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Metal oxide reactions at metal oxide surfaces or at metal-metal oxide interfaces
are of exceptional significance in areas such as catalysis, micro- and nanoelectronics,
chemical sensors, and catalysis. Such reactions are frequently complicated by the
presence of high electric fields and/or H,O-containing environments. The focus of this
research was to understand (1) the iron oxide growth mechanism on Fe(111) at 300 K and
500 K together with the effect of high electric fields on these iron oxide films, and (2) the
growth of alumina films on two faces of Ni3Al single crystal and the interaction of the
resulting films with water vapor under non-UHYV conditions. These studies were
conducted with AES, LEED, and STM. XPS was also employed in the second study.

Oxidation of Fe(111) at 300 K resulted in the formation of Fe,O3 and Fe;04. The
substrate is uniformly covered with an oxide film with relatively small oxide islands, i.e.
5-15 nm in width. At 500 K, Fe;O, is the predominant oxide phase formed, and the
growth of oxide is not uniform, but occurs as large islands (100 - 300 nm in width)
interspersed with patches of uncovered substrate. Under the stress of STM induced high
electric fields, dielectric breakdown of the iron oxide films formed at 300 K occurs at a
critical bias voltage of 3.8 £ 0.5 V at varying field strengths. No reproducible result was

obtained from the high field stress studies of the iron oxide formed at 500 K.



Ni3Al(110) and NisAl(111) were oxidized at 900 K and 300 K, respectively.
Annealing at 1100 K was required to order the alumina films in both cases. The results
demonstrate that the structure of the 7 A alumina films on Ni;Al(110) is «-like, which is
in good agreement with the DFT calculations. Al,O3/NisAl(111) (y’-phase) and
Al;O3/Ni3Al(110) (k-phase) films undergo drastic reorganization and reconstruction, and

the eventual loss of all long-range order upon exposure to P, ;> 107 Torr.

Al,0O3/Ni3Al(110) film is significantly more sensitive to H,O vapor than the
ALO3/NizAl(111) film, and this may be due to the incommensurate nature of the
oxide/Ni3Al(110) interface. STM measurements indicate that this effect is pressure-
rather than exposure- dependent, and that the oxide instability is initiated at the oxide
surface, rather than at the oxide/metal interface. The effect is not associated with
formation of a surface hydroxide, yet is specific to H>O (similar O, exposures have no

effect).
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CHAPTER 1

INTRODUCTION

Metal oxides comprise a very diverse class of materials with properties covering
the entire range from conductors to semiconductors and insulators [1]. Metal oxides find
applications in many fields of scientific and technological importance, including
heterogeneous catalysis, micro- and nanoelectronics, chemical sensors, high temperature
corrosion inhibitors, composite materials, and optics [2-4]. The high melting points, low
density, hardness, and selective reactivity of many metal oxides are well suited to these
applications. In many of these applications, metal oxide reactions play a key role in the
performance [1, 5]. Understanding the reactions at metal oxide surfaces or at metal-metal
oxide interfaces in different environments is of exceptional significance since it is either
at the oxide surface or at the metal-oxide interface where processes such as spallation,
corrosion, diffusion and wetting occur. For example, metal oxides are ubiquitous in
heterogeneous catalysis, serving as catalysts, as catalyst supports, and as modifiers and
promoters, among other roles. Metal oxide reactions have a direct effect on the
mechanical stability and catalytic activity of the catalysts [1, 3]. In addition, the moisture-
induced spallation of metal oxide (alumina and iron oxides) scales from Ni, or Fe-based
alloys is a serious problem in the development of materials for advanced high

temperature applications [6]. Furthermore, the stability of ultrathin metal oxide



barrier films under non-UHV conditions is a crucial concern in device processing where
substrates are exposed to relatively poor vacuum or air during processing steps [7].

Although metal oxides are of broad scientific and technological interest under a
variety of non-ultrahigh vacuum (non-UHV) conditions, detailed studies of metal oxide
surfaces are typically carried out under rigorously controlled UHV environments [3, 8-
13]. This discrepancy arises in part because most modern surface spectroscopies, e.g.
Auger electron spectroscopy (AES), low energy electron spectroscopy (LEED), scanning
tunneling microscopy (STM) and x-ray photoelectron spectroscopy (XPS) that provide
detailed structural and compositional information about a surface, are UHV-based
techniques [13, 14]. A common criticism of the UHV approach has been that it is too far
removed from the real world, since there may exist “pressure gaps”- qualitative
differences between surface properties observed under UHV vs. higher pressure
conditions [15]. A number of natural and industrial processes do not occur under such
rarified conditions. Adsorbates that are weakly bound to a surface, for example, may play
important roles in surface reactions at ambient or higher pressures, but cannot be
observed under UHV conditions except at low temperatures, where the chemical reaction
is kinetically hindered [16].

In the real world, reactions occurring at either metal oxide surfaces or at
metal/metal oxide interfaces are often complicated by the presence of interfacial
impurities such as sulfur [17-19] and carbon [20] or by H,O-containing environments.
The effects of interface impurities have been extensively studied [17-20]. On the other

hand, the effects of water molecules on metal oxides at the pressure range of 10 to 1



Torr, which play a crucial role in their surface properties including surface reactivity,
have not attracted much attention. Furthermore, specifically adsorbed ions (CI, OH", H',
etc.) can induce electric fields greater than 1 MV/cm across a thin oxide film grown on a
metallic substrate [21]. The behavior of ultrathin metal oxide films under high electric
field is of critical importance to the development of magnetroresistance memories [22-
24] and advanced gate oxides [25]. Despite their obvious importance, to the knowledge
of the author, high electric field effects on most metal oxides have not been
systematically studied.

The goal of the present study is to provide an in-depth understanding of the
effects of environment (i.e., high electric field and intermediate pressures (>107 Torr —
0.1 Torr) of water vapor) on selected metal oxides. Following oxygen and silicon,
aluminum and iron are the most abundant elements in the Earth’s crust [26]. As a result,
aluminum and iron oxides and hydroxides are among the most abundant materials in the
Earth’s surface. Aluminum and iron oxides were selected because of their obvious
technological importance. This dissertation consists of four chapters. The current chapter
provides background information on the fundamental concepts of metal/oxide interaction
and adsorbate/metal oxide surface interaction, as well as experimental methodology. In
chapter 2, characterization of oxide films grown on Fe(111) at 300 K and 500 K together
with the high electric field effects on these films are presented. Chapter 3 reports the
theory and experimental studies on the structure of 7 A alumina films grown on
Ni3Al(110) single crystal. Chapter 4 investigates the interaction of the ultrathin alumina

films grown on two faces of NizAl with water vapor under non-UHV conditions.



1.1. Oxide/ Metal and Adsorbate/Oxide Interactions: Basic Concepts
1.1.1. Oxide Growth on Metals and Alloys

Metal oxidation processes are extensively used in technology for protection of
materials against corrosion, and production of engineering ceramics and catalysts. The
initial stages of oxidation (including oxygen adsorption and dissociation, oxide island
nucleation, and growth into a continuous film) as illustrated in Fig. 1.1 [27, 28] have been
actively studied and are now understood relatively well [27-29]. Initially, there will be
physical adsorption of oxygen molecules on the bare metal surface, which means the
oxygen molecules are loosely bound to the metal surface. The molecules then dissociate
into atoms that are strongly bound to the metal surface by chemisorption. The enthalpy of
the physical adsorption process is relatively small, i.e., 20-25 KJ mol, compared to that
of chemisoption (as high as 600 KJ mol™). Previous LEED studies [30] indicate that the
chemisorption process of oxygen is connected with the movement of a specific number of
metal atoms into the plane of the adsorbed oxygen atoms. The second step involves a
general chemical reaction to form small oxide nuclei on the surface [31]:

XM+ 7% (y O2) = MOy (1-1)
The above reaction consists of two spatially isolated electrochemical processes [27]:
(1) oxidation of metal atoms at the oxide-metal interface:
Mo>MY" +ye (1-2a)

(2) oxidant reduction at the oxide-gas interface by the electrons liberated in (1-2a):

5 0,+26 — 0% (1-2b)



The oxide nuclei formed in the second step continue to grow laterally until they coalesce,
and at this point the metal is covered entirely with a continuous oxide film M,Oy (Fig.
1.1). The continuous oxide film protects or ‘passivates’ the underlying metal from further

oxidation/corrosion [28].

0,(g)
O (6] O O l 0 0
] ] ] ] ] |
Metal Oxygen adsorption
and dissociation
<+ > < > <« —->
Metal Oxide islands nucleation

Oxide film/scale
Metal formation

Fig. 1.1. Three steps involved in the initial stage of oxidation of metals.

The process of oxidation can be divided into two categories, low-temperature and
high-temperature oxidation, depending on the metal and time-temperature-pressure
relationship during the oxidation process. In low-temperature oxidation, the thermal
energy is not enough to allow existing ions or electrons (or holes) to surmount the energy

barrier to diffusion. As a result, the driving force for the formation of oxides at low



temperature is an electric field. Across very thin oxide films, a very strong electric field is
created. An oxidation potential is usually on the order of one volt, hence, there will be a
field of ~ 10’ V ecm™ across a film with a thickness of ~ 1 nm [28]. A logarithmic growth
rate is typical for low temperature oxidation. The products of high-temperature oxidation
are often polycrystalline and contain paths (grain boundaries) for easy ion diffusion. In
high-temperature oxidation, thermal energy is sufficient for ion generation and movement
through the oxide even though a small electric field may be present. A parabolic growth
rate is generally followed. The actual temperature of transition from low- to high-
temperature oxidation is a function of the material, its perfection, and purity.

According to their crystallographic states, the metals can be divided into three
types: single crystal, polycrystalline, and amorphous metals. Single crystal and
amorphous metals differ from polycrystalline metal in that no grain boundaries are
present. For oxidation, the type of substrate has a direct effect on the oxidation rate and
the quality of the growing oxide films. Even carefully prepared oxide films grown on
polycrystalline metal substrates contain defective regions. The defective regions provide
paths for facile ion movement and thus, fast oxide growth. Single crystal and amorphous
metals minimize such defects and should, therefore, produce higher quality oxides that
result in a slower rate of oxidation [32, 33].

Oxidation kinetics is generally described with reference to the mathematical
relationship existing between the oxide thickness, d, and time, t. The kinetics of thick
oxide films (> 100 nm) and thin films (< 100 nm) are quite different. At low

temperatures, and for thinner oxide films, these relationships are logarithmic, i.e., the rate



of growth of the film or the increase in film thickness obeys an inverse dependence with
time, according to the equation [27, 28]:

d=Klogt (1-3)
where K; is the rate constant. In oxidation processes obeying logarithmic rate laws, after
a certain limiting thickness (typically 100 nm) is attained, the initially high oxide growth
rate will fall off quickly, unless sufficient thermal energy is supplied to the system to
promote further film growth by ionic diffusion through the film under the influence of a
concentration gradient [28]. At high temperatures, the rate of oxidation ceases to obey the
logarithmic-type law and the growth of thick oxide films obey parabolic growth kinetics
[27, 28]:

d? = Kt (1-4)
In Eqn. (1-4), K is the parabolic rate constant. The parabolic rate constant K increases
exponentially with increase in temperature. Oxide growth under these conditions is
extremely fast, as the thickness increases as d? with time, and involves diffusion of ions
via point defects [27, 28]. Thicker oxide films are usually called oxide scales. The
difference between a thin film and a scale is often described in terms of oxide thickness,
d, and growth rate, although there is no specific value of d that marks the difference [28].

Thin oxide films can be prepared by a variety of methods [33-39] including laser

and arc deposition [35], molecular beam epitaxy (MBE) deposition [33], sol-gel
deposition [36], chemical vapor deposition (CVD) [37], plasma-enhanced CVD [38], and
laser induced CVD [39]. The preparation of ultrathin oxide films for surface science

studies is often accomplished by oxidizing a metal (metal alloy, or semiconductor)



substrate (forming a thin film of the native oxide), or evaporating a metal on a refractory
metal substrate in the presence of oxygen [33]. These thin films, however, often have a
large density of defects (vacancies, interstitials, dislocations, domain walls, different
phases and variants, grain and sub-grain boundaries, etc.), which may completely change
their electronic and spectroscopic properties. Therefore, it is often mandatory to use
single crystals to control the type and the density of defects which may play a key role on
the oxide properties [40].

Oxides prepared by the oxidation of single crystal binary intermetallic alloys
include Al,O3/NiAl [41-44], ALLO3/NizAl [45-52], Al,Os/FeAl [53-55], and Ga,03/CoGa
[56, 57] etc. In general, oxidation at room temperature results in the formation of
amorphous oxide layers, and subsequent annealing to elevated temperatures is needed to
produce an ordered oxide film. Usually the temperature required to order the oxide film is
much higher than the melting temperature of the pure metal. For example, annealing to
1000 ~ 1200 K followed by room temperature oxidation is necessary to produce well-
ordered thin Al,Os films [42, 44, 47, 52], whereas the melting point of pure aluminum
metal is only 930 K. The use of intermetallic alloys for the growth of ultrathin oxide
films offers the advantage in that higher annealing temperatures can be used for ordering
the oxide film without melting the substrate. Well-ordered Al,O; films have been
successfully prepared by direct oxidation of NiAl and NisAl single crystal substrates
followed by subsequent high temperature annealing [44, 47, 51, 52]. However, the

presence of a large lattice mismatch between the alloy surface and the oxide lattice



constant may also lead to the formation of an oxide film with a rather high defect density

[3].

1.1.2. Classification of Metal/Oxide Interfaces

The metal/oxide interface is ubiquitous in technology: the protective oxide on
beverage cans, the non-protective rust, electrodes on dielectrics, catalysts and sensor
materials on oxide substrates. In order for the metal and oxide to keep in contact, there
must exist a region through which the intensive properties of the system change from one
phase to those of another. Such a region is defined as the metal/oxide interface.
Metal/oxide interfaces are special among all heterointerfaces since metals and oxides are
quite different in most material properties. For example, bonds in metals are
characterized by the delocalization of the electrons. In contrast, most oxides, due to the
high electron negativity of oxygen compared with metals, tend to mainly have ionic
bonding in which one or more electrons from one atom are removed and attached to
another atom. As a result, compared to metal, oxides are usually brittle, elastically stiffer,
insulating and have poor thermal conductivity [2].

The use of thin ordered oxide films grown on conducing substrates in model
studies offers many advantages over amorphous samples in that such films minimize the
influence of parameters such as defect density and grain boundaries that may play a role
in the reactivity of the surfaces or the metal/oxide interfaces [41, 42]. Furthermore, the
extremely thin nature of such films allows surface science techniques, including XPS,

LEED, and STM to directly probe in great detail the changes in the structure and



composition of the well-ordered metal/oxide interfaces and oxide surfaces. Any charging

induced in the oxide film during spectroscopic measurements can be dissipated via the

metal substrate. A well-known example of this kind is the formation of well-ordered thin

alumina films on the low indexed surfaces of certain Al alloys such as NiAl and NizAl

[41, 42, 46, 49, 52].

Based on the nature of the reaction products that are formed at the interfaces,

metal/oxide interfaces may be classified as follows [20]:

1.

Abrupt interface. No chemical reactions occur during the formation of an abrupt
interface. The weak bond between metal, R, and metal oxide, MOy, is associated
with the absence of electron transfer from the metallic overlayer to the substrate.
Furthermore, the interface is characterized by an abrupt change from one phase to
another (R/MOy). Cu/Ti0, is a typical example [58-60].

Oxide interface. The formation of oxide interfaces involves a redox reaction at the
interface between a metal, R, and an oxide, MOy. Systems in which a stronger
bond is observed usually imply that the overlayer atoms are oxidized due to the
interaction with lattice oxygen. Oxidation of the overlayer metal is usually
accompanied by a reduction of the substrate cations. The interface may be binary
(R/RO/MOy), ternary (R/MROy+,/MOy) or an oxide solution (R/ROx-MO,/MOy).
Examples of these types are Al/ALL,O3/TiO; [61], Ni/NiAl,O4/ALLO5 [62, 63], and
Ni/NiO-MgO/MgO [64], respectively.

Intermetallic interface. A metal alloy is formed at the interface as a result of the

reaction of a metal, R, with the metal atoms from an oxide, MOy, which may be
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represented as R/M-R/MOy. At an Al/NiO interface, a NizAl interfacial layer is

generally observed [65].

1.1.3. Adsorbate/Surface Interactions on Metal Oxides

There are two principal modes of adsorption of gas molecules on surfaces:
physical adsorption (physisorption) and chemical adsorption (chemisorption). The basis
of distinction is the nature of the bonding between the molecule and the surface. In
physisorption the only bonding is by weak Van der Waals - type forces (intermolecular
forces). Physisorption occurs without molecular dissociation. There is no significant
redistribution of electron density in either the molecule or at the substrate surface. In
chemisorption, a chemical bond, involving substantial rearrangement of electron density,
is formed between the adsorbate and substrate. The nature of this bond may lie anywhere
between the extremes of virtually complete ionic or complete covalent character.
Molecules often dissociate when chemisorbed. The problem of distinguishing between
chemisorption and physisorption is basically the same as that of distinguishing between
chemical and physical interaction in general. No absolutely sharp distinction can be made
and intermediate cases exist, for example, adsorption involving strong hydrogen bonds or
weak charge transfer [1, 66].

Chemisorption on metal oxide surfaces follows a considerably different pattern
from that on metals [1]. The relatively ionic nature of the metal oxides due to the
presence of both cations and anions on the surface, leads to a predominance of acid/base,

or donor/acceptor, interactions. Cation sites are Lewis acids, and may interact with donor

11



molecules such as H,O through a combination of electrostatics and orbital overlap. Oxide
jons act as basic sites and can interact with acceptors such as H'. One of the most
common dissociative reactions on metal oxide surfaces is the deprotonation of an
adsorbate to produce surface hydroxyl groups. Another important feature of adsorption
on metal oxides is the involvement of lattice oxygen atoms. The basic nature of lattice
oxygen atoms compared to acidic molecules such as CO; often leads to the formation of
surface Cng' [ Furthermore, metal oxides can also interact with adsorbates via
oxidation/reduction, or redox, reactions. In a redox reaction there is a change in the
oxidation state of the adsorbate, with the release or capture of electrons. Examples are the
reaction of H to form H" and that of Cl to CI". For mechanistic surface studies of
molecular adsorption on metal oxides, three strategies have been applied [67]:

1. adsorption and reaction studies on microcrystalline materials that are composed of
crystals of microscopic size (having maximum dimensions of one micron), e.g. by
Marchese et al. [68] and Zaki et al. [69],

2. adsorption studies on surfaces of single crystal oxides, e.g. by the Yale [1],
Kopenhagen [59, 60] and Manchester [70] groups,

3. adsorption and reaction studies on thin oxide single crystal films growing on
metallic substrates, e.g. by Goodman [71, 72], Somorjai [73] and Freund [74, 75]
groups.

The third strategy has been proven to be especially useful since most modern electron

spectroscopic techniques can be applied in these studies.
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Knowledge about molecular adsorption on metal oxide surfaces and the alteration
of surface properties resulting from adsorbate-surface interactions is critical for a better
understanding of many technological processes. For instance, the interaction of water
with metal oxide surfaces has direct impact on catalysis [1, 3], corrosion [6, 76, 77], and
metallization [78, 79]. Depending on the system, adsorbed water may be present as a
molecule or it may dissociate. As an adsorbed molecule, it may bind to the surface by
electrostatic interaction, charge transfer or hydrogen bonding. The water molecule can be
very inert on some surfaces, while on others it may oxidize the surface or near-surface
regions [8]. A main objective in studying water-surface interactions is to determinie
whether water is molecularly vs. dissociatively adsorbed, since the presence or absence of
dissociation has significant implications for many chemical processes. The chemical
reactivities of water dissociation products are very different from that of water. There are
essentially two thermal reaction pathways by which water can dissociate on a solid
surface. In the first case, water dissociates, but thermodynamics (and kinetics under UHV
conditions) favor recombination of fragments to liberate water [8]:

H>O@) — OH) + Hy — H2O() (reversible dissociation) (1-5)
In the second one, water dissociates, but thermodynamics favor surface oxidation, the
most common irreversible pathway, over recombination of fragments to water:

H>O@) — OHy) + H@) — O+ Hae) (irreversible dissociation) (1-6)
Reversible water dissociation is typically observed on oxide surface, while irreversible
water dissociation is typically observed on metal and semiconductor surfaces [8]. It has

been long believed that water dissociation on most oxide surfaces is enhanced by the
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presence of defect sites. Defect sites are usually highly undercoordinated, which makes
them more acidic, and thus more energetically favorable binding sites for water. In
addition, a wide variety of structural arranges of cation and anion sites offered by defects
is particularly important for water dissociation because this process requires the
concerted effort of a cation site binding water and an anion site abstracting a proton.
Water adsorption on alumina surfaces at room temperature is reported to be dissociative
by previous studies [80, 81]. Dissociative chemisorption of water and the formation of a
hydroxide phase is only observed for water vapor pressure above 1 Torr for a-
Al,03(0001) and dissociative chemisorption of water occurs mainly at defect sites below
this pressure [78, 82]. Both transitional phase (non-a) and a-phase (e.g., sapphire(0001))
surfaces are inert towards H20 vapor at UHV pressures [10, 43, 46] because for all
alumina phases in UHV, bulk-terminated surface cations undergo a strong inward
relaxation, effectively shielding these reactive sites within the larger oxygen anion
sublattice [41, 43] as shown in Fig. 1.2. XPS data [46] obtained for a thin alumina film
grown on Ni3Al(110), however, strongly suggested that the oxide film was structurally

unstable upon exposure to P, , of ~ 10 Torr, 300 K, even though aluminum hydroxide
was only observed after exposures to P, , ~ 1 Torr, 300 K.

Recently, there has been considerable interest in cooperative surface interaction,
that is, reactions involving two or more adsorbate molecules reacting at a single surface
site [83, 84]. Ab initio studies indicate that cooperative effects strongly affect the

properties of certain adsorbate molecules (e.g. H>O) [85, 86]. It is now well established
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that cooperative effects strongly favor molecules with hydrogen bond (HB) patterns in
which each molecule is simultaneously a proton donor and an acceptor of HBs [86, 87].

The cooperative surface interaction is particularly relevant to alumina surface
chemistry since molecular dynamics (MD) studies [88] indicate that cooperative surface
reactions involving several H,O molecules may be responsible for the surface

hydroxylation observed at high pressures. UHV, which is required to keep atomically

QOutermost cations have large inward
relaxation. The cations are shielded by
large anions

Surface is nominally Al _ ‘ OXygen atoms

terminated, but... .
Al jons

Fig. 1.2. Alumina surface in UHV: relaxation of surface cations reduces reactivity.

clean surfaces, however, precludes observation of many cooperative surface interactions,
as the following rough calculation shows. From the kinetic theory of gases, the flux (F) of
molecules to the surfaces (in terms of atoms/em’*sec) at a given pressure P is [16]:

Pltorr)

VM (g / mole)T

F=3.51x10"

(1-7)
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where T is temperature, and M is the average molecular weight of the gas/surface species.
Thus, most gas/surface experiments involve changes in surface composition as a function
of exposure (= Px time), since this gives the number of single-molecule/surface
interactions. The most common unit of exposure is the Langmuir (L; 1L = 107 torr - sec).
Substituting P = 3 x 107 torr and using the values of M = 28 g/mol and T = 300 K in Eqn.
(1-7), we can see that F ~ 10> molecules/cm?/sec.

The residence time (1) for a molecule on a surface is related to the heat of

adsorption (AH,gs) by [16]

AH
=71, eXP(?ads) (1-8)

where 7, is correlated with surface atom vibrational time. T is the temperature and R is
the gas constant. A typical value for 7 is 107"%sec [16]. Assuming the heat of adsorption

is equal to the heat of desorption obtained from temperature programmed desorption
(TPD), AH,q4s for H>O on the surface of 5 A thick Al,O3/NiAl(110) is 43 KJ/mol [89].
The average surface coverage (0) of adsorbed molecules on an initially clean surface is
determined by the product of the incident flux F and the residence time t:

0=F1 (1-9)

At 300 K and a partial pressure of water vapor (P, o) of 107 Torr, 0o~ 107

Monolayer (ML). At such low coverage, cooperative surface interaction is not possible.
MD calculations [88] indicate that H>O dissociation is stabilized by adjacent H,O

molecules, which may provide a substantial probability for H,O-H,O cooperative surface
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interactions at PH2 o 107 Torr. Such a bimolecular dissociation mechanism at the o-

Al,03(0001) surface from reference [88] is shown schematically in Fig. 1.3. Cooperative

interactions are obviously possible at P, , > 1 Torr, when hydroxide formation is

observed [82].

) . oxygen atoms . oxygen atoms

Al ions @ hydrogen atoms

Fig. 1.3. A bimolecular H,O dissociation mechanism at the a-Al,O5(0001) surface: H,O
dissociation stabilized by adjacent H,O molecule.

1.2. Experimental Methodology

Reactions occurring at solid surfaces are of great importance particularly for
practical applications. A surface can be envisaged as the result of a fracture along a
certain plane in the bulk material, where the bonds between neighboring atoms are simply
severed. The change in the equilibrium position and bonding of surface atoms can cause
drastic reconstruction of the outermost layers, 1.¢., the surface can assume a
fundamentally different atomic structure from that of the bulk material [16, 90, 91]. The
surface has a strong tendency to interact chemically with particles from the gas phase

because of the more or less unsaturated valencies. In order to study atomically clean
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surfaces, it is clearly necessary to keep the pressure of the residual gas above the surface
very low, which requires ultra high vacuum (UHV). The concentration of atoms on the
surface of a solid is on the order of 10> cm™ [16]. A rough calculation indicates that at a
pressure of 10 torr, the surface will be covered with a monolayer of adsorbate within a
second at room temperature assuming that every molecule that strikes the surface sticks
(i.e., the sticking coefficient is 1). For this reason, the unit of gas exposure is 10 torr-sec,
which is called a langmuir (L). Current surface techniques can detect contamination on
the order of 1% of a monolayer. In order to keep an atomically clean surface for at least
an hour, often the time scale needed to perform one experiment, working pressure < 10”
torr (so-called ultra high vacuum (UHV) conditions) must be regularly attained [16].

A number of UHV-based surface analytical techniques were employed in this
research: Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy
(XPS) were employed in surface composition analysis; low-energy electron diffraction
(LEED) and scanning tunneling microscopy (STM) were used to characterize the surface
structure and topography; and scanning tunneling spectroscopy (STS) was utilized in the
study of surface electronic states. The principles of operation for each technique are

discussed as follows.

1.2.1. Auger Electron Spectroscopy (AES)
Auger Electron Spectroscopy (Auger spectroscopy or AES) was developed in the
late 1960's, deriving its name from the effect first observed by Pierre Auger, a French

Physicist, in the mid-1920’s. AES is a popular method for analysis of surfaces, thin films,
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and interfaces. It cannot detect hydrogen or helium, but is sensitive to all other elements,
being most sensitive to the low atomic number elements. Auger electron spectroscopy
(AES) identifies elemental compositions of surfaces by measuring the energy of Auger
electrons. The surface sensitivity of AES is due to the low energy of these electrons (E <
1000 eV). Electrons in this energy range interact with solid matter very strongly; as a
result, their inelastic mean free paths within solid are only a few atomic layers, making

AES a suitable technique for surface analysis [92, 93].

electron Auger electron
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Fig. 1.4. Schematic of Auger process: (a) removal of a core electron; (b) Auger electron emission.

The Auger emission process involves three electrons as shown in. Fig. 1.4. The
basic Auger process starts with removal of an inner shell (core level) atomic electron to
form a vacancy by bombarding the sample with an electron beam. A second atomic

electron falls from a higher shell to fill the inner shell vacancy. Energy must be
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simultaneously released. Therefore, a third electron, the Auger electron, escapes carrying
the excess energy in a radiationless process. Auger electrons are classified according to
the energy levels in the atom that are involved in their production. Therefore, the Auger
transition in Fig. 1.4. is labeled as KL;L3, where the initial hole is given first, followed by
the locations of the final two holes in order of decreasing binding energy.

The kinetic energy (K.E.) of Auger electrons in the above example is
approximated by:

K.E. = (Ex —EL1) — Er3 (1-10)
where Ex, Er;, and Ej 3 are electron binding energies at K, L;, and L; levels, respectively.
Since K.E. is independent of the formation mechanism of the initial core hole, X-rays can
also be used to induce Auger electrons.

Auger spectra are generally analyzed and presented in a differentiated form. In the
integrated mode, Auger electron transitions generally appear as small features
superimposed on a rather large continuous background of secondary electrons (Fig. 1.5)
when the excitation source is an electron beam, therefore, the energy distribution function
N(E) is electronically differentiated into dN(E)/dE in order to facilitate easy identification
and analysis of the Auger transitions. Each element has Auger electrons with kinetic
energies that are characteristic of the atom from which the electrons come. Therefore, the
analysis of Auger energies leads to elemental identification. In selected cases,
information on chemical binding can be obtained as well from peak position, shape or
fine structures. Furthermore, the surface concentration of an element can be derived from

the peak-to-peak height (PPH) in the derivatized Auger spectrum [90].

20



1.2.2. Low Energy Electron Diffraction (LEED)
Low energy electron diffraction (LEED) is the principal technique used for the
determination of the long-range order of surface structures. LEED utilizes the wave-

particle duality nature of electrons, by which an electron beam can be regarded as a group
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Fig. 1.5. Auger spectra from a contaminated NizAl sample in the (a) integrated and (b)
differentiated modes.

of particles, and also as a series of waves incident upon the target material. Using the de

Broglie relation, the wavelength (1) of the incident electron beam can be expressed as

150
’1_\/ EeV) (-1
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Electrons that have been accellerated through a potential of 20 to 200 volts (i.e., their
kinetic energy is around 20 to 200 eV) have a wavelength given by the de Broglie
relation (Eqn. 1-11) which varies from 2.7 Angstroms to 0.9 Angstroms. This
corresponds to the range of distances between atoms in solids and can therefore strongly
diffract from them. The LEED experiment, therefore, uses a beam of electrons of a well-
defined low energy (typically in the range 20 - 200 eV) incident normal to the sample in
order to satisfy the atomic diffraction condition (A must be smaller than or comparable to
the interatomic spacing).

Surface atoms scatter incident electrons in all directions. In some of these
directions the scattered beams are in phase and reinforce each other to give diffracted
beams i.e. constructive interference. For convenience, the scattering can be divided into
two types: forward scattering where the angle of scattering is < 90°, and back scattering
that reverses the momentum normal to the surface. In LEED, we are dependent on back
scattering for the electrons we observe. Fig. 1.6 schematically illustrates interference
between waves scattering from a one-dimensional row of atoms (with atomic separation
a) in a crystal with the electron beam incident normal to the array. For the two adjacent
atoms shown in Fig. 1.6, the path difference between beams is d = a sinf. For
constructive interference, the path difference must be an integral multiple of the
wavelength of the incident electron beam. The result is Bragg's law of diffraction:

asinf=nAi n=1,2,3... (1-12)
which is known as the Bragg condition. Depending upon the d and A, there may be

several angles 6 for which constructive interference can occur [93]. For a surface with a
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two-dimensional array of atoms with primitive interatomic distances of a and b, the
Bragg condition requires both asinf; = n A and bsin6, = m A for constructive interference
to occur, i.e. the incoming electrons can only be scattered along a set of lines dispersed
from the surface [91, 93, 94].

Fig. 1.7 shows a typical LEED apparatus. The LEED system has two major
components: (1) an electron gun producing monochromatic electrons and (2) a detector
system which detects only the elastically scattered electrons. The electron gun produces a

collimated monoenergetic beam of electrons with specific energy (20 to 200 eV). In a

d=asinb

Fig. 1.6. Diffraction of electrons from a one-dimensional array of atoms.

LEED experiment, the beam of collimated monoenergetic electrons is directed toward the
sample surface, where a fraction of the incoming low energy electrons is elastically
scattered (Fig. 1.7). The sample must be a single crystal with a well-ordered surface

structure in order to generate a back-scattered electron diffraction pattern. The detector
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consists of four metal grids at different voltages and a fluorescent screen. The first grid

(counted from the sample) is at ground potential to ensure a field free region around the

Fluorescent
Screen

Retarding
Grids

Crystal

Incident Electron
Beam

Elastically diffracted
Electrons

Fig. 1.7. A schematic LEED experiment set-up.

sample. The next two grids are set to the retarding voltage, which is slightly lower than
the kinetic energy of the electrons produced by the gun. They repel almost all
inelastically scattered electrons. The elastically scattered (diffracted) electrons pass the
next grid which is set to ground voltage again and are then accelerated towards the
fluorescent screen which is set to a high positive voltage. Bombardment of diffracted
electrons onto the screen results in bright spots whose pattern reflects the ordered

arrangement of surface atoms by a reciprocal relationship [94, 95].
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There are two major applications for LEED. The first one is to provide qualitative
information from inspection of the surface diffraction pattern. From one short LEED
experiment, we can obtain direct information about the surface order and quality. When
the surface is reconstructed or covered with adsorbates, the LEED images can quickly
give information about the surface symmetry, periodicities, or rotational alignment of an
adsorbate unit cell with respect to the substrate unit cell. The second application of LEED
is the quantitative structure determination. In this application, the intensities of the
various diffracted beams are recorded as a function of the incident electron beam energy
to generate so-called I-V curves which, by comparison with theoretical curves, may
provide accurate information on atomic positions. Despite this complicated procedure,

LEED is the most important tool for quantitative surface structure determination [1, 94].

1.2.3. Scanning Tunneling Microscopy (STM) and Spectroscopy (STS)

The scanning tunneling microscope (STM) is widely used in both industrial and
fundamental research to obtain atomic-scale images of surfaces. It provides a three-
dimensional profile of the electronic states of the surface which is very useful for
characterizing surface roughness, observing surface defects, and determining the size and
conformation of molecules and aggregates on the surface. Binnig and Rohrer developed
the first STM in 1981, for which they were awarded the Nobel Prize in 1986 [96, 97].

A schematic drawing of the STM set-up is shown in Fig. 1.8. A bias voltage is
applied between an atomically sharp metal tip and an electrically conductive sample to be

investigated (metal or doped semiconductor). After the tip is brought into close proximity
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(a few angstroms) to the sample surface, a very small tunneling current can flow due to
the quantum mechanical tunneling effect, without the need for the probe tip to physically

touch the surface. The direction of tunneling current flow is dependent on the polarity of

Feedback
Control

Amp Data-Acquisition

XY Scan Control

Sample

Fig. 1.8. Schematic illustration of basic STM set-up.

the bias: when the sample is negatively biased, electrons will tunnel from the occupied
states of the sample into the empty states or conduction band states of the tip; electrons
will tunnel from the occupied states of the tip into the empty states or conduction band

states of the sample when the sample is positively biased.
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At a distance of only a few A, the overlap of tip and sample electron wave
functions is large enough for a tunneling current I; to occur, which is given by
|, oce™ (1-13)
where d denotes the tip-sample distance and the decay constant for the wave functions in

the barrier (k) is given by k = ~+/2m® / 1, in which @ is the local barrier height or the

effective local work function, and n = h/2z . For metals with typical work functions of

4 eV-5 eV, k is on the order of 1 Al Therefore, an increase of the tunneling distance of
only 1 A changes the tunneling currents by about an order of magnitude.

The tunneling current can be used to probe physical properties locally at the
sample surface as well as to control the tip-sample separation distance. The magnitude of
the tunneling current is very sensitive to any change in the tip-sample separation distance
because the tunneling current is exponentially dependent on this separation. It is this
sensitivity that makes it possible to monitor and detect changes in the tip-sample
separation distance. Motion of the tip (or sample) both laterally and vertically with
respect to the sample (or tip) can be controlled with sub-atomic accuracy by means of
piezoelectric drives that are mechanically connected to the tip (or sample). Changing the
position in the lateral (x,y) plane allows you to scan continuously across the sample
surface and changing the vertical (z) position allows you to maintain desired tip-sample
distance. STM can be designed to scan a sample in either of two modes: constant height
mode (CHM) or constant current mode (CCM) [96].

The most widely used mode of STM operation is CCM (Fig. 1.9a). In CCM, a

feedback loop is used to adjust the vertical position of the scanner at each measurement
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point to keep the current constant. In practice, the actual tunneling current I; is compared
with a preset constant value (Ip), typically 0.5-5nA, in a feedback circuit. The feedback
signal, proportional to the difference between I; and Iy, provides a correction voltage to
the z piezoelectric drive and thus causes the tip-sample distance to change when a
protrusion or a depression is traversed. For example, when the feedback loop detects an
increase in tunneling current (I; > 1), it adjusts the voltage applied to the z piezoelectric
drive to increase the distance between the tip and the sample. The measured quantity in
this mode is the voltage required to move the tip up and down (z voltage) to maintain the
constant current. Recording the z voltage as a function of the lateral tip position during
raster scanning yields a map of the surface topography. The advantage of CCM is that
large areas can be scanned while the disadvantage is that the resolution is low compared
to the CHM [96].

In the CHM (Fig. 1.9b), the tip-sample separation is kept constant by holding the
z-coordinate constant, equivalent to a slow or disabled feedback, and the current is
recorded over each point. Since the tunneling current (Ir) changes exponentially with tip-
sample distance, corrugations or depressions in the sample surface will give rise to
variations in the current as the tip is scanned across the surface in this mode. That is, the
tunneling current tends to decrease as the separation between the tip and the surface
atoms increases and vice versa. Therefore, the current as a function of lateral position
represents a topography image of the sample surface. This mode is only appropriate for

atomically flat surfaces, as otherwise a tip crash would be inevitable [96].
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At a first approximation, interpretation of the STM image as a surface topograph
is generally adequate. More accurately, scanning tunneling spectroscopy (STS)
performed in STM provides information about the local electronic structure of the sample
by probing the density of states (DOS) at the sample surface as a function of energy. In
general, STS is carried out in the middle of an STM image acquisition so that atom-

resolved probing of spectroscopic signals can be achieved. There are several ways of
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Fig. 1.9. Scanning modes for STM: (a) constant current mode; (b) constant height mode.

obtaining the STS information, including topography imaging at different applied
potentials, current imaging at different heights, I-V (or dl/dV-V) data acquisition as a
modulation of the potential, Z/V curve (tip-sample separation vs. bias voltage in constant
current mode), and I/Z curve (tunneling current vs. tip-sample separation in constant bias

mode) [98].
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The I-V curve (tunneling current vs. bias voltage in constant height mode) is the
most common STS method. It can be obtained over an averaged large region or at a
selected location (single point), which correlates the surface topography with the local
electronic structure. To obtain an I/V curve, the actual scan is stopped and the tip is
moved to the desired position with the feedback loop closed. By interrupting (switching
off) the feedback loop and keeping a fixed tip-sample separation, a voltage ramp is
applied and the tunneling current is recorded. The resulting I-V curve is characteristic of
the electronic structure at a specific X,y location on the sample surface. For the
interpretation of the spectroscopic data the normalized differential conductivity of the
measured [-V curves ((dI/dV)/(I/V)) is calculated. This quantity carries information about
the local DOS of the sample [96, 98].

The invention of STM heralded a new era in surface science in which the
structure and topography of surfaces could be imaged down to atomic dimensions. The
operation of STM relies on the electrical conductivity of the sample. Therefore, both
imaging and spectroscopic (STS) aspects of the technique could be immediately
exploited in the study of metals and semiconductors. Nevertheless, it has been
demonstrated that STM studies on the oxide surfaces are practical, if the material can be
made sufficiently bulk conducting (like TiO,) [99]. Another approach, as pointed out in
section 1.1.1, is the use of thin oxide films on the metallic substrates. In this case, we
have to discriminate between two situations as illustrated in Fig. 1.10 using potential

diagrams, due to the band gap of the oxide [3].
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When imaging at low bias voltages Vy,s,, only electronic states located close in
energy to the metal substrate Fermi level are accessible, whereas the electronic states of
the oxide are not accessible. Under this tunneling condition, therefore, electron can only
tunnel between the tip and the metal substrate, with the oxide acting as a tunneling

barrier. Generally speaking, at low bias voltages, STM is more sensitive to the
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Fig. 1.10. The potential diagrams illustrate the different tunneling condition when imaging a thin
oxide film on metallic substrate: (a) low bias voltage; (b) high bias voltage.

film/substrate interface. In contrast, imaging at high bias voltage (higher than 2 of the
band gap of the oxide) involves tunneling between oxide valence (filled states) or
conduction (empty states) band states located further from the Fermi surfaces [3]. STM
images obtaining under this condition reflect accurately the topography of the oxide
overlayer. This effect has been previously demonstrated for ultrathin films of

AlLO3/Ni;AI(111) [100], Al,O3/NisAl(110) [101] and SiO»/Si(111) [102].
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1.2.4. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also known as ESCA (electron
spectroscopy for chemical analysis), is a surface sensitive non-destructive technique that
provides quantitative surface chemical state information for all elements except hydrogen
and helium. XPS was developed in the mid 1960s by K. Siegbahn and his research group
[103]. Siegbahn was awarded the Nobel Prize for Physics in 1981 for his work in XPS.
The principle behind the XPS technique is the photoelectric effect, i.e. the sample is
illuminated with X-ray photons that result in the ejection of photoelectrons from the
surface. The photoemission process is illustrated in Fig. 1.11. In XPS, when a beam of X-
rays strikes a sample surface, the energy of the X-ray photon is adsorbed completely by
the core electron of an atom, leading to ionization and the emission of a core (inner shell)
electron. The kinetic energy (KE) of the ejected photoelectron is determined by the
energy of the x-ray radiation, hv, the electron binding energy, Ep, and the work function
of the spectrometer (a constant for a given analyzer),®s, as given by [90]:

KE = hv - Eg- @, (1-14)
By measuring the kinetic energy of the photoelectron, the binding energy can be
determined using Eqn. (1-14).

For every element, there will be a characteristic binding energy associated with
each core atomic orbital. In other words, each element has a characteristic set of binding
energies. The spectrum from a mixture of elements is approximately the sum of the peaks
of the individual constituents. Therefore, XPS is a powerful tool to identify and

determine the atomic compositions of a sample. In addition, the binding energy of an
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electron is particularly sensitive to the chemical environment through a "chemical shift"
effect. The chemical shift can arise for several reasons: difference in formal oxidation
state, difference in local chemical and physical environment and so on. It gives rise to

small shifts (~ 0.1 eV-10 V) in the binding energy of an electron. For example, atoms of
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Fig. 1.11. Photoemission process for one electron model in a solid.

a higher positive oxidation state exhibit a higher binding energy due to the extra
coulombic interaction between the photo-emitted electron and the ion core. As a result,
variation in the elemental binding energies (the chemical shifts) allows for a
determination of the chemical state of certain elements. The ability to discriminate
between different oxidation states and chemical environments is one of the major
strengths of the XPS technique. Furthermore, the intensity of the XPS peak is associated
with the concentration of the element within the sampled region. Thus, the technique is

capable of yielding a quantitative analysis [90].
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A typical X-ray photoelectron spectrometer is displayed in Fig. 1.12 [90]. It is
composed of an X-ray source, electron energy analyzer, electron detector, and a recorder.
The X-ray source consists of an anode of a suitable material (Mg and/or Al), which is
bombarded by energetic electrons that are emitted from the cathode. An electron analyzer
measures the kinetic energy distribution of the emitted photoelectrons. The concentric
hemispherical analyzer (CHA) consists of a lens, entrance slit, two concentric
hemispheres held at negative voltages, and an exit slit (Fig. 1.12). The function of the
lens is two-fold. First, it focuses photoelectrons emitted from the substrate onto the
entrance slit to the analyzer. Secondly, it retards the photoelectrons to a constant kinetic
energy known as the pass energy. The pass energy is proportional to the difference in
voltage between the two hemispheres. Only electrons with a kinetic energy equal to the
pass energy will get through the analyzer. By retarding the electrons to a constant kinetic
energy, a fixed resolution is applied across the entire spectrum.

The incident X-Rays used in ejecting the electrons must possess energy that is
both monochromatic and of accurately known. The X-ray source material must also be a
light element since X-ray line widths, which must be as narrow as possible in ESCA, are
proportional to the atomic number of the source material. It is for these reasons that
commercial XPS systems typically use the Ko X-rays of aluminum (Al Ka E = 1.487
keV) and magnesium (Mg Ka E = 1.254 keV). The emitted photoelectrons will
therefore have kinetic energies in the range of 0 - 1480 eV or 0 - 1250 eV, respectively.
Although the X-rays penetrate deep into the sample, only the electrons on the surface of

the sample are able to escape without significant loss of energy for analysis, since such
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electrons have very short inelastic mean free path (IMFP) in solids. As such, XPS is
necessarily a surface-sensitive technique with analysis depths typically below 10 nm.
XPS is capable of detecting chemical species down to ~1% of the surface concentration.
XPS experiments must be conducted under UHV (<10 Torr) to avoid attenuation of

radiation and scattering of electrons in the gas phase [90].

Outer Hemisphere

e

Recorder

Entrance Slit Exist Slit

X-ray Source

Detector

Fig. 1.12. Schematic drawing of a XPS spectrometer with a concentric hemispherical analyzer.
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CHAPTER 2

OXIDE FILM GROWTH ON Fe(111) AND STM INDUCED HIGH ELECTRIC FIELD

STRESS IN Fe,03/Fe(111) *

2.1. Introduction

The oxygen/iron system is involved in a wide variety of technologically important
areas such as catalytic oxidation [1, 2], corrosion process [3], and metallurgy [4].
Furthermore, the magnetic properties of iron oxides are utilized for the development of
high-density magnetic recording media and sensors [5-7]. Previous studies have
examined oxidation at the surfaces of thin films [6], electrolytic rod [8], and
polycrystalline substrates [9, 10]. Single crystal substrates [11-13] have been employed
in the kinetic and structural studies of oxygen/iron interaction to get a better
understanding of the elementary mechanisms of oxidation process. LEED [11, 12, 14,
15], AES [8, 11, 13, 16], XPS [10, 17, 18], electron energy-loss spectroscopy (EELS)
[19, 20], and ultraviolet photoelectron spectroscopy (UPS) [21], are the most common
surface science techniques that have been employed in these studies.

The basic surface science underlying the formation and reactivity of iron oxides,

however, is not well understood, despite their technological importance and numerous

" This chapter is reproduced with permission from Elsevier (Thin Solid Films). Reference: Qin, F.,
Magtoto, N.P., Garza, M. and Kelber, J.A., Thin Solid Films, 444, 179 (2003).
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efforts by different research groups. Reasons for this include the unavalibititity of large
iron oxide single crystals and the difficulty associated with preparing clean stoichiometric
surfaces in UHV [22]. In addition, some iron oxides (FeO and Fe,05) are electrical
insulators in bulk form, which gives rise to charging problems when using electron
spectroscopy techniques [5]. A related problem is the imaging of the iron oxide surfaces
with STM since this requires the flow of current between the tip and the sample. One way
to overcome these experimental problems is to prepare ultrathin oxide films on a metal
substrate [23, 24]. Such films are sufficiently thin as to not charge under electron
bombardment, allowing the application of surface spectroscopic probes [25].
Furthermore, by preparing ultrathin iron oxide on metal substrate, STM and STS can be
used to investigate both geometric and electronic properties of iron oxide surfaces.
Recently, a number of surface science studies have attempted to explore the surface
structures of various single crystal iron oxide phases using STM [7, 22, 26-30]. These
studies have provided information on the formation and transformation of iron oxides
[27, 29], surface crystal structure [28], and surface termination, composition and
reconstruction of iron oxides [7, 22, 26, 30]. Schedel-Niedrig et al. have, using core and
valence level photoemission [5], shown that the electronic structure of an iron oxide film
is equivalent to that of the corresponding bulk material. STM and STS measurements,
therefore, can add considerable insight into the growth process of iron oxides by
providing spatially resolved data on surface topography and electronic structure during

various growth stages.
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STM has been recently utilized to study the dielectric breakdown of oxide films
as well [31-35]. The application of even a modest bias voltage (1 —3 V) across ultrathin
films of dielectric materials can generate an extremely high electric field (in excess of 10
V/cm), because the STM tip/sample distance is exceptionally small. In addition, due to its
high spatial resolution, STM allows for systematic study of the effects of high electric
field on the morphology and composition of a surface, which directly leads to the
understanding of the intrinsic dielectric characteristics of the film at nanometer-scale
resolution. Dielectric breakdown of thin SiO, films [36-38] and Al,Os3 films [34, 39, 40]
has been previously studied. In general, the breakdown of SiO, films is connected with
the formation of traps or defects inside the oxides and at the interface. Abrupt (‘“hard”)
breakdown is observed on well ordered, ultrathin Al,O; films grown on a NizAl(111)
substrate at field strengths of 11+ 1 MV/cm [35].

The behavior of ultrathin iron oxide films under high electric field is of critical
importance to the development of magnetroresistance memories [5, 6]. Furthermore, thin
iron oxide films serve as corrosion barriers for iron and iron alloys. It has been
demonstrated that the current induced by the mobile ions in these barriers increases
exponentially under high electric field [41, 42]. Localized corrosion and dielectric
breakdown of the passive films, also referred to as “pitting”, are often observed under
electrochemical conditions (applied potential or anion absorption). These electrochemical
conditions are typically associated with the generation of electric fields greater than
IMV/cm [43, 44]. High field stress study of such films, therefore, is directly relevant to

understanding corrosion of iron.
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In this chapter we report the oxide growth on Fe(111) at different temperatures
and the dielectric breakdown behavior of iron oxides formed at different temperatures.
STM/STS data indicate fundamentally different oxide growth processes occurred at 300
K and 500 K. Oxidation at 300 K results in the formation of relatively small oxide islands
that uniformly cover the Fe(111) substrate. The oxide film grown at 500 K is less uniform
with islands that range from 100 — 300 nm in width. The height variation of the oxide
islands ranges from 7-15 nm. Dielectric breakdown of iron oxide formed at 300 K occurs
at a critical tip/sample bias voltage of 3.8 £ 0.5 V at estimated electric field strengths
between 12 and 17 MV/cm. No reproducible result is obtained from the high field stress
studies of the iron oxide formed at 500 K. AES results indicate that oxidation of the
Fe(111) at room temperature results in the formation of both Fe,O; and Fe;0,, and that

Fes;041s the predominant oxide phase observed while oxidizing the sample at 500 K.

2.2. Experimental Methods

Experiments were carried out in an Omicron UHV-STM system as shown
schematically in Fig. 2.1. The UHV system was composed of two parts: the sample
analysis chamber and the STM chamber. The sample analysis chamber was equipped
with an Auger spectrometer from Physical Electronics (CMA 10-155), and a four-grid
LEED optics (Omicron). The STM chamber was equipped with an ambient temperature
STM system (Omicron). Additional facilities in the sample analysis chamber included an
ion gun for sputter-cleaning the sample, manual leak valves for introducing small

amounts of gases (O, H,0) into the chamber. The STM chamber was attached to the
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sample analysis chamber (Fig. 2.1). A 12-inch travel high precision X-y-z manipulator
allowed translation of the sample along the three directions within the sample analysis
chamber, as well as rotation about the manipulator axis. Sample transfer to the STM stage
was accomplished with the use of a wobble-stick. STM tips were made by
electrochemically etching a polycrystalline tungsten wire (diameter 0.01 in.). While
mounted on the manipulator, the sample could be heated from the rear by indirect
resistive heating of the sample holder. A type K thermocouple was attached to a sample
clip approximately 5 mm away from the sample. The difference between the actual

temperature and the thermocouple reading was not calibrated.

Magnetic Feedthrough

CMA (Auger) Water Doser

STM/AFM

High Precision

Manipulator ':,\\\\\\\\lI

lon Gun

—

LEED

Fig. 2.1. Schematic illustration of the UHV-AES/LEED/STM system (top view).
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The base pressure of the experimental ion/Ti sublimation-pumped chamber was 5
x 10" Torr after bake-out. A turbomolecularly pumped sample introduction chamber
(base pressure, 5 x 107 Torr) was attached to the experimental chamber and separated
from it by a gate valve. Sample transport between the two chambers occurred under
controlled UHV conditions by means of a magnetic linear feedthrough. Dual filters
mounted between the turbomolecular pump and the rotary backing pump were used to
prevent back-migration of rotary pump oil vapor into the UHV system.

Auger spectra were acquired using a cylindrical mirror analyzer (CMA) with a
coaxial electron gun. The electron gun was operated with excitation energy of 3 keV
with an estimated spot diameter of 0.2 cm”. In order to assure consistent peak energies,
the sample-to-analyzer distance was always adjusted by measuring the energy of the 3
KeV elastic peak [45]. Auger spectra were acquired in the integral mode [N(E)] mode
under computer control, and then differentiated [dN(E)/dE] and smoothed using a
Savitzky-Golay program.

The Fe(111) crystal (99.94% pure, obtained from ESPI) had a diameter of 9.6 mm
and a thickness of Imm, and was aligned to within £1° of the (111) plane. The sample
was spot-welded onto a tantalum plate that could be transferred between the manipulator
and STM stage by a wobble-stick. The impurities on the Fe(111) sample most notably
were sulfur, oxygen, and carbon. The Fe(111) was cleaned by repeated cycles of Ar"
sputtering followed by annealing to 700 K, until the surface was judged clean by AES
LEED, and STM. The cleanliness of the sample was verified by the absence of

observable carbon and sulfur impurities, and the lowest achievable concentration of
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oxygen (~ 0.1 monolayer of oxygen). The 0.1 ML coverage of the oxygen impurity on

the Fe(111) surface was calculated using equation :

_an
O, 1—e *A
a1y @)
A /IE
1-6,/1-¢ 7B

Here, 04 is the fractional monolayer coverage of oxygen, A, is the inelastic mean free
path of Os10)peak in oxygen, o, is the diameter of oxygen molecule, I and Ig are the
intensity of O (KVV) transition at 510 eV and Fe (LMM) transition at 703 eV, 1, and
Iz are the atomic sensitivity factor of Ogs10)and Fe(7o3) transition [46]. The Fe(111)
surface with 0.1 ML of oxygen yielded a sharp 2\3 x2V3 LEED pattern, in agreement
with previous work [47]. STM imaging of the clean iron surface showed terraces
typically 150 - 300 nm in width. The step heights were as high as ~50 A. I/V
spectroscopy (not shown) of the clean surface demonstrated ohmic behavior.

Oxidation experiments were carried out at different temperatures by backfilling
the chamber with oxygen gas at partial pressures in the range 1x 107 to 5 x 107 Torr. O,
gas (99.998% pure, purchased from Matheson and used without further purification) was
introduced into the chamber through a manual leak valve. Pressures were measured with
a nude ion gauge previously calibrated for N,. Exposures are reported in Langmuir (1 L =
107 Torr-sec), and have not been corrected for ion gauge sensitivity or flux to the sample.

The Auger electron gun filament and the ion pump were shut off during oxidation.
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STM measurements and dielectric breakdown studies were carried out in constant
current mode at room temperature with the sample typically biased positive. Iron oxides
were subjected to high electric fields by applying bias voltage between the sample and
the STM tip while maintaining an active feedback loop to inhibit tip/sample physical
contact. The experimental details have been described elsewhere [34]. After imaging a
large area of the oxide surface, scanning was stopped and the tip was directed to a
specific point above the surface within this area. With the feedback loop set at 1 nA, the
tunneling voltage was increased to a desired value in 200 steps. Each step required about
200 ps. The magnitude of the electric field (E) at a certain bias voltage (V) was estimated
according to:

E = V/(tox + d), (2-2)
Here toy is the oxide thickness and d is the tip-sample distance. The tip-sample distance d
is the sum of the initial tip-sample separation dy (i.e., the tip-sample distance at 0.1 V bias
and 0.1 nA feedback current) and the recorded displacement d;of tip from dy upon
increasing the bias voltage to a specific value. The value of dy was estimated using the
plots of gap voltage versus tip-sample separation (not shown). The value of dy(at 0.1 V
bias and 0.1 nA feedback current) was estimated to be 14 A from the fact that the tip
approached the sample by about 14 A when the bias was reduced from initial tunneling
bias voltage of 0.1 V to 0 V, where minimum tip-sample separation is expected [34].
Eqn. (2-2) neglects the influence of the dielectric constant of iron oxide for the reason
that the dielectric constant of the ultrathin oxide film (< 10 A) undoubtedly differs from

that of the bulk oxide due to the overlap of the wave function of the oxide with the metal
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substrate [48]. The use of Eqn. (2-2) to estimate tip sample separation, and therefore field
strengths, is obviously an approximation. Critical breakdown values for ultrathin Al,O3
films, derived from Eqn. (2-2), are, however, in good agreement with extrapolated results
from capacitance measurements on thicker films [34, 35]. After each high field stressing,
the image was acquired under normal tunneling conditions, i.e., 0.1 V bias voltage and

0.1 nA constant feedback current.

2.3. Results
2.3.1. Oxidation of Fe(111) at 300 K

Oxidation at 300 K was performed on the clean iron surface at oxygen pressures
in the range of 1.0 x 10 7 to 5.0 x 10~ Torr. Since no oxygen and iron lineshape
changes occur in the regions near 510 eV and 703 eV, the O(510 eV)/Fe(703 eV) Auger
ratios may be used to accurately calculate the surface coverage of oxygen [13]. Variation
in the O(510 eV)/Fe(703 eV) intensity ratio with oxygen exposure at 300 K is shown in
Fig. 2.2a (300 K) compared to results obtained at 500 K (Fig. 2.2b). Exposing Fe(111) to
0O, at 300 K (Fig. 2.2a) results in a rapid initial increase in oxygen coverage, approaching
saturation at ~ 200 L exposure. Spectrum A of Fig. 2.3 represents a Fe(111) sample with
low oxygen coverage (0.1 monolayer of oxygen) due to reaction with background gas in
vacuum chamber. This spectrum exhibits a single Fe (MVV) transition with a negative-
going peak in the derivate spectrum at 47 eV [8]. Unlike the higher energy Fe Auger
peaks, the low energy 47 eV transition exhibits several changes with increasing oxygen

exposure at 300 K, as shown in Fig. 2.3. It has been recognized that these lineshape
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changes in the Fe (MVV) Auger transition following oxygen exposure are associated
with the development of different oxide phases [8, 10, 11, 13]. After oxygen exposure of
10 L at 300 K (spectrum B of Fig. 2.3), there is a large reduction in negative-going
intensity of the 47 eV peak and the appearance of a negative-going shoulder at 52 eV. In
addition, the positive-going peak at 36 eV of pure iron shifts to 34 eV. The intensity of

the 52 eV negative-going peak became greater as the oxygen exposure was increased.
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Fig. 2.2. Evolution of oxygen peak-to-peak heights with O, exposure for Fe(111) during
oxidation at (a) 300 K; (b) 500 K.

Upon comparison of Auger spectra with reference iron oxide spectra in the literature [8,
13], the negative-going peak at 52 eV can be assigned to Fe;O4 The shift of the positive-
going peak might be an indication that there is some Fe,Oj; present in the oxide layer at
this stage. It is notable that the Fe;O4 -containing overlayer (spectrum B of Fig. 2.3)
exhibits the Fe (MV'V) transition of metallic iron at 47 eV, possibly due to the

contribution of the underlying metallic iron [8, 13]. After a cumulative oxygen exposure
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of 20 L at 300 K, a negative-going peak is observed to develop at 44 eV and increases in
intensity. The 47 eV Auger transition due to metallic iron was not detected for oxygen

exposure greater than 20 L (spectrum C of Fig. 2.3), demonstrating that most of the

Auger Intensity (arb. units)

Kinetic Energy (eV)

Fig. 2.3. Changes in the Auger lineshape with increasing O, exposure at 300 K.

surface region of the Fe(111) sample had been converted to an oxidized electronic state.
The presence of the two peaks at 44 eV and 52 eV resembles the lineshape associated
with Fe,Os[8, 13]. Auger spectra at the saturation exposure indicate that an Fe,Os
overlayer has developed on top of the Fe;O4 layer [8, 11, 13, 16]. Several other groups
have reported similar results on oxidation studies of Fe(110), Fe(100), and polycrystalline

Fe at 300 K [11-13].

54



STM measurements were carried out after exposing the clean Fe(111) surface to
400 L of oxygen at 300 K. STM images (Fig. 2.4a) revealed that an oxide film with
numerous small islands was formed. The size of the islands ranged from 5 to 15 nm, and
the height variations were several angstroms (5 A to 8 A) (Fig. 2.4b). As shown in Fig.
2.4c¢ and Fig. 2.4d, tunneling current versus gap voltage (I-V) measurements showed that
both the oxide islands and the areas between the islands displayed insulating behavior,
indicating that the Fe(111) substrate was uniformly covered by iron oxide. No LEED
pattern was observed after oxidation, indicating the absence of a long-range order in the

oxide film.

2.3.2. Oxidation of Fe(111) at 500 K

Oxidation at 500 K was performed on the clean iron surface at oxygen pressures
in the range of 1.0 x 10 " t0 5.0 x 10 ' Torr. In contrast to the oxidation at 300 K, the
AES Ogs10y/Fe03) peak-to-peak height ratio (Fig. 2.2b) did not exhibit saturation for O,
exposures up to 4200 L. Changes in the low energy Fe (MVV) Auger lineshape with
increasing oxygen exposure at 500 K are displayed in Fig. 2.5. It is notable that the
metallic Auger transition at 47 eV is still detectable even at an O, exposure of 4200 L. In
contrast, this peak is no longer detectable after 20 L O, exposure at 300 K. The low
energy Auger spectrum of Fe(111) with O, exposure of 4200 L at 500 K (Fig. 2.5)
displays only the 52 eV peak and the 47 eV metallic iron peak which are characteristic of
Fe;04, indicating the predominant formation of Fe;O4 under such conditions. Oxidation

studies of Fe(110) at higher temperature exhibit similar behavior [11, 13]. The shift of the
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positive-going peak at 36 eV might be an indication that there is some Fe,Os present in

the oxide. These results suggest that Fe;O, is the more stable oxide phase at 500 K, and

that Fe,Os, which formed at 300 K, is not stable and hence exists only in small amount at
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Fig. 2.4. Fe (111) surface after exposure to O, at 300 K: (a) A 100 nm % 100 nm STM image after
400 L O, exposure (Vgap =0.1 V, 1= 0.1 nA); (b) Line profile of the surface; (c) I/V spectra for
the islands; (d) I/V spectra for areas between islands.

500 K under UHV conditions. This may be due to the migration of Fe from the substrate

through the growing oxide at 500 K, resulting in the reduction of Fe,Os to Fe;O4, which

produces predominantly Fe;O4 on the Fe(111) surface at 500 K [13].
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An STM image (Fig. 2.6a) taken after exposure to 1500 L O, revealed that
oxidation of the Fe(111) surface at 500 K results in the formation of larger and more
scattered oxide islands compared with oxidation at 300 K. The height variation of the

islands ranges from 70 A to150 A. Fig. 2.6b displays an island with a height of 90 A and
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70
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Fig. 2.5. Changes in the Auger lineshape with increasing O, exposure at 500 K.

width of 120 nm. I/V measurements (Fig. 2.6¢) indicate insulating behavior in areas
covered by oxide islands and ohmic behavior in the area between the islands,
demonstrating that oxidation of Fe(111) at 500 K resulted in the formation of oxide
islands interspersed with patches of a metallic substrate, which is consistent with the
persistence of the Fe” MV'V transition at 47 eV (Fig. 2.5), and the absence of saturation in

oxide formation at 4200 L.
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2.3.3. High Electric Field Stressing of Iron Oxides Formed at 300 K and 500 K
Fe oxide films formed at 300 K were exposed to high electric fields by
systematically increasing the bias voltage between the STM tip and the sample while in

constant current feedback. Under constant current feedback conditions, the onset of
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Fig. 2.6. Fe (111) surface after exposure to O, at 500 K: (a) A 250 nm % 250 nm STM image after
1500 L O, exposure (Vgap =0.1 V, I =0. 1 nA); (b) Line profile of the surface; (c) I/'V spectra
for X and Y region.

breakdown was marked by a precipitous retreat of the tip from the sample surface (Fig.

2.7). The occurrence of dielectric breakdown was also marked by the appearance of a

feature that appeared as an elevation under constant current imaging (Fig. 2.8). As shown
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by line profiles (Fig. 2.8d), the apparent size of such features was normally 6 to 20 nm in
height with diameters ranging from 50-200 nm.

In order to probe the nature of the elevated feature observed under constant
current imaging, constant height imaging was performed over the feature displayed in
Fig. 2.8c. Prior to imaging at constant height mode, the tip-sample separation was set at
14 A by adjusting the feedback current at 0.1 nA and bias voltage at 0.1 V. High scanning
speed (up to 5000 nm/s) and significantly reduced feedback were used during constant

height scanning, so that the controller could not respond to the current changes induced
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Fig. 2.7. A Z/V spectrum for the dielectric breakdown of the iron oxide formed at 300 K.

by individual features on the surface. The dashed line in Fig. 2.8d represents the
movement of the tip over the sample surface under constant height scanning mode. This
procedure did not result in physical interaction (tip crash) between the tip and the
apparent feature at the breakdown site. In contrast, performing such an action with a
“real” topographical surface feature (e.g., an oxide island) would immediately result in

tip/sample collision and in the loss or at least severe distortion of the subsequent image
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and immediate disruption of the tunneling current. The absence of tip-surface physical
interaction during constant height imaging under these conditions indicates that the
elevated feature displayed in constant current images (Fig. 2.8¢) is not primarily due to
mass transport, but due to electronic changes in the surface. This response is similar to
that observed for high field studies of Al,O3/NizAl(111) [35]. This conclusion is further
corroborated by current/voltage (I/V) spectroscopy of the affected region before and after

high field exposure (Fig. 2.9). As shown in Fig. 2.9, I/V behavior of the affected region
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Fig. 2.8. 500nm x 500 nm STM images of iron oxide formed at 300 K: (a) before high field
stressing; (c) after high field stressing (Vgap = 0.1 V, I =0.1 nA); (b) and (d)- corresponding line
profiles of (a) and (c). The dashed line in (d) represents the movement of the tip over the sample
surface under constant height scanning mode.

60



(Fig. 2.8) before and after breakdown indicates that the breakdown has changed the local
electronic properties of the oxide from insulating to ohmic in nature.

High electric field stress was applied to different areas of the iron oxide formed at
300 K for certain feedback current, hence a set of breakdown Z/V curves was obtained
for each feedback current. By varying the feedback current, i.e. the tip/sample distance,
the induced electric field could be systematically varied. The data in Fig. 2.10 indicate
that for the iron oxide grown at 300 K, a critical breakdown voltage of 3.8 + 0.5
V is observed, but that the corresponding applied field associated with breakdown varies

from ~ 12 MV/cm to 17 MV/cm. The data in Fig. 2.10 were acquired with the sample
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Fig. 2.9. I/V spectra of iron oxide formed at 300 K of (a) oxide; (b) breakdown site.

biased positive with respect to the tip. Systematic study on the effect of electric field
stressing in the opposite direction was also carried out on the iron oxide formed at 300 K.

The result showed that the breakdown threshold voltage at negative bias (sample biased
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negative with respect to the tip) for different feedback current is 0.3 V higher than at
positive bias (4.1 vs 3.8 V). A higher breakdown threshold voltage with the sample
biased negative was also observed on SiO; films [32] and thin Al,O; films [35]. Such
polarity-induced differences in breakdown voltages have been associated with electron
injection into the oxide [32]. In this case, however, the voltage difference (0.3 V) is
smaller than the uncertainty in the measured threshold (0.5 V), so nothing definitive can

be said on this point from the existing data.
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Fig. 2.10. Dielectric breakdown voltages and fields of iron oxide formed at 300 K using different
feedback current (sample biased positive).

High electric field stress was also applied on the iron oxide formed at 500 K.
However, no reproducible result was obtained from this study, so not much can be said

on this point from the existing data.
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2.4. Discussion

The results shown here indicate that oxidation of Fe(111) at 300 K proceeds in a
qualitatively different manner than at 500 K. Oxidation of Fe(111) at 300 K results in the
roughening of the surface as evidenced by the appearance of the smaller oxide islands.
However, the substrate steps remain visible (Fig. 2.8a), which is a clear indication that
the oxide growth at 300 K is governed by the limited mobility of the oxygen atom rather
than transport of the metal atom, as observed previously for the study of the oxide
formation on NizAI(111) [49]. The decrease of oxygen sticking coefficient with O,
exposure (Fig. 2.2a) indicates limited oxide or Fe metal surface mobility. The STM
results (Fig. 2.4) in conjunction with the AES data (Fig. 2.3) indicate the growth of thin
Fe;0, islands on a continuous insulating layer (perhaps FeO). At higher exposures, Fe,Os
forms on the Fe;0, islands. A typical island height of 5 A to 8 A is consistent with
negligible O and Fe transport during oxide formation. This mechanism of Fe oxide
formation at 300 K is in close agreement with that proposed previously in the absence of
STM data [50]. This model also suggests that the presence of impurities (such as sulfur)
at the oxide/metal_interface substantially limit the area of interfacial metal/oxide bond
formation, thus contributing to the thermal instability of the oxide layer [51].

At 500 K, STM (Fig. 2.6) indicates the formation of thicker (~ 50 A or higher)
islands on the metallic substrate. This is consistent with a constant sticking coefficient for
O, (Fig. 2.2b) and the persistence of a metallic Fe signal in the Auger spectrum (Fig. 2.5),
and indicates that O, molecules react with the Fe surface, followed by oxygen (or oxide)

migration to form oxide islands. The predominance of Fe;O4 rather than Fe,O3 at 500 K
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has been ascribed to Fe transport to the surface of the growing oxide resulting in
continual partial reduction of the Fe,Os film [13]. The persistence of a metallic substrate
combined with a constant O, sticking coefficient and the predominance of Fe;O4
formation at 500 K indicate a process in which enhanced Fe mobility inhibits the
formation of a continuous oxide layer, and that field-enhanced Fe diffusion within oxide
islands results in thicker islands but with the ongoing partial reduction of the oxide from
Fe,O5 to FesOy.

A band gap value of 2.1 eV has been reported for a thermally grown iron oxide
film that consisted of an inner Fe;O4 layer and an outer Fe,Os layer [52]. The band gap in
bulk Fe,Os has been reported as 2.34 eV [53]. Fe;O4 (magnetite) being half metallic
displays a co-existence of metallic character for one electron population and insulating
character for the other, which leads to 100% spin polarization at the Fermi level [54].
Magnetite has good room temperature conductivity, which arises because of electron
hopping between Fe** ion and Fe™ ion sites. For this reason, a band gap is not expected
to show up in the I/V spectra of Fe;O4. The band gap of 2.1 eV observed in the previous
study [52] was attributed to Fe,Os. In our study, the iron oxide film formed at 300 K
comprised of Fe,O3; and Fe;O4. An apparent band gap of 0.8 eV was obtained for this
film (Fig. 2.9). In view of the fact that the thickness of the iron oxide film used in the
previous study [52] was 3, and that the thickness of the oxide film in our study is only
several angstroms, it is easy to understand the discrepancy. The narrowing of the band
gap has also been reported for ultrathin Al,Os film [35, 55, 56]. According to density

functional theory calculations [48], the narrowing of the band gap in ultra-thin oxide
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films is due to the overlap of wave functions of the oxide with the metal substrate,
resulting in a broadening of the densities of the states near the oxide band edge.

A band gap value of 2.0 eV for single crystal magnetite Fe;O4(110) at feedback
current of 0.2 nA and scanning voltage of 2 V has been obtained by STS [7]. This
apparent anomaly in the behavior of the conductive magnetite was accounted for by the
presence an “a-Fe,Os-like” on the Fe;O4 surface. Detailed analysis of LEED patterns and
STM data demonstrated that the magnetite surface formed an “o-Fe,O;-like” termination,
which had the hcp structure, with an ABAB... stacking of the hexagonal oxygen layers
along (111), while Fe;04has an ABCABC... stacking. Although an a-Fe,Os surface
layer cannot be matched smoothly to the (110) surface of the Fe;O4 bulk because of the
different stacking of the oxygen layers, a structure (“a-Fe,Os-like™) that preserves the
tripled periodicity and the higher oxygen content can be formed [7]. The presence of an
insulating layer of “a-Fe,Os-like” at the magnetite surface can explain the reported band
gap [7]. In this study, a band gap value of 1.6 eV for the iron oxide (primarily Fe;Ox)
formed at 500 K was obtained (Fig. 2.6). The Fe;O4 formed in this study at 500 K
contains isolated oxide islands with thickness in excess of 70 A, and no observed long-
range order. The observed band gap of 1.6 eV may, therefore, reflect an “a-Fe,Os-like”
termination of the surface similar to the data reported earlier [7], together with a
significant number of defect states in the band gap.

The fact that magnetite is conductive can explain the response of iron oxide
(predominantly Fe;O4) formed at 500 K to high electric field stressing. The band gap we

observed is not due to the presence of an insulator, but is probably because of the
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presence of a “a-Fe,Os-like” termination layer. In addition, the oxide islands formed at
500 K is considerably larger with a broader distribution of island dimensions. Hence, it is
not surprising that we cannot get reproducible results on the high field study iron oxide
formed at 500 K.

Oxide dielectric breakdown under electric field stress is an important issue for the
use of ultrathin oxide films in gate oxides and capacitors, as well as in GMR and other
nanoelectronic applications. The ability to consistently induce breakdown of oxide films
grown at 300 K, regardless of tip/sample polarity, indicates that the observed effects are
not due simply to electron field emission from the tip resulting in electron stimulated
desorption or other damage to the oxide. STM-induced breakdown measurements carried
out on 7 A thick, highly ordered Al,Os films on Ni3Al(111) [34] indicated that the
breakdown was a function of the applied field, rather than the applied voltage. In
contrast, voltage-dependent dielectric breakdown in Al-Al,O3-Au diodes has been
reported by Hickmott [39], where the breakdown voltage is ~ 4.5 V independent of Al,O3
thickness. The breakdown of iron oxide thin film formed at 300 K in our study occurs at a
constant voltage independent of the tip-sample distance. At present, we cannot explain
the difference, but a possible factor may be that our simple estimates of field strength
(Egn. 2-2) do not permit a sufficiently accurate determination of field strength for a film
of highly irregular topography. Another possibility is that there are two types of
mechanisms which produce defects and/or bond scission under electric field stress. One
type is influenced primarily by applied voltage, the other by applied field. One such

mechanism would involve an electron transition from a valence (“bonding”) to a
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conduction (“antibonding’) band. Such a transition would be expected to occur at a
critical voltage (Vi), concurrent with dielectric breakdown. Just sucha o — 6
mechanism has been proposed for field-induced Si-H bond scission [57]. Such a V-
dependent mechanism might also be indicative of a process dominated by electron
injection across the metal oxide interface into empty oxide states, and this would explain
the results observed [39] for conventional capacitance measurements carried out on
thicker films. For the ultrathin Fe oxide discussed here, a Vit of ~ 3.8 V is hard to
reconcile with an observed band gap of ~ 2 eV for a thermally grown Fe;O4 film which is
Fe,;Os terminated [52]. The breakdown results reported here therefore suggest an electron
injection mechanism.

In contrast, the critical field (E) results obtained for STM-induced breakdown
studies of ultrathin Al,O; films [34] on Ni3Al(111) suggest a process dominated by the
Stark effect due to the coupling of the electric field with an ionic bond [58]. Bond
scission would occur at field strengths which inhibit phonon transfer between ionic
(presumably metal-oxygen) bonds and more covalent neighboring bonds. In fact, such a
field-induced threshold has also been observed for Si-H bond scission [59].

All the above, of course, is highly speculative. More detailed measurements on
single-phase oxides on well-defined substrates, with accurate measurements of tip-sample
distance and calculations of electric field strength, are obviously required. The different
results for different oxides, or even for nominally similar oxides with different
oxide/metal interfaces, thicknesses, etc., may have important consequences in such

applications as the fabrication of tunneling-based nanoelectronic devices.
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2.5. Conclusions

AES, LEED and STM were used to study the oxidation of Fe(111) at 300 K and
500 K. In addition, STM and STS were employed to investigate the effect of high electric
stress on iron oxide formed at both temperatures. The oxidation results indicate that at
300 K, Fe,O3 forms on top of Fe;O4, and that the Fe(111) substrate is uniformly covered
with an oxide film with relatively small oxide islands. At 500 K, Fe;Oy is the
predominant oxide phase formed, and the growth of oxide is not uniform, but occurred as
large islands growing on a metallic substrate. Dielectric breakdown of iron oxide formed
at 300 K occurred at a critical tip/sample bias voltage of 3.8 £ 0.5 V at estimated electric
field strengths between 12 and 17 MV/cm. No reproducible result was obtained from the

high field stress studies of the iron oxide formed at 500 K.
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CHAPTER 3
THEORY AND EXPERIMENTS ON THE STRUCTURE of 7 A ALUMINA FILMS

GROWN ON Ni;Al(110) *

3.1. Introduction

Since interactions between H,O and heterogeneous catalysts are potentially
important for understanding a multitude of reactions, many papers have probed H,O
interactions with alumina, a common support material [1-8]. Several studies involved the
basal plane of a-Al,O3 or sapphire(0001) [1-5, 7, 8]. Though not a cleavage plane, it can
be prepared for UHV studies. It is known that the sticking probability of H,O to this
surface at 300 K is essentially zero in UHV [2]. If the partial pressure of H,O is raised to
> 1 Torr, however, the surface changes to one that is OH terminated [5]. This only
minimally disturbs the deeper crystal because the old surface layer with three O-ions and
one Al-ion per unit cell has a charge of 3-, just the same as the new OH-ion terminated
surface. Indeed, all alumina exposed to ambient conditions is OH-terminated, with the
clean surface 1/3 ML of Al-ions removed [5].

It has been shown that annealing the sapphire(0001) surface in UHV to 1200 K

[3, 4] or even 1400 K [2] does not remove all OH. We speculate that this is because OH-

* This chapter is reproduced with permission from Elsevier (Journal of Molecular Catalysis A: Chemical).
Reference: Qin, F., Magtoto, N.P., Kelber, J.A. and Jennison, D.R., J. Molec. Catal. A, 228, 83 (2005).
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ions are electrostatically bound and hence immobile, so nearest neighbor OH-ions are
needed to react and release H,O. Indeed, XPS shows about 1/3 ML of OH remains after
annealing because at below this coverage, OH groups have no nearest neighbor hydroxyls
with which to react. In order to study alumina supports without charging and to use all
surface science tools such as STM, ultrathin (< 1 nm) films have been grown on nickel
aluminides such as NiAl [9] and Ni3;Al [10, 11] by high temperature oxidation, which
draws Al out of the substrate, but not Ni.

The most studied film is the 5 A (or two O-layer) film on NiAI(110) [12]. As with
sapphire, H,O does not chemisorb on Al,O3/NiAl(110) in UHV at 300 K, and only one
experiment created OH on this film by using a small deposition of Al metal, which
formed islands to adsorb and dissociate water [6]. Since the earliest work on ultrathin
alumina films on NiAl(110) [9], it has been known that a domain structure results
because of a lattice mismatch between the overlaying alumina and the substrate. The
exact structure of the film, however, has remained elusive in spite of many experiments
that used it as a model for a heterogeneous catalyst support [12]. While the structural
details of the film are unknown, STM has been able to show a hexagonal array of surface
O-ions [13]. However, this is not definitive as several alumina phases have similar O-
lattice structures and the vertical relief (buckling) could be mitigated by film thinness. In
this early study, the Al-ions were invisible.

Finally, STM has been used to determine the adhesion between a Pd crystalline
nanocluster and the film [14]. Indeed, the latter experimental breakthrough, made

possible by collaboration between the Freund and Besenbacher groups, also stimulated a
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theoretical collaboration concerning surface energy determination [15], which resulted in
considerable recognition [16]. Theory and experiment agree on the work of adhesion;
however, sapphire (a-alumina) was used in the theoretical work to model the oxide
surface. The agreement between theory (sapphire(0001)) and experiment (5 A
Al,03/NiAl(110)) suggests that these thinnest films (5 A) [9] are either sapphire-like or
indeed buckle less and thus behave (relax) differently than slightly thicker films grown
on other substrates.

Very recently, CTR XRD by Stierle, et al. [17] provided definitive information on
the Al-sublattice structure: by having equal amounts of tetrahedral and octahedral site Al-
ions, the film resembles the A-plane of k-alumina [18]. Improved STM experiments were
also able to show the characteristic zig-zag rows of Al-ions in alternating sites [19].
These results were predicted by theory several years earlier by Jennison and Bogicevic
[20], when DFT showed that distributing the Al-ions in this manner in the first layer was
favored energetically over having all ions occupying the same type of site.

In order to understand interactions of oxide surfaces with the complex reaction
environments relevant to catalysis, we must know the atomic structure of this film both
on the surface and with depth. In this chapter, we address structural issues: 1) Does the
preference for k-alumina extend to thicker films, such as those with three O-layers? 2)
What is the nature of the interface with the underlying nickel aluminide metals? 3) To
what extent are these films accurate models for catalyst support materials? In order to
probe these questions, we combine DFT calculations with STM, AES and LEED

experiments done on a 7 A (three O-layer) film. It has been known for some time that
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films thicker than 5 A can be grown, either on NiAl(100) [21] or on facets of Ni3Al [10,
22, 23]. Here, using both STM and LEED, we examine one such film, on NizAl(110). We
compare it to our first DFT calculation on a three O-layer film on a substrate of Al(111)
and to the earlier prediction of phase [20] and to a conjecture concerning the oxide/metal

interface [24].

3.2. Experimental Methods

Experiments were carried out in an Omicron UHV-STM system that has been
described in section 2.2. The base pressure of the experimental ion/Ti sublimation-
pumped chamber was 5 x 10" Torr after bake-out. The chamber was equipped with an
Auger spectrometer from Physical Electronics (CMA 10-155), four-grid LEED optics
(Omicron), and an ambient temperature STM (Omicron), as well as ion bombardment
and gas dosing.

AES measurements were performed using the cylindrical mirror analyzer with a
coaxial electron gun. Auger data were collected with an excitation beam energy of 3 KeV
in the integral mode [N(E)] mode under computer control, and then differentiated
[dN(E)/dE] and smoothed using a Savitzky-Golay program. Intensities were determined
from peak-to-peak heights (pph) in derivative mode, and molar concentrations were

calculated [25] using the pph and published atomic sensitivity factors [26] according to:

Na_ Fh x /15 (3-1)
N, I/ loog
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where Ny, laand |, respectively, represent the molar concentration, Auger peak-to-
peak height (pph) and the atomic sensitivity factor of element A. The Auger electron
matrix factor F,; for the element A in a homogeneous binary alloy AB can be estimated

by considering backscattering effects and difference in mean free paths of A and B [25].
The thickness (d) of the oxide overlayer can be estimated according to [25]:

N, _ 1—exp[—d/A,(E,)]
Ng exp[—d /A5 (Eg)]

(3-2)

where Na and Np are the atomic concentrations of the overlayer and substrate,
respectively, and A, and Ap are the mean free path length of element A and B
respectively. In the AES experiments, the peak-to-peak heights (pph) of the Os1¢y and
Nis4s) were used in calculating the thickness of the oxide film.

The Ni3;Al(110) single crystal sample (MaxTek) had a diameter of 10 mm and a
thickness of 0.5 mm, and was aligned to within £1° of the (110) plane. The sample was
spot-welded onto a tantalum plate that could be transferred between the manipulator and
STM stage by a wobble-stick. While mounted on the manipulator, the sample could be
heated from the rear by indirect resistive heating. A type K thermocouple was attached to
a sample clip approximately 5 mm away from the sample. The difference between the
actual temperature and the thermocouple reading was not calibrated. The samples were
cleaned by repeated cycles of Ar' sputtering followed by annealing to 1100 K, until the
surface was judged clean by AES, LEED and STM measurements.

Annealing to ~ 1100 K is necessary in order to recover the equilibrium surface

composition since it is known that preferential sputtering of Al occurs [27]. The

77



NizAl(110) was then oxidized at ~ 900 K by backfilling the chamber with O, (Matheson,
99.9997% Purity) through a manual leak valve at a pressure of 1 x 10 Torr. High
temperature oxidation was necessary since oxidation at room temperature followed by
annealing to ~ 1100 K resulted in the disappearance of the Osy; signal or the O(1s) XPS
signal. This effect has been previously reported for Ni3Al(001) [28]. The sample was then
annealed in UHV to obtain the well-ordered alumina thin film.

The DFT [29, 30] calculations were made with the Vienna ADb initio Simulations
Package (VASP) [31-33] in the local density approximation (LDA) [34] and in the
generalized gradient approximation (GGA) known as PW91 [34]. Because the former
yields a slightly more accurate geometry for this system, it was used here. The ultrasoft
pseudopotentials of Vanderbilt [35] describe this system to high accuracy with a plane
wave cutoff of 396 eV. Because of the long-range electrostatic forces in oxide as
opposed to metallic systems, we used a large vacuum gap between the slabs, which
repeats along the c-axis due to the plane wave basis set. We found ~ 15 A or greater to be

adequate.

3.3. Results
3.3.1. Clean Ni3Al(110)

The Ni3Al(110) was cleaned by repeated cycles of Ar” sputtering followed by
annealing to 1100 K, until a sharp LEED pattern was observed and the level of C and
other contaminants was below the detectable AES limit (typically, <~ 10" cm™). A

STM image of the clean Ni3Al(110) is shown in Fig. 3.1a. Although no C or O was
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observable for this sample by AES, STM indicated the continued presence of small

islands typically 30-60 A in diameter (probably associated with trace amounts of

(b) 0.40
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Fig. 3.1. (a) A 100 nm x 100 nm STM image of the clean Ni;Al(110) surface, bias voltage = 0.1
V,1=0.1nA; (b) A line profile of the surface which shows the measured step height of steps is
consistent with an atomic step of 2.5 A; (c) (1 x 1) LEED pattern of the surface, incident energy =
60 eV. The broken line rectangle indicates the (1 x 1) unit mesh.

chemisorbed oxygen) interspersed across the surface, in agreement with previously

published results [11]. The measured height of the steps is consistent with an atomic step
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of ~2.55 A, indicated by the line profile shown in Fig. 3.1b. The clean sample displays a
sharp 1 x 1 LEED pattern as in Fig. 3.1c. The lattice constants calculated from LEED are
3.56 A along the [110] direction and 5.05 A along [001] direction, in good agreement
with the results of Cotterill et al. [11]. The relative atomic concentration of aluminum at
the Ni3Al(110) surface was estimated (Eqn. 3-1) to be 0.25 £ 0.01, which corresponds to
a bulk-like composition of aluminum atoms and demonstrates that no excess aluminum is

present on the clean surface compared with the bulk.

3.3.2. AES of 7 A Al,03/Ni;Al(110)

Clean Ni3Al(110) was oxidized at ~ 900 K by backfilling the chamber with O,
(Matheson, 99.9997% Purity) through a manual leak valve at a pressure of 1 x 10 Torr,
and the O(s10y/Niss) intensity ratio versus O, exposure was monitored by AES. The
oxygen uptake curve (Fig. 3.2a) reveals that the saturation level is attained at ~ 400
Langmuir (L; 1 L= 10° Torr-sec), with an O(s10y/Nigsg) intensity ratio of ~ 0.9. Changes
in the low energy Al and Ni AES spectral lineshapes during the oxidation of NizAl(110)
are shown in Fig. 3.2b. Spectrum A in Fig. 3.2b represents a clean Ni3Al(110) sample,
and exhibits the Ni (MVV) transition at 104 eV [22], the Ni (M,3VV) transition at 61 eV,
and also a shoulder at 68 eV, which corresponds to the Al (L,3VV) transition [22]. The
oxidation of aluminum is characterized by the shift of the metallic aluminum peak from
68 eV to 54 ¢V [36, 37], and the onset of a shoulder at 38 eV [36, 37]. In a similar
manner, the oxidation of Ni is characterized by a shift of the Ni metallic peak at 61 eV to

53.5 eV [38]. Therefore, there is considerable overlap of Ni and Al oxide-related features
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in the spectral region of 50-60 eV, making the detection of nickel oxidation problematic.
Spectrum B in Fig. 3.2b was obtained after 500 L O, exposure of the NizAl(110) surface

at 900 K. The oxidation of aluminum is indicated by the disappearance of the metallic Al
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Fig. 3.2. AES analysis of the oxidation of Ni3Al(110) (The sample was oxidized at 900 K and
annealed at 1100 K): (a) Change in the Os,,/Ni g4 intensity ratio versus O, exposure on clean
Ni,Al(110); (b) Low energy AES lineshape changes during the oxidation of Ni,Al(110).

peak (68 eV) and the appearance of the Al peak at 38 eV [36, 37]. As shown in

spectrum C in Fig. 3.2b, annealing the oxide grown at 900 K on clean NizAI(110) to 1100
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K for 1 hour in UHV results in the reappearance of the Al° peak (68 ¢V) which indicates
aluminum enrichment in the near-surface region. This is consistent with previous reports
that an Al interfacial layer on Ni-Al alloys is stabilized by the presence of an Al,Os3
overlayer [9, 22]. Using Eqn. (3-2), the thickness of the alumina layer was estimated to

be~7A.

3.3.3. Theoretical Studies of 7 A A1,03/NizAl(110)

The x-phase of alumina is the CVD phase. Since the A-plane results in a maximal
spread of Al-ions in a monolayer, it is natural to suspect that this might serve as a
template for further growth. Therefore, we computed a 7 A (three O-layer) film. Because
of the rotation of the film with respect to the underlying material (to relieve interfacial
stress caused by a lattice mismatch), the unit cell is too large for computational study at
present. Thus, we placed the film on a four layer AI(111) substrate, which has a minimal
lattice mismatch. Because two studies (one on a film [20] and one on the
sapphire/Al(111) interface [39]) showed that a true Al metal substrate would result in Al
atoms crossing the interface and becoming chemisorbed on the oxide, the Al-metal
substrate was frozen on the z-axis. Because the A-plane has maximal Al-ion separation
and minimal buckling, it should have the lowest surface energy. Therefore, the theory
calculation was A/B/O(111)/Al(111) where the O(111) was chemisorbed on the AI(111)
surface (see below concerning structure with depth).

Fig. 3.3 shows the top and side views of the relaxed slab computed using DFT. X”

marks the largest interstitial sites, which can contain atomic H (Ref. [40]) upon exposure
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to water at sufficient pressures. The 2x1 unit cell (left) has its edges at the row tops,
explicitly shown on the right. As shown nicely in a figure in Ref. [17], only the k-phase
has this cell. Thus we conclude that the 7 A films are k-like; i.e., are distorted versions of
this phase. More distortion is found than Stierle, et al. [17] found for the thinner film, as

is logical since the freedom to relax is less for the thinner film.

Fig. 3.3. Top and side views of the relaxed slab computed using DFT. “X” marks the largest
interstitial sites. O-ions are red, Al-ions are white, and Al-metal atoms in the model substrate,
necessitated by a lattice mismatch at the interface, are gray.

3.3.4. STM and LEED of 7 A AL,O3/NizAl(110)
Fig. 3.4 shows a near atomic-resolution constant current STM image (20 nm x 20

nm) obtained for the as-grown 7 A Al,03/Ni;Al(110). Clear rows are seen and the
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distance between the rows, ~ 1 nm, is in good agreement with calculations for a kappa-
phase structure as shown in Fig. 3.3. A 300 nm x 300 nm STM image of the

AlO3/Ni3Al(110) sample is shown in Fig. 3.5a. The as-grown Al,O3/NizAl(110) film

Length:
1.034 nm
Heighl Dill.:
0.003 nrm
Angle:
2657 deg

0.060

nm

0.030 |-t

0.0

Fig. 3.4. Near atomic resolution, constant current STM image of the Al,O3/NizAl(110) film,
showing the row structure and a row separation in agreement with the prediction of the
calculation shown in Fig. 3.3.

consists of rows of oxide oriented along the [110] axis, but with random width along the

[001] direction, consistent with the diffuse LEED scattering (Fig. 3.5b).
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Formation of Al,O; on top of the Ni3Al(110) substrate results in the appearance of
diffuse scattering in the LEED pattern (Fig. 3.5b), attributed by Cotterill et al. [11] to the
formation of an incommensurate oxide/metal interface. The film reported in the previous
study consisted only of a chemisorbed oxygen phase on top of a metallic substrate [11],
whereas the films discussed in this chapter (e.g., Fig. 3.5b) contain a true oxide phase, as

evidenced by an Auger peak associated with the presence of Al™ (Fig. 3.2b).

Fig. 3.5. (a) 300 nm x 300 nm STM image of the Al,0,/Ni,Al(110) (incommensurate
reconstruction), bias voltage =2 V, I = 0.1 nA. The surface is covered by a striped structure that
runs along [110] direction. (b) LEED image of the Al,0,/Ni;Al(110), incident energy = 60 eV;
Solid line rectangle indicates the 1 x 1 mesh of the substrate. Broken line rectangle and broken
line hexagonal represent the unit meshes of the oxide-induced reconstruction. AL, O, film was

grown on top of the Ni,Al(110) substrate via oxidizing the Ni,Al(110) at 900 K followed by
annealing to 1100 K.

The LEED pattern in Fig. 3.5b is a clear superposition of three structures. Due to
the extremely thin nature of the alumina overlayer, the 1 < 1 mesh of the NizAl(110)

substrate is still observed as indicated by the solid line rectangle in Fig. 3.5b. Analysis of
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the LEED pattern (Fig. 3.5b) indicates an overlayer that is incommensurate with the
metal substrate. The overlayer consists of a hexagonal mesh with a lattice constant of 2.9
+ 0.1 A (shown by the broken line in Fig. 3.5b) and a weaker rectangular mesh (broken
rectangular line), which corresponds to spacings of 3.0 + 0.1 A along [110] direction and
10.2 + 0.1 A along [001] direction [11]. The pseudo-rectangular structure is the small k-
alumina signature. The hexagonal structure is the octahedral O(111)/Al(111) pattern,
which supports the previous conjecture [24] as shown in Fig. 3.6. The fact that the oxide
overlayer is not commensurate with the metal substrate indicates that the chemical
bonding within the surface layer is much stronger than the bond strength normal to the
surface [11].

In Fig. 3.6 we see a conjecture made by Jennison et al. several years ago
concerning the interface between alumina films and nickel aluminide substrates [24]. It
was proposed [24] that there would be chemisorbed oxygen (1 ML) on Al(111), which
has been drawn out of the substrate. The logic was that less energy would be needed to
rotate Al(111) on a nickel aluminide substrate (metal on metal) than oxide on metal in

order to relieve the lattice mismatch.

3.4. Discussion

The bimetallic compounds contain Al as a source for alumina formation by
surface segregation during the oxidation process. In addition, the intermetallic
compounds, NiAl and Ni3Al, exhibit well ordered low indexed surfaces which show bulk

stoichiometry. Therefore, they are suitable substrates for studying the oxygen adsorption
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and the initial stage of oxide formation. A complex group of oxides including NiO,
NiAl,O4, and Al,Os3 have been formed on NiAl and NisAl surfaces when oxidizing the
samples at atmospheric pressure [41, 42]. In contrast, the preferred oxide on these

surfaces is only Al,O3 at low oxygen pressures under UHV conditions [43, 44].

Conjecture of Oxide/Metal Interface

Al3+

Oxidic O

Chemisorbed O

Al(111)
Plane of rotation

NiAl(110)

Fig. 3.6. The original conjecture of a structure having alumina and chemisorbed O on Al(111),
rotated on nickel aluminide substrates.

Alumina, or Al,O3, exhibits a number of different phases, e.g. a, B, v, 1, 0, and «
alumina [18]. The a-Al,Os is the thermodynamically stable phase, which has only
octahedrally coordinated Al cations [45]. The presence of tetrahedrally coordinated Al
cations in the structure is common to all or most of the transitional phase alumina, as
opposed to a-phase [45]. The films discussed here are k-like, but other transitional phase
films can be grown by variations in oxidation procedure or annealing temperature [46,

47]. A question of considerable importance is the extent to which the k-like or other
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transitional phase thin alumina films grown on single crystal aluminide substrates are
actual models for the amorphous gamma-like alumina generally used as a catalyst
support. Experimental [46, 47] and theoretical studies indicate that the various
transitional (non-a)) phases differ from each other only in terms of relative octahedral vs.
tetrahedral site occupancy and share many common characteristics regarding density and
structure.

In addition, recent agreement between electrochemistry results for amorphous
alumina films grown on Al(111) and DFT calculations on a k-phase model indicate that
the kappa film is an excellent model for amorphous alumina [40]. In contrast, vibrational
studies of probe molecules at various oxide surfaces under UHV conditions indicate
systematic variation in acid/base surface properties with annealing temperature and the
transitional phase produced [46, 47]. A recent study of high resolution electron energy
loss spectroscopy (HREELS) study of a thin, amorphous y-like alumina film indicated
only two different types of surface hydroxyl sites on the thin film surface (i.e., different
pK, values), as opposed to five observed for amorphous alumina powders. The
preponderance of evidence therefore seems to be that all transitional phase alumina films
manifest strong similarities in reactivity, electronic properties and structure, but that
differences in surface acid/base properties are revealed by detailed measurements under
UHYV conditions. The extent to which differences in UHV-stable surface structures result
in differences in reactivity and supported metal particle behavior under complex catalytic

environments is an outstanding challenge for modern surface science.
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3.5. Conclusions

STM, LEED, AES and DFT calculations were used to study the oxidation of

Ni3;Al(110). The results demonstrate that structure of the 7 A alumina films on

Ni3Al(110) is k-like. An earlier theoretical prediction [20], a film which is k-like, and a

conjecture [24], 1 ML of O on Al(111) at the interface, are now both supported by

experiment. As-grown alumina films on Ni3Al(110) exhibit a true oxide layer with an

incommensurate interface. With this knowledge of atomic structure, it is now possible to

turn to the questions involving the interactions with H,O, adsorption, dissociation,

possible penetration of neutral H atoms into the film, and finally recombination and

dissociation. Transitional phase alumina thin films grown on single crystal aluminides

share many common structural, electronic and chemical characteristics with each other

and with actual support materials. Despite systematic differences in surface acid/base

properties revealed under UHV conditions, these alumina films appear sufficiently

similar to amorphous catalyst supports to serve as tractable models for bridging the

pressure gap between UHV surface science and realistic catalytic environments.
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CHAPTER 4

H,O-INDUCED INSTABILITY OF Al,03/Ni3Al(110) AND Al,O3/NizAl(111) THIN

FILMS UNDER NON-UHV CONDITIONS

4.1. Introduction

The structures and reactivities of alumina surfaces are of exceptional significance
in a broad range of applications, including catalysis, micro- and nano-electronics, high
temperature corrosion inhibition, optics, etc. [1-3]. Most such applications involve
transitional (non-alpha) phase alumina films in contact with non-UHV environments,
rather than the frequently studied sapphire(0001) surface [4, 5].Well-ordered alumina
films grown on Ni-Al single crystal substrates—frequently used as model systems in
surface science investigations—are of various transitional phases, depending on the
details of the oxidation and annealing process [6]. These films include: Al,O3/NizAl(110)
(k-phase) [7, 8], AL,O3/NizAl(111) (y’-phase) [9-11], Al,O3/NiAl(001) (6-phase) and
ultrathin Al,O3/NiAl(110) (k-phase) [12].

Experimental and theoretical evidence indicate that the reactivities of alpha
aluminas are distinct from those of the transitional phases (gamma, kappa, etc.), and that
the transitional phases share strong similarities in terms of oxygen lattice structure and
density [6, 13]. The room temperature spallation of alumina scales from aluminide

substrates affects the various transitional phases, but not alpha-alumina [14]. Catalytic

93



activities observed for transitional aluminas decrease dramatically or cease altogether
upon formation of the alpha phase [15]. Experimental [16] atomic-level studies of
metal/oxide adhesion strongly suggest that adhesion at the metal/sapphire interface
differs significantly from that for transitional phase oxides due to the greater relaxation
possible with transitional phases. In summary, although detailed surface acid/base
properties of the various transitional phases show systematic differences [17], the
transitional phases show distinct similarities in behavior which sets them apart from the
alpha phase.

Water is perhaps the most important and most pervasive adsorbate on our planet
since it appears in so many interfacial systems. The moisture-induced spallation of
alumina scales from Ni- or Fe- based Al alloys is a serious problem in the development of
materials for advanced high temperature applications. Typically, such scales are formed
by oxidation of the alloy at high temperature, but spallation is observed upon exposure to
moisture or water immersion at ambient temperatures [3, 18-20], as well as at elevated
temperatures during cyclic oxidation [21-23]. This phenomenon has been the subject of
investigation from a mechanistic point of view [3, 22] but relatively little is understood of
the relevant surface/interfacial chemistry. Although the interface in question is commonly
assumed to be metal/o-alumina, due to annealing temperatures involved, recent localized
diffraction and microscopy measurements [14] clearly demonstrate that transitional
phases are often present at the interface, due to kinetic factors such as local variations in
surface composition (i.e., impurities, coatings, aluminum concentration near the

interface), or possibly topography. Previous studies of moisture effects on spallation
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during cyclic oxidation [21, 23] indicate that the presence of moisture can result in
changes in interfacial “toughness”. There is no atomic-level understanding, however, as
to the changes in interfacial chemical or physical structure associated with such a
decrease in toughness. As a first step in acquiring such an understanding, we have used
surface science techniques to probe the interactions at room temperature of H,O with
ordered transitional phase alumina films grown on single crystal NizAl substrates.
Subsequent studies will examine effects at elevated temperatures and on a-alumina films.

Although oxide scales in practice often have thicknesses > 1 um, the oxide films
in this study are typically < Inm thick (although essentially similar behavior has been
observed for films ~1.8 nm thick [7]), the extremely thin nature of such films allows
surface science techniques, including XPS, LEED and STM to directly probe H,O-
induced changes in chemical bonding and structure at the well-ordered metal/oxide
interface. A high degree of caution is obviously needed in extrapolating such results to
“real world” spallation phenomena. Surface science studies such as this represent an
initial step in obtaining precise information concerning a set of extremely complex
phenomena. The results reported here, however, indicate a surprising reaction between
H,0O molecules and transitional aluminas; a pressure-dependent reconstruction which
begins at surface defect sites and gradually results in severe morphological reconstruction
and roughening of the alumina film, even at 300 K.

The interaction of ordered a-phase and metastable alumina surfaces with H,O has
been the subject of extensive theoretical [13, 24-27] and experimental [1, 2, 4, 5, 12, 28-

30] study within the surface science community. An important point is that most
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experimental surface science studies of environmental interactions at alumina surfaces
have been conducted under ultra-high vacuum (UHV) conditions, and alumina films
under such conditions display a general inertness towards reaction with H,O vapor,
except at defect sites [12, 31]. Dissociative chemisorption of H,O and the formation of a

hydroxide phase is observed only for P, ,> 1 Torr for a-ALO3(0001) [4, 5]. X-ray

photoelectron spectroscopy (XPS) data [7] obtained for a thin alumina film grown on
Ni3Al(110), however, strongly suggested that that oxide film was structurally unstable

upon exposure to P, , of ~ 10 Torr, 300 K, even though aluminum hydroxide was only
observed after exposures to P, , ~ 1 Torr, 300 K. Although “real world” spallation
phenomena usually involves P, ,>>1 Torr [3, 18-20], the issue of technological
relevance, however, is the effective P , at or near the interfacial spallation zone, or how

a certain external level of humidity results in interfacial spallation. Our findings indicate

that interfacial reactions may well be induced even if effective P, , near the interface is

well below 1 Torr.

In this chapter, STM, LEED, AES and XPS data are presented which confirm
previous observations [7] and demonstrate that alumina films grown on Ni3Al(111) and
NizAl(110) undergo drastic reorganization and reconstruction under extremely mild

conditions: P, ;> 10~ Torr, 300 K. The film grown on the (110) substrate (k-

Al O3/Ni3Al(110)) is significantly more sensitive to H,O vapor than the y’-
Al O3/Ni3Al(111) film, and this may be due to the incommensurate nature of the

oxide/Ni3Al(110) interface. This instability, or surface reconstruction, is not associated
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with formation of a surface hydroxide, yet is specific to H,O. Similar O, exposures have
no effect. The data also show that the H,O-induced reconstruction is pressure-dependent
rather than exposure-dependent, and that the oxide instability is initiated at the oxide

surface, rather than at the oxide/metal interface.

4.2. Experimental Methods

The experiments were carried out in two separate ultrahigh vacuum (UHV)
systems. The AES, LEED, and STM measurements were performed in an Omicron
UHV-STM system. Details of this system, and the preparation of W tips, have been
described in section 2.2. A turbomolecularly pumped sample introduction chamber (base
pressure, 5 x 107° Torr) was attached to the experimental chamber and separated from it
by a gate valve. Sample transport between the two chambers occurred under controlled
UHYV conditions, and exposure to H,O vapor was carried out in the introduction chamber.
Long term (> 2 hours) exposures in the introduction chamber resulted in a total carbon
contamination of < 0.05 monolayer, as determined by AES. Although this ex-situ
methodology allows higher pressure (> 10”7 Torr) exposures than in UHV, the
before/after STM measurements invariably sample different regions of the oxide surface.
Therefore, care was taken during each STM measurement to acquire multiple large area
(300 nm x 300 nm) scans in order to determine that the observed effects were
representative of the surface as a whole. STM measurements were carried out in constant
current mode at room temperature with the tip typically biased negative relative to the

sample.
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The XPS measurements were carried out in a separate system as shown
schematically in Fig. 4.1. This system consists of a sample introduction chamber (base
pressure, 2 X 107 Torr) and an experimental chamber (base pressure, 1 x 107"° Torr)
equipped with a hemispherical electron energy analyzer (VSW) for XPS and 3-grid
LEED optics (Omicron), an unmonochromated x-ray source (Physical Electronics) and
an ion gun (Specs) for sample cleaning. XPS spectra were acquired using Mg Ko
radiation, with a constant analyzer pass energy of 22 eV.

The same Ni3Al (110) and Ni3Al (111) single crystals were used for both XPS and
STM/AES/LEED studies. The NizAl(110) single crystal sample (MaxTek) had a diameter
of 10 mm and a thickness of 0.5 mm, and was aligned to within +1° of the (110) plane.
The Ni3Al(111) single crystal sample (MaxTek) had a diameter of 10 mm and a thickness
of 0.5 mm and it was polished on one side with an orientation miscut angle < 0.25°. Each
sample was spot-welded onto a tantalum plate that could be transferred between the
manipulator and STM stage by a wobble-stick. The samples were cleaned by repeated
cycles of Ar’ sputtering followed by annealing to 1100 K, until the surface was judged
clean by AES, LEED and STM measurements.

Annealing to ~ 1100 K is necessary in order to recover the equilibrium surface
composition since it is known that preferential sputtering of Al occurs [32]. The
Ni3Al(110) was then oxidized at ~ 900 K by backfilling the chamber with O, (Matheson,
99.9997% Purity) through a manual leak valve at a pressure of 1 x 10 Torr. High
temperature oxidation was necessary since oxidation at room temperature followed by

annealing to ~ 1100 K resulted in the disappearance of the Osg; signal or the O(1s) XPS
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signal. This effect has been previously reported for NizAl(001) [33]. The NizAl(111) was
oxidized at room temperature by backfilling the chamber with O, (Matheson, 99.9997%

purity) through a manual leak valve at a pressure of 1 x 10 Torr. The sample was then

Hemispherical
Analyzer (XPS)

lon Gun
Magnetic Linear —
Drive
| EEERENR
LEED
Turbo 1 High Precision
P = 10°Torr Manipulator
P~1x1010 Torr
Turbo 2

Fig. 4.1. The UHV/XPS system used in this study. The system is equipped with XPS and LEED.

annealed in UHV to obtain the well-ordered alumina thin film. Millipore grade water was
used in the H,O exposure experiments and was purified by several freeze-pump-thaw
cycles.

The thickness (d) of the oxide overlayer can be estimated according to [34]:
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N, _ 1—exp[—d/A,(E,)]
Ng exp[—-d /A5 (Eg)]

(4-1)

where Na and Ng are the atomic concentrations of the overlayer and substrate,
respectively, and A4 and A, are the mean free path length of element A and B
respectively. In the AES experiments, the peak-to-peak heights (pph) of the Osi¢y and
Nisag) were used in calculating the thickness of the oxide film. In the XPS experiments,

the Ni (2ps2) and O(1s) intensities were used in calculating the thickness of the oxide

film.

4.3. Results
4.3.1. Oxidation of NizAl(110) and NizAl(111)

ALOs films were grown on NizAl(110) by exposure to O, at 101 10° Torr for 8.5
minutes (500 L, saturation level) at 900 K followed by annealing to 1100 K for 60
minutes in UHV. High temperature oxidation of NizAl(110) was necessary since
oxidation at room temperature followed by annealing to ~1100 K in UHV resulted in the
disappearance of the Oso3 Auger signal or the O(1s) XPS signal as previously reported
[7]. ALO3/NizAl(111) films were grown by exposure to 101 10 Torr of O, for 12
minutes (700 L, saturation level) at 300 K followed by annealing to 1100 K in UHV for
60 minutes. AES revealed no significant carbon contamination and XPS revealed no
observable hydroxide formation after the oxidation procedures. Previous studies on
sapphire(0001) indicate that sensitivities to C and OH coverage with these procedures are

~0.01 and 0.1 ML (ML: monolayer), respectively [5].
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Detailed information on Al,O3/NizAl(110) STM, LEED and AES were reported
in section 3.3.1. Constant current STM and LEED images of the Al,03/Ni3Al(110) film
were similar to those previously reported [35] except that Auger spectra showed the
presence of Al species, indicative of true oxide formation. High resolution STM and
LEED data [8] indicate the formation of a Al(111) interface between the ultrathin oxide
film and the NizAl(110) surface in agreement with a model of the incommensurate
interface proposed by Cotterill et al. [35]. The experimental data are in agreement with
first principles DFT results and indicate that the Al,O3/NizAl(110) film is k-phase [8].
STM, LEED and AES for Al,03/NisAl(111) were similar to those previously reported
[9]. The thickness of the annealed oxide film grown on NisAl(111) was estimated to be 7
+ 1 A using Eqn. (4-1). Formation of the Al,O3 on top of the NizAl(111) substrate results
in an aluminum interface as evidenced by the AES data (not shown), which is consistent
with the previous report [9]. As indicated by the LEED pattern (Fig. 4.2a) of the ordered
oxide, two domains that are rotated at 37.5° (a, b) and 24.5° (c, d) with respect to the
substrate coexist on the surface, consistent with earlier reports [9, 11]. A 300 nm x 300
nm STM constant current image of the Al,03/Ni3Al(111) sample is shown in Fig. 4.2b.
The typical step height is equal to 2.8-5.3 A with terrace width ranging from 50 nm to
150 nm. The stoichiometries of the two films are similar, as manifested by O/Al AES
peak-to-peak height ratios that are equal to within experimental error.

XPS spectra for the clean, oxidized and annealed Al,Os film on NisAl(110) are
shown in Fig. 4.3. Prior to oxidation (spectrum A), a single Al(2p) feature is observed, at

metal

72.3 eV, corresponding to metallic aluminum (Al(2p)™ ") [7]. Exposing the sample to
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500 L O, at 900 K results in the disappearance of the Al(2p)™ peak and replacement

by a peak at higher binding energy (Spectrum B in Fig. 4.3a).

(b)

Fig. 4.2. (a) LEED image of the Al,O,/Ni,Al(111), incident energy = 60 eV. The arrows in the
LEED pattern show the reciprocal unit vectors of the two domains which are rotated by 37.5° (a,

b) and 24.5° (c, d), respectively relative to the orientation of the substrate. (b) 300 nm x 300 nm
STM image of the Al,O,/Ni,Al(111) (Bias voltage =2 V, I = 0.1 nA).

The corresponding O(1s) spectrum is shown in spectrum E of Fig. 4.3b. The
O(1s) peak has a FWHM of 2.2 eV. This spectrum is well fit by two components, each
with a FWHM of 1.72 eV, at binding energies of 530.3 eV and 531.3 eV. The 530.3 eV
component is assigned to NiO [7, 36-38]. However, we cannot assign the peak at 531.3
eV to either NiO (530.3 eV [7, 36-38]) or Al,O3 (532.2 eV [7, 39, 40]). The
corresponding Al(2p) spectrum (spectrum B in Fig. 4.3a) indicates a significant Al
component with an oxidation state intermediate between the metal and the stoichiometric

oxide (Al,O3). Hence, we assign the peak at 531.3 eV (and the corresponding Al(2p)

feature near 75 eV) to an interfacial phase, denoted here as “AlOy” [7, 41, 42]. Annealing
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the oxide film to ~ 1100 K results in a shift in both the Al(2p) and O(1s) spectra to

higher binding energies shown in spectra C and F, respectively. The Al(2p) spectrum of
the oxide annealed at 1100 K is well fit with two components at binding energies of 74.8

eV (AlOy) and at 75.7 eV (Al,03) [7, 41, 42]. Therefore, the two O(1s) components in

Lo
R

Alp) A 03 AIO Al0

XPS Intensity (Arbitrary Units)
é
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Fig. 4.3. Al(2p) and O(1s) XPS spectra for Al,03/Ni;Al(110): A and D — preoxidized; B and E —

~~
O
N

XPS Intensity(Arbitrary Units)

O(1s)

ALO; AIO, i,

-534

-532 -530

-528
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oxidized, 1x10° Torr 0, (500 L), 900 K; C and F — annealed oxide, 1100 K. Al,O, film was
grown on top of the Ni,Al(110) substrate via oxidizing the Ni,Al(110) at 900 K followed by

annealing to 1100 K.

spectrum F of Fig. 4.3b are assigned to Al,O3 (532.2 eV), and AlOy (531.3eV) [7,42]. 1

Fig. 4.3, there is no component in the O(1s) spectra observed under our experimental
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conditions at a binding energy from 533.5 to 534.2 eV , which is 1.3-2 eV removed to
higher binding energy from the Al,O3, that would indicate Al-(OH) formation [5, 39, 40].
Nickel is known to diffuse easily into bulk NizAl at elevated temperatures [32,
43]. The disappearance of the NiO component (530.3 eV) upon annealing is therefore
attributed to reduction of NiO followed by Ni diffusion into the bulk. Annealing the
oxide to 1100 K also results in Al segregation to the near surface region, as manifested by
the reappearance of the Al(2p)° peak shown in spectrum C, consistent with previous
reports that the presence of an Al,O3 layer stabilizes an Al interfacial layer on Ni-Al
alloys [7, 9, 44]. The thickness of the annealed oxide film grown on NizAl(110) was
estimated to be 6.5 + 1 A using Eqn. (4-1). This is in good agreement with the AES-
determined thickness of the Al,03/Ni3Al(110) film grown in the STM/AES/LEED
chamber. The presence of O, at elevated temperature is generally considered a crucial
condition for NiAl,O4 formation at the Ni/Al,Os interface [45]. Further, the experimental
oxidation temperature of ~ 900 K used in our study is below the temperature needed for
bulk NiAl,O4 formation (~ 1400 K, [46]). In addition, under our experimental conditions
there is no component in the Ni(2p) spectra observed at a binding energy from 856 to 857
eV (not shown) that would indicate NiAl,O4 formation, in agreement with the results of

previous studies [7, 45].

4.3.2. Exposure of Al,03/NizAl(110) and Al,O3/NizAl(111) to Water Vapor
The 7 A thick ALO3y/N 13A1(110) film was exposed to water vapor at 10™ Torr. All

exposures were carried out at ambient temperature (~ 300 K). Fig. 4.4 displays the STM
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images of the surface after exposing to water vapor for 5, 15 and 45 minutes. It has been
demonstrated [28] that for thin oxide films on conductive substrates, STM constant

current images acquired at low and high bias voltages are more sensitive to interfacial

5 minutes exposure 15 minutes exposure 45 minutes exposure

Low
bias

LEED Pattern Observed LEED Pattern Observed No LEED Pattern

Fig. 4.4. 300 nm x 300 nm STM images of the Al,0,/Ni;Al(110) after exposing to water vapor
pressure of 1x10™ Torr for different times: (a) and (b)-5 minutes; (¢) and (d)—15 minutes; (¢) and

(f)— 45 minutes; scanning parameters: (a), (c) and (e)— bias voltage = 0.1 V (low bias), [ =0.1
nA; (b), (d) and (f)— bias voltage = 2 V (high bias), I = 0.1 nA. Al,O, film was grown on top of
the Ni,Al(110) substrate via oxidizing the Ni;Al(110) at 900 K followed by annealing to 1100 K.
and oxide surface topographies, respectively. Hence the STM images (a, ¢ and e in Fig.

4.4) obtained at low (0.1 V) scanning voltage and the STM images (b, d and f in Fig. 4.4)

obtained at high voltage (2 V) highlight changes of the oxide/metal interface and oxide
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surface, respectively, upon increasing exposure to water vapor of 10 Torr. After an

exposure time of 5 minutes at P, = 10" Torr, the interfacial region is unaffected (Fig.

4.4a), and isolated bright spots are visible at the oxide surface (Fig. 4.4b). The sample
LEED pattern (not shown) is still intact at this point. The oxide surfaces undergo more
severe reconstruction upon longer exposure (15 minutes) while the interface is still
unaffected (Fig. 4.4c, d). The LEED pattern is fainter but still visible after the water
dosing of 15 minutes. Both the oxide surface and the interface reconstruct upon water
exposure of 45 minutes (Fig. 4.4e, f), and no LEED pattern is observed at this stage. The
data in Fig. 4.4 (a-f) indicate that first, a roughening or reconstruction is initiated at the
oxide surface rather than by diffusion into the interface; second, the roughening
transformation progresses over gradually wider areas of the surface with increasing
exposure time, rather than by a temporally abrupt transition.

The observation of surface instability only for P, , above UHV strongly suggests

that the reaction involves the cooperative interaction of several H,O molecules at the
surface. Molecular dynamics studies [26] indicate the feasibility of such reactions at a-
Al,03(0001) surfaces. Such cooperative reactions should be pressure-, rather than
exposure- dependent, and the data in Fig. 4.5 indicate that this is the case. Constant
current STM images of an Al,03/Ni3Al(110) films exposed to 270,000 L H,O vapor at
10 Torr or at 10™ Torr are compared in Fig. 4.5. Both the oxide surfaces undergo severe
reconstruction at 10 and 10~ Torr, as shown in Fig. 4.5b and Fig. 4.5d. However, at 10~
Torr (Fig. 4.5a), the interfacial region is largely intact, and a LEED pattern is still

observable at this point. In contrast, the same exposure at 10™* Torr (Fig. 4.5¢) results in
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severe reconstruction of the interface region; no LEED pattern was observed for this

sample. The STM images (Fig. 4.5a,¢), acquired at 0.1 V tip/sample bias, indicate that the

270,000 L/ 10* Torr [§ .

Fig. 4.5. 300 nm x 300 nm constant current STM images of the Al,0,/Ni,Al(110) after exposure

to 270,000 L water vapor at different pressures: (a, b) pressure of 1x 10” Torr for 450 minutes,

0.1 V and 2.0 V tip/sample bias, respectively; (c & d) pressure of 1x 10 Torr for 45 minutes, 0.1
V and 2.0 V tip/sample bias, respectively. Al,O, film was grown on top of the Ni;Al(110)

substrate via oxidizing the Ni;Al(110) at 900 K followed by annealing to 1100 K.

H,O-surface interaction is pressure- dependent rather than exposure- dependent.

Exposure, the product of pressure [ time, is proportional to the number of gas/molecule
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surface interactions [47]. The data show that the process of surface reconstruction is not
proportional to HO exposure. Equal exposures at different pressures yield different
results (Fig. 4.5). This pressure dependence is further evidenced by the experiments
conducted at H,O vapor pressure of 10~ Torr as shown in Fig. 4.6. The STM images in
Fig. 4.6 were obtained after the Al,03/Ni3Al(110) film was exposed to 90,000 L. H,O at
107 Torr (Fig. 4.6a) and 10 Torr (Fig. 4.6b). Although a reconstruction is observed in
both cases, Fig. 4.6b indicates a less advanced reconstruction at 90,000L/ 10 Torr, since
the regular features oriented along the (110) axis are still visible. The data in Figs. 4.5
and 4.6 demonstrate that equal exposures (L) result in a more severe reconstruction for
the exposure carried out at higher pressure.

The different responses of Al,O3/NizAl (110) (7.1 A thick) and of

Al,O3/NizAl(111) (7 A thick) to Pio= 10 Torr/270,000 Langmuir (L; 1 L =1 Torr-sec’

" are shown in Fig. 4.7. The as-grown Al,O3/NizAl(110) film (Fig. 4.7a) consists of rows
of oxide oriented along the [110] axis, but with random width along the [001] direction,
consistent with the diffuse LEED scattering [35]. The exposure to H,O (10™ Torr,
270,000 L) at 300 K results in severe roughening and randomization of the surface (Fig.
4.7b) coincident with the loss of any LEED pattern. In contrast, similar exposure of the
AL,O3/NizAl(111) film (Fig. 4.7d) results in little significant surface reconstruction
apparent in either the STM image (Fig. 4.7¢) or LEED pattern (not shown). Isolated
bright spots are apparent in the STM image of the Al,O3/Ni;Al(111) film after H,O
exposure, suggesting reaction at localized defect areas. At longer exposures (10 Torr, 90

minutes) roughening of the Al,O3/NisAl(111) film surface is observed (Fig. 4.7f), with no
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LEED pattern observed at this point. The data in Fig. 4.7 demonstrate that Al,O3 films
grown on NizAl(111) reconstruct at a much slower rate (or at longer exposure times) at
equal pressures compared with Al,O3/Ni3Al(110) film of similar thickness. In order to
test the specificity of the reaction toward H,O, both the Al,03/NizAl(110) and the
AlL,O3/NizAl(111) films are exposed to oxygen at 10 Torr for 45 minutes. The results
(not shown) reveal that similar exposures to oxygen have no effect on either film,

indicating that reactions at both film surfaces are specific to H,O.

Fig. 4.6. 300 nm x 300 nm STM image of the Al,0,/Ni,Al(110) after exposing to water vapor to

the same exposure at different pressures: (a) 1x 10” Torr for 1.5 minutes; (b) 1x 10 Torr for 15
minutes. Scanning parameter: bias voltage =2 V, [ = 0.1 nA.

XPS O(1s) and Al(2p) spectra of a 7.1 A thick Al,O3/Ni3Al(110) film before and
after H,O exposure are displayed in Fig. 4.8. Spectra of the as-grown film are similar to
those reported for other ultrathin alumina thin films [12] with O(1s) and Al(2p)
components at higher binding energies attributed to lattice oxygen and aluminum ions,

and components at lower binding energies assigned to less ionic, interfacial environments
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[12, 13]. Upon exposure to H,O, the relative intensities of the “oxide (Al,0O3)”

components of the O(1s) and Al(2p) spectra decrease significantly, while the relative

! : i

LEED Pattern Observed

: .ﬂ' _ G .‘:'.
LEED Pattern Observed LEED Pattern Observed No LEED Pattern

Fig. 4.7. 300 nm 7 300 nm STM constant current images of (a) a 7 A thick as grown
ALO3/Ni;Al(110) film; (b) the Al,03/Ni;Al(110) exposed to H,O at 10 Torr, 45 minutes, 300 K;
(c) the Al,05/Ni;Al(110) exposed to H,O at 10 Torr, 90 minutes, 300 K; (d) a 7 A thick as-
grown Al,O3/Ni;Al(111); (e) AlLOs/Ni;Al(111) after exposure to H,O at 10* Torr; 45 minutes,
300 K; (f) the ALO3/NizAl(111) exposed to H,O at 10™ Torr, 90 minutes, 300 K. Scanning
parameters: Gap Voltage =2 V, Current = 0.1 nA. *

* This figure is reproduced with permission from Elsevier (Surface Science). Reference: Qin, F., Magtoto,
N.P., and Kelber, J.A., Surf. Sci, 565, L277 (2004).
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intensities of the corresponding “AlOy” components increase. There is no change in the
total O(1s) intensity before and after the water exposure. (No evidence of Ni oxidation or
hydroxylation was observed.) The H,O exposure results in no evidence of aluminum
hydroxide formation, which would be manifested by a broadening of the O(1s) peak to
higher binding energy [4, 7, 12]. (Based on previous XPS studies of hydroxylated
alumina surfaces [5, 48], we estimate maximum hydroxyl coverage in UHV as < 10% of
a monolayer.) The data in Fig. 4.7 and Fig. 4.8 indicate that the thin alumina film on

Ni3Al(110) undergoes severe surface reconstruction upon exposure to P, , = 10 Torr,

300 K. These results are in general agreement with previously reported XPS results for
thicker (17 A) Al,O3/Ni3Al(110) films, and indicate that this H,O-induced instability

cannot be ascribed to the extreme thinness of the film.

4.4. Discussion

The results presented here indicate that Al,O; films grown on NizAl(110) and
Ni3Al(111) substrates display a striking instability to low-intermediate partial pressures
of H,O (> 10” Torr), 300 K. This instability results in substantial roughening of the film
and loss of long-range order without the formation of a stable surface hydroxide (at least
one that is observable under UHV conditions). These results are in excellent agreement
with those previously reported [7] for a substantially thicker (17 A) Al,Os film. These
results are also consistent with experimental and theoretical data [49] for transitional
phase alumina films ~ 80 A which indicate that exposure to H,O results in the permeation

of atomic hydrogen into the film, but not OH or bulk hydroxide formation. Therefore, the
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H,O-specific structural instability of the alumina films described here cannot be ascribed
to the extreme thinness of the films (< 1 nm), but is consistent with reported [7, 49]
behavior for thicker transitional phase aluminas.

The data in Fig. 4.4 and 4.7 indicate that the surface transformation is initiated at
localized regions of the oxide surface, and that the surface area affected increases

gradually with exposure time. This is consistent with a transformation process that begins

O(ls) |, AlO, Al(@p)

XPS Intensity (Arbitrary Units)

-536 -534 -532 -530 -528 -78  -76 -74 -72 -70

Binding Energy (eV)

Fig. 4.8. O(1s) and Al(2p) XPS spectra for Al,03/NizAl(110) before (a and b) and after (c and d)
exposure to H,O (10™ Torr, 45 minutes, 300 K).

at defect sites of some type (whether of atomic or larger dimensions) — a nucleation and

growth mechanism—rather than by a temporally abrupt surface reconstruction. These
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data therefore also suggest that there is really no critical P, , below which some

transformation will not occur, only that the time for the transformation process to affect

areas of the film increases in a non-linear manner as P, , decreases. Since the

degradation begins at the outer oxide surface, degradation at the film/metal interface
might not be readily observable at practical time intervals under dry conditions.

The exact mechanism of the H>O-oxide interaction cannot be explained by the
existing data. Most puzzling is the fact that no hydroxide phase is observed in UHV for

P.,o<~ 1 Torr. Above 1 Torr, an alumina hydroxide is observed by XPS on both alpha-

alumina(0001) [4, 5] and Al,O3/Ni3Al(110) [7]. That dissociative adsorption of H,O

occurs for P, ;<1 Torr is indicated by the presence of interstitial H in alumina films

exposed to water vapor [49]. This suggests a H,O/alumina complex which is stabilized by
the presence of an overpressure of H,O:

XxH0 + Al uace 1 AT (OH), + x H (interstitial) (4-2)
The formation of additional alumina is precluded because AES (not shown) and XPS
(Fig. 4.8) indicate no significant additional oxide formation upon sample reintroduction
into UHV chamber. The fact that equal exposures at different pressures yield different
results (Figs. 4.5, 4.6) indicates that the surface reconstruction process is not dependent
on the number of individual H,O/surface interactions [47]. The pressure dependence,
rather than exposure dependence of the surface reconstruction process is strong evidence
that a cooperative H,O/surface reaction, involving more than one H,O molecule (i.e. x >

1 in Eqn. 4-2) is occurring on the surface. The plausibility of such a pathway to induce
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H,O dissociation at the sapphire(0001) surface has been demonstrated [26]. The
involvement of a cooperative pathway would also explain the failure to see such effects at
alumina surfaces under UHV conditions.

The relatively greater sensitivity of Al,O3/NizAl(110) film compared to the film
grown on NizAl(111) (Fig. 4.7) suggests that the interfacial structure plays a role in this
phenomenon, even though the film reconstruction is initiated at the oxide surface, rather
than at the metal/oxide interface (Fig. 4.4). The LEED data for the annealed
AL O3/Ni;Al(110) film (Fig. 3.5 in section 3.3) indicate the presence of a hexagonal
interfacial region with 2.9 A lattice constant, which corresponds to the Al(111) structure.
The XPS Al(2p) spectrum for the annealed film (Fig. 4.3) also indicates the presence of a
metallic aluminum interfacial layer, as does the AES spectrum (Fig. 3.2 in section 3.3).
The data therefore indicate that the interface between the alumina layer and the
Ni3Al(110) surface is actually an Al(111) interface, as proposed by Cotteril et al. [35].
Such a (111)/(110) interface would be incommensurate. In contrast, LEED, AES and
STM data [9] by Addepalli et al., indicate that the A1,O3/NizAl(111) interface also has an
Al(111) interfacial layer, which results in a commensurate interface. The LEED spectrum
for the Al,O3/NizAl(110) indicates a ~ 10 Ax3A rectangular unit cell, which is
consistent with a transitional phase alumina, as is the LEED data for the film grown on
the Ni3Al(111) surface [9]. This is hardly surprising, in view of the annealing
temperatures involved. Therefore, both the Al,03/Ni3Al(110) and AL,O3/Ni(111) films
are transitional phases with an AI(111) transitional layer, and the main difference

between the two is the weakly bonded interface at the (110) surface. The data in Fig. 4.7
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demonstrate that the H,O-induced reconstruction involves significant mass transport
within the oxide layer. STM data [50] for hydroxylated Cr,O3/Cr(110) (which has the
corundum structure) suggest that hydroxylation induces a high degree of ion mobility.
One possibility, therefore, is that hydrated or hydroxylated Al cations become more
mobile within the oxide layer under intermediate pressures of H,O. When the
overpressure of H,O is removed under UHV conditions, the commensurate (111)
interface might provide a more stable template for the reformation of the oxide.

Although the exact relationship of the H,O-induced instability observed here to
the moisture-induced spallation of “real world” alumina coatings is beyond the scope of
this paper, certain parallels are inescapable:

(1) This phenomenon occurs readily at 300 K.

(2) This phenomenon is inhibited at extremely low P, , (~ 107 Torr).

4.5. Conclusions

STM, LEED, AES and XPS data are used to study the oxidation of NizAl(110)
and NisAl(111) and the interaction with the resulting oxide films with water vapor at the
pressure range of 10™ to 10™ Torr. The data presented above confirm previous
observations [7] and demonstrate that (a) the alumina films grown on Ni3Al(111) and

NizAl(110) are unstable to extremely mild conditions: P, ;> ~ 107 Torr, 300 K; (b) the

film grown on the (110) substrate (Al,03/NizAl(110)) is significantly more sensitive to
H,O vapor than the Al,03/Ni3Al(111) film, and this may be due to the incommensurate

nature of the oxide/Ni3;Al(110) interface; (c) this surface reconstruction effect, is not
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associated with formation of a surface hydroxide observable in UHV, yet is specific to
H,O0, since similar O, exposures have no effect on both oxide films; (d) that the oxide
instability is initiated at the oxide surface, rather than at the oxide/metal interface; and (e)
that the data also show that the H,O-induced reconstruction is pressure-dependent rather

than exposure-dependent.

4.6. Summary and Recommendations

The results presented in this chapter indicate that transitional phase (non-alpha)
alumina surfaces become dynamic in contact with intermediate pressures (> 107 Torr —
0.1 Torr) of water vapor at 300 K. Other data [49] strongly suggest that, under such
conditions, alumina films may store atomic hydrogen. Such novel phenomena have
significant implications for aluminum oxides as thermal barrier coatings in fossil fuel
applications, in MEMS applications, ceramic composites, hydrogen production and
nanocatalyst supports, and corrosion barriers. Our results also demonstrate that these
transitional phase alumina surfaces exhibit fundamentally different behavior than 1) the

alpha-phase, or sapphire, at water vapor partial pressures P, , <1 Torr, and 2) than
transitional phase surfaces at lower pressures, such as UHV (P, , < 107® Torr).

Furthermore, our results indicate that for transitional phase alumina, a cooperative
(pressure-dependent) H20 reaction mechanism results in the nucleation and growth of a
dramatically reconstructed surface. This occurs without the formation of a UHV-stable
hydroxide and at far lower pressures of H20 but still well above UHV. The existence of a

cooperative (pressure, rather than exposure-dependent) H20 reaction mechanism, the
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absence of stable hydroxide formation and the possible generation of atomic hydrogen,
demonstrate the need for precise, in-situ surface science studies under rigorously
controlled non-UHV conditions.

In this context, in-Situ variable pressure/temperature scanning tunneling
microscopy (VP/VTSTM) and reflection absorption infrared (RAIR) studies should be

carried out on well defined aluminum oxide thin film surfaces at 10”7 Torr < Pio <10

Torr and at temperatures between 300 K and ~1200 K. In addition, electron spin
resonance (ESR) studies should be carried out to detect the formation of atomic

hydrogen.
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