢ is the wc_)rk function of the surface, and is the binding energy of the least
‘bound electron in the metal. .

Generally XPS is surface sensitive. Its depth seﬁsitivity is related to the inelastic
mean-free-path of the photoelectrons, also referred to as the escape depth, which is only |
dependent on the kinetic energy;'of the electron in a first ‘approximation. -This energy
dependence is represented by an empirical universal curve, where the escape depth has
an aiasolute minimum of about 5A for an ellectron kinetic energy of about 50 eV.

Consequently, photon energies and/or core levels are chosen to increase or diminish
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surface sensitivity, dependiné on the required‘measurement. However, as we will show
in Chapter 4, considerable deviations from this curve are frequently observed, especially
for ordered structures. |

Although photoemission is not restricted to the core levels, we shall only
consider core-level X-ray photoemission spectroscopy. Tlre analysis is much easier then
since only isolated excitations are involved and the band effects are avoided, for the
most part. The areas of the photopeaks corresponding to the core-level excitations can
be used for chemical composition analysis of the sample. However, it should be
ernphasized that. this is an approximatiorl, and is Valiel only when the secondary
| phenomena like plasma loss features and shake-up lines have negligible effects‘. The
variations in the relative intensities of the substrate and overlayer signals are used to
study growth morphology. They are also used to determine the overlayer/substrate
structures in the photoelectron diffraction mode, which will be discussed in the next
section. The core-level photopeales are also superimposed on a sizable background due
to electrorr inelastic scattering which makes the extraction of the net peak areas
somewhat troublesome.

The rneasured line shape for a photopeak can be represented in terms of a
convolution of the actual line shape and the instrument response functioln.9' The line
shape is expreésed in terms of a Lorentzian function of electron kinetic energy, while
the response function or' the analyzer and the X-ray source is generally represented by

a Gaussian. Thus the measured line shape can be written as:
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. +4c ‘ 2 : '
~(E,-E : dE .
N(E) = f exp | 4In(2) ( "2 ) k (2.15),
Ao T's | MEEY
. +
r;

where I} is the natural line width, and I's, the total resolution of the source-analyzer

system, can be written as:

Iy =\/(AEk)2 +(Ahv)? ‘ (2.16).

Here, Ahy is the line width of the X-ray decay transition, and AE, is the resolution of
the electrostatic analyzer.‘ In principle, one should fit the expérimentally measured .line
with a linear combination of the expression above and some accep;cable function for the
background. However, when working with a nonmonochromatized photon source and
with a relatively poor analyzer resolution, i.e., Iy <<TI'g, the Lorentzian character of the
line shape can be ignored, and the actual liné shape can be assumed to be a delta

function. Hence the peak can be written as:

, o o
N(E) =4 exp 41n(2)__(§£_,E2_ + erf M . (2.17)
. FZG _ F.G :
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where we | have expressed -the background as an error ‘function. This method of
* background modeling -is ref_erred to as the Shirley background-subtraction method.!?
This method assumes the background at any point to be due to inelastically scattered
electrons, with higher kinetic energy, and is thus proportional to the integrated photo-

electron intensity.

2.2.3 Photoelectron Diffraction
When the angular acceptance of the electro-static analyzer is limited, variations
in the photoelectric intensities as a function of emission angle correlate with surface
structure. These variations are attributed primarily to the interference of wave functions
associated with photoelectrons emitted from source atoms, and those which are scattered
by atoms in the forward directi‘on. 'Hence, this phenomenon can be used to study
orderéd surface structures associated with fﬂm epitaxy.!l  This . process is shown
schematically. in Figuré 2.12. It should be noted that this diffraction effect is not
restricted to the photoeiectric .effect, but is also observed 1n Auger electron
spectroscopy, in which case electrons are emitted thréﬁgh a different relaxation channel.
" We introduce a simple model “to e).iplain the apgular dependence of the
photoelectric intensities. In this model, we consider two atoms (source and scatterer
atolms), with a separatibn r, where the i'ntensity> of the photoelectrons, I(%0), is to be
calculated. We associate spherical waves with the elecﬁons emitted from the source

atom, and with those electrons scattered by the scatterer atom. The electronic wave
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function from the source atom can be written as:

_ gikR : . : .
¥ =4 , (2.18),

where k is the electron wave vector, and R is the position vector of the detector. The

scattered wave function is given by:

ikr ik (R-r) , :
@ =AeT eT 1k,9) , (2.19),

where f{k,0) is the scattering amplitude. The intensity I(6,%k) can be expressed as:

1k0) = | W +@ | 2 o | (2.20).

1
i

Substituting equaﬁoris (2.18) and (2.19) into equation 2.20 leads to the following result:

2| 2f (k0)
T

.I(k,é)=‘1:2 ]+ cos(ke(1-cos6) +n(0)) | - . @21

where we have expressed the scattering amplitude in terms of the scat_féring strength

f(k0), and the scattering phase shift y(k,6) éuch that:
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J8) =f,(,8) e M9 , | | (2.22)

T
The calculations of f,(%6) and n(k,0) are rather complicated since they involve the
numerical solution of the Dirac equation by a partial-Waves method.'?> To il'lustfdte the
angular dependence of the photoelectron intensity, we consider the emission from a
cluster of 5 aluminum atoms..' The values for f,(k0) and n(k 0) for aluminum are

.substituted into equation 2.21. The results of this calculation are shov;fn in Figure 2.13.

2.2.4 Low EnergynElectron Diffraction (LEED)
LEED provides a powerful method to perform surface crystallography. This
technique is sensitive to changes in fhe surface " structure associated 'With
substrate/adsorbate .interactions and” with possiBle phase transitions. Surface
reconstructions and relaxations can also be characterized using LEED. In a LEED
-experiment, a primary beam of low energy electrons is incident on an ordered surface,
and the elastically backscattered electron intensity is measured.!® To probe the atomic
structure, the deBroglie wavelength associated with the incident electron should be.
comparable to the interatomic distances (~ 1A). Bgcause .the electron energy required
to meet this criterion (~ 150 eV) corresponcis to a short electron 'mean-free-path, the
technique is well suited to study ‘surface structures. The interference pattérn of the

scattered electron waves consists of bright spots on a phosphorus screen. For a perfect .
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‘surface with two-dimensional -périodicity,‘ the positions of the ;pots can be calculated
using the Ewald sphere construction. The reciprocal lattice associated with the su:ri‘ace :
is a collection of infinitely long rods perpendicular to the éample surface, and can be
calculated in the usual way. In moméntum space, each point at which a rod intersects
a sphere of radius 2m/A, where A is the ‘deBroglie wavelength of the electrons,
represents the fulﬁllment of Bragg’s conditipn for constructive interfer.ence from surface
atoms. Thus, the diffraction spots assume'-the symmetry of fhe reciprocal lattice which
is_liniquely related to one real space lattice. The syminetry of the real surface lattice
can be reconstructed using the diffraction spot patterh. Long-range order (LRO). on the °
surface is necessary to obtain-sharp LEED spots. Broadening and intensity attenuation
of the LEED spots are associated with the loss of LRO, e.g. the fqrhlation of islands

on the surface during film growth. '\
2.3 Sample Preparation

2.3.1 Crystal Polishing and Orientation
The Al single crystals were mechanically polished several times using silicon
carbide paper with a decreasing grit size. The Laue X-ray aiffraction method was used
"to orient the surface of the .crystal with resi)ect to the desired crystallographic direction.
During this process, the crystals were mounted on the polisher-goniometer to keep track

of the degree of surface alignment. Crystals were then flipped, and the opi)osite surface
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was similarly polished. This procedure guarantees that the two crystal surfaces are
parallel, 'which is convenient fpr 'the final installation in the vacuum chamber.” We
estimate that the crystals were aligned to within 0.5° of the required érystallographic
plane.- This estimate is based on the width of the Laue diffraction slz;ots, and thus is an
upper limit on the misorientation. A final, fine polish followed, where solutions with
decreasing particle sizes were used, starting with 100 micron and .ﬁnishing with 0.8
"micron particle size. The samples were .then cleaned in deionized water, and chemically
etched using a solution consisﬁng of HCI, HF, and HNO,, with concentrations of 1.5%,
1.5%, and 2.5% respectively, for 15 seconds. The chemical etching removes the top
layer that is strained due to the mechanical polishing. The crystals were then rinsed

with water foilowed by alcohol, and then dried Before mounting in the UHV chamber.

2.3.2 Crystal. Sputter Cleaning and Annealing

The éamples were cleaned in vacuum by repeated cycles of Ar" ion
bombardment for'several hours with the saﬁple at room temperature, followed by
annealing the sample at 450°C for 15 minutes. The 1-2 keV argon ion beam used in
‘the cleaning cyclés was rastered over the entire sample surface. T’he.XPS spectrum of
the sample before cleaning exhibited an Al 2p line, with a second component at higher -
binding energy associated with the oxide (Al,O5). The cleaning procedure was repeated
until the photopeak associated with the oxide was completely removed from the

spectrum. The O Is photopeak could not be used to monitor the Al surface oxide
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because the XPS analysis area included a small portion of the Mo sample holder
surrounding the Al cr.ystal. Figure 2.14 shows the'Al photoemission peaks before and
after the sample -cleaning précess. The cleaniiness of the §urface is confirmed by
rﬁeasuring a SP area in a channelling spectrum that is in agreement with the calculated.

yield from the computer simulations.

2.4 rJ_I‘]'lfczmium Film Depositicn

Twisted strands of three high purity Ti wires (99.99%), 0.25 mm in diameter and -
10 cm in length, were wound into small ﬁiaments andvthen. etched 1n a 20’% HF
solution. ‘To deposit Ti on the Al surface, these ﬁlamen’cs were resistively heated using
a constant current power supplyl-to maintain a constant Ti sublimation rate. "This source
of Ti atoms was mountéq 5" a;gvay from the Al sampie so that a uﬁifOrm Ti flux was
ob_tainéd across the sample surface. A deposition rate of about 0.5 ML/min. was
typically obtained by maintaining a current of about 4.5 A through the Ti wire.
Backscattering was used to measure the tofél Ti cox;erage\at the differf;nt stages of the

experiments.
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Figure 2.1(a) Side view of the scattering chamber. The following main components
are identified: (1) Electrostatic Analyzer; (2) Goniometer; (3) Sample; (4) Particle

Detector; (5),(6) lon Pumps; (7) Blocker; (8),(9) Valve; (10) Beam viewer.
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Figure 2.1(b) Top view of the scattering chamber. The following main components
are identified: (11) Stabilizer slit; (12) Ti source; (13) Ni source; (14) Detector
goniometer; (15) Particle detector; (16) Linear motion feedthru; (17) Viewing window;
(18) Ti sublimation pump; (19) Gate valve, (20) Turbo molecular pump (see also Figure

2.1(a)).
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Figure 2.2 Typical mass spectrum of residual gas in the chamber, where hydrogen is

the main component, followed by H20.
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X-Ray Source

460. 455
Sample Binding Energy (eV)

Figure 2.3 Schematic of X-ray photoemission spectroscopy. X-rays excite bound
electrons in the sample. The electron kinetic energy is measured using a hemispherical
analyzer. The potential difference between the inner sphere and the outer sphere is
related to the kinetic energy of detected electrons, Ek and the radii of the hemispheres

such that: V1-V2=Ek(RZRr RIZR2.
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Figure 2.4 Schematic of ion detection in backscattering spectrometry and elastic recoil

detection analysis.



Figure 2.5 Side view of the Leybold chamber. The following components are
indicated: (I) Electrostatic Analyzer; (2) Ti Source (3) Sample; (4) LEED Chamber; (5)
EELS Chamber; (6) Gate Valve; (7) Turbo Pump; (8) Goniometer; (9) Sample

Introduction System.
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Figure 2.6 A simulated | MeV He+ ion backscattering spectrum for a 50 A Ti film on
Al substrate using RUMP. The backscattering from the Ti film results in a narrow

peak, whereas backscattering from the Al substrate results in a nearly step function

yield.
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Figure 2.7 A schematic diagram of the shadowing effect. A shadow cone forms with
a radius Rc at distance d from the surface. For a static lattice, all underlying atoms are

shadowed by the top atom.
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Figure 2.8 lon scattering spectra, for an Al(110) surface, taken at random incidence

(open circles) and with the beam incident along [110] (the solid circles). The yield

is reduced dramatically when the ion beam is incident along a major crystallographic

direction.
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Figure 2.9 The universal curve generated from computer simulations of ion scattering
from crystals with bulk-like terminated surfaces. The summed close-encounter

probability is calculated as a function of the ratio p/ZM
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Figure 2.10 The individual close-encounter probabilities, for an Al atomic row in the

[001] direction calculated using VEGAS.
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Figure 2.11 Schematics of the application of HEIS as a surface probe to study the
structure of adsorbate/substrate systems. The variations in the substrate and/or
overlayer scattering yield with ion beam direction reflect the microscopic symmetries

in the system.
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Emitter Atoms.

Scatterer Atom.

Polar Angle.

Forward Focusing Effect

Figure 2.12 Structural diagram for anfee structure in the (010) plane of emission. The
directions along which there are forward focusing enhancements in the photoemission
peak are indicated. The angular dependence of the photopeak intensity reflects the

symmetries of the atomic structure.
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Scattering Angle

Figure 2.13 Calculated polar angular distributions in the (010) azimuthal plane for
Al(OQIl). Equation 2.21 was used to calculate 1(6) for a structure similar to that shown
in Figure 2.12. A Kkinetic energy of 1000 eV for the photoelectrons was used The
photopeak is enhanced along the major crystal directions. The peak at 20° is due to a

combination of enhancements, but mainly to the focussing along [103].
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Figure 2.14 Al 2p photopeak before and after cleaning and annealing. Initially, a layer
of AI203 covers the surface. This layer is removed using Ar+ ion sputtering. The

sample is then annealed to remove the surface damage.
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CHAPTER 3

ELASTIC RECOIL DETECTION ANALYSIS

<

Although hydr.ogen content of materials impacts their physical and chemical
properties significantly, most modern analytical techniques fail to detéct its presence. 12
For exaﬁiple, helium backscattering from Ahydrogen, is forbidden by momentum
conservation. And because of hydrogen’s. electronic configuration, the Auger process
is not él-llowed,- while x—fay based techniques are practically blind to hydrogén.
Ultraviolet photoelectron spectroscopy (UPS) i.s typically usgd to study surface
hydrogen. However UPS is only, sensitive to the top:few layers correspondin-g, to ‘;he
mean-free-path of emitted: photoelectrons. In addition, quantitative analysis of tfle
hydrbgen content using UPS involves standard samples. Nuclear reactions are also ‘used
to carry out sﬁch ‘studies, where nuclear resonances are employed to measure the
hydrogen content as a function of depth. However, these experimgnts require a source
~of high—energy ioﬂ beams. For example, the.nuclear reaction 'H(*°F, o)’ 6b may be
_utilized, where an incident fluorine ion beam with a particle kinetic energy of 17 MeV

3 Higher particle energies

corresponds to the reaction resonance energy at the surface.
are required to probe deeper in the sample due to the energy loss associated with-

traversing the sample material. Such experiments are costly, and highly energetic ion

beams are not easily accessible. Ions with energy in this range lead to considerable
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sample damage. On the other hand, recoil experirrients require relaﬁvely low parﬁcle '
energies, and a quantitative characterization of the hydrogen depth profile is relatively

easy to obtain.*

Where backscattering spectrometry is available, only a slight ’
| modification to the existing setup is ngeded to conduct recc;il measurements. To carry
out recoil analysis meaéurerﬁents, the particle detec;tor is positioned at forward angles -
and is éapped with -a thin absorber foil. Nonefheless, to do an accurate analysis, reliable
values for tﬁe recoil cross-sections are required. In the following section, the basic
.principles of elastic recoil detection analysis (ERDA) will be presented. Then, the
_experimental considerations to optimize the technique Will be discussed. Finally;

calculations of the recoil cross-section of hydrogen, caused by an incident helium atom

- Wﬂl be presented.

| 3.1 Basic Principles

. Consider a hydrogen atom recoil gvent due to an energetic helium ion incident
at a grazing angle & and at depth x from the surface. When the énergy of the incident
ion is high enough, a consequent recoil of tﬁe hydrogen atom takes place, in which it -
en;erges out of the surface in fhe fofward direction. This process is .de;.Jicted in Figure
3.1. The energy of the recoiled hydrogen atom can l;e computed by re_quiﬁng that
. energy and momentum be conserved during the He-H binary collision. The energy of
a hydrogen atom, E,, immediately after the recoil, is related to the energy of the

incident helium ion, E;, right before the collision,,thro{;gh a constant k such that:
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v ,
E, =k®,__1)E, (3.1,
M, :

where M, and M, are the hydrogen and helium atomic masses respectively, and @ is. the
recoil angle as measured with respect to the incident ion beam. The constant % is

referred to as the kinematic factor and is given by:

AMM, .
k=—"1"2 cos’0 _ (3.2).
(M, +M,)* .

Since this event takes place at depth x from the surface, the stopping of the incident
ions due to traversing the sample medium should be taken into account. Thus the

energy of helium ions, at this depth, is given by:

E(x)=E,-S-%" | - ~ (3.3),

-S1noL

{
where S 1 ié the average rate of energy loss per .unit length for helium traveling in ’;he
sample, and ];"O is the energy of the incident helium ions. On the other hand, the
recoiled protons lose energy as. they traverse the samplg on their exit path. ‘Thus using
eql_lations (3.1) and (3.3), the energy of recoiled hydrogen atoms, from depth x, is

written as:
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E=kE, - 1] % | X

where [S] is the generalized stopping cross-section given by:

kS, S,
S1=—L+ 2 (3.5),
sinot  sin(6-a) '

and where S, is the average rate of energy loss per unit length for protons traveling in
the sample. §; and S, can be evaluated usiﬁg the tabulated values of energy loss rates,

and can be approximated as follows:

dE AE ’ '
S =E(Eo__2—)]ﬂe,in _ ‘ (3'6)’.
and
.
dE AE.,
S2 = %(kEo - “_2'_) I H, out ‘ B.7).

The stopping rates as a function of energy for both helium and hydrogen in aluminum
are shown in Figure 3.2. These plots are generated usiﬁg the TRIM computer code.
To filter out the dominant flux of elastically scattered helium ions, a stopper foil
s placed in front of the detector. The foil thickness is chosen so that it exceeds the
range of incident helium ions in the stopper material for the energy range of interest,

and is mounted at the detector entrance. Because of their lower stopping power, the
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recoiled hydrogen atoms pass through the foil. Thus, the energy of the recoiled atoms

when' detected can be expressed as:

Ef(x) =kE, - [Sl -AE, | (3.8),

where AE_ is the energy loss in the stopper foil, and is given by the difference between
Ef and the energy of the hydrogen atoms just before the penetration of the stopper foil;
E/'. |

The energy spectrum of the recoiled hydrogen is related to the hydrogen

concentration profile such that:’

ME )SE = p(x)5x *o(E ) (AQ) -Q | (3.9),

- where p(x)0x is thé number of hydrogén atoms in a thin slab of material with thickness
0x, o is the recoil cross-section, ‘AQ is the solid aﬁgle subtended by the detector, and Q
is the total humber of ihcident helium ions. The energy width of one channel, 6Ef, can
be related to the slab width, &x, by studying the energy loss rate dependence on E';and
on the stopper foil thickness. Taking small variations of the quantities on both sides

of equation 3.4, we obtain:

SE ;= -[S]8x | (3.10).

We will demonstrate that in the energy range of interest, and for a particular foil -

thickness, the recoil .energy before the foil penetration, E', is linearly related to the
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final energy such that:

E; =BE +y . (3.11), |

where (3 and v are constants to be determined. It should be noted that thié
approximation is valid ovef the range of eﬁergies of interest in this treatment. To
express E ’fm terms of Ef, a table of energy loés rates of hydrogen in qluminum is
needéd. These vaiﬁes are well known over the range of interest which are plotted in
- Figure 3..2. Because the energy loss rate is a function of energy, one needs to evaluate
this loss throughout the path in the stopper foil. In this study, we divided the path into
a hundred layers of equal width, Ax, 0.08 um in thickness, through each of which the
energy loss was assumed to be constant. For a certain value of £ ’f,‘the energies of the

hydrogen atoms are calculated as they penetrate the stopper such that:

NS dE -
E() = EG-1) - Ax'al E=E(i-1) . ' (3.12),

where E(i) is the energy | of the hydrogen atoms after passing the i layer. .In the
previous equation, the initial value for the energy E(0) = E'; and the final v;ellue E(100)
= E; This process was repeated over the range of energies 7QO—1 100 keV for E's with
10 keV increments. Figure 3.3 shows the results of thgse calculations. The solid line
in the figure represents a linear fit of E, versus £'5 with values of 0.63 for 8, and 642

kéV for v in equation (3.11) above. Sﬁbstitutir;g this result in equation (3.10) leads to
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an expression for the slab width:

dx =O.63% ' : (3.13).

This result is substituted in equation (3.9). leading: to the following expression -for
hydrogén volume density:

N(E)
p(x) = AL

__ el (3.14).
0.630 (AQ)O

Also, x and E are related through equations (3.4) and (3.11), from which we obtain the

following expression for x:

——kEO—BEf—'Y ' . ¢
s

x (3.15).

Equations (3.14) ‘and (3.15) are used to convert the recoil energy spectrum into a
hydrogen density depth profile, where each recoil energy Eis associated with a certain
depth x, using equation (3.15), and the yield at this particular energy, N(Ef) is also

associated with a particular value for the hydrogen volume density, p(x).
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3.2 Experimental Considerations

3.2.1 Sensitivity ,aimd Probing Depth

In- our experiments, e‘lheliulnn ion beam of 1.8 MeV energy, and é stopper foil
of 8 um were used. Figure 3.4 showé the -energy of recoiled hydrogen atoms as a ..
function of the recoil angle. Both the energy before and after penetration of the stopper '
foil are indicated. The energy dependence of the classical Rutherford recoil cross-
section is also shown. Although a more realistic célculation' of the cross-section
'deviates considerably f;om ‘Fhis curve, és discﬁssed in section 3..3, it still can be used
for the purpose of this discussion. For recoil angles iarger than 40°, the recoil energy
- drops below 50 keV, which is below the raﬁge of energy thgt we caﬁ measure using a '
solid-state detector. ﬁigher recoil angles are associated with higher cross;seétions, yet
‘the loss.in enefgy puts an upper limit on the recoil angles that can be. used. Also for
prac;tical purposes, only recoil angles Iargé_r than 10° can bé used in the experiment.
These two limiting factors define a relatively narrow angular window within which we '
can work. To optimize the sensitivity to hydrogen, a recoil angie of 30° should 1tl>e
used. However, the construction of the scattering chamber made 25° a reasonable’
choice for the recoil angle.

Thé maximum probing depth is another factor that needs to bé invesfci;gated. It
depends on thé choice of geometry and on the nature of the sample material. We

define the stopping depth as the depth from which hydrogen recoils with a final energy
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of 50 keV or less, after the emergence from the sample and the passage through the

stopper foil. Substituting this value for E’; in equation (3.15), we obtain the following

expression for the probing depfh X

: 1 1 -1
=273 keV S, + S, _ . (3.16).
Fmax ¢ [ sin ' sin(6-o) Z:I ' :

Since we selected a recoil angle of 25° to optimize the sensitivity, the maximum depth
can still be adjustéd depending on the tilt angle . Figure 3.5 shows the maximum
depth as a function of tilt angle. From this figure we observe that an angle of 15°

maximizes the probing depth

3.2.2 i)epthl Resolution
The depth resolution, Ax, is directly . related to the total energy resolution of the

spectrometer, AE, and is similar to that expressed in equation (3.13):

Ax=0.63 AE ' : GBI,

5]

Contributions to AE come primarily from the energy resolution of the detector, AE/, and

the energy straggling in the stopper foil, AE_. The expression for AE is given by: '

AE =\/(AE D H(AE)? : 1 (3.18).
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As mentioned earlier, the energy resolution of the detector is about 20 keV. Also, the

energy straggling due to the stopper foil can be estimated using the Bohr formula:® ‘

AE, =\/321n2 netZ, Z, Nt (3.19),

where 7 is the stopper foil thickness, N is the foil atomip der;sity, and Z; and Z, are thé
atémic nﬁmbers of the ‘incident and target‘ atoms respectively. Using the previous
" equation, we oBtain a value of 32 keV for AE, and é value of about 500 A for the
overall depth resolution. Furthermore, it should be noted that other less significant
factors contribute to the énergy resolution such as multiple scattering, geometrical

broadening, and energy straggling within the sample.

3.3 'H(*He,'H)*He Recoil Cross-Sections
The measurement of hydrogen content in materials using ERDA requires a

knowledge of the hydrogen recoil cross-section as suggested by equation (3.14). Asa

6

first approximation, one can use the classical Rutherford cross-section:

Z,Z,e (M) | g

o(E.0) =
(&9) 2M2E cos30

(3.20).

However, as we will see later, this expression for the cross-section deviates
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considerably from the measured values at the relevant énergy ranges. To overcoﬁe this
problem, standar.ds with a known hydrogen concentration are used i_n some cases.
Measured ’pro.ton yields from a sample with an unknown hydrogen content are
converted to hydrogen concentration by comparison with the yields from a standard.
Obviously, using this method may introduce. unnecessary complications in the
experimental setup, especially in a UHV system where thé chaml;er is baked prior to
carrying out the experime_nt.

Ideally we would like to obtain an expression for o(E,0) similar to that given by
equation (3.20), which would represent the problem more realisticaliy'. Quantum
mechanical scattering theory must be used to better describe this problem. Within this
framework, thé scattering amplitude is usually -expressed in terms of an infinite sum
involving the phase-shifts of the partial waves associated with the incident beam. The
phase-shifts are induced by thé nuclear interaction, which is often imprecisely kqown.
In the presence of spin-orbit coupling, and when the phase-shifts in the partial waves
with high orbital angular momentum can'be neglected, the scaﬁeriﬁg cross;section can
be written in terms of the phase-shifts in the S and P waves. In thg following
treatmen.t, we consider. the problem of scattering of protons by helium in the center of |
mass frame of reference. The final calculations can be easily adjusted for the inversg

problem in the Jaboratory frame. The scattering cross-section can be written as:’
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N g inIn(cse 2 E“‘)

k GCM(im) - | -ese +e ™sing, (3.21),

5] . R P
+cos§,[2eZ 1sm8;+el 'sind; |

xe™|24sin% sin(57-5])

where & is the scattering angle, and where £, 7, and ¢, are related to the reduced mass .

M, and to the velocity at infinite separation, v, through the'following relationships:

v | - (3.22).

In principle, the scattering, cross-sections can bé evaluated over-all_energy and angular
ranges using equation (3.21), provided the knowled'ge. of the phase-shifts .80, 81+ and 8.
However, th_e célculation of the phase-sﬁifts involves the nuclear interaction potential
which fs basically unknown. Hence, a large numb'er of experiments have been aimed -

at the evaluation of the phase-shifts based on the measurement of the scattering cross-
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sections. The resulting data are compiled and tabulated by Dodder er al.® In our study,
we use the tables ’.c'o evaluate the energy dependence of the phase-shifts over the en'ergy’
range of interest. This. is done by ﬁtﬁng the phase-shifts to third order polynomial
functions. Substituting the results of ﬁﬁing into equation (3.21) provides the method
of computing the cross-sections for all' values of energies and all angles of interest.
Figure 3.6 shows the fits for' 8> 8" and ;" respectively. It should Be emphasized that
these fits are not an attempt to ﬁlodel the dependence on energy. They are merely one
way to reproduce the .tab-ulated data, and prcS\;ide convenience for use. Because there
is no -angular dependence in the phase shifts, equation (3.21) can be used to evaluate
the cross-sections for all angles. Figure 3.7 shows the recoil cross-section, at a recoil
angle of & = 25° in the laboratory frame as calculated usiﬁg this metﬁbd. These results
are compared to a least-équares fit of the experimentally measured recoil cross-sections,
represented by the dashed—d.otted line. The dashed line .represe.nts the Rutherford cross-
-.section at the same angle. Because the nuclear :forces play a minor role at low kinetic
energies, the three curves give the same values for the cross-section in this regime.
_ Howe‘vcr, at higher kinetié energies, the deviation becomes more appreciable, and is

about 100% for an incident He" energy of 2.0 MeV.
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Figure 3.1 A schematic diagram of the ERDA setup. An incident He+ ion causes the
hydrogen atoms to recoil; the latter are detected and counted using a solid-state detector.

An Al stopper is used to filter the He+ ions scattered in the forward direction.
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Figure 3.2 Helium and hydrogen stopping powers in Al as a function of energy.
Helium has higher stopping in the energy range of interest. This effect is used to filter
out the helium particles before they enter the detector by placing an Al stopper foil at

its entrance.
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Figure 3.3 A plot relating the proton energies before and after their passage through
an s pm Al stopper foil. To a good approximation the relationship is linear (see

equation 3.11).
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Figure 3.4 The final proton energy as a function of the recoil angle without a stopper
foil (the solid line), and with an & pm foil (dashed line) placed at the entrance of the
detector (left axis). The dashed-dotted line represents the dependence of the classical

cross-section on the proton recoil angle (right axis).
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Figure 3.5 The maximum probing depth as a function of grazing angle in aluminum.

The curve is calculated for a recoil angle of 25°, and He+ ion energy of 1.8 MeV.
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Proton Energy (MeV)

Figure 3.6 The phase shifts in the S and P partial waves, in degrees, as a function of
proton energy. The values of the phase shifts are obtained from Reference s. The lines

through the data points are polynomial fits obtained using a least-squares method.
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Figure 3.7 The differential recoil cross-section as a function of incident He+ energy.
The solid curve is calculated using equation 3.21. The dashed-dotted line is determined
using least-squares fit to experimentally measured cross-sections in Reference 9. The

dashed line is the Rutherford recoil cross-section.
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CHAPTER 4
GROWTH OF Ti FILMS ON Al(110) SURFACES

In this chapter, a study of epitaxial growth of Ti films on Al(110) surfaces at
room temperature is presented. Ti assumes a hexagonal, close-packed crystal structure
in its bulk state at room temperature, with the lattice constants a = 2.95 A and ¢ = 4.69
A. On the other hand, Al has a face-centered cubic crystal structure with a lattice
constant of 4.05 A. Using these values for the lattice constants, a mismafch of 4.4%
in the nearest-neighbor distances is obtained. The surface free energy of Al is less than
half pf that for Ti. The Ti-Al phase diagram indicates a negligible solubility of Ti in
Al at room temperature. Models based on these physical quantities are often used to
explain the growth mode and the stfﬁcture of the resulting overlayer during the
deposition of thin films on single-crystal éubstrates. In particular, we use a continuum
model and the measured value of the critical thickness to calculate the lattice misﬁlatch
of the new Ti structure. Our results are based primarily. on the comparison of the
channeling measuremen;cs with results of computer .simulations for the He' ion
scattering i)focess. The XPS and -LEE.D measurements are used to complement these
results. .

The study of the integrity of a Ti film deposited on the Al(liO) surface after

"being heated to different temperatures will also be described. The resulting Ti diffusion
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is monitored using RBS/HEIS methods. In additioﬁ, the atomic sites of the diffused Ti
within the Al crystal are determined.
4.1 EXPERIMENTAL
Channeling measurements, with the ion beam incident normal to the sample,

constituted the primary méthqd in this study. A collimated beam of 0.96 MeV He"

2

ions, passing through an aperture of 1.2 mm“ in area, was used to carry out the
measurements. The ion backscatteriné energy spectrum, at a scattering angle of 105°,
waé measured to monitor the atomic structures of the Ti film and Al substrate. As.was
discuséed earlier, in Chapter 2, the channeling spectrum e);hibits a surface peak (SP)
with an area that is proportidnal to the summed close-encounter probability. The
sample was aligned with the ion beam incident along the’ normal direction by
minimizing the total yield behind the SP. This procedure was repeated iteratively using
both the rotétion and tilt angles of the sample goniometer. In a preliminary experiment
to measure the damage induced by tﬂe He* ion beam, no appreciable increase in the SP
area was observed after the exposure to an ion dose of 3‘.1x1016 ions/cm?. This result.
established the validity of the ion scattering techniqﬁe to carry out this study. A dose
of 1.56x10" jons/cm? was used to collect each spectrum. |
The SP areas -wefe converted ’Ico areal densities of visible targét atoms in units
of (atoms/émz) using equation 2.12. To extract information on the surface structure

from the data, the experimentally measured ion yields were compared with the

scattering yields calculated using computer simulations of the channeling measurements
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for various overlayer-substrate structures, as described below. - To measure the Ti
coveragé, the ion beam is incident in a random direcfcion, ie. aWay from any maj;)r
crystallc;graphic direction. Equation (2.4), and the density of atoms in the surface layer
of the substrate were used to covert the Ti‘ yield into coverage in monolayers. . LEED
was used to-supplement the short-range structural information, provided by HEIS, \;Vith
information about the degree of long-raﬁge-order at the surface of the overlayer. -
Changes in pattern symmetries and diffraction spot profiles can be attributed to
structural modifications in the overlayer during the_ growth pfocess. In the XPS
experiments, the attenuation of the Al photopeak intensities as a function of Ti coverage
was used to characterize the morphology of the Ti films. Iﬁ addition, XPS was used:
to determine the amount of contamination on the sample smfacé duﬁng the cleaning
process. |

To explore the thermal reaction of Ti with the Al surface, the following
experimént was performed. A Ti film, 5 ML in thickness, was deposited- on a clean
Al(110) substrate at room temperature. Since the film thickness is smaller than the
méasured critical thiékneés, a flat pseudomorphic film was obtained. The film thickness
was monitored during the deposition. 'T}.le sample was then heated to temperatures of
.200. °C, 300 °C and 400 °C. A current of about 2 A, passing through a thin tungsten
filament placed behind the sample, was used for heating. The sampies were maintaiﬁed
at each of these tempe,ratures for 3 minutes. After heating, the sample was cooled down

to room temperature, followed by ion scatteﬁng measurements.
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The procedures to prepare the Al single-crystal substrate and ‘the Ti vapor source

are explained in chapter 2.
4.2 Results

4.2.’1 HEIS-Channeling Measurements

'Figure 4..1 shows two ion scattering spectra collected after sputter-cleaning and
annealing the sample. One spectrum (open c‘ircles) was taken with the ion beam
incident on t.he sample in a near-normal, random direction, while the other spectrum
(solid circles) was taken .with the beam incident along the [] 1 0] direction, i.e. normal
incidence. For random incidence, the measureci spectrum height agrees ﬁth the
theoretically calculated height! using tabulated values for the sfopping power of He*
ions in AL?> The measured value for the normaliéed, minimum yield, x,,;,,» was 4.0%.
The .calculated value for x,,,, is 3.7%, using a one-dimensional thenﬁal vibration
amplitude of 0.105 A and a crystal latticé constant of 4.05 A3 This good agreement
is important since it serves as a measure of crystal (I;p‘lality. Largef measured values of
Xmin, Might indicate, for example, the presence of deeply embedded transition metal
atoms remaining from earlier experiments, or defects associated with splittering and
sample preparation, all of which could result in increasea ion dechanneling. The

measured SP area in the aligned spectrum’corresponds to 6.8 atoms/row. This value

agrees quite well with the theoretical value of 6.9 atoms/row that is obtained by
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sirﬁulating the scattering of He" ions from a clean Al(110) surface. This computer
éimulétion was carried out using the VEGAS code, which use; Monte Carlo calculations
and a Moliere screened potential.* A thermal vibration amplitude of 0.105 A and the
known multilayer relaxation of the Al(liO) surface were the input parameters in the

simulation.’

The areas of the surface peaks due tc; Al were determineci uéing the
- triangular béckgrouﬁd subtraction method.® In this method; the area of the shaded
triangle, shown in Figure 4.1, and defined by the channel numbers of the SP centroid
and the minimum -yield, is subtracted from the total peak area. |
In Figure 4.2, we plot the number of Al ato.ms/crn2 visible to the ir;cident ion
beam as a function'. of Ti coverage. The Al(110) surface density of 0.86x10%3
atoms/cm? per monolayer was used‘ to convert the Ti coverage into equivalent Al(110)
monolayers. The scatter in the Al SP areas is associated more with the background
suBtraction procedure than -with'the'reproducibility of the spe_ctfa. The Al 'SP area
_initially decreases with Ti deposition, indicating a lower Al hitting probability'.' This
decrease is attributed to shadowing _of the surface Al atoms by Ti atoms. As more Ti
is deposited on the substrate, exceeding the critical thickness of about 5 ML, the initial
growth regime is foll.oweld'by one in which t};e number of substrate atoms exposed to
the incident ion beam iﬁcreases, as shown by the increase in the Al SP areas in Figure
4.2.. This increase continues up';co a total coverage of 12.5 ML of Ti, at which coverage

‘the experiment was terminated.

A comparison between the ‘HEIS spectra collectéd for aligned and random ion
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incidence reveals a slightly smaller Ti SP area in the aligned geometry, as shown in
Figure 4.3. This small bgt measurable difference in the Ti hitting probability indicates
that the overlayer has some degree of axial aligﬁment with respect to the Al substrate.
A plot of the number of Ti atoms visible to the incident ion beam in fhe aligned
geometry versus the Ti coverage, as measured with a random incident diréction, is
shown in Figure 4.4. Negligible Ti shadowing was observed for Ti coverages less than

4 ML.

4.2.2 LEED aﬁd XPS Measurements

The LEED and XPS results from our second experiment are shown in Figures
4.5 and 4.6, respectively. After sputter-cléaning and annealing the surface, sharp LEED
spots in a rectangular pattern were obtained, reflecting the (110) surface symfnetry, and
also supporting the cleanliness of the Al surface. The low electron beam kinetic energy
of 42.0 eV facilitated probing the structure of the topn1;05t surface layers. Pictures of
~the LEED spots are shown in Figures 4.5a-d for the clean surface, and for Ti coverages'
of 1.4, 2.8 and 5.5 ML, respectively. Ti deposition did n'_ot induce noticeable changes
in the LEED pattern up to a coverage | of about 5 ML, at which point the spots
broadened and became less intense, as shown in Figure 4.5d. "J_.“hese results are
consistent with the initial formation of a pseudomorphic T1 film, followed by some

form of non-laminar, or disordered, growth as discussed below.

The variation in the photoemission intensities can be used to further understand
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the struf:turf; of the overl_ayer. Peak areas for the Al 2p photopeak were obtained by

subt'racting a straight baseline background from the 6riginal data. A plot of the Al 2p
photdpeak area as a function of Ti éoverage is shown in Figure 46 Tﬂe. initial
decrease in the photoemission intensity is associated with the formation of a Ti film
with uniform thickness.. The inténsity of the Al 2p photoelectrons decreased to about
40% of the original value after the deposition.of 3 ML of Ti. The iﬁtensity variation
levels off at higher Ti.coVerages, indicating a change in the character of the overlayer
érowth mode with additional Ti‘deposition. This measurement of the critical tﬁickness
for the overlayer is smaller .than, but in reasonable agreement with, our estimate based
on channeliﬁg measurements. The variation in the Al 2s XPS peak area as ;1 function

of Ti coverage shows the same. trends as observed for the Al 2p photopeak.

4.2.3 Thermal Treatment

In the thermal diffusion experiment, channeling measurements were used to
examine the film and sub.strate atomic strucfures, and random measurements were used
to examine the extent of Ti diffusion into thelA‘l substrate. Using \equat'ic.m (2.6), the
spatial distribution of Ti atoms can be obtained by measuring the full-width-at-half-
maximum (FWHM) of the Ti peak in the'backsgattering spectrum. The results from
these experiments are shown in Figures 4.7 and 4.8. No appreciable change in the film
atomic structure or thicknesé was ob§erved until the film was heated to 400 °C, after

which pdint we had two observations. Firstly, the energy spread (FWHM) of the ions




82
scattergd from the Ti films increased to 50 keV, compared to the 20 keV peak width
for a thin Ti film. This measurement was performed with the ion beam incident in a
" random direction. Second, we observed an appreciable decrease in the Ti SP area of
the charineli'ng spectrum. This was accompanied by an increase in the Al SP area
which is also consistent ‘with a substi‘;utional teaction. Generally, these changes are
indicat.ive of substitutional reaction in §vhich Ti atoms are incorporated in the Al crystal
displacing some of the Al atoms. Figﬁre 4.8 shows the rocking éurves for both Ti and
Al after thermal treatment. Thé Ti curve represents the dependence of SP area as a
function of the angle'between the sample normal and the incident ion beam, ‘rela;cive to
the peak area measﬁred_ with the ion beam incident in a random direction. The Al curve
represents the relative angular dependence of bulk ion dechanneling yield. As shown
in Figure 4.8, the Ti SP area and the ion-dechanneling from Al are minimum at normgl

>l

incidence.

4.3 Discussion of Results

4.3.1 Observation of fcc Ti Filﬁs
As shown in Figure 4.2, there appear to be two distinct growth regimes for these |
ultrathin films of Ti on Al(110), corresponding to Ti coverages of less than, and greater
than, 5 ML. The main point of tﬁs study is that in the low-coverage regiﬁe a flat,

pseudomorphic film of fec Ti grows to a critical thickness of approximately- 5
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monolgyers. This is particularly interesting becguse, while 'bulk Ti assumes an /Acp
structure at room temperature, and transforms to a bee structure above 877 °C, the fec
structure does not occur in‘ the equilibrium phase diagram of’ Ti at any temperature.’

Thus, the thin, fec Ti film is in a metastable condition, confined Ey the Ti-Al bonding

at the interface. A critical thickness is reached, at a Ti coverage of approximately 5

ML, when the strain energy in the film exceeds the interfacial energy, and a

modification of the film structure occurs. These conclusions are based on the following

considerations.

‘The observations for low Ti coverages include the following: the Al SP peak
area is attenue;ted as a function of Ti coverage (ﬁigure 4.2), the intensity of the Al
photopeak is also attenuated with increaéing Ti coverage (Figure 4.6), and fhe LEED
spots remain sharp and exhibit the rectangular symmetry of the substrate (Figures _4.5a-:
¢). The initial deérease in the SP.area associated with the Al substrate atoms is
attributed to the formation of a pseudomorphic overlayer in which Ti atoms adopt the
surface symmetry and lattice constant of the substrate, and thus shadow the underlying
Al atoms. This decrease continues for Ti coverages up to about 5 ML, when the Al
hitting probability reaches a mlmmum of 3.9 atoms/row. A linear least-squares fit to
this data yields a slope of -0.96 Al atoms per Ti atom, indicating the equivalent °
shadowing of about one Al atom for every deposited Ti atom. We. comparedf this

‘dependence on Ti coverage to that obtained from computer simulations of the

experiment using the VEGAS code.* In these simulations, the Ti atoms were placed
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on Al lattice sites above the- surface, in a la'yer—l.ay-layer _fashion, with the AI(110)
‘ interpldnar distance, 1.432 A. The vibration amplitudel for Ti atoms was assumed to be
the same as that for Al atoms, namely 0.105 A. This is a reasonable approximation
since. the Debye temperature of Ti (380 K) is close to that for Al (394 K).8 The results
.of these simulations at various fi coverages b/elo_w the critical thickness are in excellent
‘agreement With the measured yields, as indicated by the filled squares in Figure 4.2.
A slope of -1.05 Al atom per .Ti atom is obtained from a linear fit applied to the results
of the computer simulations. |

Our results for Al shadowing as a function of Ti coverage indicate not only that
the Ti film is pseudomorphic, but also that it is relatively flat. If any portion of the
overlajfer were redistributed to form islands, the simulations indicate that there would
be less shadowing of the Al atoms thaﬁ is observed, and measﬁrable shadowing of Ti
atoms. For example, the simulations show that Ti-Ti shadowing for a co'v'erage of 4
ML (2 atoms/row) is only 0.05 atoms/row, which is less than our experimental error of
about 0.2.. atoms/row. HoWever, for a film thickness of 3 atoms/row (6 ML) the
calculated Ti-Ti shadO\'Ning is 0.23 atoms(rowi Thus, for 2 ML of .Ti.coverage, an}'f
redistribution of the Ti atoms to form pseudomorphic islands would lead to a thickness
> 3 atoms/row in some regions of the surface, and would result in measurable Ti
shadowing. At a Ti coverage of 4 ML, no shadoﬁng of Ti was observed, as shown
in Figure 4.4. The measured shadowing of Al atoms corresponds to the maximum

value that can be obtained at a given coverage, using the coordinates of the Al lattice.
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~and our ion energy, and 1::hus supports the model of a flat, pseudomorphic film. The
persistence of the LEED spots with the substraté symmetry, as shown in Figure 4.5,
lends additional support to this model. We also.considered the possibﬂity that various
orientations of distorted bce or hep Ti overlayers Were; growing on the surface for low
Ti coverages, but found that eilery configuration considered could be' éliminated based
on the lack of agreement v;/ith the ion scattering results for Al 'spadowing.

The attenuation of the Al photopeak intensity at low Ti coveragés, shown in
Figure 4.6, further supports gmodel of flat, pseudomoriohic ﬁlm growth. The solid line
in Figure 4.6 shows fhe variation expected for the Al 2p photopéak intensity using an
ideal, layer-by-layer growth mode. The attenuation of the intensity after the cqmpletion
" of h monplayefs, plus an additional partial coverage, x,. of the. toI.)most layer, is
described by:’ |

| Lyhx)=wh(1-x+xw) IR CEY)

Hefe, 1, is the Al. photopeak intensity, normalized to the intensity for the clean
Al substrate; w is .an attenuation factor ‘expressed as exp(-d/()\cose)).', where d and A
are the interplanar distanc‘e in the overlayer, and the inelastic mean-freé-path (IMFP)
for inela}stic scattering of electrons, ‘r_espectively; 0 is the photoelfec’;ron exit angle
relétive to the surfq'ce normal (0 degrees in this case). An important point in such
models of emission intensity is that a flat film gives thé greatest possible attehuation
of the substrate phbtopeak intensity. Any combination of layers and islands, i.e. a

non-uniform thickness, will lead. to a larger intensity than that calculated for laminar
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grovvth.10 There is some arﬁbiguity, hbwever, in applying this model for emission
intensity, since the IMFP is not always known. The value for A obtained from the .
universal curve can be considerabiy larger than the value obtained in experiments for

very thin epitaxial films.!!

Furthermore, when diffraction effects are present, the .
rate of attenuation is strongly dependent on the emission angle, which can lead to an
.overestimation of 1.1 Thus, we took the ion scattering data as strong evidence for
the initial growth of a flat film. We then assumed a layer-by-layer growth model for
the 'Al photopeak intensity, and adjusted A for the best fit to the XPS data of Figure
4..6 at Ti coverages belo.wl4 Ml,.' The resulting value for A was 4.6 A, considerably
smaller than the value of 20 A, obtained from the universal cﬁrve. 'Larger values of
A would result in less rapid attenuation of the Al emission intensity at low Ti
coverages.

While thereu is little doubt about the structure and_morphology of the Ti film
at low ’i"i coverages, the situation at coverages greater than 5 ML is not as Clear.
The observations are: (1) shadowing of Al atoms gradually decreases, (2) shadowing
| of Ti atoms is observed, (3) thg LEED spots broaden and their intensity decreases,
and (4) the Al photopeak ‘intensity decreases at a slower rate. Some possible
transformations of the film, an(i the corresponding driving mechanisims, include: the
introduction of misfit dislocations, which reduées the accumulated strain in the

overlayer; the formation of islands by surface diffusion, which lowers the surface

free energy; and, tﬁe interdiffusion of Ti and Al atoms at the inter_face, which lowers
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. the_ total energy thrqugh the release of. the Ti-Al formation energy. We note that the

surféce free e;nergy for Al, 1.085 J/mz, is considerably smaller than that for Ti, 2.570
Jm2.13 ‘The 'differénce in these values puts a lower limit on the inferfac'e energy
associated with Ti-Al bor-lding’- and film stress. Of the three possibilities just
mentioned, the formation of islands would .account for all of our observations for Ti
coverages above 5 ML. Islénd formation would result in broad, diffuse LEED spots
as seen in Figure 4.5d. Island formation would also result in increased Ti-Ti
shadowing, and the gradual exposure of previously shadowed Al atoms to the
incident ion beam. Finally, the XPS intensity rises above the layer-by-layer model
calculation, consistent with island formation. Although the islands may still be
pseudomorphic with the substrate lattice, the onset of misfit dislocations is quite
likely.

Interdiffusion of Ti_ and Al atomg at the interface is also possible. We note
that the formation energy for most obserlved Ti-Al compounds is negative, ranging
from -25 to -38 kJ/mole.'* These values are only slightly smaller than typical values
for the formation energy of Ni-Al, where considerable interface reaction is
objselrved.15 Furthermore, while the sélub'ility of Ti in Al is negligible at room
température, theré is a limited solubility _of Al in Ti.7 Thus, out-diffusion of '_the
substrate atoms might begin when some critical thickness is .achieved in the
- overlayer, and defects are introduced into the film. Diffﬁsion of Al atoms into the

overlayer could also explain the XPS results seen at higher coverages in Figure 4.6,
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and, depending on the degree of order, could result in the shadowing of Ti atoms b-y
AI‘ atoms in the overlayer. We. do obsérve considerable interdiffusion when the
Ti/Al(110) bilayer _is heated above 450 °C. Thus, we conclude that a combination of
diffusion and island formation may be occurring for Ti coverages greater than 5 ML.

"~ A final point can be made about .the critical thickness at which tﬁe
pseudomorphic Ti film undergoes a transformation. We make use Qf an expression
derived by Jesser ‘and Kuhlmann-Wilsdorf,lG basea on the e'a1;1ier work of van der
Merwe,!” which predicts the critical thickness at which the energy in the strained,
pseudomorphic overlayér just equals thé interface energy associated with a particular

l,18 we' obtain a lattice

lattice mismatch. Using the elastic:: constants of Ti and A
. mismatch of 4.4% for a critical thickness of 5 ML This mismatch corresponds to
an interatomic distance of 2.99 A, as compared to .the nearest-neighbor distance of
2.86 A in Al. The value of '2.99 A is very close to the nearest 'ﬁeighbor distance for
Ti in the hexagonal structure (2.95' A)._ We do not know the interatomic distance for
fee Ti since it does not exist in nature, but the behavior of Co may serve as a guide.
Coba1t assumes the hexagonal structure at réoin temperaturé with a nearest-neighbor
distance of 2.507 A, and transforms to the fece structure, with an interatomic distance
of 2.506 A, at elev;cu:ed"temperatures.19 This is reasonable since the main difference
between these two structures is the stacking sequence for the close-packed planes.

Thus, it is reasonable to assume that fecc Ti has approximately the same interatomic

distance as the room-temperature hexagonal phase, resulting in the measured critical
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thickness of about 5 ML, and in excellent agreement with the predictions of the
‘continuum theory. An interatomic - distance of 2.95 A corresponds to a critical
thickness of 5.5 ML.

We also c()_n’side;ed other Ti structires as candidates for the pseudomérphic .
overlayer. The lattice mismatch for bee Ti is too large, about 16% along [100].. The
hep Ti structure has thé appropriate interatomic distance but does not lead to the
observed shadowing of Al atoms. y-TiAl has a face-centered tetragonal structure
that closely matches the Al lattice, With_ a 2% lattice ,mismafcch,7 but again cannot
account for the Al shadowiné results up to 5 ML of Ti cox}erage. The formation of
titanium hydrides on | Al(110) was also considered as a possibﬂity in the initial
growth stage because Ti has a'strong affinity for H. The y-hydr'ide phase, with a
H/Ti qtomic ratio of 1.5 or greater, has a face-centered cubic fluorite structure, and a
lattice misfit of about 10% with respect tol the Al subs‘trate.20 However, we believe ‘
that .the hydrogen concentration in our Ti films was less than‘l one monolayer, based
" on experiments on the Al(100) surface. For Al(100) we also observe pseudoinorphic
growth of Ti.up to 5 ML, with shadowing behavior very similar to that shown for
Al(110) in Figure 4.2. Forward scattering, elastic recoil measurements (ERDA)21
wére made to determine the total c;oncentration of hydrogen in the Ti films. The
measured concentration of hydrogen in a 5 ML Ti-film was negligible. Even our
thicker films on Al(100) showed little more than a monolayer of chemisorbed

hydrogen at the end of the experiments. Thus, we believe that hydride formation is
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not occurring for these Ti films on Al(110).

| 4.3;2 Thermal Diffusion of Ti Films

As indicated earlier, the FWHM associated with the Ti peak in the ion
scattering spectrum is an indirect measure of thé spatial distribution of Ti atoms-
within the Al substrate. "fhe Ti peak width femained unchanged until the .sample
‘was heated to a temperature of 400 °C. However a 20% decrease in the Ti SP area
was observed when the sample was heated to 300 °C, as compared to the peak area
obtained in the random ge'ometry. This dgcrease may be attributed to a limited
diffusion of the Ti atoms in the near-surface regibn of the substrate. ,This is becal\lse
the difference between the Ti yield in the channeling and random geometries cannot
- be accounted for on the basis of Ti-Ti shadowing only. Using the results from
computer s.imulations. of ion scattering from a flat pseudomorphic Ti overlayer, a -
decrease of 6% is obtained for Ti-Ti shadowmg ina5 ML th1ck film. However,
because the measured d1fference is small we conclude that the film remalned
localized near the surface. It should be noted that the ability to determine the
bréadening. in the film thiqknéss from the peak width is limited by the energy
resolution of the spectrometer. " As shown in Figure 4.7, extensive Ti diffusion into
the Al substrate results when the sﬁbstrate 'is heated to 400 °C. A calculation of the

depth over which the Ti atoms were distributed, using equation 2.6, gives a value of

300 A. This width is considerably largéf than the initial film thickness of about 15
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A, resulting in a Ti-dilute AI—Ti compound. Af the séme time,'. we observe an
appreciable decrease of ab(.)ut 85% in the Ti SP area. This decrease is attributed to
the Ti diffusion.. The shadowing of Tj atoms, presumably by the Al atoms, suggests
that Ti atoms occupy atomic sifes along the Al crystal roWs in the [110] directi(‘)n.
. The accompanying increaée in the Al SP area suggests that the Ti atoms displéce the
Al atoms énd occupy fec. lattice sites. |

To determine the degree to which Ti atoms substitute for Al atoms in the
‘crystal, tile fractional impurity q(.)ncentration, /. 18 intro_duced. It is' a measure of ‘the
fraction of impurities lyiﬁg éloﬁg a givén lattice row. This fraction is defined -in
terms of the minimum normalized scaftering yields for the host, in this case for the

Al crystal, x;, and for the Ti impurity, xp;, and is Miﬁen as:

1 =% C L
fos L 4.2).
~Xai

X4 and xp; are calculated using the rocking curves in Figure 4.7, and are 5% and
12% respectively. Substituting these values in equation 4.2, gives a fractional Ti

concentration of 93%.

4.4 Summary
In summary, we conclude that a flat, pseudomorphic Ti film forms initially

for Ti deposition on the Al(110) substrate. Up to a critical thickness of 5 ML, the
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Ti/Al .intérf.ace is abfuﬁt, anci no\ evidence for displacement of Al atoms is observed.
For coverages greater than 5 ML, an undetermined combination of island- formation
and Ti-Al inteIégiiffusion occurs, leading to increased visibility of the Al atoms in ion
scattering measurements. The éritical thickness of 5 ML is fouﬁd to be in excellent
agreement with the interatofni_c distance expected for fec Ti, using ;1 continuum
model for épitaxial film growth—.- We also conclude that the flat pseudomorphic Ti
s '
films stay intact, apart from some limited diffusion, at temperatures up to 300 °C.

When the films are heated to about 400 °C, Ti atoms diffuse into the Al substrate,

displacing and substituting for Al atoms.in the fcc lattice.
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Figure 4.1 He+ ion scattering spectra at 0.96 MeV incident ion energy for a clean
AI(11O) surface. The open circles represent the spectrum taken at random incidence,
while the closed circles represent that for incidence along the [l | O] direction. The

shaded triangle represents the subtracted background when peak areas are converted

to hitting probabilities.
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Figure 4.2 Visible Al atoms, at 0.96 MeV incident ion energy, as a function of Ti
coverage deposited at room temperature on AI(IIO). The error bar represents an
uncertainty of £5% in the measurement of SP areas. Two regions are indicated.
The solid lines are linear fits to the data, intended to guide the eye. The filled

squares indicate the expected yield for a flat, pseudomorphic Ti film as calculated

using the VEGAS simulation code.
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Ti Coverage (ML)

Figure 4.3 He+ ion scattering spectra at 0.96 MeV incident ion energy after the
deposition of 12.0 ML of Ti. The open circles represent the spectrum taken at
random incidence while the closed circles represent that for incidence along

the 11 O] direction. That portion of the spectrum which shows the Ti peaks has

been enlarged by a factor of 2.
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Figure 4.4 Visible Ti atoms, at 0.96 MeV incident ion energy, as a function of Ti
overlayer coverage. Evidence for Ti shadowing is observed for coverages greater

than 4 ML. The solid line shows the yield measured for a random overlayer.
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Figure 4.5 LEED patterns for Al(110)+Ti at 42.0 eV. The [i i O] direction is up in
the figure. The spots are the (01), (10), and (o T) clockwise from the top of the
figures. The patterns are for (a) Clean Al, and for Ti coverages of (b) 1.4 ML, (c)
2.8 ML and (d) 55 ML.
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AI(110) + Ti

Ti Coverage (ML)

Figure 4.6 Normalized Al 2p photoelectron intensities plotted as a function of Ti
coverage on the AI(IIO) surface. The solid line is the theoretical calculation for a
layer-by-layer growth mode, using an atenuation length of 4.6 A, as discussed in the
text. The error bar represents the uncertainty in peak area associated with our

background subtraction procedure.
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Figure 4.7 He+ random and normal-incidence channeling ion scattering spectra
from TiZAI(llIO) after heating to 300 OC and 400 oC. The spectra where collected at

room temperature in both cases.
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« Al
0 Ti

Angle

Figure 4.8 The rocking curves about normal incidence for Ti, open circles, and for
Al, solid circles. The Al rocking curve represents the normalized bulk dechanneling

yield. The Ti curve represents the normalized SP area. The yields in both cases are

normalized with respect to the yield from random incidence.
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CHAPTER 5

GROWTH OF Ti FILMS ON Al(601) SURFACES

In the last chapter, we ioresentgd the study of the épitaxial growth of Ti films (')n '
‘A1(110) surfaces at room temperature. Similar studies on the growth Qf two other
'transitiqn metals, Pd and Ni, show that the nature 6f the growth is dependent on the Al
~ substrate sprface orientation. (j_n one hand, Pd films react with both Al(Obl) and
Al(110) surfaces to. form the PdAl plllase.ll’2 On "[he other hand, thin Ni films r'eac;[ with'
the Al(110) surface to form tﬂe NiAl phase, but- are not as reactive with tﬁe Al(001)
surface. >4 As we shall see in this chapter, Ti- grows epitaxially on th¢ Al(001) surface,
" similar to the behavior observed on the Al(110) surface. |

HEIS—channeling and, photoeiectron'diffraqtion measurements were used as the
primary toois‘ in tf]is sfudy. An ion scattering exberiment was first deviéed to
understand the general features of the Ti growth as é function of cov-erage. From this
experiment we learned that the growth characteristics on Al(001) surfaces resemble
those observed in our earlier experiments on Al(110) surfaces. This resemblance is
manifested in the behavior of the SP area- as a function of Ti coverage. The ciecrease
in the Al 'SP are;cl continped up to a film" thickness of 5 ML, after'which the SP area

increased with the Ti coverage which is indicative of a transition point in the growth
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mode.  This experiment was done in the normal channeling geometry. XPS
measurements were also performed during the Ti film deposition. The atténuation of
the Al photopeak area conformed with the ion s<‘:attering results. We then designed a
set of experiments to further understand the film atomic structure, esioecially the'
epitaxial growth regime, which is the cenﬁal theme of our study. These consisted of
carrying out measurements at three different stages: before the transition point, where
a 3 ML thick film was grown, close to the transition point and in the epitaxial regime5
and beyond the transition point where a film thickness of 9 ML was grown.‘

To better characterize the structure of the epitaxial film, off-normal channeling
measurements were performed to determine the Ti(001) interplanar distance in tile
overlayer. Photoelectron diffraction measureménts, although less accurate in this
respect, agree with the findings from the ion scattering measurements. To our
knowledge, this study was the first attempt to compare the r_esults from both techniques
on the same system.

The hydrogen uptake of ‘;he various Ti films was also measured as a function
of exposure to the hydrogen gas. We defer the presentation and the discussion of the

results of these measurements until the next chapter.

5.1 Experimental
The use of HEIS-channeling measurements to probe the surface structure during

overlayer growth is presented in Chapter 4. The basic .principles of the technique are
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introduced in Section 2.2.1.2. Also the preparat'ién of the clean sﬁrface substrate and
the Ti deposition source is discussed in Section 2.3.2 . Similar procedures were
followed to prepare the Al(001) single crystals and to 'deposit tﬁe Ti films.

A chamber base pressure of 1.5x1071% Torr was obtained after baking the system.
After every experiment, and befofe the Ti deposition, the sample was sputter-cleaned,
annealed, and realigned with the ion beam. During Ti film deposition, channeling
measurements, with the .ion ~beam incident along the [00—1_] direction, and
_ photoemission measurements were performed in situ. In the channeling experiment;,
a collimated beam of 0.97 MeV He" ions was used. The particle detector was
positioned at a scattering angle of 105° .to collect the sca&ereci jons. The Ti coverage
was determined by rotating the sample‘ out of alignment, but near normal incidence, and
then measuring the Ti peak area in the back'scatfcering spectrum. This method is
explained in section 2.2.1.1.

Ti _ﬁlms. of thicknesses 3 ML, 5 ML, and 9 ML were deposited on the Al
surface. The Al SP areas were monitored during the deposition of these films. In
addition, for the 5.5 ML film, chanﬁeling measurements near thé [TOT] direction
(rocking curvés) were done to determine the (001) interplanar distance in the Ti
overlayer. Ti ;.nd Al 2p core level phgtopeaks were also monitored during the film
growth. A beam of X-rays from the Al-K,, transition was used as the excitation source

in the photoemission experiments. A fixed pass energy of 50 eV, and a scanning rate

of 0.1 eV/s were used. The angle between' the sample normal and the electrostatic
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analyzer was fixed at © = 30°. Film deposition, channeling measurements, and XPS
measurements were a@l performed without moving the éample. Occasionally the sample
was rotated slightly to measure random spectra.  This a.rrangément helped ih
maintaining the sﬁnpie alignment with ‘the ion beam.

The angular dependence of the photopeak intensities associated with Ti and Al
core levels was used to complement the channeling measurements. The dependeﬂce of
the intensities on the polar angle, 6, in the (010) azirrluthal plane over an angular range
of 0° to 55° was measured for the clean Al substrate and for each of the Ti films.
- Azimuthal scans of the photopeak intensities at 6 = 45° were élsp recorded. The
' scanning was accomplished by rotating the sample in a fixed-analyzer arrangement with
angular increments of 1°. For each point in the angular scan, the binding eneréy ranges -
thaf include the peaks of interest were scanned. An al)lgular scan curve represents the

variation in the net photopeak area as the sample is rotated.

5.2 Results °
5.2.1 HEIS—Channeling Measufements
After sputter cleaning and annealing thc;, Al crystal, it was oriented such that the
ion beam was normal to the surface, i.e., the beam was incident in
the [OOI] direction. The crystal was aligned by minimizing the integrated
backscattering yield behind the surface peak. Similarly, the sample was aligned with

the beam incident in the [101] direction. Channeling spectra with the ion beam
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incident along th.e [101] and [001] directions are shown in Figures 5.1(2) and
'5.1(b) respectively. The measured SP areas correspond to closé—encounter probabilities
.of 4.9 atomé/row and 6.5 atomirow in the [001] direction and in
the [101] direction, respectively.

Figure 5.2 illustrates the basic .growth characteristics of the Ti films on the
. Al(001) surface, as measqréd using ion channeling. The closed circles in the figure
represént the experimental data. For the first 1 ML of Ti coverage, the trend in the SP
area is not very clear; and may be assumed to be constant to within the experimental
uncertainty. ‘However, after this point aﬂd up to 5.5 ML of Ti deposited on the
substra'te, a decrease in the Al SP area was observed. An increase in the peak area as
a funcfion -of Ti coverage is observed after the transitioﬂ ﬁoint.

Results of computer simulations of the ion scattering expérimént are indicated
by the solid squares in Figure 5.2. In theée simulations, the Ti atoms were arranged in
é flat overlayer and placed on the Al fec lattice sites above the-surface. The Al(001)
interplanar distance of 2.025 A was used in simulating the overlayer. |

" The growth characteriétips of the initial stages, described above, were observed
when the .experiment was repeated and interrupted at Ti film thicknesses of 3 ML, and
5 ML. In these experiments, the Ti and Al rocking curves with the beam incident near

‘the [TOT] direction were measured. In the 3 ML experiment, the measured vgriation _
in Ti SP area is insignificant because of the lack of appreciable shadéwing for our ion

energy. For the 5 ML Ti film the Ti and Al rocking curves are shown in Figure 5.3.
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The .Ti .curve, indicated by the solid circlég,- represents the variation in the SP area as
a function of the angle between the sample norm_al and incident ion beam. The Al bulk
dechanneling yield’s, indicated by thé solid squares in tﬁe figure, were used to plot the
Al rocking curve. In FigureAS.l(a), the shaded area .on tﬁe low ion energy side of the
spectrurh indicétes the Al dechanneling yield. The Al and Ti yields were normalized
by dividing each measuremént by the yield due to séattering Wi'th the ioﬁ beam incident
in a random direction. The solid lines through the points are provided 't;) guide the eye.
As we she;ll see, these curves are ins;crumental in the detenﬁination of the in‘;erplanar

distance of the epitaxial Ti overlayers.

522 X-l;ay Photoemission Mgasurements

Figures 5.4(a) and (B) show Al and Ti photopeaks respectively. These two XPS
spectra were taken after the deposition' of 5 ML of Ti on the Al substrate. These
figures illustrate the XPS peak fitting and the Shirley background subtraction method -
used to extract the net areas in both cases. This nonlinear least-squares fitting of the
yield is based on the expression in equation 2.15. The Al photopeak was fit using one
Gaussian combonent plus an error function background. Similarly, the Ti 2p;, and
2p3, peaks were each fit to a Gaussian component and an error fu.nctién background.
" The separation between the two Ti peaks was fixed using the known spin-orbit
splitting.” The centroids and the amplitudes of the peaks were allowed to vary during

the nonlinear least-squares fitting procedures. The amplitudes of the error functions
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representing the background were also allowed to vary, while their positions were set
to be identicai with the Gaussian peak centroids.

| Figure 5.5 shows the net Al photopeak. area as a function of Ti c;)vérage. The
attenuation in the Al photopeak did not begin until the Ti coverage exceeded a thickness .
| of about 1 ML. After this thickness, the photopeak decreased in area throughout the
experiment. The decay in the Al i)eak area, the solid circles in the figure, is compared
with an exponential décay represented by the solid curve. The data deviates from this
decay at high Ti coverages. The Ti peak area increases, and then tends to saturate

beyond a thickness of about 6 ML

5.2.3 Photoelectron Diffraction Measurements

The dependence of the photobeak intensities on the Al crystal orientation was
first measured before the Ti. deposition experiments. Photopeak polar and azimuthal
scans were measured for the clean Al surface. Figure 5.6 shows the Al 2p photopeak
polar scan in the (0_10) polar plane. To extract the net photopeak areas, the fitting
procedure explained in the previous section was used. The peak ir.lte.nsity‘ is enhanced
in the major directions of the crystal. The enhgncements at § = 0° and at 6 = 45° are
associated with the centrall diffraqtion peaks in the [001] and [101] directions
respectively. These two peaks are also often referred to as forward focussing peaks.
The peak at an angle of about 22° is due to a combination of first-order diffraction

associated with forward focussing along [001] and [101], and with forward focussing
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in the [103] direction. The Al 2p i)hotopeak azimuthal ’scan," at a polar angle 0 = 45°,
is shown in Figure 57 The two major peaks in the azimuthal distributioes ere
associated with the forward focusing along [101] at ¢ = 0° and along [011] at ¢ = 90°.
The angular distfibutions; of the photopeaks were measured again after the
deposition of thin Ti films. P;ig,ure 5.8 shows ‘Fhe Ti 2p ﬁhotobeak polar scan for the
3 ML Ti film as compared to that of the clean Al 2p photopeak. The Ti photopeak
distribution clearly exhibits enhancements in the [001] and [101] directions coinciding
with those fot the Al 2p level. The Ti 2p azimuthal scans were also measured, and
resylts similar to those in Figure 5.7 w.ere obtained. This is illustrated in Figure 5.9
which shows a comparison 1t.>e‘cwee1'1 the azimuthal scans for the 3 ML Ti film and the
clean Al surface. A polar distribution curve was also measured for the 5 ML Ti film.
The results from these measurements ere shown .1n Figure 5.10, where the angular
position of the enhancement near [101] is slightly ‘shifted to the left.. As we shall see
in the next section, this observation correlates with the results 'fro;n ion scattering
experiments. In particular, these results generally agree with the observation that the

| angular location of the minima in theTi and Al rocking curves do not coincide.
The results from the ion scattering experimente suggest that perfect
pseudomorphy is interrupted beyond ‘a Ti film thickness of about 5.5 ML.
Photoeleetren diffraction measurements support this model for a 9 ML Ti film. The

photoelectron polar distribution curve for this film'is shown in Figure 5.11. Although

the enhancement along [001] was still present, the enhancement along [101] was absent.
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5.3 Discussion . of Results

In Chai)ter-4, we concluded that flat fec Ti thin films grow epitaxially on the
Al(110) surfaces in the low coverage regime. The éxperim;ltal results, presented
abové, indicate that the growth of Ti on the Al(001) surface exhibits similar
characteristics in this regime. Hence, the arguments made in discussing the Ti/Al(110)
system generally ai)ply to the present discussion. In this section, we will discuss how
the above results can be used in characterizing fhe atomic structure of the Ti films.

There are two major growth regimes for Ti films on the Al(001) surface. In the
low coverage 'regime, an epitaxial nearly fcc film structure is obsérved. After the
critical thickness of 5.5 ML is reached, the strain energy exceédé the Ti-Al inteffacial
' eﬁergy resulting in the interruption of epitaxy. The first 1 ML of Ti.atoms occupy off- '
row sites and thus do not result in Ti-Al shadowing preceding the formation of the flat
fee Ti overlayer. Beyond the critical thickness, the film structure cannot be-completely
characfcerized on the basis of our results. These conclusions are established upon
considering the results from the HEIS’, XPS and XPD experiments.

As can be seen from Figures 5.2 and 5.5, the Al SP area and the Al 2p
photopea.k intensity remain constant during the deposition of the first nionolayer of Ti.
Both of these observations are consistent with a model in which Ti atoms occupy

_subsurface sites in the Al substrate at this initial stage. These two figures also show

that the Al SP and photopeak areas both attenuate as more Ti is cieposited. To model
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the Ti growth, the rate at which the number of visible Al atoms decreases is compared

with the decrease in the summed close-encounter probability (SCEP) for Al atoms,

obtained from the computer simulations of He" ion scattering. Also, the measured

attenuation in the Al photopeak area is compared with that associated with the laminar

- growth of a flat Ti overlayer. The solid squares in Figure 5.2 represent the Al SCEP,

as a function of Ti film thickness, obtained from the computer simulations. We note
that the SCEP obtained ;from the simulations agrees with the measured numl;er of
visible Al atoms for the clean surface. The bqik Al lattice constant and vibration
amplitude were used to simulate the Ti film. It appears that results from the
simulations deviate from the experimental results in the submoﬁolayer regime.
Howeveé, the subsequent attenuation rate for the visible Al atoms obta}ined from the
simulations agrees with that obtained from the experiment. This agreement is evidence
for Ti epitaxial growth. Attenuation rates of 1.1 ML of Al per deposited Ti ML are
calculated for. the number of visible Al atoms as obtained from the éxperiment, and for
the SCEP as obtained from the simulations. Hence, we conclude the formation of
pseudo.morphic Ti film on the Al surface. Changes in these interplanar distances would

result in a decrease in the measured shadowing. The error involved in converting the

. Al SP area into visible Al atoms is primarily due to the background subtraction method,

which is illustrated in Figure 5.1. The method involves the subtraction of the area of

the shaded triangle from-the total peak area. The determination of the location of the

- ion yield minimum behind the SP becomes more difficult as the SP area decreases.
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This results in a progressive error Wh_ich should be kept in mind when comparing the
measured values of the number of visible Al atoms with the SCEP obtained from the
simuiations. Consequenﬂy, we do not attach a significance to the local fluctuations in
the measured results. Instead, we only consider the average decrease in the measured
values. | However, we make one éxééption when coﬁsidering the submonolayer groﬁh
stage, since the HEIS and XPS results correlate well, as indicated éarlier. A more .
detailed discussion of the comparison with the éomputer simulation is aeveloped n .
Chapter 4. |

The change in the Al 2p photopeak -areas as a function of Ti c’mveragé can be
modeled using equation 4.1, which répresents the atte;luation in the substrate XPS
s&gnél due to a laminar overlayer growth. The solid curve in: Figure 5.5 is a least-
squares‘ﬁt to the data in the region between 1 ML and 5.5 ML of Ti coverage. The
inelastic mean-free-path (IMFP) was allowed to vary d,uring the fitting procedure. The
attenuation in the Al photopeak intensity supports a model of flat film growth. In
éomparison, all other models lead to less attenuation in the substrate ‘intensity. The
resulting value of A in ed‘uation 4.1is 13 A. As was discussed in Chapter 4, we do not
consider this observation as strong e'videncqof a ﬂaf Ti film because of the arﬁbiguity
in the value of A. The HEIS results remain the crucial confirmation for Ti epi‘;axy on
Al surfaces. |

The results obtain;ad from off-‘normal rocking curves can be used to. ﬁore

accurately characterize the Ti film epitaxial structure. In particular, these curves are
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used to measure the interplanar distance in the Ti everleyer. In the discussion above,
and also in Chapter 4, our conclusions were based on the Ti-Al measured shadowing
in the normal incidence channeliﬂé geometry. Although the shadowing depends on the
Ti-Ti interatomic distance in the overlayer,l this dependence is relatively weak, and thus
~ canhot be used to evaluate the lattice constant, a,, in the Ti film. However, in an off-
normal arrangement, the difference between the angular lecations .of the minimum yield
due to Al-Al shadowiné and to Ti-Ti.shadowing is a measure of the deviatien of the
film structure from that of the subsﬁate. That is, the angular position of the mlmmum
of the rocking curve near [101] for an epitaxial Ti film, with a lattice constant identical
to that of Al, coincides with the minimum ef the Al rocking curve' at an angle of 45°
' -fr,om the surface normal. On the other hand, stretched or contracted Qverlayer lattice
constants lead to shifts in the anguiar locations of the minimum scattering yield from
the overlayer as compared. to that of the substrate. Figure 2.11(c) is a ‘schemaftic
illustration of this effect. As shov.vn.in Fiéure 5.3 ) the_mininium yield for Ti (maximum
shadowing) occurs at 44.33°, as compared to 45°, which is ’the location of the Al
minjmum yield‘ due to channeling along the [101] direction. Using this difference and
the Al lattice constant, we obtain e value of 2.08 A, for a,, the average (001)
interplanar distance in the Ti film, as cempared to 2.025A for AL This me-asmemenft
was done. after the deposition of 5 ML of Ti. 'Thus we conclude that the Ti film
structure matches that of the Al substrate to within 2.8% in ferms of the distance '

between the (001) planes. It should be noted that this measurement is an average of the
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overlayér' lattice constant. In réality, the lattice constarﬁ may vary in a strained -
overlayer, where it adapts to the substrate structure at the interface and gradually relaxes
as a function of distance from the substrate surface. In principle, this variation is
manifested in changing the shape of the rocking curve as compared to an overlayer with
a uniform interplanar distance. However, this change is expected to be too small to
be measured for such a thin film. ~  Our choice of using the Al bulk dechanneling
yield to plot the Al rocking curve, instead of the Al SP area, is siéniﬁcant. As we
indicated earlier, the background subtraction method introduces large uncertainties in
the measured SP areas. This problem becomes worse when the beam is off—axis
because of an increased backgrouﬁd behind the surface peak. In addition, the Al atoms
near the sﬁrfacé may be strained because of the Ti overlayer, and thus the surface
structure may not be a good reference for comparison. On ‘the other hand, the
variations in the yield due to bulk dechanneling reflect the bulk symmetries and
directions, and are thus more useful for comparison.

The fesults of the angular distribution curve of the Ti 2p photoemission peak
area confirm our findings from HEIS. As shown in Figure 5.8, this curve exhibits a
peak near the polar emission angle of 45° for the 3 ML Ti film. This peak coincides
with the Al 2p photopeak enhancement along [101]. Similarly, the azimuthal scan at
a polar éngle of 45° exhibits enhancements that are consistent with the Al cubic
structure as shown in Figure 5.9. Such results illustra‘ge the significance of the XPD

measurements in complementing the ion scattering experiments. The Ti-Ti shadowing
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in a 3 ML thick film is small, in the MeV ion energy range, and thus cannot be used
to accurately measure the overlayer atomic structure. .' Such a condition on the overlayer
thickness is not a requirement in XPD. Also, .a,n' HEIS study of an adsorbate/sul:;strate
system may become complicated in the case where the adsorbate. atom is ligﬁter than
that of the sﬁbstrate, due to the djfﬁgulty in extracting the net SP areas. However, we
_ believe that HEIS is superior to XPD in terms of the accuracy and precision in the |
determination of the overlayer lattice constant when the elemental conditions aré
favorable. This is because an ion scattering rocking curve is about .1° in width,
compared to a typical value of 10° for the width of an XPD peak. |

For the 5 ML Ti film, an angular shift of about 1° is observed in the Ti XPD
péak along [101] compared to the Al XPD peak. This value is calculated based on the
location of the maxima of the two peaks. This shift is about 30% larger than those
obtained from the ion scattering results along the same direction. However both
téchniques indicate a larger value of a, in the Ti overlayer. We note that the XPD
peaks are relatively flat near the maxima, which introduces large unde:rtainties in the
measurements. We estimate an error of about 0.5° in the measured valﬁe of the peak
locaﬁons. A better approximation may be obtained by fitting the distribution to a
particular peak shape before extracting the peak centroids. A future project includes
. the application of this approach to our data. Preliminary results ffom this project still
suggest lattice constant values that are Iafger than that obtained from HEIS.6 This

difference can be understood when the underlying principles of both techniques are
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considered. While HEIS probes the whole depth of the film, the photoemission signal
is biased to reflect the-atomic stgucture of the topmost layers. Thus the HEIS results
giye an averagé value for a,, while XPD gives a value that is more r'epresenta_tive of
the less strained top layers.
| So far we have considered the coverﬁge regime in which the Ti film grows
epitaxially on the Al(001) substrate. Based on the HEIS results, we obtain a Vah_le of
about 5.5 ML for the critlic.al thickness after which the structure ﬁndergoes a
transformation to reduce the accumulated strain. .This value is only sligﬁtly la}rger-than
that obtained: for the growth of Ti on Al(110), ‘where we obtained 5. ML for the
measured cri£ica1 thickness. In this respect, the arguments introduced in Chapter 4
apply to the present discussion. Namely, the measured critical thjgkness is consistent
with a lattice constant mismatch of 4%, where we have used the expression developed
by Jesser et al.” This mismatch corresponds to an interatomic distance of 2.97 A, as
compared to 2.86 A, the nearest-neighbor distance in Al. The value of 2.96 A is close
to the nearés't-neighbor distancé in the.hexagc_)nal close-packed strucfure of Ti (2.95 A). |
Although bulk fec Ti does nbt exist in nature, it is ;easonable to assume that it would
have the ‘sa_me interatomic distance as in the Acp structure (see Section 4.3.1).

For Ti (.:overa'ges exceeding tﬁe critical thickness, the atomic structure of the
films is more difficult to determine. Based on our observations, several scenarios are
possible in which the film transforms so that the strain is relieved. ~These include the

introduction of misfit dislocations, formation of Ti islands, and Ti-Al interdiffusion.

4
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: Each of these transformétioﬁs ‘were discussed in Section 4.3.1 and may account for the
- observation. in the Ti/Al(110) and. Ti/Al(001) systems. However we can rule out
transformations involving pseudomorphic Ti islands or Ti-Al ordered structures.: We
base this conclusion on the results from the angular distribution of the Ti 2p
photoemissidn peak in Figure 2.11. While thg peak at 0° is _still pfesent, indicating a
degree of axial alignment with the Al subs’ujate, ﬂ"lC XPD peak at 45° di‘sappeaI.‘s from
the distribution curve. A more comprehensive angular scan of tﬁe Ti photopeak may
reveal a more detailed picture of the atomic structu;e of the .trarllsformed ﬁlms..
However, because such measurements are time consuming, they may léa& to serious

sample contamination.

5.4 Summary

We conclude that thin Ti films grow epitaxially on A1(001) surfaces in a fashion
_similar to that observed in .the growtil on Al(110) surfaces. The Ti atomic structure
seems to perfectly match the Al fcc lattice in the directions parallel to the surface plane.
A slight deviation of 2.8% is observed in the directic;n perpendicular to the surface
plane. A critical .thi‘ckness of 5.5 ML is obtained, which is consisteﬁt with the
mismatch between the Al crystal structure and an fec Ti structure with 2.97 A for the
nearest-neighbor distance, similar to that of the bulk-like hep Ti structure. Beyond the_
critical thickness, axial alignment with the substra‘;e is only partially preserved, and off-

normal alignment is completely lost according to our XPD measurements. The disorder
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in. the film at coverages larger than the critical thickness may be attributed to a
combination of misfit dislocations, Ti island formation, and Ti-Al interdiffusion in the

Ti films.
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Figure 51 He+ ion scattering spectra at 0.98 MeV incident ion energy for a clean
AI(OQI) surface. Spectrum (a) is taken with ion beam incident along [101] s and
spectrum (b) is taken with the beam incident along [001] . The shaded triangles
represent the subtracted background. The shaded area behind the surface peak in (a)

represents the Al bulk dechanneling.
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Figure 5.2 Visible Al atoms, at 0.98 MeV incident ion energy, as a function of Ti
coverage deposited on AI(OQI) surface. The solid line is a linear fit to the data and the

solid squares indicate the expected yield for a flat pseudomorphic Ti film, calculated

using VEGAS simulation code.
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Figure 53 The normalized Ti SP area and the Al bulk dechanneling yield as a
function of the angle of incidence. The separation between the two minima is a measure

of the distortion in the interplannar distance in the Ti film compared to the Al substrate.
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Figure 5.4 Al 2p (a) and Ti 2p (b) X-ray photoemission peaks. The peak in each case

is fit to a superposition of a Gaussian component and an error function.
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Figure 5.5 Normalized Al 2p photoelectron intensities plotted as a function of Ti

coverage on the AI(OOQI) surface. The solid curve represents a model for Ti laminar

growth.
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Figure 5.6 Al 2p polar angle distributions in the (010) azimuthal plane for AI(OQI).

The solid line is a spline fit to the data, intended to guide the eye.
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Figure 5.7 Azimuthal angle distribution at 0 = 45° for the Al 2p photopeak.
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Figure 5.8 Ti 2p polar angle distributions in the (010) azimuthal plane compared to
the clean Al distribution, at 3 ML of Ti coverage.
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Figure 5.9 Azimuthal angle distribution at 9 = 45° for the Ti 2p photopeak compared

to the clean Al distribution, at 3 ML of Ti coverage.
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Figure 5.10 Ti 2p polar angle distributions in the (010) azimuthal plane compared to

the clean Al distribution, at 5 ML of coverage.
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Figure 5.11 Ti 2p polar angle distributions in the (010) azimuthal plane compared to

the clean Al distribution, at 9 ML of Ti coverage.
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CHAPTER 6
HYDROGEN UPTAKE BY Ti FILMS ON Al SURFACES

In the iast two chapters, we discuésed the formation of epitaxial fec Ti films on
Al surfaces. We also discussed the depar.tur'e‘ from this growth mode bey;onci é certain -
critical thickness..-. In this chapter we ﬁll present vour inves’.cigation- of the hydrogen
'uptake of these films at the various stages of their growth. The uptake by t.he hlms ‘
after the exposure to H, gas is nieasuréd using elastic recoil detection analysis (ERDA).
The role which the film structure plays in limiting or facilitating the uptake of hydrogen
will be examined.

" This stugly is also a demonstration .of the ERDA capability to detect and to
quantify low levels qf hydrogen concentration on the surface, with a sensitivity of about
0.1 ML. A detailed description of the basic pfinciples of ERDA, and a dc;,scription of

- the experimental setup are given in chapter 3.

6.1 Experimental

A collimated. beam of 1.8 MeV He' ions from the 2.0 MV Van de Graaff

2

" accelerator, passing through an aperture of 1.2 mm” in area, was used to carry out the

ERDA measurements. The ion beam was incident on the sample with a grazing angle
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o = 15° A bakeable solid-state detector_was positipned at a distance of 4.2" from the
'sample and at a recoil angle of 25°. An Al stopper foil, 8 in thi(gkness, was placed
~at the detector entrance to filter out the He" ions scattered in the forward direction. The
detector was mounted on a linear motion feedthru, thus providing a mechanism to
increase the solid angle subtended by the detector. Prior to performing the E]éDA
measurements, backscattering spectrometry was used to measure the incident ion energy
and also fo verify that the ion beam was incident only ‘on the sample surface. This is
particularly important since tﬁe sampled area inc‘reas.es to 5 mm in width due to the
grazing incidence. The position of the Ti pgak on the energy axis, and the
backscattering kineniatic factor are used to determine the iﬁcident beam ion energy.

ERDA measurements were performed in a UHV environment, where a chamber
base pressure of 1.5x10°1 Torr was obtained. The hydrogen contents of the Ti films
were measured prior to exposing them to the hydrogen gas. Exposure of the Ti films
to high.purity H, gas was done using a leak valve. The pressure in the chamber was
monitored using an ion gauge. The exposure in Langmuirs (L) (1 L = 10 Torr s) was
calculated using the chamber pressure, the exposure time, and the gauge correction
factor of 1.8 for H, gas. Typically, exposures of up to 100 L were accomplished using

a chamber pressure of 10”7 Torr, while a pressure of 10 Torr was used to accomplish
higher exposures.

6.2 Results

Figure 6.1 shows a hydrogen recoil energy spectrum for a 9 ML thick Ti film
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depbsited on the AI(001) substrate. -The film was e;cposed to 4500 L of hydrogen.
Using equations 3.2 and 3.4, a value of 0.53 for the recoil kinematic factor, %, and a
value of 946 keV for E'rare obtained. Substituting this value of E';in equation 3.11,
we obtain a Vélue of 483 keV for Ef, the energy of recoiled surface protons as they
enter the detector. This calculation is in agreement with the position of the hydrogen
peak shown in Figure 6.1. The width 6f the peak’is primarily due to .the energy
straggling .in ‘Fhe stopper foil, AE_ = 35 keV,"Which is calculated using equation 3.19.
The spec&oﬁeter (solid-state detector and electronics) contributes to the broadening of
the peak because of its finite energy resolution, AEd. = 30 keV. The resulting
| broétdening due to these two factor is 46 keV, while the measured FWHM is 70 keV.
This difference is not surprising since other; factors are known to contribute -to the
_energy broadening. For example, a non-uniform stopper foil thickness. contributes to
the peak width, apd thus the depth resolution further deteriorates.

To convert the peak area, 4, in a hydrogen recoil spectrum, into total hydrogen
concentration, both sides of equation 3.9 are integrated, and the following result is

obtained:

A=5(AQ)Q ©

A4

6.1),
or, ®@=_—" :
c(AQ)0

(9

where © = | p(x)dx and represents the total hydrogen uptake of the film. In each ERDA

measurement, the total number of incident particles, O, was typically set to 1.875x1014"
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~ particles. This ﬁumber was monitored by integrating the sample current associated with
the inéident.ion beam. During these measurements ;the sample'was biased using a +156
v battery to suppress the emission of secondary electrons. | A current supply was also
used to compensate for leakage current. The solid angle subtended by the detector, AQ,
was 4.43 millisteradians. The recoil cross-section at this energy, o(E£=1.8 MeV) =320
mb/sr, Waé obtained using the graph.in Figure 3.7. Substituting these values of O, AQ
.and ¢ in the.equation above, the hydrogen uptake in units of atoms/cm? can be written °

as:
®=3.76x102%x4 atoms/cm? (6.2).

. It is useful to express the hydrogen coverage in terms of monolayers, where one
monolayer is defined as the atomic areal dénsity, L, of one layer of substrate surface.
L for Al(001) is 1.22;<1015 atoms/cm?, leading to the following expreséion for the
uptake:

A

_ A4 | g | 6.3).
® 508 (ML). ‘ . ( )

{

Thus, a peak érea_ of 308 counts corresponds to a hydrogen uptake of 1 ML. The solid
line in Figure 6.1 represents the yield expected from 1 ML of surface hydrogen. " The

width of the Gaussian was set equal to the energy resolution of the spéctrometer.
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The hydrogen uptake of Ti films. -with thicknesses of 3, 5, and 9 ML was
measureld as a function gf exposure to' H, gas. The reAsults of these measurénients are
shown in figure 62 The uptake of the 3 ML and 5 ML ﬁlmg saturates at a value of
2.5 ML. On the other hand, the uptake of the 9 ML thick ﬁlfn sa‘;urétes at a value of
13 ML.

To assess the ievcl of hydrogen uptake by the films due to the exposure to
residual gas in the chamber during deposition, the hydrogen content of the 9 ML film
was measured immediately after deposition. In this case, ERDA measurements showed
negligible uptake (® < 5% ML). XPS measurements of the Ti and Al phofopeélcs after
the hydrogen exposure indicate that exposure to- h)-fdrogen did not result in surface
contaminatién, e.g. oxidation.

. Channeling measurements subsequent to ’Lhe H, gas exposure of the 5 ML film
do not indicate any significant changes in the Al or Ti SP éreas.- The hydrogen ’e)fposed
.sample was also heated to 200 °C for 5 min., and then was allowed to cool down back
to room temperature. Tﬁe ERDA measurement following. the heating pfocesé showed.
a hydrogen content Iof less. than 02 ML.. |

6.3 Discussion of Results

ERDA measuremen‘;s are based on knocking hydrogen atoms out of the sample.

Because of this, one needs to consider if thié | collision process, upon which the

technique is based, interferes with accurately measuring the hydrogen uptake. In other

words, the hydrogen content may be depléted during the measurements in such a




. 137

situation. For examble, this would be the case if the recoil cross-section was too small
for the process to be of practical use. The assumption that the recoil measurement does
not perturb tI_1¢ hydrogen uptake is implicit when using equation 3.9. In tl;is equatioﬁ,
. the yield is assumed to be directly proportional to the number of incident He" ions. We
tested the validity of this assumption by measuring the hydrogen peakl érea at
intermediate stages of the ERDA measurem)ent. In Figure 6.3 we plot. the hydrogen
peak area as a function of Q, and verify the direct proportionalityl over the range of _ion
dose used in our egperiments. |

"~ The ERDA measurements can be used to ‘show how the structur.e of the Ti films
influences their hydrogen uptake properties. The three curves in Figure 6.2 demonstrate .
this effect in 'light of our earlier results_de?scribed in chapters 4 and 5 .' In chapter 5, we
described the epifaxial growth of fec Ti films on the Al(001) surface with film
thi;:knesses up to 5 ML. We also observed the departure from this behavior beyond tﬁs
thickness. Since the 3 ML and 5 ML films fall in this range of thickness, our‘ results
show that the fcb'Ti films absorb less hydrogen than do bulk-like Ti films at room:

' The contrast is observed when comparing the uptake of the fcc films with

- temperature.
the uptake of the 9 ML Ti film, where a relatively large uptake of 13 ML of ﬁydroge‘n
is observed, as shown in Figure 6.3. | | |

We propose thaf the 2.5 ML of absorbed Hydrogen for the fec films are in fact
ads'orbed on the film surface. This may be dué to a diminished hydrogen solubility in

the fcc films. The y-titahium 'hydric'le phase has. a face-centered fluorite structure with
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a lattiée constant of 4.46 A, compared to 4.05 A for the Al substrate lattice constant..vz'
The hydrogen atoms occupy the tefrahedral sites in the lattice. So the formation of Ti
hydride would be éssociated with a reconstruction of the Ti film atc;mic structure. .Our
channeling measurements subsequent to the hydrogen exposure rulé out this possibility,
since such reconstruction would lead to an increase in the Al SP area in .the ion
channeling spectrum. The small uptake in the fcc; films may also be a .result of the
formation a stable sﬁrfacg hydride at the initial stages of exposure to H,. Sucha phés_e '
may lead to the; formation of a kinetic 1b.arrier which reduces the rate of diffusion of
more hydrogen into the ﬁlm Such an effect is observed in 'éxperiments involving the
hydrogen uptake by m.3

The uptake of both the 3 ML and the 5 ML Ti films saturates at the same value
of 2.5 ML as shown in.Figure' 6.2. Thié observation is significant when considering the
underlying reasons behind the blocking of hydrogen. One may argue that the Al
substrate may be responsible for the hy(irogen obstruction, especially in the case of the
ultrathin film of 3 ML. If this was the case, 'we expect that this effect would be less
of a factor for the 5 ML film, and an increased uptake Wou]d result.

The 9 ML Ti film exhibits an increased hydrogen uptake of 13 ML, compared
to the fec .ﬁlms’.- The ra‘Fio of H to Ti-in ;chis ﬁlml is 1.45:1, compared to 0.50:1, the
ratio of AH, to Ti in the 5 ML fec film. This increase may be attributed to the film
structure. Although we do not fully understand the film atomic structure beyond the

critical thickness, we know that the structure change at the transition point is associated
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with an increase in the Ti interatomic distance to reduce the amount of strain energy
in the pseudomorphic films. This is because the atomic volume of Ti in the bulk is'
1.77x10°% cm?/atom, compared to 1.66x102* cm3/atom’ for AL Cdnsequently, the
increased atomic volume in Ti films exceeding the critical thickness may facilitate the
incorporation of hydrogen atoms within the resulting structure. This proéess can be
described as an absorption of the hydrogeﬂ, in which hydride formation may occur, in
contrast with the surface limited adsorption process in the case of fec Ti films. The -
hydrogen absorption of the 9 ML film, as a function of e‘xposure to ,hydrogen, ciosely
resembles that observed for bulk-like Ti thin films. This can be observed when our
results are compared with the results from microbalance studies of hydrogen absorption
ofa54 A Ti film, where the absorption saturates at an exposure of about 5000 L. Also,
the saturation occurs when the ratio of H to Ti is 2:1. The study coﬁcludes that the
hydride formation rate is limited by the number .of: sites évailable for hydrogen
dissociation on the surface.!

In summary, .our results reveal a decreased hydrogen uptake for Ti ﬁlms-less.
than 5 ML in thickness compéred to bulk-like Ti films. This decrease can be explaiﬂed
in terms of their fcc structure. The strained films exhibit a smaller atomic' volume than
both the bulk-like Ti films and the y-hydride, and thus are' likely to absorb less
hydrogen. The decreased uptake méy also be attributed to the formation of a surface
hydride that blocks further hydrogen absorption. The 9 ML film exlﬁbité absorption |

properties similar to those observed in bulk-like Ti films.
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Figure 6.1 Proton recoil spectrum from TiZAI(OQOIl). The Ti film, 9 ML in thickness,
has been exposed to 5500 L of H2. The peak area corresponds to a hydrogen uptake
of 13 ML. The Gaussian peak indicated in the figure is the expected yield from | ML

of hydrogen adsorbed on the surface.
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Figure 6.2 Hydrogen uptake of 3 ML, 5 ML and 9 ML Ti films deposited on the
AI(OQI) surface as a function of exposure to Hz gas. The uptake of both fee films

saturates at 2.5 ML. Uptake in the 9 ML thick film saturates at 13 ML of hydrogen.
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Figure 6.3 Proton recoil yield as a function of sample dose. There is no indication

of hydrogen depletion in our experiments.
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