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Abstract:

Reaction and growth of ultrathin Ni and Pd films, deposited on Al(110) and Al(001) surfaces at room
temperature were studied using high-energy ion scattering, x-ray photoelectron spectroscopy, and x-ray
photoelectron diffraction. For Ni deposited on Al(110) surfaces, a strong Ni-Al reaction occurs at the
Ni-Al interface. For the first two monolayers (ML) of deposited Ni, a NiAl-like compound is formed.
The reaction continues with a different rate, forming a Ni3 Al-like compound for Ni coverages from 2
to 8 ML, at which point a Ni metal film begins to grow on the interface. However, Ni atoms deposited
at 250°C on the Al(110) surface, exhibit no surface compound formation, but diffuse 400 & deep into
the Al bulk.

Interatomic potentials based on the embedded atom method are used in a Monte Carlo approach to
simulate the evolution of the Ni-Al(110) interface as a function of Ni coverage. The calculated ion
scattering yields and x-ray photoelectron intensities from Ni and Al atoms in these simulated interfaces
are in good quantitative agreement with the experimental results. The ion scattering simulations show
that a large amount of near- surface dechanneling occurs just below the Ni-Al(110) interface. .

In contrast to the Al(110) room temperature results, Ni deposited on the AI(001) surface under the
same experimental conditions results in the growth of metastable body-centered-cubic Ni at the
interface up to 5 ML of Ni coverage in a Stranski-Krastanov growth fashion. After the bcc islands
coalesce to cover the surface, a disordered Ni metal film covers the interface.

Ultrathin Pd films deposited on Al(001) surfaces exhibit strong reaction at the Pd-Al(001) interface.
For the first 5 ML of deposited Pd, a PdAl -like compound is formed. After 5 ML of Pd coverage, a Pd
metal film covers the reacted interface.
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ABSTRACT

Reaction and growth of ultrathin Ni and Pd films, dep051ted on A1(1 10)and .

A1(001) surfaces at room temperature were studied using high-energy ion scattering, x-ray
photoelectron spectroscopy, and x-ray photoelectron diffraction. For Ni deposited on

Al(110) surfaces, a strong Ni-Al reaction occurs at the Ni-Al interface. For the first two _

monolayers (ML) of deposited Ni, a NiAl-like compound is formed. The reaction
continues with a different rate, forming a Ni,Al-like compound for Ni coverages from 2
- to 8 ML, at which point a Ni metal film begins to grow on the interface. However, Ni
atoms deposited at 250°C on the Al(110) surface, exhibit no surface compound formation,
but diffuse 400 A deep into the Al bulk.

Interatomic potentials based on the embedded atom method are used in a
Monte Carlo approach to simulate the evolution of the Ni-Al(110) interface as a function
of Ni coverage. The calculated ion scattering yields and x-ray photoelectron intensities
from Ni and Al atoms in these simulated interfaces are in good quantitative agreement

with the experimental results. The ion scattering simulations show that a large amount of .

near- surface dechanneling occurs just below the Ni-Al(110) interface.

In contrast to the Al(110) room temperature results, Ni deposited on the

Al(001) surface under the same experimental conditions results in the growth. of -

" metastable body-centered-cubic Ni at the interface up to 5 ML of Ni coverage in a
Stranski-Krastanov growth fashion. After the bcc islands coalesce to cover the surface,
a disordered Ni metal film covers the interface.

Ultrathin Pd films deposited on Al(001) surfaces exhibit strong reaction‘

at the Pd-Al(001) interface. For the first 5 ML of deposited Pd, a PdAl -like compound
is formed. After 5 ML of Pd coverage, a Pd metal film covers the reacted interface.
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1
CHAPTER 1

INTRODUCTION

Ultrathin films of metals on metal substrates have been the subject of
intense interest in receﬁt years. In particular, a considerable amount of interest has been
focused on trying to understand the interface structures and growth modes of these
systems, which range from reaction’, to island gfowthz, to epitaxial growth’. Generally,
the growth modes of vapor-deposited thin films are categorized into the following groups:
(1) Frank-van der Merwe (monolayer-by-monolayer growth, FM mode), (2) Stranski-
Krastanov (layer growth up to one or a few monolayers, followed by three-dimensional
island growth, SK mode), (35 Volmer-Weber (formation of three-dimensional islands, VW
mode), (4) Compound fortﬁation (formatien of a suﬁace alloy as a result of reaction
between the adsorbate and the subeuate).' The driving force in these growth modes is the
minimization of the total energy of the system. The total energy includes surface energy
of the substrate and adsorbate, and the interfacial energy’. The surface energies of a
particular substrate an& the adsorbate can be calculated or obtained experimen_tally, but'
the interfacial energy cannot be determined easily, since strong reaction between the
adsorbate and substrate can complicate the matter.

We have focused our studies on transition-metal aluminum interfaces

because of their technological applications® as well as the fundamental interest discussed
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\above. Aluminum-based transition metal alloys are important in applications for catalysis,
high-temperature, low-density structural materials’, and metalization layers in
semiconductors’.  Also, thiﬁ films of transition m-etal aluminides may have different
physical properties than those of the bulk material since the electronic and atomic
structures in the overlayer may also be modified.

This thesis work is part of a systematic investigation to understand the
fundamentals which determine the growth modes of ultrathin transition-metal films
deposited on Al single-crystal substrates. In this study, we mainly concentrated on Ni and
Pd ultrathin films on different Al single-crystal surfaces. A detailed description of the
structures and growth modes of some other transition metal overlayers, namely Ti/Al and
Fe/Al, is given elsewhere®’.

‘There have b-een numerous studies of the Ni-Al system at elevated
temperature, including X-ray diffraction (XRD)?, photoemission spectroscopy’, Rutherford
backscattering spectroscopy (RBS), ion beam mixing'?, transmission electron microscopy
(TEM)", and glancing éngle x-ray diffraction”. Of these, only the TEM work was
performed on Al single-crystal surfaces. The remaining experiments were performed

either on polycrystalline substrates or on bilayers of Ni and Al. Not all of the results

from these experiments are in agreement, but most of them suggest that there is a strong -

reaction between the Ni and Al atoms, and that NiAl, is the first phase to form at the
Ni/Al interface at elevated temperatures. For the photoemission and glancing angle x-ray
experiments, room-temperature reaction was reported. Because of these conflicting

observation, the Ni-Al system merits more attention.
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The study of ultrathin Pd films on Al single-crystal surfaceé is also very
interesting since Ni and Pd have similar bulk equilibrium phase diagrams as Al', and
they belong to the same group in the periodic table. Becauée of these similarities, we
might expect the behavior of Pd on Al single-crystal surfaces to be similar to that for the
Ni-Al system. Like Ni-Al, some cqnﬂicting results have been reported for .the Pd-Al
system in the past™".

In this thesis work we explored the growth and reaction of ultrathin Ni and
Pd films on Al(110) and Al(001) surfaces. During the growth process the atomic and the
electronic structures of the overlayer and the substrate were monitored with different
surface science techniques. The ekperimental techniques which we used in this work are
high-energy ion scattering (HEIS), x-ray photoelectron spectroscopy (XPS), and x-fay
photoelectron diffraction (XPD). The HEIS and XPD techniques are primarily used to
characterize the interfaée structure, while XPS is used to identify the chemical state of
the interface. In Chaptef 2, thé basic theory of the aforementioned experiments are
briefly reviewed. The experimental setups and procedures are discussed in detail in
Chapter 3. In Chapter 5, the results of ultrathin Ni films deposited on AI(110) surfaces
using HEIS and XPS are reported. The HEIS, XPS, and XPD experiniental results of

ultrathin Ni films on Al(001) surfaces are discussed in Chapter 6, while Pd films

deposited on the Al(001) surface are discussed in Chapter 7.

The aforementioned experimental investigations are often aided by

complementary theoretical work, especially in the HEIS case’®. In this study we
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developed a new approach to simulate our ion scattering yield and XPS intensity results.

In this approach we determine the positions of the atoms as they evolve in a Monte Carlo

(MC) simulation'”. The interactions between the atoms are calculated using Embedded-

Atom-Method (EAM) potentials’®, Snapshots of the evolving interface are then generated

and used to calculate the ion scattering and photoelectron yields. These simulated yields

are then compared quantitatively with the experimentally observed results. The EAM

potential used in these calculations and the procedures used to simulate the interface are

discussed in Chapter 4. The results of the simulations of ultrathin Ni films on Al(110)

surfaces are discussed together with the experimental results in Chapter 5.

Some of the acronyms that are frequently used in this thesis are liSted below.

AES

EAM

FAT

HEIS

MC

MCA

MCS.

Auger electrpn spectroscopy-
Embedded atom method

Fixed-analyzer transmission

Frank-van der Merwe

Full width at half maximum
High energy ion scattering
Hemispherical analyzer
Monte Carlo

Multichannel analyzer

Monolayer

- Multichannel scaling

110 &



PIPS
PHA
RBS

_ RGA
SPA
SK
UHV
VEGAS

\AV
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Passivated, implanted, planner silicon detector
Pulse height analysis

Rutherford backscattering spectroscopy
Residual gas analyzer

Surface peak area

Stranski-Krastanov

Ultra-high vacuum

Ion scattering simulation prograﬁl
Volmer-Weber

X-ray photoelectron spectroscopy

X-ray photoelectron diffraction




6
CHAPTER 2

SHORT REVIEW OF THEORIES

Introduction

The experimental techniques used in this thesis work are high-.energy.ion
scattering (HEIS), channeling and x-réy photoelectron spectroscopy (XPS). The main
work has been the measurement of surface peak area (SPA) of the substrate (Al) and the
adsorbate (Ni and Pd) in HEIS at different‘adsorbatc coverages in order to investigate the
reaction and growth modes of ultrathin.transition metals films deposited on Al-single
crystal surfaces. Furthermore, HEIS was used to.measure the actual coverage of the |

* adsorbate (Ni or Pd). In addition, XPS measurements have been performed to identify |
the chemical state of the reacted transition metal-Al interface during the Ni (or Pd)
deposition. In this Chapter we give a short descriptioﬁ of physical concepts and the
theory behind these powerful surface science techniéués. In the next chapter we will

discuss the instrumentation and the experimental details of these methods.

High-energy Ion Scattering and Channeling

Rutherford backscattering spectroscopy (RBS) is a commonly used, non-

~ destructive, surface analysis probe in modern physics”. The basic idea behind RBS is

T — T ! o o Y A T
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very simple. A beam of energetic ions (He*, H") is directed at the surface of the sample.

The ions interact elastically with atoms in the sample and are backscattered into a solid-

state détector which counts the number of particles according to their energy. From the
energy spectrum of backscattered ions we can infer considerable structural information
about the sample, such as the thickness, average composition, and quality of the sampie.
In particular, if We align the incici’ent ion beam along a low-index crystallographic
direction in a single crystal sample, we can achieve substantial surface sensitivity,

depending on the incident energy.

sample

fon beam

kE,

Yield

LR

Ho o
Kl |
E

E,  kEo Energy

~ Figure 2.1: Schematic of Rutherford backscattering spectroscopy (RBS)
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A typical RBS spectrum from a single-element target is shown in Figure
2.1, whefc the beam of energetic ions with energy E,, mass M,, and charge Z, strikes the
sample (with atomic mass M,, and charge Z,) at normal incidence, and backscattered ions
are detected at a scattering angle 6. While a small fraction of the beam scatters from the
surface atoms, additional scattering occurs from the atoms just below the surface. In
moving through a sample before thé scattering encounter, and passing back out through
the sample after the scattering event, the ions continue to lose energy. The ions scattered
from the surface atoms will reach the detector with energy KE, where K is a constant less
 than unity, whereas the ions scattered from t.he at.oms which are below the surface will
give signals at cﬁcrgics less than KE,, as ’shown in Figure 2.1. The four basic physical
properties which govern the RBS process are: (1) kinematic factor K - used for mass
determination, (2) stopping cross section - useful for depth analysis, (3) scattering cros;s
section - important for quantitative analysis, (4) erergy straggling - limits the mass and
energy resolution. In the following paragraphs, we briefly describe the aforementioned

concepts of RBS.

. Kinematic factor K

Consider the geometry in Figure 2.1, which illustrates the scattering of
energetic ions from a single-element target. The energy of the ions backscattered from
the surface atoms can be related to the incident energy via the kinematic factor K,

asl9

— T ™ tml 11 1



E = KE, (2.1)
where K is given by
N 2
) 2 _Af2 o} 2
K = M, cos8 + (M,?-M}?sin’0 )" (2.2)
(M, + M) |

Equation 2.2 shows that the kinematic factor 'dcpends only on the masses M,, and M,, and

the lab scattering angle 6.

Scattering cross section do/dS

The probability of the scattering event to occur as illustrated in Figure 2.1
depend's on the average scattering cross section (). The detector subtends a solid angle
Q about the scattering direction, . Thén, for a sniall Q, the average scattering cross
se-ction can bé approximated being the differential scattgring .cross section do/dQ.
Furthermore, if the interaction bctwccﬁ the ions and the atoms is specified by ic Moliere

potential®, then the differential scattering cross section is given by

il T T Il
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B 2
[ 2
M, . '
7 7 o2 2 |(1- _M_sme )7 + cosO
e
d _p| D2 A | (2.3)
219 2E sin’@ | ‘ ) T
M,
1-|—~sinB
where F is a screening correction factor
4
Foe - 0.042 Z, Z,7 2.4)
E(keV)

Stopping cross section

- As we mentioned earlier, when an energetic ion passes through a solid it
loses energy (dE/dx) through electronic interactions. If we consider these energy losses

in the solid for the ingoing and outcoming ions, then the energy difference AE, between

jons scattered from the surface and ions scattered at a depth x from the surface, is given -

by 19

K dE ‘ 1 dE l :
cos®, dx E, cosb, dx | KE, (2.5) -

AE

where 0, is defined as the angle between the surface normal of the sample and the
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direction of the incident ions, and 6, is defined as the angle between the normal direction
and the direction of backscattered ions. For normal incidence, 0, = 0°, and 0, = 180°-6,
where 0 is the scattering angle in the laboratory. Usually, the energy loss dE/dx is

related to the stopping cross section € by the following Equation

X2 = ¢eN (2.6)

where N is the atomic density of the target atoms.
Using Equation 2.5 and 2.6, we can convert the energy-difference Eqﬁation into a depth

Equation', that is

AE = Nx[g | Q.7)

with |
€ = | £ _eE) + —L_eks) (2.8)
cos0, , \

where €(E,) and &(KE,) are evaluated at energy E, and KE, respectively.

T . T T
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Energy Straggling

The energy-loss process which we discussed in the previous section is
subject to statistical fluctuations. As a result of these fluctuations, identical jons passing
thfoﬁgh the same distance inside the solid may have different energies as they léave from
the sample. The energy loss due to.this fluctuation is referred to as energy straggling.
Moreover, any uncertainty in the ion energy due to the straégling will affect the mass and

depth resolution in RBS.

Quantitative analysis with RBS

Scattering Yield

In géneral,,ﬂle ion scattering yield (Y) from a single-element target is given

by 19

Yy = oN:t L o - | 2.9)

dQ

where

Q is the number of incident ions at the target,
N is the volume density of the target atoms,

 is the thickness of the sample,

o ——— T
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do/dQQ is the differential scattering cross section, and
Q is the solid angle subtended by the detector.
For the example illustrated in Figure 2.1, the ion scattering yield in the surface region is

equal to the height (H,) of the spectrum, and is given by®™

2 0E) g 3 (2.10)
° a0 €]

where OF is the energy loss associated with thickness t of the sample, and is typically the
energy width of a single channel in the spectrum. The other parameters are the same as

before.

Channeling and Shadowing'

When the ion beam is well aligned witﬁ a low-index ;:rystaﬂographic
direction of the single crystal, the jons channel through the crystal along the relatively
open areas between the rows of atoms®. Channeled ions do not make close-encounter
| collisions with the substrate target atoms. Hence the RBS yield is reduc‘ed at all depths
as seen in Figure 2.2, where the aiighed spectrum and the random-direction épectrurﬁ
from an Al(110) crystal are shown. Roughly 95% of the incident iqns are channéled
through the crystal. Furthermore, shadowing of the underlying atoms by the surfaée
atoms as shown in Figure 2.3 will reduce the RBS yield. This .reciuced RBS yield is

referred to as aligned yield. Due to the limitations of depth resolution, the aligned yield
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will show a small surface peak (SP), spread over the first few channels of the spectrum2),
If the incident ion beam is not aligned with a low-index direction, the RBS yield will be
that for a random distribution of target atoms, i.e. the spectrum (Figure 2.2) will look like

the one we described in Figure 2.1. The vyield collected in the random direction is

referred to as the random yield.

AI(I1O) surface

U 600
lon = He+
Energy = 1.0 MeV
Scattering angle = 105°
O 200 Minimum Yield Ya

Backscattered ion energy (keV)

Figure 2.2 : Comparison between the channeling spectrum (closed circles) and the

random spectrum (open circles) for He+ ions backscattering from the AI(110)

surface.
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root-mean-square
A Amplitude

Shadow Cone
Beam Radius

Atomic Row

Detector

Shadow Cone
Surfiice Atoms

Figure 2.3 : Shadowing effect and the formation of the shadow cone in an ideal crystal.

While the surface peak is a measure of surface order, the minimum yield behind the
surface peak (Figure 2.2) is a measure of the bulk crystal perfection’82) Furthermore,
a measure of the channeling effect is the quantity Xxm where Xmin is defined as the ratio
of the aligned to random yield19 ie., Xnin= YAYR (see Figure 2.2). A smaller value of
Xmincorresponds to better channeling. This minimum yield, Xvin- can be calculated from

the relation®®
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Xan = N dm (2042 +a*) - (@2.a1)

where N is the atomic density, u, is the atomic one-dimensional vibrational amplitude, d
is the interatomic distance along the row, and a is the Thomas-Fermi screening radius.
Values of ¥, are typically between 0.01 and 0.04.

In a channeling experiment the ions which backscatter from the first atoms
in each row give rise to the surface peak observed in the energy distribution spectrurri of
backscattered iops (Figure 2.2), while the small-angle forward-scattered ions form a
"shadow cone" with radius R, which extends into the solid (see Figufe 2.3). For a

Coulomb potential the shadow cone radius is given by*

5 ZZ,e*d (2.12)

In Figure 2.2, the surface peak area (SPA) is a direct measure of how many surface atoms
are visible to the incident ion beam. For the channeling case, the scattering yield Y in
Equation 2.9 will be the surface peak area. Thus, if we know the SPA, Q, Q and the
scattering cross section, then by using Equation 2.'9 we can calculate the product N¢, the
number of atoms per unit area visible to the beam.

For a _.static modei of an ideally terminated bulk lattice, subsequent atoms
along the row and within the shadow cone do not lead to backscattered ions. However,

at room temperature atoms vibrate with the two-dimensional root-mean-square
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displacement, p, and relative to their equilibrium positions (ideal lattice positions). If
_ these thermal displacements (p) are comparable to the shadow-cone radius (R.), then
subsequent atoms along the row may be found outside the shaddw cone. Hence,
additional backécattering occurs, leading to an increase in the surface peak area. The
degree of backscattering from the underlying atoms for a given ion—targét combination
depends strongly on the relative maénitudes of R, and p*°. From Equation 2.12 we can
see that R, can be changed by chaﬁging the incident energy of the ions. Hence, with
medium energy (order of keV) ions we can have a very large R, which will cause the
incident ions to probe only the first two surface layers of the' crystal. This means that we
can achieve a considerable amount of surface sensitivity with this channeling technique
by choosing low energy ions'. Unfortunately,‘with the lhnitation of our aetection system,
we cannot téke advantage of this improved surface sensitivity ét medium energies.
However, with high energies (700-1000 keV He*), we can still achieve a reasonable
amount of surface sensitivity. In the cése of Al(110) and Al(100) with 1 MeV He ions,
six to ten layers in oné row will contribute to the surface peak area. Of course;, the main
contrﬂ;ution to the surface peak area will come from only the first few surface layers of

the crystal.

Surface structural information from channeling

For a crystalline substrate, the combination of RBS, channeling and

shadowing can provide much information about the structure of the crystal. In addition, -

o i e
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if we perform these experiments under UHV conditions, it is possible to explore the
surface properties of the crystal, such as surface reconstruction, surface relaxation, growth
of epitaxial overlayers on single crystal surfaces, and reacted overlayers on single crystal

surfaces. In the following sections we will briefly discuss these properties.

Surface reconstruction

Surface atoms are well known for their behavior which is different than

that for the atoms in the bulk. In some crystals the surface atoms rearrange themselves

to form a different structure than that for the bulk lattice. This phenomenon is called

surface reconstruction”. Due to this reconstruction, the atoms in the second layer, which
Wcre initially shadowed by the surface atoms, are now visible to the incident ions as seen
in Figure 2.4(5). .Consequcntly the surface peak area will increase from its ideal value.I
For example, the surface reconstruction 6f thc\Si(OOl) surface has been observgd by ion
channeling experiments®. Furthcrmoré, adsorption of a foreign species like hydrogen or
oxygen can also cause the surface to reconstruct and increase the surface péak area from

its value for the clean surface.

'y
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Figure 2.4 : Different uses of ion scattering spectroscopy, (a) bulk-terminated clean

surface, (b) reconstructed surface, (c) relaxed surface, (d) epitaxially-ordered

overlayer (e) reacted interface.
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Surface relaxation

In a number of crystals, the inter-layer separation between the surface layer

and the second layer differs from the bulk layer separation. This effect is called surface-

relaxation®. Sometimes, even second and third layers also show some relaxation. From
Figure 2.4(c) we can see that the ioﬁs directed normal to the surface would still give the
same surface peak area as for the unrelaxed clean surface since the surface atoms still
shadow the next ato;rls m the rows. However, if we direct the ions along an off;norrqal
direction as shown in Figure 2.4(c), the surface atoms no longer shadow the next atoms
in the row, and so the sﬁrface peak area will increase. This multi-layer relaxation has

been observed for the Ai(llO) surface?.

- Growth of epitaxial overlayers

With channeling techniques we can monitor the growth of overlayers on -

single-crystal surfaces?. If heavy adsorbate (deposited) atoms grow epitaxially on the

substrate surface as shown in Figure 2.4(d), ie., the adsorbate atoms are aligned with the

substrate lattice rows, then these adsorbate atoms will shadow the rows of the substrate
) .

atoms. So the yield from the substrate will decrease from its clean value as seen in

Figure 2.4(d). One example of an epitaxial system is Ti on AL.




21

Interfacial Reaction

As in epitaxial growth, we can also monitor the progress of reaction
between the overlayer (heavy) atoms and the substrate atoms with ion channeling'. In
this case, due to the interfacial reaction, aasorbate atoms will displace the surface atoms
from their original position. Henc'e,'these displaced atoms wiil unshadow the underlying
atoms in a row as seen in Fi;gure 2.4(e) and so the yield for the substrate will increase
from its value fo.r the clean sﬁrfacé as the reaction process continues. In thls thesis work,
we have used this technique to monitor the interfacial reactjon for the Ni atoms on

Al(110) and A1(100) surfaces as well aé for Pd atoms on Al(100).

X-ray Photoelectron Spectréscopv (XPS) -

X-ray photoelectron spectroscopy (XPS) is one Of. the most powerful and
commonly used surface science techpiques”'zs, In this téchnique, the sample under
- investigation is ‘excited using x-rays with photon energy hv (radiation of Al K,) as
indi?ated in Figure 2.5. The electrons are released from their bound states with energies
E; (with respect to vacuum level) by this radiation, and the kinetic energies of the emifted
electrons ( usually called photoelectrons) relative to the Fermi level are given by the

following Equation :.

T1T W
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E. = hv - E

kin B

(2.13)

If the photoelectrons have sufficient kinetic energy they can escape from the surface -

ovcrcéming the sample work function ¢ (see Figure 2.5). The kinetic energy relative to

the vacuum level is given by Em—eq)”, or

E, = hv - E, - e¢ (2.14)
where Ej is now referred to the Fermi level.
A typical XPS spectrum taken_ over a wide range of energy is shown in Figure 2.6.
From the energetic positions, intensities, and in certain cases, the shapes
of the various peaks, we can extract valuable information about the éample.
Conventionally, the origin of the energy scale is taken at the Fermi Jevel EF of the solid
(for metals), and the energetic separation of the different peaks is denoted by their binding
~ energies E;. For metal surfaces, the Fermi level can be easily located, since it is mar.ked
bsr the onset of electron emission at the higher kinetic energy or zero binding energy
position in the binding energy scale as seen in the insert of Figure 2.6. As can be seen
from Figure 2.6, the characteristic peaks of the XPS spectrum are superﬁposed on a

background of secondary eléctrons which have undergone inelastic scattering and energy

loss on their outward path in the sample®.
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Figure 2.5 : Schematic of the energy level diagram involved in x-ray photoelectron

spectroscopy (XPS).
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‘Surface analysis with XPS

Element identification

One of the most remarkable applications of XPS is in the accurate
measuré,'ment of core-level binding' enepgies using Equation 2.14”, From the XPS
spectrum shown in Figure 2.6, we are able to identify the elements present in the surface
region of the sample. Because the binding energiés of 'each element are well defined
and have unique values, the peak identification of the elements in XPS .spectr;a is
straightforward. Furthermore, the spin-orbit coupling which is predominant in initial-state
structure, causes a characteristic splifting of the photoelectron peaks®. This spin-ofbit
splitting can be seen in Figure 2.7, where an XPS spectrum for thc Ni 2p core-level is
shown. Final-state structure may arise through direct interaction of the p_hotoélectron with
other bound electrons, resulting in a discrete energy loss, and appearing as a small peak
at the higher-binding-energy side as seen in Figure 2.7. These peaks, called satellites, are
associated with specific core-levels. Later, we will discuss in detail the origin of these

satellite peaks for Ni.

Chemical shifts

Variations in chemical environment of the atoms in some materials will

significantly affect the binding energies of their core-level electrons, and cause a
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Figure 2.6 : XPS spectrum from a Ti alloy. For clarity, the region near the fermi level

is shown in the insert.

detectable shift (ranging from 0.1 up to 10 eV) in the measured photoelectron energiesA
This shift is called a chemical shift. These chemical shifts can be used to identify the
chemical state of the atoms in the solid, such as various states of oxidation, different

phases of alloys, and chemisorption states.
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Figure 2.7 : XPS spectrum for a 12 ML Ni film deposited on the Al(11O) surface. Spin-

orbit splitting and the satellite peak are also shown in the figure.

Intensities and morphology

The intensities of the characteristic photoelectron peaks can be used to
monitor the morphology of the overlayers deposited on solid surfaces. A photoelectron

which originates at a certain depth below the surface will lose energy through inelastic
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scattering events involving other electrons. Due to this energy loss, these electrons do
not contribute to the characteristic photoelectron peak. Hence,' the photoelectron intensity
will decay exponentially as it passes through the medium. The probability of an inelastic
scattering event depends primarily on the electron kinetic energy, and to a lesser extent
on the material through which it is moving. The inteqsity of photoélectrons unscattered

after traveling through a material of thickness x is given by the following Equation®*?®:

I(x) = I exp a ] (2.15)

{K(Ek).cose

where I, is the original photoelectron intensity, 0 is the angle of emission with respect to
the surface normal, and A is the inelastic mean free path of the electrons. The intensity

of a particular photopeak is usually taken as the area under that peak. But, as we can see

from Figures 2.6 and 2.7, there is an uncertainty associated with calculating the area

under the curve because of the spectral background. So, in order to calculate the XPS

intensities, we first have to subtract the background under the peak. There are different
forms by which background can be remove'd.from the original XPS spectrum. If we
know the line shape of the XPS peak, then substraction of the background by smooth
cufve-fitting is straightforward. In Appendix I, the curve-fitting routines used for
background subtraction, and the different line shapes of the XPS peaks in this thesis work

are discussed in detail.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES AND PROCEDURES
Introduction

The experiments were performeci in an ultrahigh vacuum (UHV) chamber
which is equipped with facilities for HEIS, XPS, Ar-ion sputtering, residual gas analysis,
and thin film depositions as shown in Figure 3.1 a_nd Figure 3.27, 'fhe 2 MV Van de
Graaff accelerator is connected to this chamber via a differentially pumped beam line
which is also shown in Figure 3.2 and Figure 3.3*. We will discuss each of the above

mentioned facilities in detail.

Ultrahigh Vacuum and (UHV) Chamber

Ultrahigh vacuum

There are two main reasons why ultraliigh vacuum (UHV) environments
are necessary in the surface analysis. In the first place, electrons or ions emitted from the

sample should meet as few gas hlolecules as possible on their way to the analyzer so that
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they are not scattered and thereby lost from the analysis. In other words, their mean free

paths should be much greater than the dimensions of the spectrometer. Since the mean

Figure 3.1 : Schematic diagram of the side view of the UHV chamber.

free path of electrons and ions in the air is very small, it is necessary to lower the vacuum
of the analysis chamber in order to increase the mean free path. The second reason is to

minimize the contamination of the sample. Under normal highvacuum conditions (order
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of 106 Torr) a clean surface would become rapidly covered with contaminants from the
residual gas atmosphere. According to the Kkinetic theory of gases, the arrival rate of
nitrogen molecules at room temperature and at a pressure of 10'6 Torr would be 3 x 104
molecules cm'"2s'L So assuming unit sticking probability and the fact that each monolayer
in metals has about 105 atoms cm"2, it would take approximately 3 seconds to form a

monolayer of nitrogen on

Figure 3.2 : Schematic diagram of the top view of the UHV chamber.

the metal surfaceZ8 However, at pressures below 10"0Torr it would take several hours.
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For these reasons the ultrahigh vacuum is essential for surface work.

Ultrahish vacuum chamber

Figures 3.1 and 3.2 are schematic drawings of the side view and the top

view of the UHV chamber, respectively. The UHV chamber is fabricated from stainless

steel and the inside of it is lined with mu metal to provide magnetic shielding.

All the view ports on the chamber are pointing towards the sample as shown in Figure

3.2. A pressure in the low IO®& orr (UHV) range is usually attained by using a Blazers

Co~NOUTRWNE
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Figure 3.3 : Schematic drawing of the Van de Graaff accelerator, beam line setup, and

the UHV chamber.
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TPU110 turbo-molecular pump (11), Varian ion getter pumps (8,9), ‘and the titanium
sublimation pump (7). The UHV pumps that are mentioned above cannot be operated at
atmospheric pressure, so that a roughing pump (12) with a foreline trap is connected to
the chamber through the turbo pump for the initial evacuation of the chamber. An initial
pressure of 10° Torr is atta‘ined using the furbo and ion pumps. Total pressure
measurement in the chamber is ma_ldé with the aid of an ionization gauge (29). A Dycor
Electronics M100M quadrupole residual gas analyzer (RGA) (20) is mounted to monitor
the composition of the gas present in the UHV chamber. The RGA can also be used for
finding the leaks in our vacuum system using helium as a trace gas. The entire vacuum
chamber and the beam line are normally baked at 150°C for one to two days to remove
water vapors, oil vapors and promote outgasing of adsorbed species. During the bake out,
the sample (1), the ion detector (2), and the ion pump (8) temperatures are continuously
monitored in order to avoid any excessive heating. After the 'baking, a pressure of high
10" Torr is reached ir;side the chamber. Checking with the RGA we find that the main
conuiBution to the total pressure is due to the residual hydrogen. Best vacuum (low 101
Torr) is achieved with a Titanium sublimation pump (TSP) in which a freshly eyaporated‘
Ti surface develops high pumping rates of hydrogen in the lower pressure ranges. A
typical base préssure in the chamber during the experiments is around 1 x 107'° Torr.
Gases like argon, hydrogen, and oxygen are admitted to the vacuum chamber through
bakeable leak valves (24, 25) which allow controlled inlet rates into UHV, directly from
atmospheric pressure. These leak valvgs (24,25) and the gas bottles (27)1 are connected

to the chamber through a separate vacuum system which contains two sorption pumps
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(10) and a reservoir (26) as shown in Figure 3.2. The reservoir is evacuated by using the

sorption pumps prior to filling with the appropriate gases.

High-energy Ion Scattering

Van de Graaff Accelerator

Figure 3.3 shows a line drawing of the Van de Graaff accelerator(32), UHV
beam line(17) and the UHV chamber(41)*’. The high-energy ions which we used in these
experiments are extracted from the Van de Graaff accelerator. The high voltage at the
accelerator terminal is accomplished by means of a moving insulating belt that transports
charge between ground potential and the terminal. An RF ion source is used to generate
the He ions in a discharge tube. These ions are then accelerated down with an insulating
column which is majntained at a pressure of 10° Torr with the help of a diffusion
pump(33). To provide high-voltage insulation, the column and the high-voltage term.iﬁaln
are enclosed in a tank which is pressurized by CO, and N,. The discharge current
(corona current) between the high-voltage terminal and a series of sharp points (corona
pointsj is monitored and used to stabilize the terminal voltage. Typiéal ion energies that

we can get from this accelerator range from 700 kV to 1.8 MV.
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Ion beam energies

Since the “He™* ion beam from an ion source is often accompanied by some
impurities, these impurity ions are also accelerated through the column. The He ions (or
whatever ions we need) are separated from the impurities by usiné the bending
magnet(35) to steer ions with the coﬁcct e/m ratio into the beam lihc. In addition, this
bending magnet is also used to steer the ion beam into the appropriate beam lines(17,38,
and 39). In order to preserve the UHV vacuum conditions in thé analyzing chamber
while we are running the accelerator, the beam ﬁne is differentially pumped using one ion
pump(9) and two 1 mm diameter apertures(6), as shown in Figure 3.3. These apertures
also serve as the collimators of the ion beam, since a well collimated ion beam is
necessary in the ion channeling experiments”. Furthermore, the fluctuation in the energy
(terminal voltage) can be corrected by the energy stabilizer feed back unit. After the ion
beam is bent by the magnet(35), the ién beam current is monitored by two slit jaws(36),
a high-energy and low-energy jaw, in the beam line. A change in the ion kinetic energy
causes the ion beam to move left or right in the beam pipe. This movement of the beam
will increase the curreﬂt on one of the two slit jaws, depending on the direction of the
movement. Then, this increase in the current is used to control the terminal yoltagc

“through the corona currents. The desired energy of the ions i§ usuglly selected from the
accelerator control unit. Usually, these energies are calibrated by using nuclear reaction
methods such as 2’ Al(p,y)*Si and “F(p,0)'°0, since these reactions occur at well known

beam energies'®. These calibrations are only used as a guideline to get the desired beam
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energy. However, the exact beam energy is found using the surface peak position and

the random energy position of the known sample.

Ion beam detection

The backscattered ibns are energy analyzed and counted using the
passivated, implanted, planar silicon (PIPS) detectors(2) which are capable of detecting
ioﬁs of all energies simultaneously. The principle behind this detector is that the
energetic ions enter a semiconductor (Si in this case) and create electron-hole pairs over
a certain length (typically 5 pm for 1 MeV ions)”. If e is the energy for creating an
electron-hole pair and if fhe particle energy is E, then the number of carriers created in
this process is equal to 2E/e. These created carriers are then collected by a biased
(usually with 50 Volts) gold electrode on the semiconductor surface to give an output
pulse, where the stréngth of the pulse is proportional to the energ}; of the incident. ion.
The number of pulses at this strength gives the number of ions at that energy. Hence, the
strength of the pulse and the number of carriers created with this strength will define the
energy spectrum. The detector(2) is mounted 3" from the sample, and can be positioned
at a desired scattering angle. In all of our channeling experiments the detector was
positioned so as to give a scattering angle of 105°. The angular spread of the beam at the
detector is reduced by mounting a small circular aperture of diameter 0.193" in front of

the detector. The area of the aperture and the distance from the sample to the detector

will define the solid angle subtended by the detector which is equal to 0.00306 steradian
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in our case.

Charge integration : Total number of incident ions

For all channeling calculations, we need to know precisely, the total

number of incident ions which are striking the surface during the data collection time

(Tp). Usually this is done by integrating the sample current over the time T,,. The total

number of incident ions (Q) on the sample, for one spectrum, is then equal to the total
integrated charge divided by the charge of an ion. A typical value of Q used in these
experiments is equal to 3 micro-coulombs. However, in the above mentioned current
integration measurements care must be taken to suppress the secondary electrons from tl;e
sample which are induced by the incident ions, since these electrons will also contribute
to the total beam current®’. Because of their low kinetic energy (order of 100 eV), these
electrons can i)e suppressed by biasing the sample with a 165 Volt battery as shown in
Figure 3.4. Furthermore, when the sainple is biased with this battery, we observed a‘
small leakage current which is associated with the very large resistance (order of 10° MQ)
that occurs between the sample and ‘ground. Using a constant current source as shown

in Figure 3.4, we can compensate for this leakage current. A typical ion beam current

in these channeling experiments is about 1 x 10® A.
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Multichannel analyzer PHA and MCS modes

Data acquisition, storage and display is usually provided by a multichannel
analyzer (MCA). When the backscattered He ions penetrate the PIPS detector, they
produce individual charge-pulses whose amplitudes are proportional to the ion energies.
These current pulses are then convérted into voltage pulses by the pre;ampliﬁer and
registered in the multichannel analyzer as shown in Figure 3.4. The frequently used mode
of operation of the MCA is calle;d pulse-height-analysis (PHA). In this mode, the desired
backscattered ion spectrum is accumulated by measuring the voltage pulse height of each
signal and storing it at an appropriate channel number. That is, the x-axis of the screen
is proportional to the backscattered ion energy, and the y-axis is proportional to the

nummber of ions backscattered at that energy. The x-axis of the multichannel analyzer is

routinely calibrated by using a well calibrated pulser. This is done by cehtering the pulser

with a particular energy, e.g. 1 MeV, at a desired channel number, e.g. 1000. With these
settings each channel in the MCA will correspond to 1 keV, which is the value of 6F in
equation 2.10. The 5.3 MEV alpha () particles eﬁﬁned fr(;m a polbnium ?1%pg radiation
source, together with the PIPS detector and the MCA, are utilized to calibrate the pulse
| generator. The other mode of operation. for the MCA is the multi-cﬁannel-scaling mode.
In the MCS mode, individﬁal incoming pulses are counted for a predetermined time

interval and placed in a single channel. During subsequent time intervals counting is

transferred to the next channel. This mode of operation is used in the alignment of the

crystal for the channeling experiments. The XPS spectrum is also collected using the
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MCS mode.

Secondary electron
suppression circuit Sample

Figure 3.4 : Outline drawing of the multichannel analyzer - detector setup, secondary

electron suppression circuit, and the leakage current compensation circuit.

Goniometer and sample holder:

As discussed before, channeling experiments require crystals to be oriented
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with respect to the incident ion beam. In addition, we can miss the desired channeling
direction if our alignment is off by a fraction of a degree2 Therefore, in order to find
the channeling direction precisely and efficiently, we need to use a goniometer that has

precise movements. The sample under investigation is mounted onto this

a) | up b
Fixed Level
] Down
Rotation
Sample
c) Sample
Mo Block
Current Heating Filament Resistor

Figure 3.5 : Schematic drawing of the different motions of the goniometer (a) rotation,

tilt, up, and down, (b) spin and sideways- left and right, (c) sample holder.
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goniometer via the sample holder””. The goniometer is capable of moving the sample in
several different and independent ways as shown in Figure 3.5. The main function of the
goniometer is rotating the sample around the three orthogonal axes which are important
in defining the channeling direction, ie., rotation (R), tilt (T) and spin (S) about the
sample normal. Two other motions of the goniometer are moving the sample up or down
(Figure 3.5 a) and translating the s.amplc sideways right or l'eft (Figure 3.5 b) in.the
incident ion beam. |

The sample holder which we used to mount the sample is specially

designed for mounting the Al single crystals. The detailed description of this sample

holder design and drawings will be discussed in Appendix II. Briefly, the sample holder'
consists of a molybdenum block, one tungsten filament, and a platinum resistor. The Al
crystal is mqunted on the Mo block and the block itself is electricglly isolated from the
sample holder mount by thr;ee sapphire rods. In order to measure the sample temperature,
a calibrated Pt resistor ié located inside the Mo block. A W filament is used to hegt the
sample. A schematic diagram of the éample holder and the electrical connections is

shown in Figure 3.5 c.

X-ray Photoelectron Spectroscopy

The basic components of the x-ray photoelectron spectrometer are shown
schematically in Figure 3.6. These are an x-ray source (23 -in Figure 3.2), an electron

energy analyzer (5 -in Figure 3.1), an electron multiplier, and the sample manipulator.
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As we discussed earlier, the UHV condition is an important requirement to operaté the
X-ray source, electron analyzer, and the electron detectors. Briefly, we will discuss these

constituent parts of the XPS below.

X-ray source

Characteristic x-ray emission lines which originated from an anode

bombarded by high-energy electrons (10-15 KeV) are used to excite the photoelectrons™.
Our XPS instrument is fitted with a twin anode x-ray source (VSW TA10) incorporating
both aluminum (Al K, -1456.6 eV) and magnesium (Mg K -1253.6 eV) anodes. There
are two reasons to use twin anodes in XPS One is that with the magnesium line we caﬁ_
achieve a better resolution than with the aluminum line. The other reason is that in any
x-ray excited electron spectrum both photoelectron and Auger peaks appear, and
confusion may result’. The Auger electron energy is independent of the X-ray energy
whereas the photoelectron energy depends on the X-ray energy through- equation 2.13.
Hence, the Auger peak positions (binding energies) will shift by 233 eV (ie., the
difference be@een the Al and Mg binding energies) on switching from the Al radiation
to Mg radiation whereas the photoelectron peak positions remain unéhanged. Because
of the high power.involvec.l m this x-ray production, it is necessary to remove the heat
' 4 from the anode by water cooling. Furthermore, a small Al window is placed between the
sample and the anode to prevent stray electrons from reachihg the sample, to reduce the

heating effect and to avoid any possible contamination originating in the source region.
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Hemispherical Analyzer (HA)

The energy of the photoelectron emitted from the surface of the sample is
measured with a device called a hemispherical analyzer (VSW HAZ100). The basic idea
of operation in this analyzer is that the deflecting electrostatic fields disperse the electron
at different energies so that, for any given field, only those energies in a certain narrow

range are detected by the detector. The analyzer is shown schematically in Figure 3.6.

Figure 3.6 : Schematic diagram of the basic components of the x-ray photoelectron
spectrometer (XPS). The insert on the right side is the exploded view of the
entrance slit of the analyzer, whereas the insert on the left side is showing the

exploded view of the electron multiplier and the multiplication process.
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Two hemispherical surfaces of inner radius R, and outer radius R, are positioned
concentrically. A potential AV is applied between the surfaces so that the inner and outer
sphgres are maiﬁtained at positive and negative voltages respectively. R, is the median
equipotential surface between the hemispheres, and the entrance vand exit slits are both
centered on R,. If E is the kinetic energy of an electron travelling in an orbit of radius

R,, then the relationship between E and R, is given by

( R R, ,
eAV=E(—2 —_‘) (3.1)
R, R,
Inner and outer hemispheres voltages are given by
2R |
Virmer = Eo ( > - 1) (3.2)
. ) ,
and
2R,
Vouter = Eo ( 2 - 1) (3.3)
R,

respectively. In normal opération, the sample is maintained at ground pétential and the
whole analyzer floats isolated from ground. The scanning through the kinetic energy
range is performed by varying the potential on whjch the analyéer sits. As seen in Figure
3.6, a sophisticated lens system is used to transport the ejectea electrons into the HA

analyzer. This lens system also changes, or retards, the electron kinetic energy incident
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into the analyzer.
There are two retarding modes in which the HA can be operated. In one,
the electrons are decelerated by a constant factor k from their initial kinetic energies.

This mode is called Fixed Retarding Ratio (FRR) mode. The constant £ is given as®

r - K-¢ S (34)

where K is the kinetic energy , ¢ is the work function of the analyzer, and E, is the
analyzer pass energy. Duriné the whole kinetic energy scan, the area of sample analyzed
and the emission angle remain constant in the FRR 'mode. In the second mode, the
electrons are decelerated to a constant pass energy. Thus, the electrons entering the
analyzer have their energies retarded by changing proportions, depending on their kinetic
energies. This mode is called Fixed analyzer transmission (FAT) mode. During the
whole kinetic energy scan in this mode, the area of the sample and the emission angle do
vary with the kinetic energy. Clearly from the above definition of these ﬁ_mdes, the FRR
mode operates at constant re‘llative resolﬁtion (AE/E,) whereas the FAT mode operates in
a constant absolute resolution (AE), where AE is the full widtﬁ at half-maximum (FWHM)
of the photo peak and Eo. is the kinetic energy at the peak position. Furthermore, the

absolute energy resolution of the analyzer is approximately given by”

2
AE = E |- & .8 (3.5)
°|2r, " 4 '

where d is the width of the slit, R, is the mean radius of the hemispheres, and the o is
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the half angle of electrons entering the analyzer at the entrance slit (see Figure 3.6).

Electron multipliers:

An electron multiplier Qf the channeltron type is employed for detection
of the énergy-selected electrons as 'shown in Figure 3.6. The channeltron is a small,
curved glass tube, the inside wail of which is coated with high-resistance material®.
High-voltage is applied between the ends of the tube. An electron entering the low-
pbtential end of the multiplier collides with the inside wall of the tube and generates
secondary electrons. These electrons are further accelerated along the tube until they
collide with the wall again and produce more sec’ondary electrons (see insert of Figure
3.6). This cascade process continues to produce large numbers of secondary electrons
until all the electrons reach the high voltage (or positive) end of the tube. Thus, the
channeltron responds to an input of one electron by producing an output pulse. This
pulse may last around 10 nanoseconds and contain up to about 10® electrons. These
pulses are then further amplified by a pre-amplifier and transmitted to the multichannel
analyzer. The MCS mode is used to record the output signal by collecting the total

number of counts of the electron pulses in a pre-determined time interval.
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Sample Preparation

Orientation of the surface

For our channeling experiments it is necessary to have a single crystal.

The Al single crystals used in this thesis work were cut and oriented to within 0.5° of the

(HO) and (100) surfaces using the

Figure 3.7 The Laue x-ray diffraction pattern from AI(I10) single crystal surface

Laue x-ray diffraction method3) The as-received, roughly oriented, Al crystal is mounted

onto the polishing sample holder and polished mechanically with 400 grit size coated
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abrasive sheets until the desired orientation is achieved. The orientation is checked with
the Laue x-ray diffraction pattemns in the following manner. When the crystal is properly
oriented then the axis of symmetry of the Laue spots taken from the polished crystal will

coincide with the reference cross of the camera. If the spots do not coincide with the

cross, then the angle of the polishing sample holder is changed slightly and polishing is

continued until the spots and the cross coincide. After this, the other side of the crystal
is polished and oriented in a similar manner. The Laue spots from the well oriented

AI(110) crystal surface and the reference cross from the camera are shown in Figure 3.7.

"~ Fine Polishing

After the crystal surface is oriented in the desired surface plane, the
sample surface is further polished to obtain a smooth, shiny surface. For this fine
polishing, Buehler alpha micropolish alumina particles of different sizes are used in tﬁe
following order: 5, 1, 0.3, and 0.05 microns. The crystal is then i)olished with a syton
(syton colloidal suspension of silicon polish) solution to get a mirror like finish. Then,
the crystal is thoroughly cleaned with acetone, methanol, and deionized water
respectively. The mechanical damage of the crystal due to the abrasive polishing is
removed by chemical etching of the crystal in a solution for- 15 to 30 seconds. The

solution used for this chemical etching is composed of 95 ml of deionized water, 1.5 ml

of hydrochloric acid (HCI), 1.5 ml of hydrofluoric acid (HF), and 2.5 ml of nitric acid

(HNO;,) respectively.
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Cleaning in Vacuum : Sputtering and Annealing

In order to perform surface studies, we should start with a very clean
surface of the sample under investigation, in our case an Al single crystal. Since
aluminum is very reactive with oxygen, it forms a very thick Al,0, oxide layer on top
of the Al crystal surface. In addi'tion to this oxide layer, other contaminants such as
carbon, or sulfur may also be present on the surface due to the polishing and cleaning.

Thus, to remove these contaminants, the Al crystal is cleaned in situ using Ar* ion

sputtering. " A 5 keV sputter gun (4) with a raster control unit is used for this purpose.

High purity argdn gas is slowly admitted into the ioniiation chamber (4) through a leak

valve (25), where these Ar gas molecules are ionized by electron impact. Purity of the
Ar gas going into the chamber is further checked with the RGA. The extracted Ar ions
are then accelerated into a focussing system via deflection plates to the sample surface
by a high voltage. During the sputtering, the chamber pressure is maintained around 10°®
_’forr.

Ihitially, the Al surface is sputtered with 1000 eV Ar ions for two to three
hours at room temperature. The Ar ion beam is rastered across the sample in ordé'r to
cover the whole surface. A typical beam current during .the sputteriﬁg is around 1 micro
amperes. After that, the sample teniperature is raised to 100°C, and the surface is further
sputtered for another two to thre'e hours. This step is necessary, since at elevated
temperatures, the impurities from the bulk can diffuse into the surface, so that they can

be sputtered away by the Ar ‘ions.- Funhenﬂore, ion sputtering damages the crystal
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surface in the surface region. Thus, it is essential to anneal the crystal in order to
recrystallize the surface. For this purpose, the sputtered Al crystal surface is annealed for
15 to 25 minutes at 450°C. |

The cleanliness of the surface is checked by XPS and HEIS spectra in the
following way: The Al 2p XPS core level region from the as-received Al (110) crystal
exhibits two different peaks scparatéd by 2.05 ¢V as shown in Figurc 3.8 a. The peak
at a lower binding energy is due to tilc Al photoelectrons originating from the aluminum
metal whereas the higher binding energy peak is due to the Al photoelectrons from the
aluminum oxide (ALO;) layer. This is a classic emele of the chemical shift that can
be observed using XPS. The sputtering cycle, ie. sputtering and annealing, is continued
until the chemically shifted Al linc_ is completely removed from the XPS speétrum as
shown in Figure 3.8 b. Moreover, we also monitored the oxygen 1s and carbon 1s XPS
peaks during the sputtering-annealing cyble\s. Unfortunately we cannot use these peaks
to check the cleanness of the Al crystal, since the HA analyzer is also sampling part of
the Mo sample holder. But, we can still use these peaks to monitor the initial evolution
of the sputtering-'axlmcaling process. In addition, we monitor the Al surface peak from the
HEIS experiment in between the sputtering cycles. If the sample is clean the measured
surface peak area of Al, ie. number of Al atoms/cm’ visible to the incident jon beam,
should agree with the calculated surface peak area of Al which is}:s’i;nulated using Monte
Carlo simulations of the ion scattering experiment’’. Details of these simulations and the

code (VEGAS) that is used to calculate the surface peak area are discussed in Chapter 4

and Appendix III. For the clean Al(110) crystal, ie. after the aluminum oxide component
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is removed from the XPS spectrum by several sputtering cycles, a surface peak area of

12.8 ML is observed which agrees well with the simulated surface peak area of 13.0 ML.

)

Aa-reoehred AI(100) curfaoa

£ 700

75
Binding Energy (eV)

b)

Qun AI(00) surface

2 700
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Binding Energy (eV)

Figure 3.8 : Al 2p XPS spectrum for (a) the as-received (dirty) Al(11O) surface and (b)
the sputter-cleaned, annealed AI(I1O) surface. The arrows in the figure

indicate the binding energy positions of the Al203and the Al photopeaks.

Furthermore, as we discussed in Chapter 2, the quality of the single crystal is related to
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the fractional amount of dechanneling, ¥%,,.... The calculated value of ¥,,,, for Al(110), is
0.025, usiﬁg equation 2.11 in Chapter 2 together with a Thomas-Fermi screening radius

of 0.159 A, Al crystal lattice constant of 4.05 A, inter-atomic distance of 2.864 A, and the
| one-dimensional root-mean-square vibrational amplitude of 0.105 A, whereas the measu.red

value of .., is equal to 0.026. This measurement confirms that the quality of our Al

crystal is good even after extensive polishing and sputtering.

Thin film deposition

The Ni and Pd films are evaporated onto the A1(110) and Al1(100) surfaces
using a wire evaporation source. The source consisted of a twisted, double strand of high

purity, 0.25 mm diameter, Ni or Pd wire, and a stable DC current supply. These wires

are initially outgased for several hours in UHV. A stable DC current of 4 Amps is passed -

through the wire to deposit Ni whereas a current of 5 Amps is used to evaporate Pd. The
typical deposition rate of these materials at room temperature was around 0.4 x 10"
atoms/cm?/min. The actual coverage of Ni and Pd is determined by using the Ni and Pd
surface peak area and equation 2.10. As we discussed in Chapter 2, if Ni or Pd forms

ordered overlayers on top of the Al surface, then there should be a Ni-Ni or Pd-Pd

shadowing effect present in the film. Because of this shadowing effect we will

underestimate the actual coverage of Ni or Pd at normal incidence, where most of our

channeling experiments are performed. Therefore, a random orientation (off normal)
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HEIS spectrum is taken occasionally to check for this Ni or Pd shadowing effect. The
actual coverage of Ni and Pd is always measured in this random orientation. During the
evaporation the chambe.r pressure increased slightly. Analysis of the residual gas showed
that this pressure increase is primarily associated with residual hydrogen. The calibrated
Pt resistor inside the sample holder registered no significant rise in‘sample temperature

during these evaporations.

Locating the channeling directions

.Aligning the incident ion beam along the low index crysta]lograp'hic

" direction ( <110>, <100>, <111$ ) of the single crystal is the first and the most important
step in our channeling experiments. As we discussed in Chapter 2, when the ion beam
is well aligned along the desired crysta]légraph_ic directioﬁ, the backscattered ion yield
from the sample \.Nﬂl be low compared to the scattéring yield for the random direction.
In particular, the background yield just behind the surface beak (see Figure 2.2) is at a
minimum value when the ion beam is well aligned. We use this behavior to align the
ion beam®™. From our polishing procedure and the Laue x-ray diffraction pattern, we
roughly know the orientation of the crystal. The crystal is then mounted onto the sample
holder in a particular orientation. First, we used a laser beam reflected from the crystal
through the view ports to get an approximate correlation between the crystal orientation
and the rotation (R) and tilt (T) dial seﬁings (see Figure 3.5) of the goniometer, since we

know the angles between the view ports. Initially, when the sample is held approximately
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normal to the ion beam, a small region of interest (ROI) is defined just behind the surface
peak in the backscattering spectrum. While the ion beam current is maintained at a
constant value, the sample is rotated back and forth about the normal (+ 5°), and the
counts from the ROI in the MCS mode of the multi channel analyzer is monitored during
this process. The monitored count rate will go through a minimum during the rotation
of the sample. At this minimum x"alue the ion béam is néarly aligned normal to the
crystal surface. The sample is held at this minimum value position and tilted back and
forth (£ 3°) until the count rate in the ROI passes through another minimum. In principle,
the ion beam éhould be well aligned normal to the surface at these settings of rotation and
tilt. However, since a very small coupling between the rotational motiqn and the tilt

motion exists in the goniometer, it is necessary to repeat these procedures several times

until the absolute minimum in the count rate in both motions is achieved. At this point

axial or normal channeling is established. Most of our experiments are done in this
normal channeling direction. Sometimes it is necessary to do channeling experiments in
~ some other direction. To'find' these other channeling directions the crystal is rotated to
bring the desired direction into épproximate alignment wi£h the ion beam. The rocking

procedure discussed above is then repeated for this new channeling direction.




.54
CHAPTER 4

MONTE CARLO SIMULATIONS AND EMBEDDED ATOM METHOD POTENTIALS
Introduction
There fs considerable interest in understanding the rcactio?ms between

transition metals and aluminum because of the potential for using the aluminides as

metallization layers on semiconductors®, and as structural materials’. As we discussed in

chapter two, high-energy ion scattering (HEIS) is an effective tool for probing the

structure of Al-transition-metal interfaces. In chapter 5, we discuss how HEIS and x;ray )

photoelectron spectroscopy (XPS) were used to investigate the early stages of aluminide
formation at the Ni-Al int;arface. Computer SHnMations of crystal surfaces and interfaces,
empioying Monte Carlo (MC) methods, have been used to further understand these
experimental results®®. Realistic Hamiltonians éan be used in thesc; simulations to study
surfaces, interfaces, gind, especially interfacial reactions. In this chapte;: we will build the
framework for the atdmiStic simulations used to charaéterize the Ni-Al interface reaction,
coupled with an experimental check on the accuracy of the simulation.s. We usec.i‘

interatomic potentials based on the embedded atom method (EAM)" in a Monte Carlo

scheme to generate snapshots of the atomic coordinates at the interface. Since the EAM

has been shown to accurately reproduce portions of the Ni-Al bulk phase diagram®,

various. relaxations and reconstruction on metal surfaces®, and composition profiles for
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alloys exhibiting surface segregation®, it is reasonable to investigate the reliability of the
simulations, i.e., their agreement with the experimental results. The comparisons will at
least provide an important test case for the utility of particular EAM potentials, as well
as valuable input for further development of the EAM approach to simulate the proberties
of metal surfacgs and interfaces.

In this chapter, ion ;scattering yields and XPS intensities are calculated
using MC snapshots, and compared with measured ion-scattering yields and XPS
intensities for the reacted interface. In this approach, C(.)rrelations of the atomic
vibrations, non-Gaussian -displacement distributions, disorder in the surface region and
intermixing of atoms are taken into account in a natural way, as they are completely
determined by the EAM poténtials. In the first application of this formalism the
effective-medium theory®® was usea to.describe the interactions between the Al atoms in
a study of surface melting®. Mediﬁm—energy ion scattering yields (100 keV H') were
calculated using snapshots of the dis‘ordergd surface, and compared with the measured
yields. .Thc present study in this thesis work extends this effort in three important ways:
(1) use of 'EAM potentials; (2) application to a bimetallic, reactive interface; and, (3)
extension to higher ion energies (1 MeV He'). In this chapter we will discuss the
simulation procedure to model the reacted interface in detail, and briefly mention how to
calculate the high-energy ion séattering yiclds and XPS intensities from theée simulated
.surfaces. The outcome of these simulations will be discusséd together with the

cxperiméntal results in Chapter 5.
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Energy of the crystal at this position is calculated

Each atom is randomly moved
one at a time into a new

chance being accepted

decreased then with condition. ...

the move is

accepted

AE <O where... R is a random

number between Oand

Figure 4.1  Schematic flow diagram of Metropolis scheme in MC simulations.

lon Scattering simulation

In this section we briefly describe the formalism for the calculation of ion

scattering yields from simulated crystal structures. Consider an ion beam incident on a

specific configuration Xj of a canonical ensemble, which contains N atoms with the
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coordinate of each atom i being given by x;. The total normalized scattering yield from

this particular system is given by the scattering probability per atom Y(e) summed over

all the atoms in the ensemble. Y{e) is defined as the average normalized probability for -

ions incident along direction e to reflect from atom i and to be detected in a random
direction®®. Let us further consider, using the Metropolis scheme® for MC simulation,
that M different combinations of the ‘crystal, called "snapshots" have been created. In the
simulations, the Metropolis technique leads to a configuration of atoms tha;t result; ina
minimum energy. The detailed flow diagram of the Metropolis scheme is shown in

Figure 4.1. Tﬁe scattering probability of atom i is then given by

M 1

M
Y,= 53 F (e,X) (4.1)

where F, is the normalized flux of impinging ions at posifion x;. Hence, the problem of
calculatir}g Y, is now reduced to calculating the flux FfeX;) for each snapshot
representing a different cohfigﬁration of the .crystal. Calculation of flux F; can be done
by trackiné a finite nﬁmber of ions, L, through the particular snapshot, with each ion

impinging at a different position x, at the surface®. Interactions between the ions and

atoms in the crystal are approximated by a Moliere potential®® of the form

' ZZ e? - -
Vi) = 22°% [ 0l exp(Z87) + 035 exp (2937
r a

)
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-12r ) ] (4.2)

+ 0.55exp (

where a is given by

a = 0.8853 : ° (4.3)
[ Z'T + Z'I ]'3'

and a, is equal t‘o 0.528 A. Deflection of the jon trajectories by the atoms in the crystal
is calculated from this potential. In feality, we cannot assume that the position of atom
i is precisely defined by x, Instead, atom i may be found within some small volqme
around x;. In order to simulate this situation, we consider a small volume around the

instantaneous position x; of atom i, with the normalized Gaussian distribution®,

2
) - 1 . [ rx | 4
G(r, X) = —5 %P (- ——) 4.4)

where § is smaller than the root—méan—square vibration amplitude of the atoms. The
influence of & in these calculations will be discussed later. The flux F; is averaged ovér
this distribution function G(r,X;).. This approach is valid if we choose 0 to be very small.
Let @ be the flux of incoming ions in a plane perpendfcular to e. Integrating G(r.X;)
along the k™ ion trajectory, we obtain a closed form for the scattering yield of atom i:

M L .
Y, =Lim LY 1Y o ew(-20) ] A (4.5)

28

where & = Efe, x,, X)) is the impact parameter of the £ ion with respect to the position

x; of atom i. Detailed derivations of Equations 4.1-4.5 can be found in the Ref 32. The
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complete code for calculating the ion scattering yield is called "Vegas"3L2

Figure 4.2  The functions comprising the EAM potentials of Ni, Al, and Ni-Al:
(a)fimction p and (b) function (= The solid line represents Ni while the small

dashed line and large dash-dash line represent Al and Ni-Al respectively.
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Embedded-Atom Method and potentials

From the previous section, using MC simulations and the Metropolis

scheme, we created M different configuration of the crystal where each configuration has -

the probability

exp [—%X.).]

(4.6)
fexp[-.l%).] X

to be generated. H(X) is the Hamiltonian of the N-atom system. Since the incoming ions
move much faster.than the atoms in the system, the ions see instantaneous snépshots of
the crystal. Thus, the kinetic energy contribution to the total energy can be omitted from
H(X), and H(X) just represents the potential energy E(X) of the system. Therefore, in
order to generate these sﬁapshots, we need to know the energy E(X) of the crystal at these
specific configurations. - The energy E(X) of the crystal is calculated by using the
embedded atom method (EAM) potentials'®. In this EAM approacﬁ, the energy of the

crystal (pure element or alloys) is viewed as the energy needed to embed an atom into

the local electron density provided by the remaining atoms of the system. In addition,

there is an electrostatic interaction (pairwise potential) between the atoms. Hence, the

energy of an n-particle homo-nuclear system is given by'®

E=1Y00) + Y FG) | @.7)
i '
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where 1;; is the distance between atoms i and j, ¢ is a pairwise interaction potential, F is
the embedding function, and p, is the density at the location of atom i due to all its
neighbors,

p; = E p(ry) : (4.8)

J(#i)

The density function p(r) is given as -

p(r) = ré[e® +2° e?¥] - 4.9)

where P is an adjustable parameter in the fitting routine.

The pairwise potential is assumed to be a Morse potential® of the form

“o(r) = D, (1-exp[-a,,(r-R,)])* -D,, (4.10)

The three parameters D,,, Ry, and ¢4, define the depth, distance to the minimum, and a
measure of the curvature of the potential near its minimum, respectively.

To ensure that the interatomic potential and its first derivatives are

continuous, both ¢(r) and p(r) are forced to go smoothly to zero at the cutoff distance, r,,.

This r,, is also-used as a fitting parameter in the fitting routine. Thus, these fi\}e
parameters Dy, R, Oy, P and r,, which define ¢(r) and p(r), are optimized by
minimizing the root-mean-square deviation between the calculated and measured
properties of the pure material, such as the cohesive energy, lattice constant, elastic

constants, bulk modules, and vacancy formation energy'®.
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TABLE L Optimized EAM potential parameters for Ni, Al, and Ni-Al alloy™

Fitting Parameters Ni Al NiAl
D, (V) 1.5335 | 3.7760 3.0322
R, @& 22053 2.1176 " 2.0896
o, A 1.7728 1.4859 1.6277
. ~ A 4.7895 5.5500 5.4639
B Ay 3.6408 3.3232
g eV A% 6.5145 -0.2205
S 0.61723

The energy expression for a binary ailoy system (like Ni-Al), in this EAM

approach, is given by'®

Iz
l

1 1
T3 Eq)NiNi(rij) T3

I

ZFM'(_Ei) + ZFAI(-‘S:’). * %

E O a7

fardni

Z Gpa ()

'Al'jAl

';— E ¢N.‘Al(r,'j) 4.11)

‘.Nl'-lAl

with iy, i, indicating summation over Ni and Al atoms respectively. For the Ni-Al alloy,

the functions Gwpi> Paap Priv Pars Friy and F are all determined from the fits to the




63

properties of pure element. The cross potential term ¢y, can be obtained by fitting the
alloy properties which were derived from the above energy Equation (4.11), to the
experimental values. Of course ¢N1A is equal to ¢,y Furthermore, using two different

transformations'®,

p! () =S, pLr) (4.12 a)
F'(p) = F, (&) (4.12 b).
and
F',(P) = F,(p) + 8,p) (4.13 a)
O a4 (1) = 04,(r) = 28,p,(r) (4.13 b)

where A can be either Al or Ni, one can shbw that Equation (4.7) is invariant under these
transformations, while Eqdation (4.11) is not, because these transformations change the
alloy energy without affecting the pure elements energy. Moréover, only one parametef
(S,,) is required to scale the p, since the alloy energy is unaffected if both p,,;, and py
are scaled by the same amount. Thus, these seven parameters (D, Ry, Ousr Fourr Sniv Snis
and g,,) are used in the fitting proéedurc to improve the quality of the alloy potentials as

well as to calculate the cross potentials. Fitting parameters for Ni, Al, and Ni-Al alloys

are given in Table I. The functional form of the semi-empirically-fitted EAM poténtials.

. are shown in Figure 4.2 (a) and (b).
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Bulk simulation

We first penformed MC simulations for the Al fcc bulk-crystal at' room
temperature (300 °K) in order to optimize some simulation parameters for the surface
simulétion. A crystal consisting of a box of 256 free atoms was used for these
simulations. Periodic boundary con&itions were épplied in all three orthogonal dire.ction.s.
In the starting configuration, the lattice constant of 4.05 A was used. In this bulk
simulation, a scheme slightly different from Figure 4.1 was employed in order to speed
things up. That is, once in a while, after attempting to move the atoms one at a time
into a new position, the whole crystal was sim_ply enla.rged or shrunk by a given factor.
The new energy and difference (AE) in ene;gy were calculated and the sam‘e condition
as in Figure 4.1 was used to check wheth,er' or not the change in volume was accepted.
This volume change was done, so that if the crystal starts out in a configuration that was
too small 6r too large, it will quickly find the proiper sizc.

From this bulk simulation we obtained three valuable results. First, we wanted

to make sure that our simulation routine was working fine. In order to check this, we

evolved the crystal for 500 cycles and calculated the cohesive energy of the crystal

_(energy per atom). We define one "cycle" as one attempted move for each atom in the

Metropolis scheme. If the simulation code was working fine, then we should get the
same value for the cohesive energy of the. crystal as the experimental value, since this
energy was used to determine the EAM potentials initially. Simulated values of the

cohesive energies for Al and Ni crystals agreed very well with the experimental values
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A Bulk
T = 300°K

Maximum step size (A)

Figure 4.3  Acceptance ratio in the Al bulk simulation as a function of maximum step-

size.

(-4.45 eV for Ni and - 3.36 eV for Al)18 Secondly, the root-mean-square vibration
amplitudes are important if the simulations are to reproduce accurately the ion scattering
data because vibrations unshadow the atoms along the rows (see Chapter 2). From these
room temperature simulations we find that the simulated vibration amplitude of Al atoms
(0.10 A) is in excellent agreement with the experimentally obtained value (0.105 A)19.
A similar calculation for the Ni crystal also reveals the good agreement between the

experimental (0.065 A) and simulated (0.06 A) values. Finally, in MC simulations the
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acceptance ratio of the at.tempted moves is very important and it is always maintained
around 50% by adjusting the step-size of the atom displacements. The acceptance ratio
as a function of maximum step-size for Al atoms in the bulk crystal is shown in Figure
43. It cén be seen from the figure that the accep*ance ratio decreases with iﬁcreasing
step-size. This behavior is expected because at a higher step-size the atoms are moved
a larger distance from the previoﬁs configurétion and the resulting energy change is
larger, while for a smaller step-size, the atoms are moved only by a small distance and
hence, with a smaller change in energy, there is a good chance that these moves will be
accepted. We find that for the maximum step-size of 0.2 A, about 50 % of the attempted
moves aré accepted (see figure 4.3). Hence, in all our surface simulations, we have set

the maximum step-size to be equal to 0.2 A

Simulation of Al(110) surfaces

We next performed MC simulations for the clean Al(110) surface at room
temperature (300 °K). The crystal contained 48 layers of rectangular Al(110) planes, each
with 24 atoms (4 x 6). The bottom six layers were frozen at the bulk Al lattice positions

while the upper 42 layers were free to move. Periodic boundary conditions were applied

parallel to the surface. There were no constraints imposed in the direction normal to the

surface. In the starting configuration all the atoms were positioned at perfect fcc(110)
lattice sites with a lattice constant equal to 4.05 A. The crystal was initially evolved for

4500 cycies. The ratio of accepted-to-attempted moves was about 54%. Then, while
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Figure 4.4  Snapshots of simulated Al(110) surfaces for different coverages of Ni: (a)
Clean AI(I10). (b) 0.5 ML of Ni, (c) 2 ML of Ni, (d) 3.0 ML of Ni. The
positions of the atoms are projected onto the (001) plane. AI(Ni) atoms are

indicated by open (solid) circles. Only the top ten layers of the crystal are shown.
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evolving the crystal for an additional 500 cycles, we periodically stored the atomic

configuration of the atoms after every ten cycles, generating 50 snapshots.' A typical
snapshot of the clean Al(110) surface is shown in Figure 4.4 a, where the positions of the
atoms in the crystal are proje_cted onto the (001) plane. Ultimately, 50 snapshots are

.generated after every 5000 cycles to generate an average picture of the evolved crystal.

TABLE II. Comparison of the percentage changes in the interlayer spacing neér the

Al(110) surface

o Simulation LEED LEED
EAM J. N. Andersen®® J. R. Noonan®
d,, 9.2 8.6 % 0.8 85+ 1.0
d,s +4.3 +5.0 £ 1.1 4s5x1d
ds 1.2 1612 22413
ds +2.9 0113 416+ 16

These simulations correctly reproduced the m}lltilq,yer relaxation of the
Al(110) surfaces®®*. That 1s, the Al atoms at the surface have fewer neighbors than in
the bulk, and consequently move towards the bulk to resaturate their electron density.
However, the atoms in the second layer now see more electron density than the bulk
value. To correct t.his, the spacing between layer two and layer three increases. This

effect continues, resulting in oscillatory relaxations that persist into the Al(110) surface.

L
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Cleen AI(IIO) eurfeee

————— Ideel OTjetel

Inter—ayer number

Figure 45  Multilayer relaxation: Interlayer spacings in the clean Al(I1O) surface.

n-(n+l) represents the inter-layer distance between layer number n and n+1.

The oscillatory behavior of the multilayer relaxation of the Al(110) surface is shown in
Figure 4.5. Simulated interlayer spacings (percentage change) are also compared with the
experimental results in Table 1l. Clearly the simulated interlayer spacings are in good
agreement with the measured spacings. From this we conclude that the EAM describes
the AI(110) surface well at room temperature.

lon scattering simulations were then performed on these snapshots using
the method described earlier and in reference® A total of 200 ions per square Angstrom,

with | MeV energy, were directed at normal incidence on each snapshot. The influence
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of the parameter 8 (Equations 4.4 and 4.5) on the ion scattering simulation was
investigated on Al(110) snapshots by calculating the ion scattering yield as a function of
3. In Figure 4.6, we plot the number of Al(110) atoms visible to the incident ion beam
(scattering yield) for different values of 6. We can immediately see from the ﬁgpre that
there is a minimum yield at a value of §, around 0.03 A. The increase in the ion
scattering yield with increasing 8; after passing through the minimum value, was
attributed to the fact that with large & atoms can be found butside the shadow cone which
increases the ion yield. This observation suggests the value of & should be as small as
practical, at least smaller than the root-mean-square-vibration amplitude (0.105 A).
However, an increase in the ion yield with decreasing § (region one) was seen due to the
influence of & in the denominator of Equations 4.4 and 4.5. Throughout the simulations
we have used 3 equal to 0.05 A, since we did not want our ion scattering simulations to
be inﬂuencéd by the artificial enhancement at small J.

' To speed ui) the evolution process and té reduce computing time, we us'ed
tﬁe following procedure. As menti'éned before, the crystal which contained 42 free layers
of Al(110) planes was evolved for 5600 cycles. After this initial evolution, the number
of free layers in the crystal was reduced to 24 by freezing the bottom 24 layers, since any

changes happening at the surface should not be significantly affected by the atoms in

 these layers, as seen in Figures 4.4 b, ¢, and d. That is, Al atoms in these layers are still

occupying the Al(110) lattice sites. Then this "thin" crystal was evolved for another 4500
cycles. After this, the number of free layers in the crystal was increased to 42 layers and

the "thick" crjstal was further evolved for another 500 cycles during which time 50
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Figure 4.6  Calculated Al ion scattering yield as a function of 5 for | MeV He+ions

at normal incidence.

snapshots were created in a manner described earlier. This increase in the number of free
layers in the snapshots was necessary because the high-energy ions channel deep into the
crystal and give some contribution to the total ion scattering yield. With this "thin-thick"
crystal procedure the cpu time required for equilibration, as discussed later in this chapter,
was reduced dramatically. As a check, we also evolved the "thick™ crystal from the start
for the same number of cycles and performed the ion scattering simulation. We obtained

the same ion scattering yield as in the thin-thick crystal approach.
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Ideal AI(11O) crystal

Figure 4.7 Flow diagram showing how the clean Al(I10) surface is simulated using

the "thin-thick™ crystal approach discussed in the text.

The crystal was evolved for 5000 more cycles using the thin-thick
procedure, and another independent set of snapshots was generated. A total of 200

snapshots were generated in this manner for ion scattering simulation. A flow diagram
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of the simulation procedure for the Al(11O) surface is shown in Figure 4.7.

160 . .,
Qeen Al(1IO) surface
d
2 145 -
S 0
o]
I».0 -
M
136 0.6 1.0 1.6 2.0
Number of cycles Xo4

Figure 4.8  Calculated Al ion scattering yield for | MeV He+ions at normal incidence

versus number of MC cycles.

A stationary state in the evolution of the crystal was achieved after 5000
cycles in that neither the total energy nor the calculated ion scattering yield changed
significantly with additional cycles as shown in Figure 4.8 where calculated ion scattering
yield from the Al atoms is plotted as a function of the number of cycles. We refer to this
process as equilibration, although we do not claim that the crystal is in thermodynamic
equilibrium.

The calculated ion scattering yield from the snapshots of the Al(I1O)
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crystal, using 1 MeV He" ions at normal incidence, was about 15% higher than the
. experimental yield. Most of this difference can be attributed to an artifact of the MC
simulations. The simulated crystal (4 x 6 x 48) tends to wave back and forth in a
direction parallel to the surface. Although the amplitude of this shift is small, it is
sufficient to uncover étoms in the deeper layers, making them visible to the high energy
ions. This phenomenon is underst(;od and can be reduced by enlarging the simulated
crystal in the direction parallel to the surface. Since we calculated the ion scattering yield
_for each layér, as seen in Figure 4.9, contributions to the yield from deeper layers,
associated with the waving motion, can be distinguished from contributions to the yield
originating near the surface and associated with reaction and disorder.

~ In this work we reduced the waving contribution to the yield. from the
deeper layers by uniformly shifting those layers in the snapshot so as to restore the cenfer

of mass for each layer to its starting position. Since this correction is made only after

the snapshots have been generated, it has no effect on the future evolution of the crystal

"which continues to wave unrestricted. .The shift simply has the effect of restoring the
shadowing kﬁown to exist in a real .crystal along the rows of atoms. The uppermost
layers were shifted as a block in the direction required to restore the center of mass in
layer 10 since the visibility of these layers to the ion beam is not significantly altered by
the waving motion. After these corrections the calculated ion scattering yield for the
clean Al(110) surface (14.2 £ 0.6 ML) agreed with‘the- experimental value (12.9 + 0.7
ML) within the statistical and experimental errors. Nevertheless, we can imérove our

agreement between the experiment and the simulation by using a smaller value of d, say
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5=0.035 A, as seen in Figure 4.6.

Clean il(110) eurface
Alter 80000 OTries
I MeV He* lone

20 30
Layer number

Figure 4.9  Calculated Al ion scattering yield from each layer in the clean, shifted,

AI(I10) surface.

Simulation of Ni on AI(11O) surfaces

In our first overlayer simulation we distributed a monolayer of Ni atoms
uniformly on the AI(11O) surface, placing them at Al lattice sites above the surface layer
Al atoms. After 1500 cycles, we found negligible interdiffusion. Instead, the Ni atoms

simply settled down into the rectangular hollow sites, slightly higher than the surface
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plane of Al atoms. There was little distortion of the Al lat'tice as expected since the
NiAl(110) plane closely matches with the Al(110) plane (0.6% mismatch)®. This
simulation léads then to Al shadowing by the Ni atoms and no displaced Al atoms, so the
Al yield should decrease rather than increésing with Ni coverage, as we show in the next
chapter. This struct.ure seemed stable, at least for 1500 cycles, and we believe it is
metastablé at room temperature.

We then simul;':tted the overlayer experiment by placing Ni atoms randomly
on the already evolved Al(110) surface. The simulation procedure is shown schematically
by the flow diagram in Figure 4.10. Initially, 12 Ni atoms (0.5 ML) were placed at
random coordinates above the surface. The system was then evolved for 15000 cycles
using the "thin-thick" crystal process. That is, the number of frozen layers in the thin
crystal was 24, whereas it was 6 in the thick crystal case. After each 5000 cycles, 50
snapshots of the evolved systeﬁ were crgated in the manner described earlier, resulting
in a total of 150 snapshots. A snapshot for 0.5 ML of Ni on the Al(110) surface is shown
in Figure 4.4 i), where the positions of the at.oms_in‘ the crystal are érojected onto the
(001) plaﬁe. In the figure Al atoms are indicated by opeﬂ cycles while Ni atoms are
displayed by solid circles. Surprisingly, a significant number of Al atoms have already’
been displaced by Ni adsorption at the surface. The figure also shows the onset of
disorder in the surface region whereas the layers just below the interface remain well
ordered. The ion scattering yield calculated from such snapshots was used first to check
for equilibration of the system, and ultimately to compare quantitatively with the

measured scattering yields.
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The Ni/Al(110) system achieved a steady state after 5000 cycles to the

extent that neither the total energy nor the calculated yields changed significantly
thereafter. To further check for equilibration we evolved the crystal for another 25000

cycles. The results of these simulations are shown in Figure 4.11 and Figure 4.12.

EAM SIMULATION ION
illajm
f Evolved Al(110) surface?) SCATTERING
SIMULATION
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Figure 4.10 Flow diagram showing how the Ni overlayer experiment is simulated using

the MC simulations.

The ion scattering yield from the Al atoms and the total energy of the crystal are plotted

as a function of cycles in Figure 4.11 (a) and 4.11 (b) respectively. These figures show
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that there were no significant changes in the ion scattering yield or the total energy of the
crystal between 5000 and 40000 cycles. This observation does not necessarily mean that
(a)

I Monolayer of NI on AI(lIO) surface.

Number of cycles

-30.00
X -30.00
-80.10

-30.10

Number of cycles

Figure 4.11 (a) Calculated Al ion scattering yield, (b) Total energy of the crystal, as a

function of number of MC cycles for I ML Ni deposited on Al(I10) surface.

all the movements of Ni and Al atoms have stopped. It means only that the number of
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atoms visible to the ion beam is no longer increasing, or that no additional Al atoms are
moving off of their equilibrium bulk positions. Furthermore, the diffusion process

involves atomic exchange and inter-species mixing as may be seen from the number of

@

I L T T (T I
I Monolayer of NI on AI(IIO) surface....

Number of cycles

I Monolayer of NI on AI(IlO) surface.

Number of cycles

Figure 4.12 Number of atoms in a layer as a function of total number of MC cycles for

I MI of Ni deposited on AI(I1O) surface, (a) Ni atoms, (b) Al atoms.
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Ni atoms located in some selected layers, shown in Figure 4.12 (a), and the number of
Al atoms in these same layers, shown in 4.12 (b) for different cycles. As seen in these
figures, there are no significant changes in the number of Ni atoms or Al atoms in each
layer between 5000 and 40000 cycles. The definition of layer numbers that we employ

in Figure 4.11 and 4.12 is shown in Figure 4.13. We label the surface layer of clean
AI(110) as the Onhlayer, while the added layers above the surface are denoted as 1", 2rd

and 3rd layers respectively. The layer just below the clean surface (Ol is denoted as the -

I" layer.
INUI
| |
th
0%
2 nd
CUanAlI(l10) I MtofMon AI(lIO) 2MlofM onAl(I10) 3 MlofM onAI(110)

Figure 4.13 Layer definition: The surface layer of clean AlI(11O) is labeled as Gh

layer. Added Ni layers above the surface are labeled as 15, 2rd 3rd etc..
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We next deposited another 0.5 ML of Ni atoms randomly on the already

evolved Ni/Al(110) system. The same "thin-thick" procedures were used to evolve the
crystal and then simulate the ion scattering yields (Figure 4.10). The ﬂumber of frozen
layers was always kept to 24 for equilibration of the system. That is, the number of free
layers in the crystal increases with ing:reasing Ni coverage. We continued deposition of
Ni atoms, in increments of 0.5 ML, up to 4.5 ML total' Ni coverage. The snapshots for
2 ML and 3 ML of Ni on the Al(110) surface are shown in Figure 4.4 c and d,

respectively. From these figures we see that with increasing Ni coverage, the Ni-A1(110)

interface is becoming more disordered whereas layers below the interface remain ordered.

Further analysis of these snépshdts is f)resented in Chapter 5 after we discuss the

experimental results.
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CHAPTER 5

ULTRATHIN Ni FILMS ON Al(110) SURFACES
Introduction

The interfaces between transition metals and aluminum play an important
role in numerous materials applications. In particular, the interface between nickel and
aluminﬁm has attracted much attention in recent years because of its potential use in
catalysis* and the semiconductor industry®. The Ni-Al alloys are also of considerable
interest for applications as low density, high temperature structural materials’. Hence, it
is useful to study the detailed geometﬁc and electronic structure of the Ni/Al interface

_to help in understanding the aforementioned properties. There have been several studies
of reaction at Ni-Al interfaces, and the results are not in complete agreement®’>,

To better characterize the evolution of the Ni/Al interface, we have carried
out high-energy ion scattering (HEIS) and x-ray photoelectron spectroscopy (XPS)
experiments oﬁ thin Ni films deposited on Al(110) single-crystal surfaces at room
temperature and at 250 °C. We chose this elevated temperature because, for the Ni-Al
system, the reaction temperatures are generally reported iﬂ the range of 225-_325 °C. The
results from ouf experiments are presented in this chapter. Our room temperature results
show that Ni atoms react with Al atoms up to 8 monolayers (ML) c;f Ni coverage, at

which point a Ni metal film begins to cover the reacted interface. However, Ni atoms
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deposited at 250 °C show little evidence of compound formation at the interface and
diffuse hundreds of Angstroms into the Al bulk. Using Monte-Carlo (MC) simulations

with EAM potentials, together with ion scattering simulations, we obtained an atomic

picture of the interface reaction to compare quantitatively with our room temperature

measurements.  These simulationg reveal a surprising amount of "near surface
deckannelit_zg" which affects the interpretation of the experimental results. A model
calculation of the XPS intensity using the simulated interfaces suggests that the inelastic-
mean-free-path for the electrons may be significantly different in these thin disordered

overlayers from the value given by standard models for the mean free path.

Experimental setup

The experiments were performed in an ultrahigh vacuum (UHV) chamber
which is connected to a 2 MV Van de Graaff accelerator via a differentially pumped
beam line as discussed in Chapter 3. The base pressure of the chamber was around 1 X

10" Torr. For the high-energy ion scattering experiment, 1.0 MeV He" ions were

incident on the Al(.l 10) surface along the [-1-10] channeling direction. The Al(110) surface -

was aligned with the He* beam along the [-110] direction using the method discussed in
Chapter 3. The standard dose of incident He' ions for one spectrum was 1.6 X 10
ions/cm®. A solid-state detector was used to collect the backscattered He* ions at a

scattering angle of 105°.

The XPS spectra were recorded using a 100 mm hemispherical analyzer
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(HA) in a fixed-analyzer-transmission (FAT) mode with a pass energy of 50 eV, and a
scan rate of 0.1 eV/sec. An Al K, (1486 V) X-ray source with 200 W power was used
to generate X-rays. For XPS measurements, the sample was kept in the channeling
alignment, and the photoelectrons entered the HA with a polar emission angle of 30° from
the sample' normal. |

The Al single crystal was cleaned by the method described in'Chapter 3.
The Ni films were vapor dei)osited onto the Al(110) surface at room temperature and at
250 °C using a wire evaporation source. The arrangement of the 'apparatus was such that
HEIS, XPS, and thin film depositions could be made without moving _the sample at all.

In principle, one would like to perfo_rm I—tEIS and XPS experiments after
every Ni deposition. But, because of the long data' collection time, we divided thése
experiments into two parts. In the first experiment, channeling spec;n'a were taken after
each Ni déposition. In a second experiment, after eéch Ni deposition, XPS spectra were
taken, while channeling spectra were taken only after every fo_ur evaporations. .Both of
these experiments were done at room temperature. Occasionally, a random orientation
(off axis) HEIS spectrum was taken to check for any Ni shadowing effect;s which would
. affect our coverage measurements. In the elevated temperature experiment, channeling
spectra and XPS spectra were taken after each Ni deposition.

By measuring the changes in the surface peak area (SPA) for the Al surface
a;s a function of the Ni coverage, we can usually determine the average stoichiometry of
" the reacted interface, even if the interface is disordered. The measured Ni SPA is used

to calculate the absolute coverage (atoms/cm?) of Ni atoms using equation 2.9 in-Chapter
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2. In addition, the Ni SPA is used to determine the morphology of the Ni film on the
Al(110) surface. The Al SPA and the Ni SPA together are used to study the atomic
structure of the reacted interface..

By looking at the satellite structures associated with the Ni 2p core level
in XPS,. it is possible to identify some of the compounds formed at the interface. In
addition, the identification of compoﬁn‘d in the reacted regions can be made using the
core-level chemical shifts of the Ni atoms. Furthermore, the intensities of the
characteristic photoelectron peaks for the Ni and‘ Al atoms can be used to model the

morphology of the overlayers.
Results and Discussion

Ni d'eposition onto Al(110) at room temperature

High-energy ion scattering and channeling

Previous studies of the Ni/Al system have shown ‘that NiAl, is the first
phase to form at the interface between thick Ni and Al layers. Thermally reacted bilayer
experiments' and ion.rnixing experiments’ for Ni-Al indicate that NiAl, is the first phase
to form at elevated temperatures. Ruckman et al. reported that the NiAl, phase formed
at room temperature for thin Ni films deposited on Al films’. TEM studies of Ni

deposited on thick Al films show that NiAl is the first phase to form for a substrate
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temperature of 70 °C, while at 250 °C NiAl is formed?. Thus, the first question we
addressed was, whether‘ or not Ni forms NiAl, at the Ni/Al(110) interface under the
conditions of our experiment. The answer to this question comes mainly from the XPS
results. However, the channeling results have to be discussed first, since @e Ni coverage
and the overlayer growth mode are infeﬁed from them.

In Figure 5.1 we plot the channeling speétra for Ni and Al for several Ni

depositions. The arrows and the dotted lines in the figure indicate the energetic positions

of the surface Ni and Al atoms. For clarity, the channeling spectra for the clean Al(110)
surface (open circles) and after 0.98 ML of Ni deposition on the AI(110) surface (solid
circles) are shown 1n the insert of Figure 5.1. One monolayer (ML) here is equivalent
to the atomic density of the A‘I(lliQ) plane, 0.8622 X 10 atoms/cm?®. For each Ni
deposition we calculated the number of visible Ni atoms/cm? on the Al(110) surface,
using Equadon 2.9, the surface peak area of Ni, the Rutherford cross section, and the
experimental parameters. This number of Ni atoms on the Al surface was fdund to
increase linearly with the deposition time throughout the experiment, as seen in Figure
5.2. The deposition rate of 0.37 x 10" atoms/cm?*/min (0.43 ML/min) was obtained from
Figure'5.2. To check for possible shadowing of surface Ni atoms, the incident ion beam
was directed slightly away from the normal channeling direction, ie. a random direction.
A plot of the number of Ni atoms visible to the incident ioq beam in the channeling
direction versus the actual Ni.coverage,'obtained frqm the randoﬁ direction,.is

shown in Figure 5.3. We did not see any reduction in the number of Ni atoms visible to
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Figure 5.1. lon scattering/channeling spectra for | MeV He+ions on Ni + Al(110), for

several Ni coverages indicated in the figure. The energies of the Al and Ni
surface peaks are indicated by the arrows and the dashed lines. Spectra have
been offset as indicated by the dash-dot lines. In the insert backscattering spectra
for the clean AI(110) surface (open circles) and for 1.0 ML Ni deposited at room

temperature on the AI(110) surface(solid circles) are shown.
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the ion beam along the channeling direction, as seen in Figure 5.3. This indicates that
there is no shadowing of Ni atoms. Consequently, the Ni coverage was determined

precisely by the SPA in the channeling direction for the coverage range studied in these

experiments.

Ni + AI(110)

Deposition Rate = 0.37X1018 atoms/cm”™/mi

10 16 20
Deposition Time (min)

Figure 5.2. Measured ion scattering yield from Ni atoms deposited on the Al(11O)

surface as a function of Ni deposition time in minutes.

From the insert of Figure 5.1, we can easily see that the Al surface peak

area has increased after the Ni deposition of 0.98 ML. This implies that more Al atoms
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are visible to the ion beam in the presence of Ni atoms at the surface. That is, surface
Al atoms have moved from their initial equilibrium positions and have reduced the

shadowing of substrate Al atoms. If the Ni atoms formed an ordered overlayer directly
above the Al atoms, we should expect to see a reduction in the SPA of Al, associated

with Ni shadowing of Al atoms. Instead, we see an increase in the SPA of Al, which

means that Ni and Al

Ni Coverage ( Monolayers )

Ni + M(110)

Ni Coverage ( 1018 atoms/cm™* )

Figure 5.3. Number of Ni atoms visible to the 1 MeV He+ion beam as a function of

average Ni coverage. The solid line shows the yield expected for a random

coverage.
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atoms are interacting with each other, and the Ni atoms are displacing the Al atoms from
their initial positions. This observation rules oﬁt the formation of an ordered Ni overlayer
at sites directly above Al surface atoms.
Since the surface peak of the Al atoms is superimposed on a background
signal, it is necessary to remove the background under the surface peak. A triangular
‘background subtraction method w'as used for this purpose?. In this method we
constructed a triangle, as shown in insert of figure 5.1, whose base is équal to the energy |
difference between the peak position and the minimum yield position behind the surféce
peak, and whose height is equal to the minimum y-ield. The area of the triangle is then
subtracted from the totai peak area of the surféce peak. After this background removal,
the surface peak area is used to calculate the number of Al atoms visible to the jon beam.
In Figure 5.4 we plot the number of visible Al atoms (Al-SPA) as a
function of Ni coverage (Ni-SPA), as determined from channeling spectra similar to those
shown in Figure 5.1. Such plots are very useful for developing models for reacted
intérfaces‘”. From this figure we can immediately see that more and more Al atoms
become visible to the incident ion beam as the 'Ni coverage increases up to 8.1 ML 7X
10 atoms/cmz). There are thrée main regions to recognize in this figur.e. In the first
region the number of visible Al atoms increases sharply with the Ni coverage up to 2.3
ML. The slope of the curve in this region is equal to 1.97. In the second region the
number of visible Al atoms inéreases with a lesser slope than in the first region, up to 8.1
ML of Ni co;'era.ge'. In this region the slope is equal to 0.35 Al atom/Ni atom. After 8.1

ML of Ni coverage, the curve seems to saturate towards a line with zero slope.
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Figure 5.4. Number of Al atoms visible to the ion beam as a function of Ni coverage
on the AI(I10) surface. The solid lines are the least-squares fit to the data points

in three different regions. Three different stages of film growth are indicated.

These observations (Figure 5.1 and Figure 5.4) suggest that Ni atoms are

reacting with Al atoms on the AI(I10) surface at two different rates, forming a surface
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compound at the interface, until a Ni metal film ultimately covers the reacted interface.
The reaction continues up to 8.1 ML of Ni coverage at room temperature. For all of the

" spectra shown in Figure 5.1, there are some Al atoms visible to the incident ion beam at
the sample surface. That is, we did not observe any shift in the Al surface peak position
even after a Ni coverage of 12.8 ML. This means that there are some Al atoms which
are not covered by the Ni film. Furthermore, it is seen in Figure 5.1 that the lower
energy tail of the Ni surface peak is broadened at 12.8 ML of Ni coverage compared to
that of 0.98 ML and 5.6 ML. This suggests that a very small number of Ni atoms (less
than 0.5 ML) have diffused deep into the Al bulk. The presence of these Ni atoms in the
Al bulk leads to slight deflections of some He" ions, and increases the backscattering
yield of the bulk Al atoms, as seen by the increase in the minimum yield behind the Al
surface peak in Figure 5.1. On the other hand, since we did not observe any signifiéant
broadening of the Ni tail at lower Ni covérages (less than 8 ML), and continuous
displacements of the Al atoms are observed for these lower Ni depositions (increase in
the Al SPA), we infer that the deposited Ni atoms are staying near to the surface region,
resulting in compound formation at the surface.

The large increase in the number of Al atoms visible to the incident He*
ion beam, measured as a function of Ni 'c’overage and shown in Figure 5.4, indicates that
there is a strong Ni-Al reaction at the interface. In a ;:onventional interpretation® of the
results in Figure 5.4, the slopes for ion scattering ‘yields versus Ni coverage are used to
determine the average stoichiometry of the reacting interface region. In the present case,

a slope of 2:1 in region one would indicate that we are forming an ALNi phase.
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However, there is no stable Ni-Al compound with this stoichiometry in the Ni-Al bulk
phase diagram'. Instead, based on the XPS and EAM results discussed below, we
conclude that a NiAl compound forms and near surface Al atoms are struck by the
incident He ions, ie. "near surface dechanneling" occurs. The EAM simulations play a
vital role in understanding this discrepancy. Furthermore, NiAl has the highest heat of
formation and is the most stable pha'se in the Ni-Al phase diagram', so we might expect

it to form first.

High-energy ion scattering simulation:

As we discu/ssed'in Chapter 4, we have performgd MC simulation of our
ion scattering/channeling experiment of ﬁi on the Al(110) surface. In Figure 5.5, we
show the experimental and simulated ion scattering yields from the Al atoms as a function |
of Ni coverage. The experimental results are denoted by open circles wﬁile s&mulation
results are designated by solid circles. The solid and dashed lines are inteﬂded to guide
the eye. The values of the yields at zero coverage have been suppressed. The number
of Al atoms visible to the incident ion beam, which was calculated using Monte Carlo
simulations, also increases at two different rates, depending on the Ni covérage. It is
r.emarkable that the simulations also show a break around 2 ML of Ni coverage. For the
experimental yield, the initial slope is 1.9 Al atoms per Ni atom up to a Ni coverage of
2.2 ML, followed by a slope of (.39 Al atoms per Ni .atom at higher coverages. From

the simulation we obtain an initial slope of 2.5 Al atoms per Ni atom up to a Ni coverage
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of 2 ML, followed by a slope of 0.38 Al atoms per Ni atom at higher coverages. In

comparing these values, we conclude that the simulations are in good quantitative

Ni Coverage (1016 atoms/cm?2)
0 1 2 3

- IV [110] Ni + AI(IlO)
Scattering angle — 105°

Ni Coverage (ML)

Figure 5.5. Change in ion-scattering yield from Al atoms, relative to the clean surface,
plotted as a function of Ni coverage on the Al(110) surface. Experimental values
for the yield are shown by open circles. Simulated values of the yields are
denoted by closed circles. The dashed and solid lines are the results from least-

squares fits to the measured and simulated date, respectively.

agreement with the measured yields. The constant offset between the calculated and
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measured yields, which has been suppressed in Figure 5.5, is 1.3 ML, i.e, the difference
in the simulated and measured values for clean Al(l 10). Scattering yields calculated from

the Ni atoms as a function of Ni coverage are shown in Figure 5.6 where experimental

Ni Coverage ( Monolayers )

Figure 5.6. lon-scattering yield from Ni atoms, plotted as a function of Ni coverage on
the AI(I10) surface. Experimental values for the yield are shown by open circles.
Simulated values of the yields are denoted by closed circles. The solid line is the

result from least-squares fit to the simulated date.

results are indicated by open circles and simulation results are denoted by solid circles.
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Again, the calculated ion scattering yields are in excellent agreement with the
experimental results. Both the simulated and the experimental yields increase almost
linearly with Ni coverage. From these calculations we conclude that Ni atoms are not
forming ordered islands nor sitting on Al lattice sites on top of the Al(110) surface, since
almost all of the deposited Ni atoms are still visible to the ion beam. That is, we did not
observe any Ni-Ni or Ni-Al shadowing effect.

Since the agreement between simulation and experiment is very good, we
can use the simulations to look for an explanation of the discrepancy between the
conventional interpretation and our experimental results. This discrepancy can be
explained by looking at the layer-by-layer results for the simulated ion yield. In Figure
5.7 the extra scattering yields from the Al atoms in each Al(110) layer, i.e. the difference
in scattering yields from Al atoms following the adsorption of Ni atoms, are plotted as
a function of Ni coverage. The increase in Al yields from the first 15 layers (top), second
15 layers (middle), and last 10 layers are shown in Figures 5.7 a, 5.7 b and 5.7 ¢
respectively. A number of points can be made based on these figures. First, in Figure
5.7 aand 5.7 b it can be seen that, as the Ni coverage increases up to 2 ML, the extra Al
yield from the first 15 layers increases with the rate of 1 Al atom per Ni atom, while the
extra Al yield from the middle 15 layers increases with the rate of 1.25 Al atoms per Ni
atom. Second, after 2 ML of Ni coverage, the extra Al yield from the first 15 layers
increases with a slower rate of 0.35 Al atoms per Ni atom with increasing Ni coverage,
whereas the extra Al yield from the middle 15 layers remains constant. The contribution

of the last 10 layers to the total ion yield is negligible as seen from Figure 5.7 ¢, since
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Figure 5.7. Extra simulated ion scattering yield from Al atoms in each layer are plotted
as a function of Ni coverage, (a) Extra Al yield from first 15 layers, (b) middle

15 layers, (c) last 10 layers.

atoms in these layers are shadowed by the atoms in the top layers. In the HEIS
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experiment the extra ion scattering yield from Al atoms for a particular Ni coverage is
equal to the sum of the extra Al yield from figures 5.7 a, 5.7 b.and 5.7 c. For the clean
Al(110) crystal, the contribution to the total ion scattering yield from the middle 15 layers
as well as the last 10 layers should be small, since .the atoms in these layers are
shadowéd by the .atoms m the top layers. However, in the Ni-Al(llO)‘ system, we
observed a significant contribution t6 the extra Al yields from the middle 15 layers of the
crystal. Hence, the presence of disordcreci Al atoms and relatively heavy Ni atoms neér
_the surface leads to significant deflections of some of the incident ions, and ultimately
increased the hitting in the middle 15 _layers,' which was absent in the clean Al(110)
crystal. We refer to this phenomena as a "near surface dechanneling" effect. The energy
resolution of the solid state detector (20 keV) is insufficient to discriminate between these
dechannélcd ions and ions backscattered from the top 15 layers where the disordered
atoms reside. From the simulations v;'c con_clude that almost half of the increased Al
yield in the initial Ni coverage rcgimg (up to 2 ML) is associated with rnear. surface
dechanneling. After 2 ML of Ni coverage, the near suif;zce dechanneling contribution
remained constant. Thus, if we only considér the ﬁ;st 15 layers, then thé ion scattering
results and the XPS results will be consistent, indicating the formation of a NiAl -like
compound up to 2 ML of Ni coverage and Ni,;Al thereafter. The contr'ibutim'l of multiple
scattering and d'ecixanneling to the surface peak area has been discussed in the past*.
However, the typical contribution in that case was much smaller than that seen in our
simulations. Thus, our results should raise a caution flag on the future use of .the slope

to infer compound stoichiometry, at least for high-energy ion scattering experiments
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where energy resolution is insufficient to distinguish' between the two contributions. In
this context, the MC simulafions are very important for fully understand;ng the
experimental ion scattering results where epitaxy of the system does not occur.

In region two of Figure 5.4, for Ni covcrége from 2.3 ML to 8.1 ML, thé
slope of 0.35 suggests thét the average stoichiometry of the alloy formed here is 1:3,
consistent with formation of Ni,Al. | Even at this high Ni coverage, incoming Ni atoms
are still actively displacing the Al atoms, but at a slower rate. Since we have a iarge
source of Al atoms in the substrate, we can expect Al atoms to diffuse to the surface.
Apparently, the out diffusion of Al atoms from the substrate is inhibited by the existing
NiAl reacted layer. We will return to this point later in the discussion.

Above 8.1 ML of Ni coverage, incoming Ni atoms are not effectiveiy
displacing the Al atoms as seen from the‘ zero slope of Al yield vs Ni coverage in region
three of Figure 5.4. This means, after this coverage the reaction seems to stop and a Ni
metal film begins to cover the surface. Up tc; the maximum coverage of this experiment,
we did not see any increase in the SPA of Ni for random incident direction. This absence
of an increase in SPA tends to rule out the formation of an ordered Ni overlayer or Ni
islands oricnted with respect.to the substrate channeling direction. We did not have
LEED capability in these experiments to check for surface ordering. We conclude that
for these higheét coverages, a disordered Ni film was formed on the reacted Ni-Al

interface.
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X-ray photoelectron spectroscopy:

The channeling results by themselves are not enough to justify our
suggestion of the formation of different alloy phases at the interface. Fuggle and co-
workers*® have studied in detail the cherrﬁcal shifts, satellite shifts, and shapes of the
sateliitc and mam 2p photo peak (XPS) of Ni in various Ni-Al alloy systems. They found
that the base of the Ni 2p,, peak becomes more symmetric as the Al concentration in
various Ni-Al alloys increases, because the satellite peak changes shape and its separation
from the photo peak increases. So, we have used these properties of the XPS peaks to
complement the ion scattering results.

Figure 5.8 is a plot of the x-ray photoelectron energy distribution curves
for the Ni 2p,, peak (binding energy 852.65 €V) and the satellite peak for different
coverages of Ni on Al(l 16). Two coverages were §elected from eaﬁh of the three
different regions indicated 1n Figure 5.4. The arrows in-Figure 5.8 indicate the satellite
peak positions for the Ni, Ni,Al, and NiAl phases. The spectra' have been shifted
vertically in order to compare the energy distribution curves. From these figures, one
can recognize instantly ;hat the base of the main Ni 2p,,, line becomes less symme.tric as
the Ni coverage ir{creases. We also see a small chemical shifts m the pegk position.
Furthermore, the shape of the satellite changes as the Ni coverage increases. The peak
posiﬁon of thé satellite moves towards the Ni 2p main line, decreasing the separation of

the satellite and the main 2p line. Therefore, we conclude that the shape and separation

of these satellites are quite different in these three regions. Comparing these results with
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Figure 5.8. Ni 2p32 XPS spectra from Ni films deposited at room temperature on the
Al(1 10) surface, for selected Ni coverages, normalized to a constant height for the
main peak. Satellite peak positions for different Ni-Al phases are indicated by
arrows and long-dashed lines. The dashed line indicates the pure Ni 2p32 peak

position ( binding energy = 852.65 eV ).
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Fuggle’s XPS spectra for different Ni-Al alloys, we can qualitatively identify the sequence .

of phases formed, from NiAl to Ni Al to Ni metal. For these thin films, we may not
'aétually form the complete crystal structure of the respective phases. Rather; we suggest
that the Ichemical environment of the Ni atoms in our films is similar to that of the Ni
‘atom's in the various Ni-Al phases.

As seen from Figure 5.8, the XPS sateﬁ'ite shapes and its separation from
the main peak are different in all three regioﬁs of Ni coverages. We summarize the
explanation for this behavior as follows. X-ray photoelectron spectra of pure Ni mietal
show a pronounced "two-hole satellite” at a higher binding ener;gy45 . Electron energy loss
measurements of Ni show that this inténse core-level satellite is associated with intrinsic
losses*’. The d bands of Ni are pania]ly full®, and at the same time, the fermi level of
Ni_. lies in the region where the d density of states is high. The qulomb interaction
between the core hole created by the excitation, and the hole in the unoccupied d bands
leads to a strong satellite feature in the Ni 2p core level lines"*®, In a similar experiment
Fuggle*® also showed that extrinsic contributions to the satellite of Ni-Al alloys, such as
plasmon losses, are negligible compared to the intrinsic losses. Also, the e;q.)erimcntal“9
and the(.)retical‘“"50 results reveal that the Ni d band in NiAl is filled aﬁd the d density of
states at thé fermi level is low. Hence, the proBability of creating a "two-hole" final state
is iargely reduced, which will led to a weaker satellite of Ni in the XPS épectrum for
NiAl. Hybridization between Ni d bands and Al p bands*® will also make the satellite
weaker. Since the Ni d band in NiAl is filled, and the Pauli electronegativity of Ni(1.9)

is highér than that of Al(1.5), one would expect that electrons are transferred from Al td
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5,46

Ni in NiAl. But, both experiments and theory***® suggest that the net electron transfer
occurs from Ni to Al. Using "Wigner-Seitz" charge analysis, S.C. Lui and co-workers*®

showed that the Ni gains d electrons while losing more sp electrons to Al, leading to a

net electron transfer from Ni to Al. This net electron transfer is the main reason for the

binding energy of Ni and its satellite to shift to higher values of binding energy. This
behavior is evident in our experiments as seen from Figure 5.8.
The asymmetry in the Ni core level emission is due to the excitations of

electron-hole pairs near the Fermi level. Hence, the number of occupied states near the

" Fermi level will affect the asymmetry of the core line. The symmetry of the core line

will be lower, if the number of occupied states is higher near the fermi level. Since the
density of states near the fermi level in pure Ni is higher than that of Ni in NiAl, the
asymmetry in the pure Ni core line would be larger than the Ni core line from NiAl. In
fact, this is evident in our experiments, as the asymmetry of the Ni peak increases with
the incr)easing Ni coverage (Figure 5.8).

The samé mguﬁents will appl& to the Ni,Al alloy also. The d band of Ni
is almost ﬁ]led in Ni;Al, and the d density lof states at the Fermi level is low compared
tc‘) pure Ni but high compared to NiAI’>. This excess amount of unoccupied d states
(compared to NiAl) in Ni;Al will increase the probability of cfeating the "two-hole" final
states. Thus, it will give a stronger satellite feature than that of NiAl, but the intensity
of this satellite is going to be vx;eaker than in pure Ni. Nautiyal and co-workers™ showed
that a small charge equal to 0.02 'e‘lectr(_)r'ls is transferred from each Ni atom to the Al

atoms in Ni;Al. This amount of charge trénsfer is-less than that occurring in NiAl (0.06
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e compared to 0.15 e). Because of this small amount of éharge transfer, the shift in the
Ni satellite binding energy will be smaller than that of NiAl. The combined effects of
filled d band, p-d hybridization, and the small amount of charge transfer from Ni to Al,

will cause the Ni satellite in Ni,Al to be quiet different from pure Ni and NiAl

Therefore, we can conclude that the electronic properties of the alloys are the main

contribution to the éhange in shape 'énd separation of the Ni satellite in Ni-Al alloys, as
well as the shifts in Ni binding energy.

On the basis of the above discussion,. we believe that one could easily
. identify the phases grown at the Ni-Al(110) interface by looking at the shape and the

separation of the Ni satellite. Since the shifts and the shapes are purely controlled by the

electronic properties and the bonds of Ni and Al in these alloys, the change that we saw -

in Figure 5.8 with different Ni coverage must be due to none other than the change in
the electronic environment of Ni in different reacted regimes. Thus, at least qualitatively,
by comparing our line shape with Fuggle’s line shapes, we conclude that the éequence of
phases foﬁned in our experiment is NiAl to Ni,Al to Ni metal film.

In Figure 5.9, we plot the avéragc chemical shift of the Ni 2p line (left
axis) and the satellite separation beiween the main Ni 2psp line and the sateliite peak

(right axis) as a function of Ni coverage. Here we calculated the chemical shift as the

difference between the binding energy of Ni in the alloy phase and the binding energy .

- for pure Ni metal, averaged over both 2p lines. These plots also show the three distinct

regions of behavior, similar to what we saw in the ion scattering results. After the very

first Ni deposition we observed a very large chemical shift. This large shift can be
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interpreted as due to a very small amount of Ni atoms present in the vicinity of a large

Ni coverage (1016 atoms/cm a)
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Figure 5.9. The average chemical shifts of Ni 2p line (left axis - open circles) and
satellite separation of Ni 2pm line (right axis - closed circles), plotted as a function
of Ni coverage on Al(110) surface at room temperature. Solid lines are intended

to guide the eye.

source of Al atoms. Higher core-level binding energies are also reported for small metal

clusters and atoms on inert substrates®2 The chemical shift then stays constant around
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0.5 eV up to 2 ML of Ni coverage. After this, the chemical shift graduaily decreases to

Zero at a coverage correspondiné to approximately 6.5 ML, and stays at this value up to
the maximum coverage of our experiment. The same trend was observed for the satellite
separation with increasing Ni coverage. Up to 2 ML of Ni coverage the separation stays
constant with the average value of 7.5 eV, and thereafter it gradually decreases to the
bulk value of Ni (6.3 eV) at a Ni gc.)verage of 6.5 ML.

In Table III, we compare our measured chemical shifts for the Ni 2p,,
peak, and the separation between the main 2p peak and the satellite peak, wjth Fugéle’s
values. The satellite separation was taken as the difference between the binding energy
of the satellite and the Ni2p,, peak. From the table we see that our measured values for
the chemical shifts and the satellite separation are soﬁewhat higher than Fuggle’s values,
but the trend of our values agrees very nicely with theirs. For example, tﬂe difference
between the satellite separation in Ni and NiAl in Fuggle’s case is equal to 1.4 eV, while
in our case, it is equal to 1.2 eV. Similarly all the relative shifté agrée very well in both
cases. However it is important to note a significant difference between the two
experiments. In Fuggle’s experiments the XPS spectra for pure bulk Ni-Al alloys were
measured while we collected XPS spectra for very thin films of the Ni-Al alloys. For the
Ni fﬂm, which forms after 8.1 ML of Ni deposition (region three), we record a satellite
separation of 6.3 eV while for bulk Ni Fuggle reports a value of 5.8 eV. The difference
in these values can be interpreted as being due to emission of photoelectrons from very
thm reacted Ni-Al films. In very thin films, the charge transfer from Ni to Al may be

higher compared to that occurring in the bulk. This excess charge transfer may shift
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the satellite peak further to higher binding energies. Higher core level binding energies
are also reported for several other systems like Cu/Ti0,(110), Cu/ALQ,, and small metal

5253 Furthermore, we did not observe any chemical shifts

" Cu clusters on inert substrates
in the Ni 3p line, however we did see small chemical shifts in the Al 2p line comparable

to our experimental resolution. Chemical shifts of the Al 2p line in Nij-Al

TABLE III. Comparison of chemical shifts and satellite separation for the Ni 2p,, peak
in different Ni-Al alloys. The chemical shifts are averaged over both 2p lines for the

purpose of comparing with reference 45. -

Chemical Shifts (¢V) | Satellite Separation (€V)
Compound Our Fﬁggle’s Our Fuggle’s

Experiment | Experiment | Experiment | Experiment

Ni | 00£02 | 0002 | 63+04 | 5804

Ni,Al IR 0202 0002 69+04 65+02

NiAl 0502 02+02 75+ 04 72+ 04

Ni,Al, - 0.75 £ 0.2 - 8.0+ 0.6
NiAl - 1.05 + 0.2 | ]

alloys are not available, to our knowledge. If we assume that we are forming NiAl; as
the first phase, as seen By others, then from Table T, we should see a large chémical
shift of about 1.05 eV. These chemical shifts can be measured very easily in our

experiment. Since we did not see such a large chemical shift and satellite separation, we
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can rule out the formation of NiAl, as the first phase to form for thin Ni overlayers on
Al(110) surfaces at room temperature.

Hence, from the line shapes of the Ni 2p core levelg and its associated
satellite together with the quantitative measurements of their binding energy shifts, we
conclude that NiAl is the first phase formed, followed by Ni;Al at the Ni-Al intexfacé.
After 8 ML of coverage, Ni metal s'tarts to cover up the reagted regions. These results
are significantly different froin the earlier experiments™'* in which NiAl, is the first phase
to form at the Ni-Al interface. Of course the format of the experiments themselves are
quiet different, since in our experiments very thin Ni films were deposited on a single
crystal substrate, while in almost all of the other experiments thick Ni films were
deposited on a polycrystalline substrate, and subsequently heated. In our experiment we
monitored the reaction while we were building up the Ni film on the Al surface at room
temperature. Furthermore, the RBS measuxeménts of bilayers at room temperature would
not have sufficient depth resolution to detect the thm reacted layer of NiAl which is
formed at the iﬂterface priér to thermal reaction.

In Figure 510 we plot the norimalized XPS intensities for the Al 2p peak
and the Ni 2p,,, peak as a function of Ni coverage. The Al intensity was normalized to
the intensity of the clean surface, wﬁile the Ni intensity was normalized to its value at the
maximum c'overaée in .our experiment (value at 12 ML). The solid lines are intended to
guide the eye. The intensity of the Ni 2p peak (Figure 5.10 b) shows distinct breaks at
two different Ni coverages. ’I;he first break 6ccurs at a Ni coverage of 2 ML; while the

second break occurs at around 6 ML of coverage. The Al XPS intensity (figure 5.-10 a)
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Figure 5.10. Measured XPS intensity of (a) Al 2p and (b) Ni 2p32photo emission peaks
as a function of Ni coverage. The Ni 2p32 intensity has been normalized to its
value at the maximum coverage of our experiment (12 ML). The Al 2p intensity
is normalized to the value for the clean surface. Solid lines are provided to guide
the eye. Vertical lines are placed at the break points in the ion scattering yields

as determined by Figure 5.4.

also shows three different regions. There is an initial 10% drop followed by a region of
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little attenuation in the Al 2p intensity up to 2 ML of Ni coverage. Thereafter, the
intensity decreases at somewhat different rates as the Ni coverage increases.

As seen from Figure 5.10 (a), the XPS intensity of Al remains constant up
to 2 ML of Ni coverage. This suggests that some of the Al atoms are still present at the
surface while the Ni atoms diffuse into the substrate and react with Al atoms. We also

observed this effect in our EAM simulation'’. Looking at the snapshots (Fig 4.4 b) very

~ carefully for each coverage and calculating the number of Al and Ni atoms in each layer,

we conclude that up to 2 ML of éoveragc, the incoming Ni atoms move down into the
Al substrate, causing Al atoms to move off of theirllattice sites. These displaced Al
atoms move up into the top layer. This observation is very important, since the hi,c‘,rh—'
energy ion scattering experiment performed along normal incidence is insensitive to the
movements of the atoms normal to the surface. This also reveals the importance of the
XPS intensity calculation for these movements. Thus, 1n this manﬁer, at least
qualitatively the EAM simulation and XPS intensity of Al are in good agreement. We
will discuss the quantitative agreement between the simulation and the XPS later. Since
we did not see the attenuation of Al signal up to this coverage, we can rule out the
formation of a Ni overlayer at the Al interfacée.

The initial drop of the Al XPS intensity, even after the Al atoms are still
presént at the surface following the very first Ni deposition, is explained as follows.
Elastic scattering of electrons atan ordered single crysta} surface will give rise to forward
focussing along major crystallographic directions“. If deﬁecti-on is made along or neér a

forward focussing direction, which is true in our case, the intensity of the photoelectrons
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will be enhanced. If on the other hand the crystal is disordered, then defocusing will
occur, resulting in an attenuation in the XPS intensity™. 'I"his is the case in our
experiment. Initially, the well-ordered Al single crystal will exhibit an enhancement m
the Al 2p XPS jntensity. By depositing Ni on the Al surface, this forward focusing will
be reduced (or the defocusing will be increased) due to the disorder of the Al surface
caused by the Ni atoms. Due to thi's effect, the Al 2p‘ intensity will be decreased even
though some of the Al atoms are still present at the surface.

The Al intensity began attenuating again after 2 ML of Ni coverage,
confirming the formation of a. Ni-rich compound at the surface. The persisten.ce of the
Al signal even after 12 ML of Ni coverage also suggests that the Ni film, which formed
éﬁer 8 ML of Ni coverage, is inhomogeneous. Thus the Al signal could be due to Ni
islands or cluster formation or some holes in the Ni film. An analysis of the Ni 2p,,
peak shows that the intensity increase.s (Figure 5.10 b) at three different rates, depending
on the Ni coverage. This indicates that the Ni signal is attenuating differently in these
regions. These changes may be aﬁributed to island formation of Ni or compound
formation between Ni and Al. As poihted out by Smith and his cé-workersl, for Pd on
Al(111), it is very difficult to distinguish between these two cases with intensity analysis
alone. However, comparing the ion écattering results obtained for Ni in a random
direction with those for a channeling direction, we know that Ni atoms are not forming
islands ordered with respect to the Al substrate, at least up to the maximum coverage of

our experiment.
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XPS intensity simulation:

So far, the good agreement between the simulated and experimental ion
scattering yields suggests that the MC simulations are correctly describing the movements
of Al and Ni atoms in .the plane normal to the incident ion beam, ie. parallel to the
surface, since high-energy ion scattering experiments performed with ions at normal
incidence are qnly sensitive to these movements. Hence, with these calculations we can
only characterize the lateral movements of Ni and Al atoms in the surface, even though
Ni atoms and Al atoms are moving quite a bit in the normal direction. In order to
characterize the normal movements of the atoms the XPS intensities are calculated from
the MC simulated snapshots, since the XPS intensities are sensitive to ﬂie movements
along the normal direction. We use a simple model in which an exponential decay for
the iﬁtensity of the photoelectrons through the layers (distance) is assumed. Furthermore,
atte;nuation of the intensity is described by the ine;lastic mean free path of the electrons
A. We define z, as the z coordinate of the top most layer of the snapshots, and z as the
z coordinate of the i™ atom in the crystal, as shown in Figure 5.11. Then the

~ photoelectron intensity from this atom is given by***

*(Zi—Zo)

A cos0 ]

I, exp [

with I, is the unattenuated intensity if the atom resides at the surface, and @ is the polar

emission angle between the surface normal and analyzer (30° in our case). The
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Crystal

Figure 5.11. Schematic of the coordinate system of the EAM simulated-crystal snapshot

that is used for the XPS intensity calculation.

photoelectron cross section for the particular transition is also absorbed into 10. Then, the
total XPS intensity from the adsorbate (Ni) and substrate (Al) will be given by the

following Equations:



114

N,

i

( J.NJ. ZO)

T = Tow 3o expl-—p o]

i=1

and,

./

Al

ar = To,m 2} eXP[--(Alex-—io—s-e)-]
where Ny; apd N,, are the number of Ni and Al atoms in the snapshots, and A; and A,
correspond to the inelastic electron mean free path for Ni and Al respectively. The zy;
and z, ,, are the z components of the i Ni and Al atoms respectively. Since the z,’s are
determined by the MC simulation, and 0 is deter_mined by the experimental geometry,
only the A’s and I.’s are adjustable parameters in the above equations: But the 1,’s are.
just scaling factors (constants) in these equations. Therefore, the .7\. is Athe only fitting
variable in these calculations. The justification for varying A is discussed below. Of‘
course, the value of A can bé obtained from the universal curve®*%, However, the value
of A for an overlayer can change dramatically in thin films”’. In addition, if the overlayer
film is disordered or the detection is made along the fofward focusing direction, then the
value of A for the sul.)strate may also deviate significantly frqm the uﬂiversal’ curve. We
applied the above eqﬁations to the MC simulated snapshots, and varied A to give the best
fit to the XPS Ni and Al intensities of Figure 5.10.

In Figure 5.12 we plot thé simulation result for the XPS intensity of the

Ni 2p peak for different values of Ay, We have varied the value of Ay, from 1 A to 13.51
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A where the final value of X was obtained from the universal curve for the kinetic energy

of the Ni 2p line. Results for some selected values of X are shown here. All these

Ni coverage (1016 atoms/cm 8)
0 1 2 3 4

XPS Intensity from HAM simulation . Ni + AI(I1O)

*a 0.8

Ni coverage (ML)

Figure 5.12. Simulated XPS intensity of Ni 2p line for different values of X plotted as
a function of Ni coverage. Solid circles are the experimental result. The lines are
the calculated results for the Ni XPS 2p line as described in the text ( X=3.46 A
dashed-dashed line, X=5.18 A solid line, X=5.77 Adashed-dot line, X=6.93 A dot-

dot line, X=13.51 A dashed-dot-dot line).
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intensities were normalized by the same io, which was obtained from the best fit to the
data. Goodness of the fit was checked by comparing the rafio of slopes before (S,) and
after (S,) the first break, in both experiment and simulation. Although the fit seems to
be very good in figure 5.12, we still have some fluctuations in the simulated XI;S
intensity data (figure 5.13), due to the statistical nature of the simulation. From these
figures we can immediately see that the break in the Ni XPS intensity is prominent for
smaller values of Ay;. Interestingly, tﬁe break iq the Ni XPS intensity also occurs around
2 ML of Ni coverage. The best fit to the Ni data [ S,(expt)/S,(expt) = Sl(siinu)/S‘z(simu)
] is obtained for Ay = 5.19 A, which is significantly different frorﬁ 13.6A. We performed
an analysis similar to that described for the Ni intensity for the Al XPS intensity. The
best fit to the Al data is obtained for A, equal to 15 A, which is also different from the
value obtained from the universal curve (20.2 A). Comparisons between the experiment
and simulation of Al and Ni XPS intensities are shown in Figure 5..13 aand 5.13 b
respectively. Experimental results are denoted‘by open circles while simulation results
are designated by solid_ circles. The solid lines are intended to guide the eye. Clearly,
both simulated (Al and Ni) intensities show the same behavior as the experiment.
Interestingly, the simulated Al iﬁtensity also shows the initial drop in the intensity
followed by the plateau up to 2 ML of Ni coverage. Therefore, ﬁom these ion scattering
and XPS calculations,‘we conclude that the MC simulations not only provide a gopd
descﬁpﬁon for the lateral movements of _the atoms, but also describe -the normal
movements as well.

We also modeled the XPS intensities with the standard approach as
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Ni coverage (10,5 atoms/cm?§)
Ni + AI(10)
A= 16.0 A

0.8

A=519 A

Ni coverage (ML)

Figure 5.13. Simulated (best fit to the data) and measured XPS intensity of (a) Al 2p
and (b) Ni 2p32as a function of Ni coverage. Simulated results are denoted
by solid circles while experimental results are shown by open circles. The
best fit to the data was obtain with XN=5.18 A for Ni and Xat15.0 A for Al,
respectively. Solid lines are intended to guide the eye. Vertical lines are placed

at the break points in the ion scattering yields.
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described by Ossiciani®® and Smith!. In this model we assumed that we formed three
distinct regions with some particular island thickness and three different compounds in
a Volmer Weber mode. We also assumed that within one island we formed alternating
layers of Ni and Al. There are several other assumptions involved in this model which
ultimately led to reasonably good agreement with the experiment. However, due to the
many assumptions involved in these calculations, we trust our MC intensity calculation
better than this model, even having only a single fitting parameter. In the future we
'expect that these types of simulations will be useful for undefstanding both the ion

scattering and the XPS results.

Exploring the snapshots :

Since the simulated ion scattering yields and the XPS intensities are

agreeing quantitatively very well with the measured .‘values,' we can hope that the MC

simulations are correctly describing the Ni-Al(110) reaction at room temperature.
Therefore, by investigating the snapshots in several different wayé we may be able to get
more insighf about thé reaction and growth f)rocess of Ni on Al(110). First, we comment
on the utility of the snapshots in understanding the Ni-Al rpaction as measured by ion
scattering. The normalized layer occupéncies, 1, i.e.-the number of atoms in layer i
divided by the number of lattice sites in the Al(llb) layer (24 atoms), are plotted in
Figure 5.14 as a function of Ni coverage. Al layer occui)ancies, Ni layer occupancies,

and total (Ni+Al) layer occupancies are shown in Figures 5.14 a, 5.14 b and 5.14 ¢
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Figure 5.14. Normalized layer occupancies [number of atoms in a layer divided by the
number of sites in an Al(I1O) layer] as a function of Ni coverage, for (a) Al
occupancies, (b) Ni occupancies, and (c) total occupancies in each layer. The
surface layer of clean AI(11O) is labeled as the Ghlayer. Added layers above the

surface are labeled as 1¢, 2rd etc.
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respectively. The lines are provided to guide the eye. The layer numbers used in Figure
5.14 are defined in Chapter 4 and Figure 4.12. Briefly, the surface layef of clean Al1(110)
is labeled as the 0" layer, while the added layers above the surface are denoted as 1%, 2
and 3" layers respectively. The layer just bellow thg surface (0™) laye;r is denoted as -1*
layer. At zero Ni coverage the layer occupancies of the 0™ and -1% layers are one, while
the occupancies of other layers (1, 2 and 3 ) are zero, as expected for a clean Al crystal.
A number of points can be made based on these figures. First, in Figure
5.14 b it can be seen that as the Ni coverage increases up to 2 ML the occupancy of Ni
atoms in the 0® layer increases immediately, while the Ni occupancy in the 1% layer
becomes non-zero only after 0.5 ML of Ni deposition. This indicates that initially the
deposited Ni atoms move down into the Al substrate, causing Al atoms to move off of
their lattice sites. These displaced Al atoms move up into the 1% layer above the surface,
as shown in Figure 5.14 a. That ié, the occupancy of Al atoms in the 0™ layer decreases
up to 2 ML of Ni coverage, while the 1% layer Al occupancy increases. This behavior
is also evident from the Al XPS intensity profile (Figure 5.10 a), since the Al XPS.
intensity remains unchanged up to 2 ML of Ni coverage. In fact, for 1 ML of Ni
coverage, about 0.3 ML of Ni occupies the layer below the 0™ layer (i.e, at -1* layer) as _
seen from Figure 5.14 b. Note that some of the Ni atoms moved in to the -1* layer, and
a few Al atoms moved out of layer -1, so that the total occupancy in this layer almost
stays constant at the clean Al(110) occupancy number. Second, Al atoms do not move
into the 2™ layer until a coverage of 2 ML of Ni is achieved. Similarly, deposited Ni

atoms do not stay in the 2nd layer.until a coverage of 2 ML is attained. Thus, Al atoms,




121

piling up in the 1* layer, and Ni atoms accumulating in the 0" layer, contribute to an

overall increase to 1.5 for layer occupancies in layers O and 1, as seen in Figure 5.14 c.

Saturation of the total layer occupancies for layers 0 and 1 seems to occur after 2 ML of
Ni deposition. This increased density at the Ni-Al interface, compared to the clean
Al(110) layer denéity, appears to be associated with the reduced reaction rate, and
corresponding decreased slope for Al ion yield, seen in Figure 5.4 after 2 ML of Ni
coverage. That is, after 2 ML of Ni deposition, the Al atoms from layers -1 and below
will have more difficulty penetrating the dense phase layers, since most of the diffusion
paths which were available egrlier in the clean Al(110) layers are now blocked by extra

atoms in these layers. Furthermore, looking again at Figures 5.14 a and 5.14 b, we see

that after 2 ML of Ni coverage the occupancy of Al atoms in layer 1 starts decreasing.

At the same time the Ni occupancy in layer 1 is still increasing. Thus after 2 ML of Ni
deposition we see the evolution of the interface toward a more Ni-rich composition, such
as Ni;Al, as suggested by the reduced slope for ion yield in Figure 5.4 and thf: Ni2p iine
silape in XPS in Figure 58

The evolution of the Ni-Al(110) system is further illustrated in Figure
5.15, where a top view of the first two Al surface layers is shown for two different Ni
coverages. This is the view that He ions see as tﬁey impinge on the surface. Hence,
looking at the snapshots in this view Will give more insight into the ion scattering r@sults.
The clean Al(110) surface is shown in Figure 5.15 a, while 0.5 ML of Ni on the Al(110)
surface is shown in Figure 5.15 b. The positions of the Al atoms in these figures are

projected onto the (110) plane. First layer Al atoms in a clean Al(110) crystal are
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Figure 5.15. Top view of the snapshot of the simulated Al(110) surface for two different
coverages of Ni: (a) Clean AIl(I1O), and (b) 0.5 ML of Ni on AI(lIIO). The
positions of the atoms are projected onto the (HO) plane. First layer Al atoms in
the clean surface are indicated by open circles while the second layer Al atoms
are indicated by shaded circles. The +’s are displaying the third and fourth layer

Al atoms. Only the first four Al layers of simulated crystal are shown.
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denoted by open circles while the second layer atoms are displayed by shaded circles.
The +’s dénote the third and fourth layer Al atoms. A number of points can be made
based on these figures. First, in Figure 5.15 a, it can be seen that the first two layers of
the clean Al(110) layers are very well ordered, and Al atoms in these layers are
shadowing the atoms in the third and fourth layers. Consequently, the deeper atoms in
these strings are also shadowed mainly by the atoms in the top two layers. Nevertheless,
due to the thermal vibration, atoms in these strings are partially visible to the ion beam
and will contribute to the total ion scattering yield. However, deposition of Ni atoms on
the Al(110) substrate results in a disordered Al surface starting from the initial stages of
the growth process as may be seen from Figure 5.15 b. Clearly wé can see that most of
the top layer Al atoms are displaced from their original fcc lattice positions. Actually,
some of these displaced Al atoms are moved into the very top layer as seen in Figure 4.4
b. Furthermore some of the second layer Al atoms are also displaced from their initial
position by the inéoming Ni atoms. Hence, these displaced Al atoms not only completely
uncover some of the thﬁd and fourth layer Al atoms but also par_tially uncovered others,
as seen in Figure 5.15 b, where more +’s are visible now. Thus, unshadowing of the Al
atoms in the lower layers Will iﬁcrease the ion scattering yield of Al from it_s clean value
as seen fforn Figure 5.4, because more Al atoms are now visible to the incident ion beam.
Finally, we can see from Figure 5.15 b, that two atoms in the third and fourth layers are
moved quite a bit from their ideal lattice position. This is because some of the deposited
Ni atoms moved into these layers and caused the Al atoms to move away from their

equilibrium positions. Basically, we observed almost the same behavior of Al and Ni




Ll

atoms in the crystal for Ni coverages up to 2 ML.

The structural evolution of the Ni-Al(110) system was further studied by

calculating the average distances between nearest neighbor atoms in each layers. In Table

IV, we compare the structure, lattice constant, and nearest neighbor distance for different

Ni-Al alloys. From this table we can see that the nearest neighbor distances of NiAl,

Ni,Al, and Ni are very close to each other, but significantly different from Al. Hence,

by looking at these distances we may be able to distinguish the different phaécs formed

at the Ni-Al interface during the Ni deposition. In Figure 5.16, the average distances

TABLE 1IV. Comparison of different structural properties of Al, Ni, NiAl, and Ni,Al.

Crystal ~Structure Lattice Nearest Number Number Number Number

: Constant  Neighbor of of . of. of
Distance  Al-Al Ni-Ni AI-Ni Ni-Al

Neighbor Neighbor Neighbor Neighbor

Al F.CC  4051A 2863A 12

Ni F.C.C 3508 A 2481 A 12

NiAl B.C.C 2887 A 2500A 8 8

Ni;Al FE.C.C 3580 A 2537A 8 12 4

between nearest neighbor atoms in each layer are plotted as a function of Ni coverage.

We considered a spherical shell, with radius R, around one atom in a specific layer.
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Atoms in side this shell are considered as the nearest neighbors for the atom at the center
of the_: shell. Hence,'the average nearest neighbor distance of a particular layer is obtained
by calculating the distance between the atoms within the shell and the center-atom, and
averaged over the atoms in that particular layer. This procedure is continued for.other
layers also. Two different values of R, are chosen for these calculations. In Figﬁre
5.16 a and 5.16 b, we show the calculgted nearest neighbor distances for some selected
layers using shells with a radius (Ry,,) of 2.7 Aand32A respectively. The value of 2.7
A for Rinen is chosen first because the nearest neighbor distances of Ni, NiAl, and Ni,Al
are closer to this value. It can be seen from Figure 5.16 a that the average nearest
neighbor distance between atoms in these simulated surface layers (-2 to 3) is comparable
to the NiAl an Ni, Al nearest neighbor distances, and significantly less than that for Al.
This also can be seen in Figure 5.14 and characterized by the increase in the occupancies
of the the.se layers (-2 to 0).

We performed analyses similar to those just described for R, equ%ﬂ to 3.2
A, since this value is closer to the Al nearest neighbor distance. From Figure 5.16 b we
can clearly see the siructural transformation of the interface at around 2 Ml of Ni
coverage. That is, the average nearest neighbor distances in the Al layers (0, -1 and -2),
which are calculated with this Ry, are decreasing with increasing Ni coverage up to 2
ML of Ni coverages. This éuggests that the Al atoms in the reacted region are closer to
their nearest neighbors than in the clean Al crystal. Furthermore, the nearest neighbor
distances saturate upon completion of 2 ML of Ni. All of these values are a little higher

than that of NiAl and Ni,Al since with the higher Ry, yalue we included some of the
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atoms in other layers also. It can be further seen in Figure 5.16 b that the nearest

neighbor distances in layers -3 and -4 are also altered by the Ni atoms. But the values

3 2.40

B -Shen - 87 A

Nideposition (WL

-1 *

B -Shell = 3.2 A

NP deposition (ML)

Figure 5.16. Average nearest neighbor distance of atoms in each layer as a function of
Ni coverage as shown for two different values of shell radius (a) for Red = 2.7

A, and (b) for Redl = 3.2 A.
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are much closer to the Al nearest neighbor distance than the Ni-Al alloys. This
observation confirms thaf the Al atoms in the layers just below the reacted interface still
have some order with respect to the bulk. Unfortunately, from these calculation, we could
not pin point the exact phase formed at the interface upon the Ni deposition, since the

nearest neighbor distances of NiAl, Ni,Al and Ni are closer to each other as seen from

Table IV.
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Slow deposition of Ni

To investigate the influence of deposition rate on the growth mode of Ni
on Al(110), we performed an experiment where the deposition rate Qf the Ni was reduced
by a factor of six to 0.064 x 10" atoms/cm*min. The ion scattering yields from Al ahd
Ni were collected with the same experimental parameters as those for higher deposition
rate experiments. Hereafter, this deposition rate is referred to as a "slow deposition rate"
while the deposition ’rate for Figure 5.4 is called a "fast deposition rate". In Figure 5.17,
we plot the measured Al surface peak area, which is converted to the number of Al
atoms/cm? (filled circles), as a function of Ni coverage. We have also included the fast
deposition results (open circles) to demonstrate the degree of agreement and deviation
between these two experiments. For the first half monolayer of deposited Ni atoms, we
observed an increase in the number of. Al atorfls visible to the ion beam, at a rate of 5 Al
atoms per deposited Ni atom, which is significantly larger than that obtained for the fast
deposition rate. The .results after 0.5 ML of Ni deposition are similar to the observation
for the fast deposition rate.

With the aid of Figure 5.4 and Figure 5.17, we observe that the growth
mode of the first. 1/2 ML of Ni on Al(110) is strongly dependent on the Ni deposition
rate, and that the reaction of Ni on Al after 1/2 ML of .Ni coverage is independent of
deposition rate. The explanation for this behavior is not yet clear, but may be explained
as follows. The feaction (inter mixing) between Ni and ‘Al is likeljé because nickel

aluminides have an exceptionally large negative heat of formation. Therefore, Al atoms
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were moved from their equilibrium position and reacted with Ni atoms at the surface to
form a surface compound. Movements of Al atoms are likely given that Al has a lower

surface energy than Ni (0.49 eV/atom compared to 0.82 eV/atom)*®. Since the nearest
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Figure 5.17. Number of Al atoms visible to the ion beam as a function of Ni coverage
on the room temperature Al(110) surfacg‘,i for two diffel-'ent deposition rates of Ni.
Results for a fast deposition rate (0.43 ML/min) are shown by open circles, while
the results for a slower deposition rate (0.07 ML/min) are shown by. solid circles.

The dashed and solid lines are the results from least-squares fits to the data
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neighbor distance between Al and. Ni in NiAl 2.5 A) is 0.3 A smaller than the nearest
neighbor distance of Al (2.86 A) in Al crystal, the Al atoms have to move a large distance
in order to be a neighbor with the Ni atoms. Such movements of these Al atoms will also
disrupt the_ symmetry of the surface, and thus cause the other Al atoms in the vicinity to
move off of their equilibrium positions. These correlated movements will be influenced
by the number of Ni atoms present at the surface after each deposition. Sjnce,‘ our
deposition rate (slow) is six times smaller than our normal deposifion rate (fast), that is,
at each deposition, the number of Ni atoms coming to the surfac_e is reduced by a factor
of six cqmpared to the normal deposition rate, the number of Ni atoms present at the
surface after one dep(.)sition is largely reduced. Thus, the Al atoms can move to very
large distances from their initial positions and cause the large initial increase in the Al
yield as seen in Figure 5.17. This will not happen in the ﬁormal deposition rate, because
the presence of more. Ni atoms at the surface (after one deposition) will reduce the
correlated movements of the Al atoms, and thus reduces the Al yield. Furthermore, the
large correlated movements of Al atoms might begin to slow down when there are enough
Ni atoms present at the surface to prevent the motion of the Al atoms. This may be the
case in the slow deposition rate, where after 1/2 ML of Ni coverage, we alreédy have
enough Ni atoms to interfere with the correlated movements of the AI atoms, énd thus we
observe the change in the Al scattering yield. A second possibility for the larger increase
may result from the longer overall experiment time, during which time adsorption of
~ residual .gases would reéult in the faster increase of Al yield. It may well be that the

adsorption of residual gas displaces the Al atoms from their initial equilibrium sites. The
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probability of this happening is very remote since we checked with the RGA while we
deposited Ni and found that only hydrogen was present in the chamber during the
evaporation. Finally, one can argue that the initial conditions of the Al surface in our two
expeﬁments may be different. But the agreement of the Al yieids for the clean surface
for these two ekpeﬂments tends to rule out this .possibility. Furthermore, we did not see

any change in the line shape of the Al 2p XPS spectra for these two clean surfaces.
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Ni deposition onto Al(110) at 250 °C

As mentioned earlier, there is a large amount of work concerning the Ni-Al

reaction and its characterization®

. Most of the work has been done with polycrystalline
or bilayer samples and at elevated temperatures. Reaction temperatures observed in these
experiments are generally reported to be in the range of 225—325°C. Very few

experiments have been reported for room temperature reaction®'.

Thus, in order to
explore the temperature dependence of the reaction between Ni and Al, we deposited Ni
atoms while the Al(110) surface temperature was maintained at around 250 °C. Ion
scattering and XPS measurements were made at a samplé temperature of 110 °C. All
other experimental parameters were the same as the room temperature experiment. In
Figure 5.18, we compare the ion scattering energy distribution curves from these two
expeﬁmenfs, deposition at room temperature (open cﬁcle) and at 250°C (closed circles)
for the same Ni coverage of 1.75 ML. Clearly, the two spectra are significantly different
from each other. We can point out several distinctions between these two spectra. First,
the well defined surface peak of Ni (50 KeV wide) at room temperature is .now spread
over a large region (150 keV) at 250°C. | Tﬁis indicates that the Ni atoms are diffusing
very deep into the Al substrate. Thus, the number of Ni atoms at the surface region is
lower in this case éompared to the room temperature deposition. Second, the background
behind the Al surface peak is larger in the 250°C experiment than in that of the room

temperature experirhent. This is due in part to the "bulk" dechanneling effect. That is,

the presence of deep lying heavy Ni atoms in the Al bulk leads to significant deflections
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of some channeled He+ ions, and increases the backscattering yield of bulk Al atoms.
Channeling is also reduced because of the larger vibration amplitude at elevated

temperatures)

Al surface peak lan m Het
M 150 _ N+ AI(IIO) i Energy = 1.0 MV

Beam = Normal incidence
Scattering Angle = 105° -
N coverage = 1.7 ML

O Deposition O Boom temp..
+ Deposition O 260 *C

% 100 N surface peak

550 600 650 700 750 800 8§50 900
Backscattered ion energy (KeV)

Figure 5.18. lon scattering/channeling spectra for 1.7 ML of Ni deposited on the Al(110)
surface at different temperatures. The room temperature deposition spectrum is
shown by open circles, while the elevated temperature (250°C) spectrum is denoted
by filled circles. The energies for backscattering from Al and Ni surface atoms

are indicated by the arrows.
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In Figure 5.19, we plot the energy distribution curve for Ni and Al for
several different Ni coverages. The arrows in the figure indicate the surface Ni and Al
atoms positions. The spectra havé been shifted vertically in order to compare each
energy distribution curve more easily. From this figure we immediately conclude that,
while some of the Ni atoms are present at the surface with Al atoms (Ni arrow), most of
the Ni atoms are diffusing into the Al bulk. The next point to note here is the width of
the Ni peak. This peak width is increasing with incfeasing Ni coverage, indicating that
after each Ni deposition, Ni atoms are diffusing deeper into the Al bulk. As mentioned
earlier, the presence of these diffusing Ni atoms in the Al bulk causes tﬁe "bulk
dechanneling" to increase. This increase is very prominent in these figures, as the
background behind the Al surface peak is changing with the Ni coverage. After 4.8 ML
o.f Ni coverage the Al surface f)eak has almost lost its shape on the lower energy side.
The Al surface peak ‘heigh‘t also increased wlith Ni coverage. The change of the Al SPA
with increasing ‘Ni coverage is believed to be associated with the disorder of Al atoms
caused by the diffusing Ni atoms. However, it is very unlikély that such an increase in
the Al SPA would result from surface compound formation, since, most of tile deposited
Ni atoms (4.8 ML) are now spread over several hundred Angstroms in the Al crystal. In
other words, the concentration of Ni in the Al crystal is very low. |

Figure 5.20 shows two ion scattering spectra collected after a Ni coverage .
of 4.8 ML at 250° C. One spectrum (solid circles) was taicen in the [110] channeling
direction, while the otiler spectrum (solid circles) was taken with the ion beam in a

random direction. We did not see any reduction in the surface peak area of Ni along the
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A Ni + AI(IIO) @ 250 °C

4.76 ML
; 200

2.38 ML

1.19 ML

Clean

Backscattered ion energy (KeV)

Figure 5.19. lon scattering/channeling spectra for Ni on the AI(11O) surface at 250°C,
for different Ni coverages as indicated in the figure. The spectra have been offset
vertically as denoted by the horizontal solid lines (right axis). Backscattered

energy positions corresponding to Ni and Al surface atoms are denoted by the arrows.
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channeling direction. This suggests that no Ni-Ni or Al-Ni shadowing exists in the

region. From the backscattering spectrum collected in the

N+ AI(I10)

O Random ...
¢ Channeling..

lon —He+
Energy - 1.0 MV

>4 400 Beom — Normal incidence
Scattering Angle - 105"
N Deposition O 250"C

Al surface peak
N surface peak -

550 600 650 700 750 BOO 850 900
Backscattered ion energy (KeV)

Figure 5.20. lon scattering spectra (random and channeling) at 1 MeV after the
deposition of 4.78 ML of Ni on Al(l 10) surface at 250°C. The random spectra is denoted

by open circles, while the channeling spectrum is displayed by solid circles.

random geometry (Figure 5.20), together with the energy loss of He ions through the Al-

Ni interface and some other experimental parameters, we calculated the concentration-
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depth profile of Ni atoms in the Al crystal. The RUMP computer simulation code® was

used for this purpose. The spectrum that we collected in the random direction for the Al

0.020
Concentration profile of NI In AI(HO) ¢ $CO 0C

0.015

0.010

0.005

0000 100 100 200 300

Depth (1016 atoms/cm 2)

Figure 5.21. Concentration profile of Ni on AI(I10) at 250°C for 4.78 ML of Ni.

crystal (Figure 5.20) is not a truly random spectrum because in a single-crystal it is very
difficult to find a perfectly random direction once we have aligned the incident beam
along the major crystallographic axis. Yet, for the Ni atoms if we move the sample by

a little amount, it is sufficient to make the direction random. Thus, we have no problem
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Nicoverage (1015 atomsiem ¥
8 3 4

Figure 5.22. Measured XPS intensity of (a) Al 2p and (b) Ni 2p32photo peaks (filled
circles) as a function of Ni coverage where the Ni atoms are deposited at 250°C.
Ni 2p32 intensity has been normalized to the Ni intensity of the maximum
coverage in the room temperature experiment (12 ML). The Al 2p intensity is
normalized to the value for the clean surface. For comparison, the room
temperature results are also shown by open circles. The solid lines denote the
trend of the room temperature results, while the dashed-dot-dashed lines are

displaying the elevated temperature results.
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finding a Ni random direction, but we have to be careful about the Al random direction.
We take account of this problem in our calculations. The calculated concentration profile
of Ni, at the very last coverage (4.78 ML), in the Al (110) crystal is shown in Figure
5.21. The atomic fraction of Ni atoms is plotted against the Ni depth in the Al crystal.
Here we assumed that the concentration ratio of Ni to Al is 2 to 98 throughout the inter
mixed region to get a best fit to the data. From these calculations we conclude that the
Ni atoms diffused 400 A deep into the Al crystal. These calculations also revealed that
the Ni concentration is high in the region between 100 to 200 A deep in the Al crystal.

As discussed before, we can get more information about our system by
looking at the.XP'S results. After each Ni deposition, XPS spectra of the Ni 2p and the
" Al 2p core levels were collected. Throughout the Ni deposition we observed a very small
chemical shift in the Ni 2p,;, peak. In Figure 5.22 we plot (solid circles) the normalized
XPS intensities for the Al 2p peak and the Ni 2p peak, as a function of Ni coverage. For
comparison purposes, we have in'clﬁded,the XPS intensities from the room tf:mperatﬁre
deposition resulté (open circ}es). The Ni XPS intensity at 250°C has been normalized to
_the value of the intensity at the maximum coverage in our room temperature experiment.
As before, the Al XPS intensity has been normalized to the intensity of the clean surface.
From these figures it is clear that the behavior of the XPS intensities of both Ni and Al
at 250°C are quite different from the room temperature deposiFion. That is, throughout
our elevated temperature experiment, first, the Al intensity stayed almost constant at its
clean value. This s_uggests'that even with 4.8 ML of deposited Ni, the Ni atoms do not

stay at the surface. Instead they diffuse deep into the substrate. Thus they could not
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attenuate the Al signal. Second, the magnitude of the Ni intensities are much weaker
than those of the room‘temperature intensities. Furthermore, the break that we saw in the
Ni intensity at 2 ML in the room te.mperature deposition is absent in the 250°C
_ deposition. These observations also suggest that the number of Ni atoms that are present
at the surface region is low. Thﬁs, both the ion scattering and the XPS results are
implying the same theme, that is, the Ni atoms deposited at 250°C do not stay at the
surface. Instead, they diffused into the Al bulk.

From the above discussions and ‘calculations we can see that the growth
mode of Ni deposited at 250°C is completely different from the room temperature
deposition. In fact, these results are not surprising, since, even at room temperature Ni
atoms want to move down into the Al surface' as seen in both experiments and _
simulations (figure 5.1 and Figure 4.4). Therefore, when we promote the diffusion of the
Ni atoms by increasing the temperature of the substrate, they move quickly into the Al
bulk.

In éumma.ry, we have' performed high-energy ion scattering’ and XPS
experiments for thin Ni films deposited on the Al(110) surface at room and elevated -
temperatures. Deposited Ni atoms at room temperature, conﬁnﬁously aisplaccd the Al
atoms for up to 8.1 ML of Ni deposition, indicating a reaction between the Ni and Al
atoms. The NiAl phase formed first with the "surface" dechaﬁneling effect present at the
interface, followed by the formation of_ a Ni Al phase, until the reaction stopped and a Ni
overlayer covered the sﬁrface. These results differ from those of previous experiments.

Monte Carlo simulations of the Ni-Al interface using EAM potentials also show an
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interfacial reaction. Calculated ion scattering yields and XPS intensities from the Al and
Ni atoms are in very good agreement with the experimental results. Ni atoms deposited

at 250 °C, show no reaction with the Al atoms, but diffuse 400 A deep into the Al bulk.
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CHAPTER 6

ULTRATHIN Ni FILMS ON Al(001) SURFACES
. Introduction

The interaction of transition metals with metals has been explored
with growing interest, in recent years®**, As mentioned in previous chapters, the nickel-
aluminum interfaces are of considerable interest for several applications. In particular,
structure and bonding may play a major role in determining stability and adhesion of
metal films on a metal s-ubstrate. In order to investigate the influence .of the structure of
various substrate orientations on the overlayer reaction we have performed high-energy
ion scattering (HEIS), x-ray photoelectron spectroscopy (XPD), and x-ray photoeléctron
spectroscopy (XPS) experiments on ultrathin Ni films deposited on both A1(110) and
(001) surfaces. In the last chapter wé showed that ‘ultrathin Ni films deposited on the

Al(110) surface reacted strongly with Al atoms at the interface. For the first two

monolayers 'of deposited Ni on Al(110), a NiAl -like compound was formed with

additional near surface dechanneling present at the interface. The reaction continued with
a different rate, forming a Ni,Al -like compound for Ni coverages from 2 to § ML, at
which point a Ni metal film began to grow. So, the question has to be asked as to
whether or not Ni films deposited on the Al(001) surface will follow the same trend as

Ni on the Al(110) surface. In this chapter we will present and discuss our results for Ni
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deposition on AI(001) surfaces and see that the interface evolution is considerably

different than that for Al(110) surfaces.

Experimental setup

All experiments were performed in an ultrahigh vacuum (UHV) chamber
with a working base pfessure of 1 x i0'1° Torr as describéd in Chapter 3. For the ion
scattering meésurements a well collimated beam of 1 MeV He ions was incident on the
Al surface along the normal [OOT] direction. The solid state detector was positioned so
as to collect scattered ions leaving the crystal with a scattering angle of 105°. Ion
scattering spectra were obtained with the He ion dose of 1.6 x 10" ions/cm?® Typical
beam currents during HEIS were between 1 and 5 nano 'amperes.

The XPS was. performed with the Al K, line (1486 eV) as the inciaent
radiation. A 100mm hemispherical analyzer in a fixed-analyzer-transmission (FAT) mpde
was used for these measurements. The XPS measurements used a 50 eV pass energy and
each spectrﬁm was obtained with a scan rate of 0.1 eV/sec. All XPS binding energies
preseﬁted in this thesis are referenced to the Fermi level. The analyzer was positioneci
to collect emitted photoelectrons with a polar angle of 30° from the sample normal.

The Al single crystal was cleaned using the methods described in Chapter
3. That is initially, the Al crystal was polished mechanically and then it was chemically
etched. Following these polishings, the Al crystal was further cleaned in vacuum by

successive 1.5 keV argon ion sputtering and annealing cycles.
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The HEIS and XPS experiments were performed in the following manner:
At first, after each Ni deposition at room temperature, the channeling experiments were
performed to determine the Ni coverage as well as to study the Ni-Al reaction and the
surface morphology. Most of the channeling experiments were performed in the normal
direction, and the Al SPA and Ni SPA were monitored during this process. However, in
order to calculate the actual Ni coverage, the random direction HEIS spectra were also
collected once in a while. Following each HEIS measurement, the XPS spectra ( Al 2p
and Ni 2p) were collected in the same manner as described in Chapter 3 and 4. Nickel
was. vapor-deposited on the Al (001) surface from a resistively heated Ni wire filament.
Typicai deposition rates in these experiments were 0.54 x 10" atoms/cm?/min or 0.44
ML/min. One monolayer (ML) here is equivalent to the atomic density of thé Al(001)
plane, 1.219 x 10" atoms/cm?.

The photoelectrons emitted from the single crystal surfaces exhibit
pronounped enhancement in their intensities at variéus polar and azimuthal angles™.
These anglf;s correspond to directions from the emitting atom to overlaying nearest and
next-nearest neighbor atoms. Constructive interference betwee'n the initial and scattered
outgoing waves leads to enhanced forward scgttering in these directions. This behavior
is called x-ray photoelectron diffraction (XPD). Using this phenomena, we can get
additional information\about the growth modes, surface alloying, location of the adsorbate,
etc. Intensities of the Al 2p (1413 eV kinetic energy) and Ni 3p (1419 eV kinetic
energy) photopeaks were monitored at different polar angles in the (010) and (110)

azimuthal planes. In principle, one would like to collect the polar scan for a whole range
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of angles, but due to the limitations of our detector-goniometer system, we only collected
XPD curves over an angular range from 0 to 55°. XPD polar curves were measured by
rotating the sample by means of the three axis goniometer with angular intervals of 1°.
Three different sets‘of XPD experiments were perfoxmed on the Ni/A1(001) system. First,
XPD curves for the Al 2p emission from clean aluminum were collected as a reference.
XPD curves from both Al 2p and Ni 3p emission were then collected for three different
coverages of Ni, that is, at 1 ML, 5 ML, and 11 ML respectively. The choice of these

coverages will be discussed below.

Results

High-energy ion scattering

In Figure 6.1 we show the energy distribution for the scattered ions in the
regions of the Al an.d Ni surface péaks for three different Ni coverages: 0, 0.87, and 2.17
ML. The backscattering spectrum for the clean surface is shown by open circles, while
tho.se for 0.87 ML of Ni and 2.17 ML of Ni are denoted by closed ciréles and triangles,
respectively. It can be easily seen from the figure that at a Ni coverage of 0.87 ML the
Al yield exhibits an increase. On the other hand, at a Ni coverage of 2.17 ML the Al
yield shows a decrease. |

By plotting the integrated area of the Al surface peak aé a function of Ni

coverage we can obtain more detailed information about the growth characteristics. Such
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a plot is shown in Figure 6.2, where the number of Al atoms visible to the incident ion
beam is plotted as a function of Ni coverage. There are three main regions to note in this
figure. Initially, the Al yield exhibits a linear increase up to I ML of Ni coverage. After

I ML of Ni deposition, the Al yield shows a decrease with Ni coverage. This decrease

I 1r
Ni + AI(OOI)
Al surfoca peak
+ with 0437 ML of NI

A *Ui 2.17 ML of NI

lon - He*

Energy - 0.97 MeV
Beam — Normal Incidence
Scattering Angle — 105*

Energy (keV)

Figure 6.1  Backscattered ion energy spectra for 0.97 MeV He+ions on Ni + AI(OOI)
for three different Ni coverages are indicated in the figure. Open circles denote
the clean Al spectrum while solid circles and open triangles represent the spectrum

at 0.87 ML and 2.17 ML of Ni respectively.
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continues up to 2 ML of coverage. Then, for Ni depositions up to 5 ML, there is an
apparent saturation stage during which the Al yield remains almost constant. Finally, for

larger coverages, the number of visible Al atoms increases again with a slower rate.

Ni Coverage ( Monolayers )

Ni + AI(OQl) 14

\%

Ni Coverage ( 1016 atom/cm?2 )

Figure 6.2  Number of Al atoms visible to the ion beam as a function of Ni coverage

on the AI(OOI) surface. The solid lines are intended to guide the eye.

A similar plot of visible Ni atoms as a function of Ni coverage will give

some insight about the overlayer formation. In Figure 6.3 we plot the number of Ni
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atoms visible to the incident ion beam in the normal channeling direction as a function
of Ni coverage, where the Ni coverage is measured in the random direction. The solid

line in Figure 6.3 shows the Ni yield measured in the random direction. Evidence of Ni

Ni Coverage ( Monolayers )

Ni + AI(QOI)

ov Tr=

th—

Ni Coverage ( 1016 atoms/cm?2)

Figure 6.3  Number of Ni atoms visible to the 0.97 MeV He+ion beam as a function
of Ni coverage. Solid circles are for a random direction while open circles are for
the channeling direction. The solid line is the least-squares fit to the random data.
The °+’s indicate the yield expected for a layer-by-layer growth of a bcc Ni film

as calculated using the VEGAS simulation code.
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shadowing is observed for coverages greater than 2 ML, where the Ni yield in the aligned
direction falls below that measured in a random direction.

In Figure 6.4 we plot the Al surface peak position as a function of Ni
coverage. For the first two monolayers of Ni deposition, the Al surface peak position
stays almost constant. Upon completion of the second layer of Ni, the surface peak

position of Al starts shifting gradually towards lower energies in the spectrum.

Ni Coverage ( Monolayers )

Ni + AI(OOI)

660

2 645

Ni Coverage ( 1015 atom/cmz2 )

Figure 6.4  Surface peak position of Al as a function of Ni coverage. The error bar

represents the uncertainty in the measurements.
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X-ray photoelectron spectroscopy

As we discussed in Chapter 5, the chemical shifts, satellite shifts, and shape
of the satellite and main 2p photo peak of Ni were used to identify the different Ni-Al
phases formed at the interface in our Al(110) experiments. So we have used a similar
approach to identify the phases formed at the Ni/AI(001) interface.

Figure 6.5 shows the x-ray photoelectron energy distribution curves for the
Ni 2p,, peak ( 852.65 eV ) and the satellite peak for several. Ni depositions on the
Al(001) surface. Two coverages were selected from each of the three different regions
displayed in Figure 6.2. ’i‘he dash-dash line shows the photopeak ppsition for metalljc
Ni. All the peaks shown in figure 6.5 are normalized to ‘give a constant height.

Ip Figure 6.6, we plot the average chemical shift of the Ni 2p line (left
axis) and. the satellite separation between the main Ni 2p,, photopeak and the satellite
peak (right axis) for different Ni depositions. Here, the chemical shift is calculated as
discussed in Chapter 5. Initially, the chemical shift stays constant around 0.3 eV up to
2'ML of Ni covefage. After this, 'the chemical shift gradually decreases to zero at a
coverage corresponding to approximately 5 ML, and stays at this value up to the
maximum coverage of our experiment. The variatién in the satellite separation as a
function of Ni coverage shows the same trend-as observed for the chemical shift.

Figure 6.7 shows the normalized XPS intensities of the Al 2p peak and
the Ni 2p,,, peak as a function of Ni coverage. The XPS intensities were extracted from

the area under the peaks. The Shirley background substraction method® was used to




151

N+ AI(OOI)

[ = V-

X= 9.14 ML

gz SOsI
>

C 8.53 ML

hWaONVRT | |
\ 11
9 o
0 , -
AV AV *
aCQ C- 3.48 ML -|.A
GV NNy PR S
’b'/*(*) C- 174 M !
m VUeAANTYY o T
C- 087 ML
5 \' W
I 1
865 860 855 850

Binding Energy (eV)

Figure 6.5  Ni 2p32XPS spectra from Ni films deposited at room temperature on the
AIl(OQI) surface for selected Ni coverages, normalized to a constant height for the

main peak. Satellite peak positions for different Ni-Al phases are indicated by

dashed lines.

remove the background under the photopeak. The Al intensity is normalized to the
intensity of the clean surface, while the Ni intensity is normalized to its value at the

maximum coverage in our experiment. The solid lines are intended to guide the eye.
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The intensity (Figure 6.7 a) of the Al 2p photoelectrons decreases to about 20% of the

original value after the deposition of I ML of Ni. The intensity further attenuates with

Ni coverage (1016 atoms/cm a)
0 5 10 15 g ?

Ni + AI(OOI)

NI Him

Ni coverage (ML)

Figure 6.6  The average chemical shift of the Ni 2p line ( left axis -open circles) and
satellite separation from the Ni 2p32 line (right axis -closed circles), plotted as a
function of Ni coverage on the AI(OOI) surface at room temperature. Solid lines
are intended to guide the eye.

a slower rate at higher Ni coverages, symbolizing a change in the character of the

overlayer growth mode with additional Ni deposition. The intensity of the Ni 2p peak
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(Figure 6.7 b) shows distinct changes in slope at two different Ni coverages. The first

Ni coverage (1015 atoms/cm?§)

N+ A0 01)

(i>) 12

Ni coverage (ML)

Figure 6.7 Measured XPS intensity of (a) Al 2p and (b) Ni 2p32photopeaks as a
function of Ni coverage. The Ni2p32intensity has been normalized to its value
at the maximum coverage of our experiment (11 ML). The Al 2p intensity is
normalized to the value for the clean surface. Solid lines are intended to guide

the eye.
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change occurs at a Ni coverage of 2 ML, while the second break occurs at around 6 ML

of coverage.

Photoelectron Diffraction

The structure and the uniformity of the Ni layers can be examined using
XPD. Before depositing Ni onto the Al surface, photopeak intensities albng a particular
azimuthal plane as' a function of a polar angle were rﬁeasured for the clean Al surface.
In Figufe 6.8 a and b we show the XPD polar scans for the Al 2p signal for two different
polar planes, (010) and (110), respectively. Each data point shown in these figures -
consists of an integrated peak area after a Shirley background substraction. As we
discussed earlier, the peak intensities are enhanced in the major low index directions of
the crysfal. In Figure 6.8 a the Al 2p polar scan in the (010) azimuth shows a forward-
scatteﬁng peak at 0° due to-next-nearest neighbor Al atoms and a weaker one at 45° due
to nearest neighbor Al atoms. In other words, these enhancements in thé intensity profile
are associated with the central diffraction peaks along the [001] and [101] directions,
respectively. In addition to these peaks, broader characteristic peaks near 18.4° aré alsc;
present in the figure. They are due to a combination of first order diffraction associated
with the [001] and [101] directions, and the central diffraction peaks along the [103]
direction. Similarly, an intensity scan in the (110) azimuthal plane exhibits a forward— '
scattering peak at 0° due to next-nearest neighbor Al atoms, along the [001] direction,

. and a weaker peak at 35.3° due to third-nearest neighbor Al atoms, along the [112]
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direction.
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Figure 6.8 Al 2p polar XPD scans for a clean Al crystal in the (a) (HO) azimuthal
plane, and (b) (010) azimuthal plane. The solid lines are intended to guide the

eye.

Photoelectron intensity angular distributions from the Al substrate and Ni
films were measured for three different coverages of Ni. These three Ni coverage

regimes, I, 5, and 11 ML of Ni, were selected from the three different regions indicated
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in the ion scattering results (Figure 6.2). Figure 6.9 shows the Ni 3p photopeak polar

scan for I ML, 5 ML, and 11 ML of Ni along the (110) azimuthal plane. For

Azimuthal plane (HO) —NI 3p 11 ML

Azimuthal plane (HO) - NI 3p 6 ML

Azimuthal plane (HO) —NI 3p | ML

Azimuthal plane (HO)
Al 3p acan (clean Al)

Polar angle (deg)

Figure 6.9  Ni 3p polar XPD scans for several coverages of Ni in the (HO) azimuthal
plane as compared to the clean Al polar scan, (a) clean Al, (b) I ML of Ni, (c)

5 ML of Ni, (d) 11 ML of Ni.
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comparison, the clean Al 2p photopeak polar scan along the same azimuth is also shown.
For I ML Ni coverage, the Ni 3p polar scan exhibits approximately isotropic or

featureless behavior. In other words the angular intensity distribution resembles the

_ Avimuthal plane (010) - Ni3p 5 WL
n 15

Avimuthal plang (000) - Nidp 1ML

20 30 40
Polar angle (deg)

Figure 6.10 Ni 3p polar XPD scans for several coverages of Ni in the (010) azimuthal
plane as compared to the clean Al polar scan, (a) clean Al, (b) I ML of Ni, (c)

5 ML of Ni.
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(HO) azimuthal plane

Al 2p with 11 ML of NI

Al 2p with 6 M of NI

$ 1.0

Al Zp with | M of NI

Al Zp scan (clean Al)

Polar angle (deg)

Figure 6.11 Al 2p polar XPD scans for several coverages of Ni in the (HO) azimuthal
plane compared to the clean Al polar scan, (a) clean Al, (b) I ML of Ni, (c) 5

ML of Ni, (d) 11 ML of Ni.

instrument response function. However, the Ni 3p polar scan for 5 ML Ni coverage

clearly exhibits enhancements in the 0° and 45° polar angle and has a different profile
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Figure 6.12 Al 2p polar XPD scans for several coverages of Ni in the (010) azimuthal

plane compared to the clean Al polar scan, (a) clean Al, (b) I ML of Ni, (¢c) 5

ML of Ni.

than that for the Al 2p scan. The Ni 3p polar scan in the (010) azimuthal plane was also

measured for these coverages and is illustrated in Figure 6.10. The clean Al 2p polar
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scan in the (010) ézimuthal plane is also shown in the figure for comparison purposes.
The forward focusing peak at 0° is present in the 5 ML scan. A weak peak is observed
at a polar angle of 54°. The different peak positions for Ni in this azimuthal scan indicate
that a different atomic structure of Ni is forming on the Al surface. The 1 ML Ni scan
in this azimuthal plane shows the same featureless behavior as for the (110) azimuth.
In Figure 6.11, we show the Al 2p polar scan in the (010) azimuthal plane
for two different Ni coverages (1 ML and 5 ML). The XPD curve for the clean Al 2p
is also showp in the figure as a reference spectrum. A forward—focusing peak at (° is still
present in.both curves. For 1 ML Ni cov%rage the Al forwaird-focusing péak at 45°
exhibits‘a weaker intensity while at 5 ML coverage this peak is nearly smeared out.
. Similar behavior is observed in the other azimuthal (110) scan of the Al 2p intensities for

different coverages of Ni, and is shown in Figure 6.12. .
Discussion

As shown in Figure 6.2, there seem to be three distinct growth regimes for
these Ni films on the Al(001) surface, corresponding to -three_different intervals of Ni
coverage. The results of Figures 6.1 and 6.2 suggest that Ni atoms are displacing the Al
atoms up to 1 ML of Ni coverage, making them more visible to the incident jon beam.
After 1 ML of Ni coverage these figures further suggest that deposited Ni atoms start
shadowing the Al atoms. This shadowing of Al atoms by the Ni atoms only continues

for Ni coveragés up to 2 ML. This behavior of the ion scattering results suggests that
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there is some kind of epitaxy or order developing in this system despite substrate
disruption. These observations are further supported by the photoelectron diffracti-on
measurements. The Ni XPD curves for 1 ML coverage, shown in Figure 6.9 and 6.10
(second curve from bottom) for the (010) and (110) azimuths, have no structure other than
the shape of the instrument response function. It is well understood that the mechanism
of electron scattering in the range o'f energies studied here is dominated by forward-
scattering enhancement®. Hence, the abseﬁce of any forward—scatteﬁng features is a clear
indication that there is no ordered island formation in the first Ni layer, so that the
monolayer is relatively flat. The data also rule out significant indiffusion for the first Ni
monolayer. The strong initial attenuation of the Al 2p photopeak intensity at 1 ML Ni
coverage, shown in Figure 6.7, supports a model of flat Ni film growth.

-The flat Ni monolayer can occupy at least tvs./o inequivalent sites on the
Al substrate. That is, the first layer of Ni atoms can occupy the hollow sites or go
instead on top of the Al sites (first substrate layer). Since the Ni diffraction signal is
featureless at this coverage, we cannot distinguish between these sites from the overlayer
signai alone. However, we used EAM total energy cﬁculaﬁons to study the interface
registry of the first layer Ni atoms". As we discussed from Chapter 4, the total energy
of the crystal can be obtained using the EAM potentia'ls. The totél energy of the crystal,
which contains an A1(001) slab with 1152 atoms and a single Ni atom for the two
possible cases of Ni sites (hollow apd top), was calculated as a function of the Ni atom
height above the Al surface. It should be noted that the total energy calculation was done

for an unevolved crystal. The results of these calculations are presented in Figure 6.13,
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where the total energy of the crystal is plotted for different heights of the Ni atom. The
open circles are the total energy of the crystal with a Ni atom above the hollow site,
whereas the solid circles represent the case where the Ni atom is on top sites. The solid
and dashed lines are used to guide the eye. Clearly, both curves show a minimum in
energy for a particular height of Ni atom. The hollow site calculation shows a minimum
at 1.37 A while the top site calculation shows a minimum around 2.27 A. Clearly, the
hollow sitp Ni at this minimum height will have a lower energy than the top site Ni atom.
That is, the Ni atom occupying the hollow site will be more stable than the top site Ni
atom. From this we conclude that the Ni atom prefers to stay in the hollow site rather
than in the top site. -

We can further justify our overlayer model by using lattice matching
arguments for the Al(001) surface and the NiAl alloy crystal structure. That is, because
NiAl has the highest heat of formation and is the most stable phase in the Ni-Al bulk
phase diagram'®, we might expect it to form first. The ordered NiAl has the CsCl (bce)
structure with Al atoms being in the corner of the cube. ahd the Ni atoms being at the
body center of the cube®. The cubic lattice constant of NiAl is equal to 2.88 A.
Furthermore, the size of the two-dimensional surface mesh of Al(001) is close to that of
bulk ‘bcc NiAl, if the NiAl crystal is rotated by 45° so that the fcc [010] is parallel to the
bee [110] direction. Hence, placing Ni atoms above the hollow sites of the Al surface,
with the height equal to 1.432 A, forms the first two layers of the NiAl ordered crystal
structure. However, this structure cannot continue after the first monolayer, sincé the

third layer in ordered NiAl consists only of Al atoms. In order to have this structure Ni
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and Al atoms should intermix extensively. This would lead to an increase in the Al ion
scattering yield after 1 ML of Ni deposition. But, from Figures 6.1 and 6.2, it is clear

that the ion scattering yield of Al atoms decreases after the first monolayer of Ni
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Figure 6.13 Total energy of the AI(OQI) slab with I Ni atom calculated using EAM
potentials as a function of the height of the Ni atom from the surface for two
different occupation sites of Ni. Open circles are for a Ni atom above the

hollow site while solid circles represent a Ni atom at a top site.
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depdsition. This observation suggests that the Ni atoms in the second layer are
shadowing the Al atoms underneath and that this layer is also relatively flat. The growth
of the second flat Ni layer can be explained by a formation of the body-centered cubic
(bcc) Ni structure. We will discuss this later in this section.

If the Ni atoms occupy the hollow atomic sites directly above the Al atoms
as we discussed above, then it should be possible to observe a decrease of the Al ion
scattering yield when the incident ion beam is in the norﬁﬂ direction. If on the other
hand, the positions of the Ni atoms parallel to the surface are off by a fraction of an
Angstrom, it wouid be enough to unshadéw the Al atoms™, resulting in no change in the
Al i_on‘ yield. However as shown in Figures 6.1 and 6.2, neither a decrease nor a
saturation of the Al ion yield is observed; instead, an increase in the ion yield is
observed. Tﬁis increase is partially due to the displacements of the Al atoms at the
interface by the Ni atoms. Furthermore, the rear surface dechanneling effect may also
cause the ion scattering yield to increase. That is, the presence of relatively heavy Ni
atoms near the surface leads tq significant deflection of some of the incident ions, and as |
a result their probability of collision with the underlying atoms increases. This behavior
of near surface dechanneling is also observed in the Ni/Al(110) system (Chaptér 5).

Even if the structure of the first layer of the Al substrate is sofnewhat
disturbed by the deposition of a ML of Ni, some order still persists. This can be seen
from the XPD i)attems obtai-ned from the Al substrate for the (010) and (110) azimuthal
planes which are illustrated in Figure 6.11 b and 6.12 b. In both figpres, Al XPD péttems

exhibit the same features as those of the clean scans except for a reduction of the overall
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intensity. The peaks at 45° in the (OIO) azimuth and 35.3° in the (HO) azimuth are

slightly smeared out, indicating a loss of ordering in the first layer. This kind of growth

Top view of AI(OQOI)
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° e ° °
Figure 6.14 Expected forward focusing peaks in the polar scan of bcc and/cc structures
for different azimuthal planes (bottom) and the top view of the AI(OOI) surface

mesh. Solid circles represent the top layer atoms while the shaded circles denotes

the second layer atoms.
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mode was also observed for thin Al films deposited on the GaAs(001) surface®.

As we discussed earlier, the structure of the Ni overlayer after 1 ML of Ni
deposition is attributed to the body-centered cubic Ni structure based on the Ni XPD
scans measured at 5 ML of Ni coverage. The room temperature equilibrium phase of Ni
is fec™. It can be transformed into a bec structure by expanding the axes parallel to the
(001) surface, while simultaneously contracting the interlayer spacing along the surface
normal direction [001]. To carry out this transformation, we take advantage of the fact
that the bcc latticé has a smaller interlayer spacing than the fcc structure. The
transformation of fcc Ni into bec Ni can be explained by the hard-sphere model, in which
Ni in the bcc phase maintains a constant atomic radius, while expanding or contracting
its lattice parameters®. From this model we obtain a lattice constant of 2.877 A for the
bce Ni.

There have been several studies of this kind of behavior reported for
various metal on metal systems. For example bcc Fe(001) thin films were grown on the
Jfec Ag(001) single crystal surface®. There is a good lattice fna;ch between the Ag .
substrate bond length (2.889 A) and the bulk Fe lattice constant (2.867 A), if the two
crystals are rotated by 45°. Zhang and co-workers* have shown recently that they grow
metastable bce Ni(001) and bec Co(001) thin films on bee Fe(001) single crystal surfaces
at room temperature. They also pointed out that a small lattice mismatch is sufficient to
prevent the growth of metastable phases. The above mentioned hard-sphere calculation
of bce Ni reveals that a good lattice match exists between the bee Ni (2.877 A) and the

bee Fe (2.867 A). Since the Al(001) bond length (2,864 A) is very close to the bulk
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Fe(001) lattice constant (2.867 A), it is reasonable to expe(l:t that we can also grow a
metastable bcc Ni film on the fee Al(001) surface. The only difference between the bec
Ni/bcc Fe(001) and bee Niffee A1(001) lies in the relative orientation of the overlayer and
substrate axes parallel to the interface. In the case of bce Nif bee Fe, the growth is [001]
parallel to the [001] direction in the sgbstrate, while for the bcc Nif fec Al case it is [110]
parallel to the [001] direction in the substrate. |

From the results of the polar XPD scans of the Ni 3p core level, for 5 ML
of Ni coverage, presented in Figure 6.9 c and 6. 10 c, it is immediately evident that nickel
grows in the bcc structure with the bee [110] direction parallel to the fec [010] direction.
To see this, first consider the forward focusing peaks of Ni in the Al substrate [110j
azimuth shown in the Figure 6.9. If Ni atoms form an fec film, according to Figure 6.14
forward focusing peaké should occur at angles of O",' 19.5°, 35.3° and 54.7° as seen in
the bottom polar scan curve in Figure 6.9 for clean Al. Instead, the major forward
focusing features occur at 0°, 25°, and 45° which is more consistent with the bcc
structure. Similarly, the polar scan obtained along the A1(001) [010] azimuth shows
forward focusing enhancements at 0°, 25°, and 53° corresponding to the bcc djréctions
shown in .the Figure 6.14. If on the other hand, Ni forms an fcc structure, the forward
focusing peaks due to this film will occur at 0° 18.5°, and 45° as shown by the clean -
XPD Al in this azimuth (Figure 6.10 a)., Thus, loolging at the XPD polar scans in
different a_zimuthél planes, one can easily distinguish between the bcc structure and the
Jfec structure. From the identification of the Ni peaks, we conclude that the 5 ML Ni film

adopts the bcc structure. If on the other hand the Ni deposition results in either a
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polycrystalline or a highly disordered film, then the XPD pattern should be isoﬁopic or
featureless.

The weak intensities of the 45° and 55° peaks from the Ni film can be
attributed to the measur.ement geometry in our system at grzizing emission angles. There
are two possible scenarios for these weaker peaks. As discussed in Chapter 1, the number
of photoelectrons that can escape from a solid without losing energy decréases with depth
X, as exp{-x/(A cos0)}, where A is ‘the inelastic mean free path, and 0 is the emission
angle. Due to this exponential decay approximately 63% of the photoelectrons
contributing to the intensity must originate within a distance of Acos® of the surféce.
This quantity will serve as a measure of sampling depth. Hence, the sampling depth in
XPS is a function of the emission angle, 0, of the photoelectrons, and varies as cos@. For
example, a spectrum recorded at normal incidence would have three times the sampling
depth, hence inténsity, of a spectra recorded at 70° to the surface normal. Therefore, from
this argument, we can conclude that the photoelectron intensity will fall off as cos® with
increasing angle of emission.

In addition to this sampling depth dependence, the XPS intensity will also
depend on the size of the incident x-ray spot. Unlike the sampling depth, the spot
illuminated by X-rays in our geometry will increase markedly with increasing emission
angle, and subsequently reduce the nqmber of photoelectrons reaching the analyz'er.. This
is because, for a constant x-ray flux from fhe source, and a constant analyzing area, the
number of photoexcitations per unit area is reduced for a larger spot size. This

dependence of the spot size on the emission angle may cause the intensity to vary as cos
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0. To correct for these factors a background proportional to cos0 is divided out from the
original XPD spectrum. The results are illustrated in Figure 6.15 where we compare the
background corrected XPD curves from the Ni films (top) to the uncorrected XPD curve
'(bottom) for both azimuthal planes. In the top curves we can now clearly see the 45° and
~ 34° peaks.

Even after the background correction the 54° peak is still weaker than other
forward .focusing peaks. This low intensity of the peak may be due to a lack of
structural perfection in the overlayer, and 6f island or cluster formation of Ni in the
overlayer film. Theoretical calculations carried out by Tong et al®, and experimental
studies carried out by Egelhoff et al.*® have indicated that due to multiple scattering
effects, the enhancement of the XPD peaks is strongest when just a few atoms are in front
of the emitter at.om. If there are too many atoms present, then the enhancement is
strongly reciuced“. This may Véry well be the case in our observation of weaker peaks,
since ordered islands or élusteré will have a larger thickness than the flat film.

In addition to these XPD results, th;: ion scattering res.'ults also suggest that
some order exists in the Ni film with respect to the substrate. This can be seen in Figure
6.3, where the number of Ni atoms visible to the incident ion beam-is plotted as a
function of Ni coverage. As we can see from the figure, up to 2 ML of Ni coverage no
Ni-Ni shadowing is observed. This also supports our earlier claim that the first two Ni
layers are relatively flat. However, above 2 ML of Ni coverage more adsorption of Ni
atoms leads to shadowing of the underlying Ni atoms. This means that some of the Ni

atoms in the higher layers adopt the symmetry of the first two Ni layers and thus occupy




170

the next possible Ni sites.
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Figure 6.15 Background corrected Ni XPS polar scans in the (a) (110) azimuthal plane,
and (b) (010) azimuthal plane. For comparison, uncorrected Ni XPS polar scans

in the respective azimuths are also shown.

Formation of ordered Ni islands between 2 and 5 ML of Ni coverage is

also supported by the following observations: saturation of the Al ion scattering yield
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(Figure 6.2), less ra;')id attenuation of the Al 2p‘ XPS intensity (Figure 6.7 a), and
persistence of the Al Zp XPD forward focusing peaks (Figure 6.11 ¢ and 6.12 c).
Saturation of the substrate ion ’scattering yield, ie. zero slope in Figure 6.2, is the typical
behavior corresponding to the island growth mode of an overlayer, as seen for example
with Ag on Si*. As we discussed earlier, the first layer Ni atoms are not occupying the
atonﬁc sites ﬁght above the Al atoms and a£ the same time Ni bcc islands are forming

with respect to the first Ni layer. Hence, it is possible for the Al ion scattering yield to

remain constant during this coverage regime, as seen in Figure 6.2. Furthermore, a flat

overlayer ﬁlm gives the greatest possible attenuation of the substrate XPS intensity. Any
combination of layers and islands Will give a lower attenuation than a flat film. Hence,
the lower rate of attenuation of the Al 2p photopeak after 1 ML of Ni coverage, as seen
in Figure 6.7 a, supports a model of island formation in the overlayer. Finally, the XPD
results for the Al 2p polar scans also justify the model with island formation since the Al
forward focusing peaks are still ﬁrominent in some of the forward focusing dire_cﬁons—.
However, the 45° peak in the (010) azimuth (Figure 6.11 c) and the 35.3° peak in the
(110) azimuth are almost smeared out. Thus, Qn the basis of the above discussions we
believe that up to 5 ML of Ni de;position, Ni grows as a metgstable bcc structure on the
Al(001) surface in a Stranski-Krastanov (SK) like morphology.

As seen: from Figure 6.2 , a structural change happens after 5 ML of Ni
coverage. .’I—‘hat is, the Al ion scattering yield gradually starts increasing. To model the
Ni overlayér growth, we compared experimentally obtained values for the number of

visible Ni atoms to the values obtained from a computer simulation of He" jon scattering,
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using the VEGAS code®. In these simulations Ni atoms were placed in a bce(100)
structure in a layer-by-layer growth fashion with the lattice constant equal to 2.877 A.
The vibration amplitude for Ni atoms was taken to be equal to 0.065 A%, The results of
this simulations are presented in Figure 6.3, where simulated Ni ion scattering yields are
denoted by ’+’s. Up to 4 ML of Ni coverage, the simulation and experiment agree
reasonably well. But after 4 ML of Ni coverage, the experiment sﬁows only a little
shadowing, while the simulated Ni yield shows a substantial amount of shadowing. One
growth model which explains these results consists of bcc Ni islands approximately 5°
layer in height gradually covering the entire surface at a total coverage of 5 ML.
Following the coalescence of the bee Ni islands, Ni metal begins to cover the surface,
presumably in a disordered structure. The small amount of shadowing still present in thc;,
Ni films indicates a degree of axial alignment with the Al subsfrate. In addition, the shift
observed in the Al surface peak position to lower energies side after 5 ML of Ni
coverage, as shown in Figure 6.4, also supports the model of coalescence followed by Ni
overgrowth. The increase that vs./e saw in the Al ion .scattering yield after 5 ML (Figure‘
6.2) may be due to the near surface dechanneliﬁg effect associéted with the disor.de;red
Ni film, or probably some outward djffﬁsion of Al atoms into the Ni overlayer.

Polar XPD scans of Ni ;md Al in the (110) azimuth obtained at 11 ML of
" Ni coverage also confirm this coalescing of Ni islands after 5 ML. Figure 6.9 d shows
that only the 0° and 25° peaks are present in the XPD scan of Ni while the peak at 45°
is completely washed out. These observations indicate a loss of ordering in the ﬁlm at

least along some bond directions while some memory of the bcc structure is retained.
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The Al polar scan in the same azimuth shows no features, as seen in Figure 6.11 d. This
is due to the. coalescing of Ni islands covering the surface and attenuating the Al photo-
intensity more. As a final point, we show in Figure 6.5 and 6.6 the XPS binding energy,
the satellite separation between the main pc_:ak and the satellite peak, and' the line shape
of the main peak and the satellite peak obtained as a function of Ni coverage. These
results also support this whole growth scenario, consisting of a thin Ni-Al alloy at the
interface, caused by Ni metal.

In summary, we have performed high-energy ion scattering, x-ray
' photoelectron diffraction, and x-ray photoelectron spectroscopy to.characterize the .
evolution of the Ni/AI(001) interface at room temperature. Initially, up to 5 ML of Ni
coverage, a Ni film grows as a metastaBle bce(100) structure in a Stranski-Krastanov (SK)
like growth mode. That is, first a flat overlayer forms, approximately 2 layers thick, and
not necessarily commensurate with the substrate lattice. This is followed by island
formation. After 5 ML of éoverage; the bec islands coalesce to cover the surface. These
results are significantly different from the Ni/Al(110) results in which a strong Ni-Al

reaction was observed.
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CHAPTER 7

ULTRATHIN Pd FILMS ON Al(001) SURFACES
Introduction

The inter.action of thin films of transition metals \and aluminum has
attracted wide attention in recent years, because of theirApotential use in technological
applications™®, For éxample, the reaction, morphology, and growth mode of ultrathin Ti
and ﬁi films on single crystal aluminum surfacés have been studied extensively to
understand the role of the substrate structure in the evolution of the transition metal-
aluminum interface®*®. Saleh and coworkers’ have shown that ultrathin Ti films grow
epitaxially on Al(110) and Al(001) surfaces up to 5 ML of Ti coverage. In the last two.
chapters, we presented our results of the growth of ultrathin Ni films on Al(110) and
Al(001) surfaces. These results suggest that Ni films grow differently on these substrates .
at room temperatufe. Siﬁce Ni and Pd have similar bulk equilibrium phase diagrams wifh
Al", and at the same time they belong to the same group in the periodic table, we might
expect the behavior of Pd films on Al single crystal surfaces to be similar to that for the
Ni-Al system. ,

Using medium energy ion scattering studies, Smith and coworkers! have

shown that a strong reaction occurs between Pd and Al when Pd thin films are deposited
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on Al(111) surfaces. Their results suggest that an AIPd compound grows on the substrate
with sufficient order to allow subsequent epitaxial growth of Pd(111) on the AIPd
compound. In this chapter we will present and discuss our results for Pd deposition on

the AI(001) surface using high energy ion scattering and x-ray photoelectron spectroscopy.

Experimental setup

The ex-periments were performed in an ultfahigh vacuum (UHV) chamber
with a base pressure of 1 x 10™ Torr. A detailed description of the equipment can be
found in Chapter 3. The He ion energy used in HEIS measurements was around 1 MeV.
The channeling measurements were made with the ion beam inéident along the [OOI]
.direction. As before, a scatterihg angle of 105° was used to collect the backscatterd He
ions. The XPS spectra were acquired using an Al K, X-ray source and a hemispherical
analyzer. The analyzer was operated in the fixed-analyzer-transmission (FAT) mode with
a pass energy equal to 50 eV. All XPS binding energies presented in this work are -
referenced to the binding energy of the clean Al 2p core level. Initially, the Al single
crystal was cleaned using the methods described in Chapter 3. The typical cleaniﬁg
procedure in vacuum involved successive cycles of argon ion sputtering with 1.5 keV ions
and annealing to 450°C. Surface cleanliness was verified by XPS and HEIS. Palladiurﬁ
was vapor—depositeci on the AI(001) surface from a resistively heated Pd wire. No
increase of sample temperature was observed during evaporation. As we discussed in

Chapter 3, the Pd coverages were determined by HEIS measurements. After each Pd
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deposition, HEIS and XPS experiments were performed. In the HEIS experiment the

surface peak areas for ions scattered from Al and Pd atoms were monitored. In the XPS

measurements, Al 2p and Pd 3d core level spectra were collected in the same manner as

described in Chapter 3.

Results

High energy ion_scattering

In Figure 7.1 we show the energy distribution of the scattered ions in the

regions of the Al and Pd surface peaks for several Pd coverages. Each curve in Figure

7.1 is identified'by.the Pd coverage. One monolayer here is equivalent to the atomic

density of the Al(001) plane, 1.219 x 10" atoms/cm?. The arrows and the dashed lines

" in the figure indicate the energetic positions of the surface Al and Pd atoms. It can be

easily seen from the figure that the surface peak for Al increases with increaéing Pd

coverage.
In Figure 7.2 we plot the number of Al atoms visible to the incident jon

beam as a function of Pd coverage. As we showed in Chapter 5, such plots are very

informative to develop models for reacted interfaces. There are two main regions to note -

here. First, the Al surface peak area exhibits a liner increase with a slope of 1 up to 5
ML of Pd coverage. After this coverage, there is an apparent saturation stage during

which the Al surface peak area remains unchanged. A similar plot of number of Pd
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Figure 7.1  lon scattering/channeling spectra for 1 MeV He+ions on PdfAI(OOl) for
different Pd coverages indicated in the figure. The energetic positions of the Al

and Pd surface peaks are indicated by the arrows and the dashed lines.

atoms visible to the incident ion beam in the normal channeling direction as a function
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of Pd coverage is shown in Figure 7.3. The actual Pd coverage is measured with the ion

beam incident in a random direction. The solid circles in Figure 7.3 show the Pd yields
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Figure 7.2 Number of Al atoms visible to the ion beam as a function of Pd coverage

on the AI(OQI) surface. The solid lines are the least-squares fit to the data points

in two regions. Two different stages of film growth are indicated.

in the random direction. A small, but measurable amount of Pd-Pd shadowing is

observed for coverages greater than 2 ML, as seen by the reduction in the Pd yield
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obtained in the normal direction compared to that obtained in the random direction.
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Figure 7.3  Number of Pd atoms visible to the | MeV He+ion beam as a function of

Pd coverage. The solid circles are for a random direction while open circles are for the

channeling direction. The solid line is the least-squares fit to the random data.

X-ray photoelectron spectroscopy

Figure 7.4 is a plot of the background-subtracted x-ray photoelectron
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energy distribution curves for the Pd 3dy, (binding energy 335.08 ¢V) and Pd 3d,, peaks

for three different coverages of Pd on A1(001). The solid curves through the data are the
results from the peak shape analyses discussed later in this section. The arrows in the
figure indicate the photopeak positions'for the AIPd compound and Pd metal phases. It

is seen in Figure 7.4 that the line shape of the Pd peak changes as Pd coverage increases.
Discussion

The results of Figure 7.1 and 7.2 suggest that more and more Al atoms
become visible to the incident ion bearﬁ as the Pd coverage increases up to 5 ML. This
shows that Pd atoms are reacting with Al atoms on the Al(001) surface to form a surface
compound. In a conventional interpretation of the results in Figure 7.2, tﬁe slopes for ion
scattering yields versus Pd coverage are used to determine the average sfoichiometry of
the feacting interface. In this case, 4 slope of 1:1 in region one would indicate that we
are forming an AIPd compound. But this interpretation is not always true as we

“illustrated in thé Ni on Al(110) case, where near surface dechanneling will change the
slope. However, based on the XPS results discussed below, we conclude that an AIPd
surface compound is formed up to 5 ML of Pd coverage. So, at least in this case, both
the HEIS results and the XPS results are agreeing well. In‘ previous studies of Pd on
Al(111) Smith and coworkers also reported that the AIPd compound is the initial réaction
product on that surface’. |

After 5 ML of Pd coverage, deposited Pd atoms are not effectively
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displacing the Al atoms as seen from tﬁe zero slope of Al yield vs Pd coverage in region
two of Figure 7.2. This means that after this coverage the reaction seems to stop and a
Pd metal film begins to cover the surface. The small amount of Pd-Pd shadowing
observéd in Figure 7.3 suggests that the reacted overlayer as well as the Pd metal film
have some degree of axial alignment with respect to the Al substrate.

By performing a detailed peak shape analysis of the Pd 3d XPS photopeaks
shown in Figure 7.4, we can identify the compound growing at the Pd-Al iﬁterface. As
we can see from this figure, the Pd peak shape changes with Pd coverage. At low Pd
coverages, the Pd 3ds, and Pd 3d,, peaks are centered around 336.75 eV and 342.05 eV,
respectively (bottom éqwe in Figure 7.4). The peaks show a small shoulder toward
higher binaing' energy. However, at larger Pd coverages, the spectra display peaks at
335.08 eV and 340.28 eV respectively (top curve in Figure 7.4). These shifts in the Pd
peaks suggest that the photoelectrons originating from tﬁe Pd films are experiencing a
different. chemical environment in these two regimes. The main peak we saw in the
lower coverage regime is attributed to the Pd photoelectrons originating from the reacted
Pd-Al interfaces. The small shoulder that we saw in this figure is due to the imaging
problem of our analyzer. That is, the drea imaged by the analyzer lens with the aperture
used in our system is slightly larger than the Al crystal so that a small portion of the
sample holder is also seen by the analyzer. This means that the XPS Pd spectra consist
of a small amount of Pd sigrial coming from.the sample holder in addition to the signal
originating from the sample. The Pd metal on the Mo s;ample holder appears to have

little or no chemical shift relative to Pd metal, as seen from Figure 7.4.
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Figure 7.4  Pd 3d XPS spectra from Pd films deposited at room temperature on the
AI(OQI) surface for three different Pd coverages. The solid curves are the results
of the XPS peak fittings. The dashed lines represents the Pd photoelectrons
originating from the reacted AIPd compound while the dotted lines represents the
Pd photoelectrons coming from the Pd metal. Peak positions expected for the

AIPd compound and Pd metal are indicated by the arrows.
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In order to eliminate this sample holder problem we have carried out a
detailed peak-shape analysis of the Pd peaks. Initially, the cubic background method is
used to remove the background under the original XPS curves. Then we fit these peaks
with four different Gaussian line shapes, each with the same peak width. Two Gaussians
were used to represent the Pd 3ds;, and Pd 3d,, peaks from the Pd metal whereas the
other two Gaussians represent the Pd 3ds, and Pd 3d,, peaks from the reacted Pd-Al.
The amplitudes and the peak positions of the Gaussians were allowed to vary in the
fitting routiné. The dashed lines and the dotted lines in Figure 7.4 are the outcome of our
XPS curve fitting.

The fitted curves shown in Fiéure 7.4 clearly indicate the Pd peak from
the AlPd compound as well as the Pd peak from the Pd metal. Fuggle and coworkers
have studied in detail the chemical shifts of the Pd 3d photopeaks in various Al-Pd
alloys*. They found that the Pd 3d peaks exhibit very large chemical shifts, on the order
of 2 eV towards higher binding energies, in the Al-Pd alloys. Their results are
summarized in Table V. The ‘results obtained from our XPS curve fittings are. also
presented in Table V. From the table we see that our measured value of thé chemical
shift and the separation between the Pd 3ds, and 3d,, peaks are closely matching with
Fuggle’s values for the AIPd compound, but significantly different than those for AlPd.
That is, the chemical shift in the Pd péaks of the AlPd alloy in Fuggle’s experiment
is equal to 1.9 eV, while in our case it is equal to 1.73 eV. ' The small difference
observed in these values may be associated with the different forms of samples used in

these experiments. In Fuggle’s experiment, the XPS spectra for pure bulk Pd-Al alloys
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were measured while we collected XPS spectra for very thin films of the Pd-Al

compound. Hence, the observation of a smaller chemical shift in our experiment is

TABLE V. Comparison of binding energies, chemical shift, and the peaks separation for
the Pd 3ds, and 3d,, peaks in different Al-Pd alloys. The chemical shifts are averaged

over both 3d lines for the purpose of comparing with Reference 45.

Fuggle’s Experiment

Compound Binding - Binding Chemical Separation
Energy Energy Shift between
eV) V) (eV) V)
Pd metal 3352 340.45 i 5.25
AlPd 337.05 . 342.35 1.9 5.30
ALPd 33770 . 342.90 2.5 5.20

Our Experiment...

Pd ' 335.08 340.28 ; 520

AlPd 336.75 342.05 1.73 5.30

‘attributed to the emission of photoelectrons from very thin reacted Pd-Al films. Thus,
from these observations we conclude that an AIPd surface compound forms at the

Pd-Al(001) interface.
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In Figure 7.5 we plot the XPS intensities for the two fitted Pd 3d52 peaks
as a function of Pd coverage. The emission intensities from the reacted Pd compound are

denoted by the open circles while the Pd metal emission intensities are denoted by the

Pd Coverage (Mono layers)

0 2 4 6 8
Total Pd....
51.0
PdAl...
-E 0.6
co 0.2

Pd Coverage (1 O atoms/cm2)

Figure 7.5  Measured XPS intensity from Pd 3d52peak as a function of Pd coverage.
The open circles are the intensity of the Pd photoelectrons coming from the
reacted AIPd compound. The solid circles are the intensity of the Pd metal

photoelectrons originating from both the sample and the sample holder.
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solid circles. Initially, the intensity from the reacted Pd compound increases smoothly

with the Pd coverage up to 4 ML. Upon completion of 4 ML of Pd coverage, the

Pd Coverage (Mono layers)
2 4 6
1.0x105 | | | | | | | |

Pd + AI(OOI)

0.8 .

o 06 PdAl.

Pd met31

O }
0.0 JL_ - |
0 2 4 6 8
Pd Coverage (1 Ol5 atoms/cm?2)

Figure 7.6 Measured XPS intensity from Pd 3d52 peak as a function of Pd coverage.
The open circles are the emission intensity of the Pd photoelectrons coming from
the reacted AIPd compound. The solid circles are the emission intensity of the Pd

metal photoelectrons originating only from the sample.

intensity started to attenuate slowly with increasing Pd coverage. On the other hand, the
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intensity of the Pd metal emission increase linearly with Pd coverage up to 4 ML. After
4 ML of Pd coverage a jump in the Pd metal intensity is observed, and it increases at a
faster rate with Pd coverage, as seen from Figure 7.5. From these intensity profﬁes, it
is clear that at or around 4 ML of Pd coverage some structural transformation occurs in
the Pd films. This can be explained as follows. The initial increase that we see in the
Pd metal intensity up to 4 ML of Pd coverage is due to the Pd signél coming from thé
Pd metal on the sample' holder. The increase observed in the reacted Pd compound
intensity is coming completely from the sample. However, based on the ion scattering
results, after 5 ML of Pd coverage we believe that the reaction between the Pd and Al
atoms stops and a Pd metal film begins to grow on the reacted interface. This explains
‘the sudden increase observed in the Pd metal XPS intensity as well as the attenuation
observed in the reacted Pd compound XPS intensity. That is, the Pd metal film covering
the reacted interface attenuates the Pd reacted cbmpound signal, and at the same time it
increases the Pd metal intensity at a faster rate since more Pd atoms are now imaged by
the‘ analyzer.

Even after 4 ML of Pd coverage we are still depositing a small amount of
Pd métal onto the sample holde;, which will also contribute to the total Pd metal
intensity. To correct for this, we assumed that the Pd intensity coming from the sample
holder is not saturatéd after 4 ML of Pd coverage, but is instead increasing linearly with
the Pd coverage. This assumption seems valid because thé Pd metal film is still very
thin. Then we subtract thi‘s linear increase in the Pd intensity from the total Pd- metal

intensity. The results presented in Figure 7.6, show more clearly the onset of Pd metal
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after 4 ML of Pd deposition. The subtraction process ‘has no effect on the reacted Pd
compound since this signal is only coming from the Al-Pd reacted interface. A similar
behavior in intensity. is observed for the Pd 3d,, peak. Hence, the XPS peak shape
analysis supports the model suggested by the ion scattering results.

In summary, we havg performed high-energy ion scattering and x-ray
photoelectron experiments for thin Pd fﬂms deposited on the Al(001) surface at room
temperature. Measured Al and Pd surface peak areas for MeV He" ions incident normal
to the surface show that Pd atoms react with and displace Al substrate atoms. The
reaction continues for Pd coverages from 0 to 5 ML, at which point a Pd metal film
begins to grow on the surface. The XPS measurements of the Pd 3d photopeaks show
a chemical shift that is consistent with the formation of an AlPd compound during the

reaction phase and Pd metal thereafter.
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CHAPTER 8

CONCLUSION

In this thesis work we have invésﬁgated the influence of the substrate
orientation on the overlayer growth.of ultrathin Ni and Pd films dei)osited on Al single
crystal surfaces. Two different crystal surfaces of Al, the (110) and (001), were used for
this purpose. In the studies of ultrathin Ni films on Al(110). surfaces using HEIS and
XPS, we observed that the Ni atoms deposited at room témperature continuouély
dispiaced the Al atoms up to 8 ML of Ni coverage, indicating a reaction between the Ni
and Al atoms. For the first 2 mondlayers of deposited Ni, a NiAl -like compound is
formed with the surface déchanneling effect present at the interface, while for Ni
deposition between 2 and 8 ML, a Ni,Al -like. compound is formed. These results differ
significantly from the thermally reacted Ni/Al systerﬂs where NiAl, is the initial rejcictipn ‘
product observed. After 8 ML of Ni deposition, é Ni metal film starts to cover the
reacted interface. |

As discussed in Chapter 4, we developed a new approach to simulate the
high energy ion scattering yields and x-ray photoelectron iptensities from reacted crystal
surfaces, using Monte Carlo numerical simulation methods. In the MC simulations we
have used embedded-atom-method (EAM) potentials to calculate the total energy of the
system. Simulations of the Ni-Al(110) interface also shbw an interfacial reaction.

Calculated ion scattering yields and XPS intensities associated with the Al and Ni atoms
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are in very good agreement with the experimental results. These ion scattering
simulations further reveal a surprising amount of "near surface dechanneling" occurring
just below the interface which affects the conventional interpretation of the experimental
results. We also gained more insight into the reaction and growth process of Ni on
Al(110) using the snapshots of the crystal which- were generated by these simulations.

In the studies of ultr'athjn Ni films on the Al(OOl). surface using HEIS,

XPS, and XPD, we observed a completely different growth mode of the Ni films.

' Initially, a Ni film grows as a metastable body-centered-cubic structure in a Stranski-
Krastanov (SK) mode. This sti‘ucture is particularly interesting, since bulk Ni exhibits a
face-centered-cubic structure at room temperature. Aftc'ar 5 ML of Ni coverage, the bcc
islands coalesce to cover the surface. At this point, a small amount of s-u]face
decha;rmeling is observed in the ion scattering results.

The different.: growth behavior of Ni films which we observed for these two
aluminum surfaces may be attributed to the' difference in the surface energies of these
surfaces. . The Al(110) surface has the la¥gcst surface energy among the three low-index
surfaces of Al, while the Al(111) surface has the lowest®. The surface energy of the
AI(001) surface is 10% less than that of the Al(110) surface. This ’differencc may Be
sufficient to alter tﬁe growth on the (001) surface. So in this respect, it would be
interesting to extend these Ni deposition experiments to the Al(111) surface since Al(11 1)
has the lowest surface free energ§. These experiments also merit attention because the
(111) surface is the preferred orientation for aluminum and thus we can compare these

results to other experiments that were done on Al films*",

S
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Ultrathin Pd films deposited on A1(001) surfaces exhibit compound

formation between Pd and Al atoms at the interface. Our results suggest that an AIPd -
like compound gréws on the substrate up to 5 ML of Pd coverage. After 5 ML of
coverage a Pd metal film started to cover the reacted surface. Previous experiments for
Pd on Al(111) surfaces using medium energy ion scattering also show that AIPd is the
first reaction product on that surface;’.' Preliminary experiments for Pd on Al(110) using
HEIS and XPS also show that a strong reaction occurs at the interface®. Thus, based
on the above observations we i)elieve that Pd reacts strongly on all three Al surfaces.

As we discussed in Chapter 7, we might expect the behavior of Pd 1:ilms
on Al surfaces to be similar to that for the Ni-Al system. However, from the above
 discussion it is clear that these two. systems behave differently. Eveh though the surface
energies of the Al surfaces are different, still we observed strong reaction in the Pd case.
So another factor, the heat of formation of thes?: alloys, may play an important role in
determining the growth modes. The heat of formation of AIPd is -92 H/mole, whereas
for AINi it is -59 kJ/mole™. Hence, we believe that the high heat of formation of AIPd
causes the Pd atoms to react strongly with Al atoms on all surfaces.

As a final point, it is impor;ant to coﬁtinﬁe the EAM sﬁnulatioﬁ on other
.surfa‘c_:es and ‘systems' since the results. obtained from these simulations can give us more

insight into the growth modes observed in these system.
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APPENDIX I

XPS CURVE FITTING

In XPS, when one elerﬁent is present in different chemic'_él states or two or more
peaks are very close .to.each other, it is necessary to resolve _XPS peaks inté different
components b)II means of a non-linear least-squares method. In order to perform tﬁese |
fits, first we should know the exact line shapes of these peallcs.. The measured line shape
of a c.-orefl'evel photope;k is a complex function, and can be representeci in terms of a
convoluﬁon of the natural line s-hape and the instrument response func~ti(.)n71

| The hatural‘ line shaiae is usually expressed as a Lorentzian shape, and it is givén
by

1

E - B 2

1+ 4

L

where E is the electron energy, E, is the centroid, and W, is the FWHM.

The instrument response function can be represented by a Gaussian shape, and it is given _
by

o 2
' G(E) = exp(-4 1n(2) [EWE"'] )

G

‘where Eg is the centroid, and Wy, is the FWHM




200

Thus, the function we must give the computer to represent our core-level line shape.is

. +40
I(E) = [6(&) L(mdE,

-40-

We have to perfdm this calculation at each data poiﬂ; for each iteraitioﬁ of fhe
r'nil_limizétion routine.

However, in metals, creatiqn of long-lived low eneréy electron-hole pairs near E; .
leads to a. skewing of the symmetric line ghape ltowa?ds- the low kine.tic energy side.
Doniach and Sunjic show that thg natural line shape of metals can be represented. by the . -
following expression’ .

' ' ‘ E - E, _
cos(% + (1—a)tan"1[2——W—L-])

L(E) = : T

[(E’l—'EL)z + 4w 2

where o is the asymmetry parameters.

A typical XPS specn‘urﬁ will have a background which aﬁses from those
plfbtoclectrons that have lost enérgy when traveling through the soﬁd. Thus, some form
of background functioﬁ has to be include in our fitting routine. Shirley® proposed that
the increased background be correlated with the peak.area. The inelastic scattering -energy |
distﬁbution at kinétic energy E, is proportional' to'the_z number of electrons having energy
higher than E,. We have used this background subtraction me;thod in our fitting routine.

In most cases, we have uéed a Lorentzian line shape and a Shiriey backgrbund, exceﬁt

in the Pd case where we used a Gaussian-line shape.
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Detailed Drawings of our sample holder

Sample Holder Side View

Sample Holder Dim fS6 Thru Up (HQ 3 pte 045»5 ad
Front VieW 5/gT and mill alet 3pb04«5 ad
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Sample Holder
Back View + 0.062 (1/16) 3 pis thru on 0320 rad

# 0218 (7/32) 6pb 0n 0437 BC

Macor Terminal Pass-thru

$ 0.101 tlra 6 piean 0437 BC

4000(1/10 da, 3pb on0.321i»d
Mtcor thickness m 3/16
Use socket # 841B204402-X

Thretd one end 440 to poove
RwnacHne groove to accept Arcon snap ring # 1500 *6
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Sample Holder Front Platel
Ddll ].‘b*lhru CBfci form’* mad

5/64 endmill thru 3 pis on 0.4S85

3/64 ondmffl slot Am 3

Moly Sample Holder

MU * 0039 (WSI) X 0.150* 3 pic

Dnffl * OtOSZ (#55) thru
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rr>

zX
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Bayonet Pin Arrangement

0043

Bayonet pin 3 reg 304ss

Sample Holder Tube
Side View

SlAinless 304
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Sample Holder Tube
Front View

M URLITAM ihhi Zob

MU + y\ng i 1 <05 mi
Tip ]Tp(bn

IMIpdOE ieteifcf &5d a

orus O00xE) x 015

Tip256«n0425 mJ\

Sample Holder Tube : End Macor Block
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Drill t OCfiZSthin 6 pie on OZLSrad [ — »!

4 0.076 thru 3 pis on 0J63 ad
Choro*ai25X0J60dp
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Sample Holder Standoffs
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MONTE CARLO SIMULATION PROGRAM DESCRIPTIONS

PROGRAM: | WRITE_CRYSTAL_110.FOR
WRITE_CRYSTAL_100.FOR

WRITE_CRYSTAL, 111.FOR |

wok - Theser‘programs will build fce(110), (100),.andl(111) crystéls for the

evolution. .

PROGRAM: EAMALLOY.FOR
*% . This program will perform Monte Carlo simulations on a crystal which is
generated by the WRITE_CRYSTAL_110.FOR i)rogram.
ok Two kinds of 0utpu_t§ can be 6btained from this program.
(D General calculations.... .such as total energy, numvber‘of atoms
in each ‘layer,‘vibrétion amplitudes, létc.
, (2) Snapshots of the crystal.

The files containing subroutines and functions in this program are :

READ. CRYSTAL.FOR
* This will read the crystal from a file which is written by the-

WRITE_CRYSTAL_110.FOR program.
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MAKE_TABLES.FOR

" This wi_il read the potentials from ART VOTER and generate the look up

tables for the EAMALLQY program.

- SETPARAMETERS. EAM.FOR
This vﬁll calculate the parameters which are needed for the Monte Carlo

process.

START_ENERGY.FOR.

" This will calculate the start energy of each atom.

START_RANDOM.FOR

This will start fhe random number generator.

" NEARESTATOMS.FOR

This will determine which atoms are within a distance R of each atom..

‘DISSQUARE.FOR

This function will calculate the square of the distance between two atoms.

CPU.FOR

This will start the CPU time counter
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POTENTIAL.FOR

- This will calculate the énérgy of an ‘atom as a function of N and NFCC.

DENSITY.FOR

This function replaces the simple lookup method.

PAIR_ENERGY.FOR

This function is similar to POTENTIAL.FOR and DENSITY.FOR.

RUN.FOR

This program controls the-whole Monte Carlo simulation procedure.

DISSNEW.FOR .
This will calculate the square of the distance between the moved atom and

some other atom j.

E_DIFFERENCE.FOR
This will calculate the difference in energy for the atomic cdnfigpration

before and after an atom was moved.

ACCEPT.FOR

This will determine whether an attempted move is accepted or not.
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MOVEATOM.FOR

This will move an atom randomly in X.,y,z direction.

WRITE_OUTPUT.FOR

This program writes the output to the output files.

'OPEN_FILE.FOR
This program opens the output‘file Jilename.out to which all output is

" written.

AVERAGE.FOR
- .This program calculates the average of the observables after qu'npletion of

a group.

OBSERVABLES.FOR

This will calculate the contribution to observables after each .cycle.'

FINISH_OUTPUT.FOR

This will finish the output to the output file.

REWRITE_CRYSTAL.FOR

This will write the crystal as evolved in the main program to a file such _
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that it can be used again as input file. .

WRITE_ENERGY.FOR

This will write the energy of the crystal after performing the start up cycles l

- to the output file.

WRITE_MAD.FOR

This will write the crystal as evolved in the main program to a file such

+ that it can be used for the ion scattering simulation program. This.file only

contains the coordinates of all the atoms.

FULL,_ENERGY.FOR

This will calculate the energy of the crystal completely.

EXACT ENERGY.FOR

This will 'calc.ul'ate the total energy of the crystal without using the

- exponential table.-
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After the generation of 'snapshots (*.mad files) from the EAMALLOY program, these

snapshots are modified by some other programs.
Program: , SHIFT.FOR e
wok. This will correct the coordinates of the atoms, if the periodic boundary
conditions change the atomic coordinates.
Program: ‘CMASS_LAYER_SHIFT.FOR

#% - This program will shift the center of mass of each layer, if the center of

mass of that layer changed.

~ After these modifications "ZANDVORT.FOR (VEGAS)" program was used to simulate’ |

the ion scatteril'rlgr yields from these corrected mad files.

Outputs (sphirﬁmel.out) from the -ZANDVORT program, ie. ion scattering yield, for

several snapshots (mad files) can be combined using COMBINE_Z.FOR program.,
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ADJUST_CRYSTAL.FOR

running the EAMALLOY program. -

manue which is shown below."

1.

2.

10.
11.
12.
14.

20.

100.

- Température

Number of cycles

Number of groups

. Number of start cycles

- Stepsize

Random start seed

Mad Vs Normal outputs....

~Ou‘tput file name

Expand crystal

Write comments

Add (110) layers only

List or change atom type .in each layer
Add more Ni atoms

Write crystal to the file |

Stop program

- If you run the ADJUST_CRYSTAL program you will get the popup

" From this program we can adjust the input parameters needed for







