
Homoepitaxial growth of alumina
films on NiAl(110) using NO2

THESIS

submitted in partial fulfillment of the
requirements for the degree of

BACHELOR OF SCIENCE
in

PHYSICS

Author : Joost Vermeer
Student ID :
Supervisor : Irene Groot
2nd corrector : Tjerk Oosterkamp

Leiden, The Netherlands, January 17, 2019





Homoepitaxial growth of alumina
films on NiAl(110) using NO2

Joost Vermeer

Huygens-Kamerlingh Onnes Laboratory, Leiden University
P.O. Box 9500, 2300 RA Leiden, The Netherlands

January 17, 2019

Abstract

In the search for substrates used in the investigation of catalytic
nanoparticles we have grown alumina films on NiAl(110) past

5.35 Å, the maximum thickness that can be obtained with
molecular oxygen [1]. A NiAl(110) sample was first oxidized to

that thickness with molecular oxygen, after which it was stepwise
oxidized with NO2. The film thickness, crystal structure and

chemical composition were measured using Low Energy Electron
Diffraction (LEED), X-ray Photoelectron Spectroscopy (XPS) and
Scanning Tunneling Microscopy (STM). We have confirmed that
film grown with NO2 follows the theoretical model of Cabrera

and Mott[2][3] up to 6.9 Å. STM images show an increase in the
number of islands and vacancies in the metal, indicating that this

growth happened at the film-metal interface and not the film
surface.
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Chapter 1
Introduction

In their attempt to find ever better catalysts, chemical companies have
turned to nanoparticles. These particles have many properties that their
bulk states do not have, like special facets and a high surface to mass ratio.
To use them in an industrial setting they need to be placed on a support,
or they would be carried away by the flow of the the gas or liquid it is re-
acting with. One of the most common used supports is aluminum oxide,
also called alumina. It is strong, cheap and chemically inert, which makes
it ideal in situations where one does not want any uncontrolled reactions
happening.

Our group investigate these industrial catalytic processes. We try to
mimic the industrial circumstances as close as possible, but unfortunately
that is not possible in this case. Bulk alumina is hard to investigate in
an academic setting since research groups cannot use one of their most
important measurement methods, Scanning Tunneling Microscopy (STM).
An STM setup consists of a conducting tip which is about a nanometer
away from the surface. If the surface is conducting, a voltage difference
between the tip and the sample creates a tunneling current. This tunneling
current is measurable and depends on both the distance between the tip
and the sample, as well as the electronic state of the surface. But if the
sample is an electrical insulator this is impossible, since there is no low
potential area for the electrons to tunnel to.

Since alumina itself is an insulator a conducting support is needed to
investigate nanoparticles on alumina. This can be done by oxidizing a
NiAl crystal and placing the nanoparticles on top of the alumina film that
is formed by the oxidation. This system, alumina films on single crys-
tal nickel-aluminum, is widely studied by surface scientists [1][4][5]. It
is strong and chemically inert like bulk alumina, and it has a well-defined
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2 Introduction

crystal structure. The film has a limited growth in molecular oxygen, since
the energy for oxygen adsorption comes from electrons tunneling from the
metal to the film surface. In thicker films the tunneling current decreases
which lowers the energy available at the surface. At a certain point adsorp-
tion is no longer thermodynamically favored and the film stops growing.

Molybdenum oxide nanoparticles

A system that was previously studied by our group was MoO3 nanopar-
ticles on an O2 limited alumina film [6] and their catalytic behavior in the
desulfurization of sulfur-containing hydrocarbons. When investigating
the MoO3 nanoparticles it was discovered that the molybdenum was re-
duced to metal and the alumina film thickness was increasing. This could
only be explained by assuming that the MoO3 dissociates, with the oxygen
atoms moving into the alumina film, increasing its thickness.

In order to further investigate this system we need to prevent the disso-
ciation of the molybdenum oxide. Since the energy required for the disso-
ciation originates from the electrons tunneling through the metal, and the
tunneling current depends on the thickness of the film barrier, a thicker
film will reduce the energy available for dissociation. If the film is thick
enough, the amount of energy available at the surface will be so low that
the oxygen atoms remain within the molybdenum oxide. At such a thick-
ness the molybdenum oxide and the desulfurization of sulfur-containing
hydrocarbons can be investigated as if we were investigating the bulk alu-
mina.

There is one important condition for this to work. We still have to be
able to scan the surface with STM. Since the alumina is an insulator the
electrons have to tunnel through the film as well. The thicker the film is,
the larger the distance between the tip and the NiAl support. This de-
creases the tunneling current and lowers the signal to noise ratio. To pre-
vent that we could move closer the tip is to the alumina surface, but doing
so would increase the probability that the tip crashes into the sample. It is
therefore questionable whether we are able to scan on the thick films and
actually investigate the nanoparticles.

There is more unknown about this plan. It is unclear which properties
of the O2 limited alumina film remain past the O2 limit. Therefore these
properties, especially the crystal structure and growth speed, need to be
investigated at thicker films. It also gives us opportunities. Since the O2
limited film is quite stable, unlike the thinner films, we should be able to
answer one of the open questions of Cabrera-Mott growth [2]: Where does
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the film grow? This is an interesting question in itself, which we are able
to investigate in this project.

In order to answer all those questions we will stepwise increase the
film thickness with NO2 while investigating the surface in between, up
to the point where STM becomes almost impossible. At that point MoO3
nanoparticles are deposited on the surface and subsequently exposed to a
high pressure environment in order to test their stability.
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Chapter 2
Theory

2.1 Quantitative description of oxide film growth

The first physical description of the limited oxidation behavior was writ-
ten by Cabrera and Mott [2]. For very thin or ultra thin films they assume
that ionic transport is the limiting growth factor. This ionic transport is
caused by diffusion and affected by the electric field of the so called Mott
capacitor. This Mott capacitor is created by electrons tunneling through
the oxide layer to oxygen on the surface, which has empty states below
the metal’s Fermi level. In the case of a constant electric potential of the
Mott capacitor this model leads to the following rate equation for oxide
growth [2]:

dX
dt

= 2u sinh
(

X1

X

)
(2.1)

Where u is the diffusion velocity and X1 is a characteristic length. The
diffusion velocity is given by u = u0e(W/kbT), where W is the potential
energy of a diffusion location inside the film and X1 depends on the shape
of the oxide barrier, the electric potential of the Mott capacitor and the
temperature.

Equation (2.1) is a differential equation which is solved by Cabrera and
Mott. For thin films they knew X1 � X, so they aproximated equation
(2.1) to create their inverse-logarithmic law

1
X

= A− B ln t (2.2)

With A and B experimental constants. Richard Ghez [3] has shown
that this approximation is too rough to be meaningful, and that the proper
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6 Theory

equation should be

X1

X
= − ln

(
t + τ

X2

)
− ln(X1u) (2.3)

where τ is an offset needed because the Cabrera Mott Theory is invalid
as long as there is not yet a full layer formed yet. We can rewrite this
equation into

X1

X
= ln

(
X2

X1u(t + τ)

)
(2.4)

eX1/X =
X2

X1u(t + τ)
(2.5)

X2
1

X2 eX1/X =
X1

u(t + τ)
(2.6)

X2
1

4X2

(
eX1/(2X)

)2
=

(
X1

2X
eX1/(2X)

)2

=
X1

4u(t + τ)
(2.7)

X1

2X
eX1/(2X) =

√
X1

4u(t + τ)
(2.8)

This equation can be solved, but not analytically. It requires the Lam-
bert W function W(x), which is the inverse function of x = f (y) = yey.
This function is in general complex and multivalued, but for x > 0 it has
only one real-valued branch, W0(x). Since we are only interested in real
results we use that branch. So equation (2.8) gives

X1

2X
= W0

(√
X1

4u(t + τ)

)
(2.9)

X =
X1

2W0

(√
X1

4u(t+τ)

) (2.10)

Note that in both equation (2.2) and (2.10) dX/dt > 0 for all t, so ac-
cording to this model, the film should never stop growing. Cabrera and
Mott acknowledge this, but they do not provide a solution or an expla-
nation. They just assume that when film thickness increases with less
than 10−6 nm/s, the thickness increases so little that we can assume it
has stopped increasing.
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2.2 Qualitative description of oxide film growth 7

2.2 Qualitative description of oxide film growth

While the Cabrera-Mott theory gives a good quantitative description, it
does not give a good qualitative description. Even worse, we know some
assumptions made in the theory are wrong. At the start the theory as-
sumes that there is atomic oxygen on the surface, but there is no explana-
tion how it arrived there. Since atomic oxygen gas is extremely rare and
thermodynamically unstable, we assume that it deposited on the surface
by some oxygen containing gas. Cabrera and Mott do not address that nor
ask the question what influence the type of oxygen containing gas has on
the film growth. Additionally it is not taken into account that the oxide
film is made out of atoms, which means that the film can only have a dis-
crete thickness and it might not grow uniformly. These considerations are
taken into account by Baran et al [7] who have investigated the oxidation
of Al(111).

It all starts at the clean metal surface, which is NiAl(110) in our case.
When molecular oxygen is introduced to the metal the oxygen quickly
reacts with the metal surface and creates a film one monolayer thick. This
layer acts as a barrier for the oxygen molecules that arrives later.

The molecular oxygen that arrives after the first layer is formed is at-
tached to the newly formed oxide surface by partial dissociative adsorp-
tion, as shown in figure 2.1. The oxygen molecule breaks up one of its
molecular bonds and bonds to one or more aluminum atoms in the oxide.
This costs energy, which is provided by electrons tunneling from the metal
surface to oxygen. When the electrons are captured by the oxygen they
enter a lower energy state and thus release energy. How much energy is
released depends on the atom and the chemical composition, this is called
the electron affinity. The net change in energy is called the adsorption en-
ergy, and needs to be negative to make the reaction thermodynamically
favorable.

The electrons which are tunneling through the film create a second ef-
fect, which was already described by Cabrera and Mott. They create a
negative charge conjugation at the surface and a positive charge conjuga-
tion at the interface[8]. This Mott capacitor creates an electric field inside
the oxide, which enhances the diffusion of ions through the film.

One of the main questions of this thesis is what happens after the oxy-
gen dissociation. There are two equally valid options, which are shown
in figure 2.2. Either the oxygen ions diffuse through the film to form a
new film layer at the film-support interface, or the aluminum atoms in the
support form aluminum ions which diffuse through the film to oxidize
and form a new film layer at the surface. If the film grows at the inter-
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8 Theory

Figure 2.1: The Mott capacitor is created electrons are tunneling through the film
to be captured by the oxygen. The energy released by this process allows the
molecular oxygen to partially dissociate and bond to the oxide.

face, there would be extra atoms between the support and the film, which
cause lattice strain and bulging in the film. If the film grows at the surface,
we expect many small islands to be formed, which will have merged into
larger ones after annealing. The first option will create a curved surface
without steps, while the second option creates many steps. Cabrera and
Mott assumed the second option was true, but they did not give any con-
clusive evidence for it. This is copied by many others, but so far we have
not yet seen any conclusive experimental evidence by anybody.

The thicker the film is, the wider the tunnel barrier, and the lower the
tunnel current. This decreases the charge conjugation on both the surface
and the interface and thus the electric field of the Mott capacitor. This low-
ers the electric force on the ions, which lowers the diffusion speed, which
lowers the film growth according to Cabrera and Mott’s assumption. It
does not stop it, though. The fact that the film completely stops grow-
ing is due to a second effect [7]. The lower tunnel current decreases the
amount of electrons that are captured by the oxygen. Because the elec-
tron affinity is fixed, less captured electrons means less energy available
for oxygen dissociation, increasing the adsorption energy. When the tun-
nel current becomes too low, the adsorption energy becomes positive and
adsorption is no longer thermodynamically favored. The exact thickness
at which this happens depends not only at the oxidizer’s electron affinity,
but also on the gas pressure [9]. That is because the Gibbs free energy de-
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2.2 Qualitative description of oxide film growth 9

Figure 2.2: The two diffusion methods: Either the aluminum ions move towards
the surface (as seen on the left) or the oxygen ions move towards the film-metal
interface (as seen on the right).

pends on that gas pressure. When the oxygen is adsorbed at the surface a
part of that energy is released, lowering the adsorption energy.

For alumina films on NiAl(110) in 10−6 mbar molecular oxygen the
thickness limit is 2 monolayers [1]. As we have seen in section 1, that is
not enough to keep the MoO3 oxidized in high pressure conditions. So we
need to increase the thickness past the 2 monolayers limit, since thicker
films decrease the ion diffusion through the film and therefore reduce the
speed of the reaction. Since thickness limit only depends on the adsorption
energy, we know we have to either increase the gas pressure, increase the
temperature, switch to an oxidizer with either a higher electron affinity or
a lower bond dissociation energy [10]. Increasing the gas pressure is easily
possible, but only effective at lower pressures, since the pressure effect is
mostly caused by having empty surface sites which do not exist at higher
pressures. When we increase the temperature we lose the crystallinity of
the film [11].This leaves us with changing the oxidizer. We have chosen
NO2, because its electron affinity is five times higher, while its bond dis-
sociation energy is lower than that of molecular oxygen [12][13].
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Chapter 3
Experimental Methods

3.1 Equipment

All the experiments discussed in this thesis were performed at the Sputnik
setup in the Kamerlingh-Onnes laboratory. This setup, consists of three
linked UHV vacuum chambers, an XPS chamber in the front, a preparation
and LEED chamber in the center and an STM chamber in the rear [14].
The 3 vacuum chambers can be sealed off from each other, which allows
us to only expose the center chamber to the oxygen, keeping the other
chambers at 10−9 to 10−10 mbar. This not only allows us to more strictly
control the oxidation of the sample, but it also prevents interference from
the degassing oxygen and NO2 during the measurements.

To investigate our sample we used the XPS, LEED and STM on this
machine. XPS or X-ray Photoelectron Spectroscopy allows us to deter-
mine the chemical composition of the top part of our sample by targeting
the sample with a monochromatic 1487 eV X-ray beam. This produces
electrons via the photoelectric effect, which are measured by a detector.
Most electrons from the bottom of the sample are attenuated by the atoms
above, so only the signal depends heavily on the composition of the sur-
face. This allowed us to measure the thickness of the film as shown in
section 3.5.

The Low Energy Electron Diffraction (LEED) setup consists of an elec-
tron gun shooting electron at a sample. Those electrons are scattered by
the atoms in the sample and interfere with each other. These electrons are
then captured by a fluorescent screen, where they create an interference
pattern. Because the screen is fluorescent it emits visible light when hit by
electrons, which we can capture with a camera. For crystalline samples
the interference pattern matches the reciprocal lattice of the sample. If a

11



12 Experimental Methods

film or adsorbate is placed on the surface of the sample the interference
pattern will produce extra spots which match the atomic structure of the
film. This gives us information about the surface as a whole, allowing us
to see whether the film is well-structured or not and whether its crystal
structure has changed.

Scanning Tunneling Microscopy or STM is the third technique we used.
STM setups consist of a single atom movable tip close to the sample sur-
face. When a voltage is applied between the conducting sample and the
tip a small tunneling current will be created. The magnitude of that cur-
rent depends on the distance between the tip and the conducting part of
the sample. So a feedback loop can be created to keep the tip on a fixed
height above the sample while scanning the sample horizontally. That way
we create a height map of the conductive surface up to atomic level. Be-
cause alumina insulates we cannot detect the film directly with STM. We
can however measure the height of the NiAl underneath it. That means
that we can get a good view of the Alumina-NiAl interface. This allows us
to answer one of our main questions: where does the alumina film grow.
Growth at the interface should be visible, growth at the surface should not.

3.2 General Approach

For our main experiment we first need a crystalline oxide film. First the
metal surface is cleaned as described in section 3.3, after which it is oxi-
dized with O2 to the saturation point. This surface is thoroughly inves-
tigated with Low Energy Electron Diffraction, Scanning Tunneling Mi-
croscopy and X-ray Photoelectron Spectroscopy. All LEED patterns were
imaged with an electron energy of 67 eV, and for the thorough XPS mea-
surement we measured the Al2p, Ni3p, O1s, C1s and N1s peaks. If the
oxide film surface is clean we can start the experiment. The surface is
subsequently oxidized by NO2 and annealed. Every two NO2 oxidation
cycles the surface has been investigated with LEED and XPS, measuring
Al2p, Ni3p and O1s. After 8 and after 20 cycles we also took a more thor-
ough XPS measurement and a STM measurement.

After 20 cycles, it was just barely possible to scan the surface with well
enough resolution. Since the quality of the STM images would further de-
crease if we would make the film thicker, we decided to not increase the
film any further. On the thick alumina film molybdenum oxide nanoparti-
cles were deposited by evaporating molybdenum metal in an atmosphere
of molecular oxygen at room temperature. Directly after an XPS spectrum
is measured to see whether the particles are stable or not. In section 1 we
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3.3 Sample preparation 13

have seen that they are unstable on a 5.35 Åfilm, the results for the thicker
films can be found in section 4.4.

For the second, smaller experiment we did the following: We started
with a clean alumina film surface cleaned and oxidized with O2 as de-
scribed in 3.3. The surface is dosed with 5× 10−7 NO2 for 5 minutes at 650
K, a 10 times higher pressure than we do for the main experiment, and in-
vestigated by STM. After this the sample is annealed for 7 minutes at 1120
K and given a second dose of No2, by dosing it with 5× 10−7 NO2 for 5
minutes at 650 K and annealing 7 minutes at 1120 K. After this it is investi-
gated by STM again. Doing so we can see better at which location the film
is growing. The STM data gathered here is therefore used in section 4.3,
where we discuss the results.

3.3 Sample preparation

Our cleaning method has been based on Song and Yoshitake’s[15] paper
on cleaning NiAl(110):

• Once sputter for 25 minutes at 1.5 keV with 4× 10−7 mbar Ar, fol-
lowed by annealing for 50 minutes at 1300 K, and cooling down to
570 K.

• Once sputter for 15 minutes at 1.5 keV with 4× 10−7 mbar Ar, fol-
lowed by dosing 1× 10−6 mbar O2 for 5 minutes at 1300 K annealing
for 25 minutes at 1300 K, and cooling down to 570 K. If there was a
high carbon signal in the last XPS measurement, this is repeated once
or twice more.

• Twice sputter for 15 minutes at 1.5 keV with 4× 10−7 mbar Ar, fol-
lowed by annealing for 30 minutes at 1300 K, and cooling down to
570 K.

• Three times sputter for 15 minutes at 1.5 keV with 4× 10−7 mbar Ar,
followed by annealing for 25 minutes at 1300 K, and cooling down
to 570 K.

The crystal was oxidized using O2 with the following method, which
has been shown to create a crystalline oxide [16]:

• Once dose 5 × 10−6 mbar O2 for 5 minutes at 570 K, increase the
temperature to 1300 K for 1 second and anneal 5 minutes at 1120 K.

13



14 Experimental Methods

• Once dose 5× 10−6 mbar O2 for 10 minutes at 570 K and anneal 5
minutes at 1120 K.

• Once dose 1× 10−6 mbar O2 for 10 minutes at 570 K and anneal 5
minutes at 1060 K.

Oxidation cycles using NO2 consist of dosing 5× 10−8 NO2 for 5 min-
utes at 650 K, after which the sample is annealed for 7 minutes at 1120
K.

The higher oxidation temperatures are necessary if we want the film to
grow to its Cabrera Mott limit. If the temperature is too low, the alumina
atoms used to create the film can not be replaced fast enough, and a pure
nickel layer can be formed. Such a layer will stop the film growth, before
its limit is reached. Cai et al [17] have shown that at 298 K the nickel layer
is formed, but at 573 K it is not. So based on that we oxidize our film at
570 K.

Figure 3.1: NiAl XPS signal after 20 cycles (6000 s) of NO2 oxidation. To improve
readability the two peaks of each doublet aren’t displayed separately, but only
their combined contribution. The four peaks from left to right are Al2p surface,
Al2p interface, Al2p bulk and Ni2p bulk.

14



3.4 XPS Fitting 15

3.4 XPS Fitting

The XPS data is fitted using CasaXPS. All 13 measurements are fitted with
the same boundary conditions: The NiAl region was fitted with 4 doublet
peaks: Ni3p, Al2p bulk, Al2p interface and Al2p surface. The doublet
peaks are fitted with two Gaussian-Lorentzian peaks with the same full
With half Maximum. The area of the high energy peak was fixed to half
of the low energy peak, since the split is due to spin-orbit coupling. For
the Al2p peaks we have used the energy split used by Sharovsky et al [18],
which is 0.5 eV. For the Ni3p peak no good split value could be found, so
that parameter is left free.

Figure 3.2: Oxygen XPS signal after 20 cycles (6000 s) of NO2 oxidation.

The oxygen signal is fitted with two different peaks, with a separation
of 1.2 eV. According to some [18] the high energy peak can be attributed to
the surface layer and the low energy peak to the interface layer. However,
others say that the surface atoms create a much stronger signal than that of
the high energy peak. Martin et al [19] calculated the binding energy shifts
of all 28 oxygen surface atoms in the unit cell. Their calculations show that
only 8 of the oxygen surface atoms have an energy shift of 1.2 eV, which
would explain the smaller size of the high energy peak. This renders any
further fitting of the O1s peak useless, since we will not be able to use it in

15
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the film thickness measurement.

3.5 XPS measurement of film thickness

According to Seah and Spencer[20], the attenuation AAB of the photoelec-
trons from a deeper layer B through layer A is given by

AAB = exp
(

dA

λAB cos θ

)
(3.1)

Where dA is the thickness of layer A, λAB is the attenuation length of the
photoelectrons from layer B through layer A and cos θ is the angle between
the surface normal and the detection angle. That angle is always 90◦ in our
case. The attenuation length is given by [21]

λAB = 0.316
√

NA

(
EB

(ZA)0.45 ln(EB/27) + 3
+ 4
)

(3.2)

Where NA is the atomic density of A, EB is the kinetic energy of the pho-
toelectrons from B and ZA is the average atomic number of layer A.

The production of photoelectrons in a thin layer is given by

IA = IA∞(1− AAA) = IA∞

[
1− exp

(
dA

λAA

)]
(3.3)

Our sample consists of a NiAl bulk support, followed by a AlOx inter-
face and and one or two AlOy surface layers. Using the equations above
that leads to:

Is = Is∞(1− Ass) = Is∞

[
1− exp

(
ds

λss

)]
(3.4)

Ii = Ii∞(1− Aii)Asi = Ii∞

[
1− exp

(
di

λii

)]
exp

(
ds

λsi

)
(3.5)

Ib = Ib∞ Aib Asb = Ib∞ exp
(

di

λib

)
exp

(
ds

λsb

)
(3.6)

where s is the surface layer, i the interface layer and b the bulk support.
In most XPS thickness calculations, one would now derive ds from a

combination of these equations. In such a case one assumes that the film
homogeneously thick across the sample. For thicker films that assumption
is valid, the film grows faster at thinner parts, so this self-correcting effect
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3.5 XPS measurement of film thickness 17

will create a film of homogeneous thickness. But when a film is only 2 or
3 layers thick, as it is in our case, even the smallest change gives a 50%
increase, which renders this assumption invalid.

Being unable to use this standard approach, we decided to make our
own model. From the theory we know that it is much harder to grow oxide
on a 3 layer film than it is on a 2 layer film. When we anneal enough we
will only grow one layer at the time. This allows us to create a two level
model, where α is the part of surface covered with 3 layers, and 1− α is
the part covered with 2 layers. Using that gives

Is = αIs3l + (1− α)Is2l =

Is∞α

[
1− exp

(
2ds

λss

)]
+ Is∞(1− α)

[
1− exp

(
ds

λss

)]
=

Is∞α(1− A2
ss) + Is∞(1− α)(1− Ass) =

Is∞[1− αA2
ss − (1− α)Ass]

(3.7)

Ii = αIi3l + (1− α)Ii2l =

Ii∞

[
1− exp

(
di

λii

)] [
α exp

(
2ds

λsi

)
+ (1− α) exp

(
ds

λsi

)]
=

Ii∞(1− Aii)(αA2
si + (1− α)Asi)

(3.8)

Ib = αIb3l + (1− α)Ib2l =

Ib∞ exp
(

di

λib

) [
α exp

(
2ds

λsb

)
+ (1− α) exp

(
ds

λsb

)]
=

Ib∞ Aib(αA2
sb + (1− α)Asb)

(3.9)

With the average film thickness being

davg = d3lα + d2l(1− α) =

(2ds + di)α + (ds + di)(1− α) = (ds + di) + dsα
(3.10)

To get the average thickness we need to solve (3.7), (3.8) and (3.9) for α. The
easiest way to do so is by taking the Al2p peaks, since the bulk, interface
and surface are three different peaks there. However, as we have shown
in section 3.4 it is hard to get the fitting for the surface and interface peaks
right, since they overlap so much. We therefore decided to use the O1s
peaks.

Given the fact that the 2 different O1s peaks do not relate directly to
two different layers [19], we can not use both peaks individually for the
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thickness calculation, like we could for the Al2p peaks. We need to use
their sum It and extract the surface and interface signals from there.

It

Ib
=

Is + Ii

Ib
=

Is∞
Ib∞

[1− αA2
ss − (1− α)Ass] +

Ii∞
Ib∞

(1− Aii)[αA2
si + (1− α)Asi]

Aib[αA2
sb + (1− α)Asb]

(3.11)

It

Ib
Aib[αA2

sb + (1− α)Asb] =

Is∞

Ib∞
[1− αA2

ss − (1− α)Ass] +
Ii∞

Ib∞
(1− Aii)[αA2

si + (1− α)Asi]
(3.12)

Since we want to solve this equation for α we move them all to one side to
extract α:

α

[
It

Ib
Aib(A2

sb − Asb) +
I f ∞

Ib∞
(A2

ss − Ass)−
Ii∞

Ib∞
(1− Aii)(A2

si − Asi)

]
= − It

Ib
Aib Asb +

Is∞

Ib∞
(1− Ass) +

Ii∞

Ib∞
(1− Aii)Asi

(3.13)

α =
− It

Ib
Aib Asb +

Is∞
Ib∞

(1− Ass) +
Ii∞
Ib∞

(1− Aii)Asi
It
Ib

Aib(A2
sb − Asb) +

Is∞
Ib∞

(A2
ss − Ass)− Ii∞

Ib∞
(1− Aii)(A2

si − Asi)
(3.14)

This formula can be used directly if Ib∞, Is∞ and Ii∞ are known. In the
case of thin films this is impossible, since the thick films have a different
crystal structure, and therefore a different I∞. We can however calculate
the ratios between the different intensities [22]:

IA∞

IB∞
=

N′AσAλAATA

N′BσBλBBTB
(3.15)

Where N′ is the atomic density of the element, σ is the photoionization
cross section, which is a sensitivity factor, λ is the attenuation length, and
T is the transmission function. Note that this N′ is different than the N
from equation 3.2. In that equation the total number of atoms per unit
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volume is used, while here we only count the atoms of the element whose
signal we measure.

α =
− It

Ib
Aib Asb +

N′sσsλssTs
N′bσbλbbTb

(1− Ass) +
N′i σiλiiTi

N′bσbλbbTb
(1− Aii)Asi

It
Ib

Aib(A2
sb − Asb) +

N′sσsλssTs
N′bσbλbbTb

(A2
ss − Ass)−

N′i σiλiiTi
N′bσbλbbTb

(1− Aii)(A2
si − Asi)

(3.16)
Since the interface layer and surface layer signal are at the same energy,
σi = σs = σt, λii = λss = λtt and Ti = Ts = Tt.

α =
− It

Ib

N′bσbλbbTb
σtλttTt

Aib Asb + N′s(1− Ass) + N′i (1− Aii)Asi

It
Ib

N′bσbλbbTb
σtλttTt

Aib(A2
sb − Asb) + N′s(A2

ss − Ass)− N′i (1− Aii)(A2
si − Asi)

=
− I′t

I′b
N′b Aib Asb + N′s(1− Ass) + N′i (1− Aii)Asi

I′t
I′b

N′b Aib(A2
sb − Asb) + N′s(A2

ss − Ass)− N′i (1− Aii)(A2
si − Asi)

(3.17)

where I′A = IA
σAλAATA

is the corrected intensity. Our XPS software al-

ready calculates IA
λAATA

, so if we want to calculate the corrected intensity
we only need to know σA. Getting the right value for σA is hard. There are
big discrepancies between experimental and theoretical data, and experi-
mental data is in general only available for the main peak of each element.
For the Nickel 2p peak, for example, we could not find any convincing
data. Therefore we decided to use them as a fitting parameter.

We know that our substrate is 50% nickel and 50% aluminum, so NNi =
NAl. So the corrected intensity on a sample without film should be the
same. So the corrected intensity ratio of a sample with film would simply
be the ratio of the attenuation. For a two layer film that means

I′Ni
I′Al

=
ANi,i ANi,s

AAl,i AAl,s
≈ 1.0005 (3.18)

And for a three layer film we get

I′Ni
I′Al

=
ANi,i A2

Ni,s

AAl,i A2
Al,s
≈ 1.0008 (3.19)

In both cases this factor is much smaller than the expected fitting errors,
so we used I′Ni = I′Al. This allows us to average over all 13 measurements
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at different thicknesses to average out the fitting errors. We can now use
the definition of the corrected intensity to calculate the sensitivity factor

σNi

σAl
=

I′Al
I′Ni

INi
λNi,bTNi

IAl
λAl,bTAl

≈
INi

λNi,bTNi
IAl

λAl,bTAl

(3.20)

Because the sensitivity factor depends mostly on the atomic number,
we assumed that σAl is the same for all aluminum species we have. For σO
we used the fact that α = 0 when we only dosed with O2. Since only the
numerator can make α zero, this gives

0 = α = − It0

Ib0
Aib Asb +

Is∞

Ib∞
(1− Ass) +

Ii∞

Is∞
(1− Aii)Asi (3.21)

Putting in equation 3.15 and rearranging gives

It0/(λOTO)

Ib0/(λbbTb)
Aib Asb =

Ns

Nb

σO

σb
(1− Ass) +

Ni

Nb

σO

σb
(1− Aii)Asi (3.22)

σO

σb
=

It0/(λOTO)
Ib0/(λbbTb)

Aib Asb

N f
Nb
(1− A f f ) +

Ni
Nb
(1− Aii)Asi

(3.23)

With the equations for the sensitivity factor we can calculate the cor-
rected intensity I′A = IA

σAλAATA
, which is the last quantity we needed to

know in order to calculate the thickness using equation 3.17.
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Chapter 4
Results and discussion

4.1 Crystal structure

Figure 4.1: LEED patterns of our surface, with a) 0 s of NO2 oxidation, b) 2400 s
of NO2 oxidation, c) 4800 s of NO2 oxidation and d) 6000 s of NO2 oxidation.

Low Energy Electron Diffraction is one of easiest way to see changes
in the unit cell of the sample. After every two NO2 cycles (600 s) we
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22 Results and discussion

have made a LEED measurement, and the results can be found in figure
4.1.When looking at those patterns the first thing we see is that there is
very little change in the unit cell of the film. After 6000 s the unit cell is
the same as the one we started with. Since we know that the unit cell did
not change, we now also know that all unit cell related properties did not
change, and that many literature sources are still valid, even for higher
thicknesses. Comparing the LEED patterns with literature [23] does not
show big changes either, which gives further evidence that we have cre-
ated a crystalline film which remained crystalline when it becomes thicker.

When the sample is placed in the STM we can directly image the unit
cell and compare it with said literature. On the top of the image there are
clear rows about 1.5 to 2.0 nm wide. From Simon et al [5] we know the
unit cell of the top oxide layer is 1.7 nm wide, so that fits well with our
estimation.

Figure 4.2: STM image showing the size of the unit cell of our alumina film, which
is between 1.5 nm and 2.0 nm wide. The image is 80 nm x 80 nm and taken in
UHV conditions, with -1 V bias voltage and 100 pA tunneling current.

When combining the results from the STM and the LEED with the cited
literature sources, it is easy to conclude that our film has the same unit cell
that has been reported numerous times for alumina on NiAl(110). Still
unknown is the question whether or not the structure inside the unit cell
changed. We simply did not have the STM resolution to either confirm or

22



4.2 Film thickness 23

reject that. But one could say that it would be very remarkable to have
a change in crystal structure without a change in unit cell. Therefore we
think it is save to say that the crystal structure did not change much, and
that all the crystal structure related properties, did not change much either.

4.2 Film thickness

One of the main questions we wanted to answer asks about the increase
of the oxide thickness due to the NO2 oxidation. With the XPS data and
equation (3.17) we can now calculate the thicknesses, which are shown in
figure 4.3.

Figure 4.3: The film thickness measurement, with equation (2.10) fitted with pa-
rameters X1 = 62.9 Å, u = 1.68× 104 Å/s and τ = 241 s. The point (0,5.35) is
fixed as is done before in section 3.5, since that point is very well known from
literature.

At first it might look like the film thickness is decreasing after 4800 s
of NO2 oxidation. But that is most likely an error in measuring the size
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of the peaks of the XPS spectrum. All literature says that extra NO2 will
increase the thickness of the film, or if the limit is reached stagnate the
growth. To see whether or not that is true we would have to calculate
the size of the measurement error. Unfortunately that is not possible. Not
only does our fitting program not give any error information, there is also
no direct fitting method. One has to assume the exact energy of the peaks
and although they are generally known from literature, Popova et al [24]
have shown that the the energy can increase or decrease based on film
thickness. Beside this we also have the problem that the interface peak
can not be resolved which shows that we have too little energy resolution
to properly fit the peaks of this system.

This doesn’t mean we can’t learn anything from this data. One of the
main achievements of the Cabrera Mott theory was the prediction of the
film growth. Since we now have film growth data we wanted to test this
prediction, by fitting our data in figure 4.3 to equation (2.10):

X =
X1

2W0

(√
X1

4u(t+τ)

)
Cabrera and Mott have given a range for the values of X1 and u [2].

They say that X1 should be between 100 Åand 1000 Å. This is larger than
we have measured, but the error is less than an order of magnitude. Know-
ing the error margins in our data their range might very well be right. For
u they do not give a fixed range, they only say that u = u0 exp(−W/kbT),
where W is the potential energy of an diffusion location inside the film
and u0 ∼ 1012 Å/s or less. No information is available on W, so it is im-
possible to calculate u0 for our case. The offset τ has been proposed by
Ghez’s adjustments to the original theory [3]. In his paper he eventually
assumes τ to be very small and thus can be ignored, which works well
for the cases he studies. In our case τ = 241 s, which is big enough that
it cannot be ignored. The reason for this lies in the method discussed in
section 3.2. We first create a full 5.35 Åthick oxide film with O2, before
starting our NO2 experiment. Therefore our timing is different from the
case where one would start directly with NO2, so it expected that τ could
not be ignored.

Another remark has to be made with regards to the qualitative work of
Baran et al [7] which is explained in section 2.2. They show why there is a
limit, but don’t give an equation for that limit if the exact reaction process
is unknown, like it is for NO2. Even in the cases they have studied them-
selves, they don’t give an estimate on the thickness at which the Cabrera
Mott theory starts to fail. Judging our own data does not give such a value
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4.3 Film growth location 25

either. At 5400 s the fit fits perfectly to the data. One really needs to oxidize
for a longer period or at a higher pressure in order to get such information.

4.3 Film growth location

Like we have explained in section 2.2 it is still unknown whether the
alumina film grows at the surface or the interface. With our setup we
should be able to distinguish the two. To do so a clean oxidized surface
was scanned with STM, the dosed with 5× 10−7 mbar NO2 and scanned
again, followed by being annealed at 1130 K. After two of those cycles we
scanned again. The results are in figure 4.4.

Figure 4.4: STM images of our alumina on NiAl(110) sample before NO2 oxida-
tion (top left), after oxidation (top right) and after annealing and a second round
of oxidation and annealing (bottom). All images are 80 nm x 80 nm and taken in
UHV conditions, with -1 V bias voltage and 100 pA tunneling current.

The first image is a control image. After we add NO2 we see a large in-
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crease in tiny islands, which means that those areas used to be conductive
are now becoming insulating. NiAl is conductive and alumina insulating
so NiAl is replaced by alumina, which means that the film grows at the
interface. After annealing the small vacancy islands merge together, since
that is more thermodynamically favorable and the annealing provides the
thermal energy to do so.

4.4 Stability of MoO3 nanoparticles

Figure 4.5: After depositing the MoO3 the aluminum and nickel bulk peaks have
decreased, which shows that the film has grown. The alumina peak moved to a
lower energy, indicating that the alumina film has changed in chemical composi-
tion.

Now we know how the oxide film grows, what does and does not
change, it is time to investigate the stability of MoO3 nanoparticles on
the thicker film. The average film thickness is measured before and after
molybdenum oxide deposition. Before deposition the film had an aver-
age thickness of 6.9 Å, after deposition that is raised by 0.9 Åto 7.8 Å. One
could argue that the film itself did not grow, since according to section
3.5 this measurement only uses the support and oxygen intensities. The
support signal is attenuated by the molybdenum oxide nanoparticles like

26



4.5 Carbon contamination 27

it is by the alumina film, and both the film and the nanoparticles contain
oxygen. We think this is incorrect, because of two reason. First, the alu-
minum bulk peak has decreased more than the nickel peak (-12.8% for the
Al bulk peak versus -10.2% for the Ni bulk peak). This indicates that the
top NiAl layer got deprived of aluminum. If the film grows at low temper-
atures, like we think has happened here, Cai et al [17] have shown that an
aluminum deprived layer forms just beneath the film. Secondly, although
it shifted so much in energy that our software could not fit the peak cor-
rectly, it is clear that the Al3+ peak itself grew. This could not have any
other cause than the increase of the film thickness.

4.5 Carbon contamination

Carbon is one of the impurities in the NiAl crystal we have been using.
As long as it stays away from the surface it does not influence the exper-
iments. To measure whether is does or not, we used XPS. XPS is only
sensitive in the top 10 nm of the sample, which is the film and the area just
beneath it. Three times we have measured the Carbon XPS-signal, at the
beginning, after 2400 s of NO2 oxidation and after 6000 s of NO2 oxidation,
shown in figure 4.6. The results are unexpected: It looks like the first 2400
s of oxidation brought up more carbon near the surface, but the 3600 s of
oxidation thereafter made it disappear.

To look for the cause we have to realize that there are two different pro-
cesses at play here. One is the diffusion of the carbon through the sample.
Under homogeneous conditions, the carbon atoms will diffuse and end up
in a homogeneous uniform distribution. The second process is the chem-
ical reaction between the surface oxygen and the bulk carbon atoms. The
carbon atoms prefer to be at the surface because they can create carbon
particles there. But even more energetically favorable is the creation of
CO2 gas. The carbon and oxygen atoms form CO2 which is then pumped
off by our system.

The limited amount of Carbon measured halfway through the experi-
ment could be problematic. If they interfere with the film growth it could
invalidate our results. But considering the fact that the carbon prefers the
surface over the interface, which is where the film is growing, it is un-
likely that it significantly interferes with the film growth. It is therefore
not a concern with regards to our results.
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Figure 4.6: XPS spectra of the C1s peak before NO2 oxidation (blue), after 2400 s
of NO2 oxidation (red) and after 6000 s of NO2 oxidation (green).
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Chapter 5
Conclusion

We have investigate the stepwise NO2 oxidation of an alumina film on
NiAl which has already been oxidized with O2 up to 5.35Å, finding a
thickness where MoO3 nanoparticles are stable. The surface has been in-
vestigated every step with LEED, XPS and regularly STM as described in
section 3.2.

Within the 11 LEED measurements performed we have seen very little
change in the unit cell of the film. The LEED patterns and STM unit cell
images correspond very well with the pattern and unit cell known from
literature [1][5][23]. The crystal structure could not be observed directly,
but it is very unlikely that the crystal structure changed without changing
the unit cell. Using this fact we have shown that Ghez’ adjustment [3] to
the Cabrera-Mott theory [2], given by equation (2.10), is at least valid up
to 6.9 Å. At that thickness the film still grew fast, as can be seen in figure
4.3. This shows that the thickness limit of NO2 oxidation, which predicted
by Baran et al [7] as a hard limit, has not yet been reached.

Fitting of the thickness data has given us the values of the characteristic
length X1 = 62.9 Å, diffusion velocity u = 1.68× 104 Å/s and time offset
τ = 241 s. Although the errors on the data and the fit are big, they do
correspond with the estimations given in the original article [2].

According to our measurement, the MoO3 nanoparticles are still unsta-
ble on the thicker films. We deposited them on the 6.9 Åthick alumina film,
which was the thickest film we could still scan on. Unfortunately, as one
can see in figure 4.5 the MoO3 nanoparticles were unstable and increased
the film thickness from 6.9 Åto 7.8 Å. This all happened at low tempera-
ture, and all the low temperature effects described by Cai et al [17] have
been recorded.

For the first time we have given clear experimental evidence of the lo-
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cation of the oxide growth. STM images shown in figure 4.4 clearly show
an increase in the number of conducting islands, which can only be ex-
plained if the oxide grows at the interface and not at the surface, since the
alumina film is not conduct.
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