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Abstract

Polyaniline (PANI) is capable of inhibiting corrosion on iron by inducing the
formation of a passive oxide film. The mechanism by which PANI does this is unknown
to the scientific community. We have used photoemission spectroscopy of thin films of a
model PANI oligomer to investigate the PCAT-iron interaction.

The oligomer chosen was a phenyl-capped aniline tetramer (PCAT). Thin films of
PCAT were prepared by in-vacuum physical vapor deposition to obtain extremely thin
films of thickness ranging from ~5A to over 10nm.

Films were investigated with a photoemission electron microscope (PEEM) using
synchrotron radiation to obtain spatially resolved valence band photoemission spectra.
Analysis of PEEM results suggest that PCAT is capable of migrating several microns
along the substrate surface, and causes a decrease in substrate work function wherever
present.

High-resolution core level and valence band photoemission spectroscopy using a
laboratory-based photon source was used to characterize the substrate and PCAT
properties near the PCAT-substrate interface. Characterization of an in-situ thin film
deposition reveals that the iron substrate exhibits band bending in it oxide as well as a

decrease in work function by 0.7eV upon adsorption of PCAT.
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Chapter 1 - Introduction

It was discovered in 1984 that the conductive polymer polyaniline (PANI) inhibits
corrosion of iron when applied as an additive to surface coatings.' In the twenty three
years since the discovery there have only been about 300 to 400 published works based
on the topic, and while a few explanations of have been proposed still very little is known
about why PANI inhibits corrosion. Most of the results are merely descriptive accounts or
new formulations of PANI-epoxy coatings. Some have attempted to quantify PANI’s
corrosion inhibiting power using electrochemical measurements however these results
have been irreproducible, with several studies giving contradictory results.” It seems that
the PANI-Fe system is too complicated for routine electrochemical measurements, since
it involves Fe, several iron oxides and oxy-hydroxides, several different oxidation forms
of PANI and several different degrees of protonation of PANL??

In spite of the difficulties inherent to studying this system there have been a few
very interesting observations that make it seem worthwhile to examine. One such
observation is that polypyrrole has also been found to inhibit corrosion.* Since both
these polymers are nitrogen-containing, electro-active, and corrosion inhibiting one may
wonder whether the three properties are interrelated.

Another interesting observation is that polyaniline coatings can remain corrosion
inhibitive even when the coating has been scratched through to the underlying
metal >>%7%9 Conventional organic coatings used for corrosion control do not exhibit this
property. They merely encapsulate the metal to isolate it from the corrosive

surroundings.'® If a conventional organic coating is damaged to expose the metal,
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corrosion will initiate at the exposed metal surface, leading to rust growth across the
metal-organic interface, and eventual de-lamination of the organic coating.

The observation that polyaniline can inhibit corrosion even when it is not fully
covering the metal indicates it is chemically interacting with the metal, and draws
similarities to the zinc coating on galvanized steel, which acts as a sacrificial anode when
the underlying steel is exposed.'® This property could potentially make PANI of great
practical use in corrosion control, since it would exhibit similar corrosion protection as
galvanizing, but would be much easier and cheaper to apply to metal surfaces. The ability
of polyaniline to protect a metal even where it is not directly covering the metal will from
here on be referred to as the ‘remote effect’.

In addition to the ‘remote effect’ which gives PANI some practical importance,
and indicates a chemical interaction between PANI and iron, there is another reported
observation which makes the PANI-Fe system interesting to study. This observation is
possibly the most significant result towards an understanding of the mechanism by which
PANI inhibits corrosion. What was observed is the formation of a grey, passive iron
oxide film underneath a PANI coating.!’ This observation shows that PANI induces the
formation of a passive oxide and it is likely the result of some sort of chemical interaction
between PANI and Fe or iron oxide.

As a result of the first observation of the passive oxide and several subsequent
studies confirming the phenomenon, there is now a general consensus that the formation
of this oxide is the reason for PANI’s corrosion inhibition, however exactly how PANI
induces the formation of the oxide is still in debate."*'>' The group who first observed

the passive oxide suggested that PANI catalyses the formation of the oxide by cycling
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through it various oxidation forms while on the iron surface.'" The belief is that PANI in
its most oxidized form (emeraldine green) becomes reduced by oxidizing iron to its
passive state. Then, while in its reduced state (pernigraniline purple) PANI becomes
oxidized by atmospheric oxygen, to be recycled into its emeraldine form. While there is
evidence to support this theory, such as the various colors observed during salt spray tests
of PANI coatings on Fe'* it is insufficient to explain the formation of a passive oxide.
Iron naturally forms an oxide when exposed to ambient conditions.”® This oxide
however is not passive (i.e. it is still prone to continual corrosion). Under certain
electrochemical conditions an oxide can be grown that protects against further oxidation
of Fe.'® This can be done by applying an anodic potential to iron in an aqueous alkaline
bath. If the potential is not sufficiently anodic then the iron will not passivate, it will
simply continue to grow oxide (i.e. it will rust). Once the passivating potential is reached
an oxide layer will form which prevents further oxidation.”” This is called the passive
oxide as opposed to the native oxide (i.e. the oxide naturally formed in ambient

atmosphere). Little is actually known about the chemical and structural differences

15,17-21 22-25

between the native and passive oxides of iron. In fact experiments have not
been able to distinguish any structural differences.

Now it is evident where the ‘catalytic oxidation’ model of PANI’s corrosion
inhibition is lacking. If PANI were to merely catalyze constant oxidation of iron then it
would just cause iron to continuously rust. Polyaniline must do something more in order

to form the passive oxide instead of the ‘native’ oxide. Since electrochemical experiments

show that iron passivates when the potential is sufficiently anodic it may be that PANI’s
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presence on the iron surface pushes iron’s electrochemical potential into the passive

regime.”®

The phenomenon of chemical potential shifts at interfaces is well known from the

27.28 In fact recent

research and development of semiconductor hetero-junction devices.
research in semi-conducting organic hetero-junction devices such as organic light
emitting diodes (OLED’s) have also demonstrated several cases of chemical potential
shifts at interfaces.”>! These studies were mostly aimed at interfaces between semi-
conducting molecular organic (SCMOQO) materials and low work-function metals, and
some studies on interfaces between SCMO’s and inorganic semiconductors.

Coincidentally the PANI-Fe system involves an interface between a conducting organic

and an inorganic semi-conducting oxide (Fe;O3/Fe3;04).

While at first glance one might think that the interface of under consideration in
the PANI-Fe system is a SCMO-metal interface, while in fact the system is a SCMO-
inorganic semi-conducting oxide. Since all the studies reporting corrosion inhibition
properties of PANI were carried out either in atmospheric or aqueous conditions, 113
the interface of interest is between PANI and the surface oxides of iron. Under
atmospheric and aqueous conditions Fe is coated with an oxide, which is believed to be
composed of an inner layer of Fe;0,4 (ak.a. magnetite) and an outer layer of Fe,O;
(hematite or maghemite depending on the crystal structure).'>'”?' Magnetite is a semi-
metal with a band gap of 0.1eV,"> while hematite and maghemite are large-band-gap
semi-conductors with band gaps around 2.2eV."

The goals of the current work were to investigate the possibility of potential shifts

at the PANI-Fe interface. Due to the similarities between this interface and the well-
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studied interfaces of semi-conducting organic hetero-junction devices we chose to
examine the PANI-Fe system using the same techniques used for studying the

fundamental properties of hetero-junctions in OLED research.?!

These techniques are
based around investigation of vacuum-prepared films with in-situ photoelectron
spectroscopies such as X-ray photoelectron spectroscopy (XPS) and ultraviolet
photoelectron spectroscopy (UPS). We also chose to use a technique which incorporates
photoelectron spectroscopy with microscopic spatial mapping called photoelectron

emission microscopy (PEEM). With this technique we hoped to identify spectroscopic

evidence of the ‘remote effect’.
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Chapter 2 — Background

The following sections will discuss in more detail the known properties of the
components in the system under study, some of the theory of interface electronic
structure, as well as some of the phenomena observed in this system and the techniques
used to study interfaces.

2.1 — The iron oxides which form on iron surfaces

There are several oxides and oxy-hydroxides which can form on iron either by
solid state reactions or by precipitation of oxidized iron species. Here only the oxides
commonly found on air-oxidized iron surfaces and electrochemically passivated surfaces
will be discussed. These oxides are FeO (wiistite), Fe;04 (magnetite), a-Fe,O3 (hematite),
and y-Fe;O3; (maghemite). The above are listed in order of oxidation of iron species going
from least oxidized to most oxidized. Wiistite contains iron only in its +2 oxidation state,
magnetite contains both +2 and +3 oxidation states of iron, and both hematite and

maghemite contain iron only in its +3 state.

Fe
Name Formula Crystal Oxygen oxidation Band
structure packing gap (eV)
state
Wiistite FeO Rock salt ccp II 23

Magnetite Fe304 Inverse spinel ccp II and III 0.1

Maghemite | y-Fe,Os3 Defect spinel ccp 4 2.0

Hematite | a-Fe,O3 Corundum hcp 111 2.2

Table 2.1 — Summary of iron oxide properties™
Wiistite, hematite and maghemite are all large-band-gap semiconductors, while
magnetite is considered a semimetal. The band gaps of the oxides FeO, a-Fe;03, and -

Fe)0; are 2.3, 2.2 and 2.0eV respectively, while the band gap of Fe3O4 is only 0.1eV."
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The crystal structures of FeO, Fe;O4 and y-Fe,O3 are quite similar. All of them
consist of a cubic close packed (ccp) O™ lattice.'> Wiistite (FeO) has the rock salt (NaCl)
structure, where all the octahedral sites of the ccp O™ lattice are occupied by Fe** and
none of the tetrahedral sites are occupied.”” Magnetite (Fe;O4) has the inverse spinel
structure. The unit cell consists of a ccp array of 32 O ions. This unit cell has 32
octahedral sites and 64 tetrahedral sites. In magnetite eight of the tetrahedral sites are
occupied by Fe**, eight of the octahedral sites are occupied by Fe** and eight of the
octahedral sites are occupied by Fe** »

Maghemite (y-Fe,O3) has a defect spinel structure, whose unit cell also consists of
a ccp array of 32 O% ions. In maghemite eight tetrahedral sites are occupied by Fe** and
the octahedral sites are randomly occupied, with on average 13.33 of the sites in the unit
cell occupied by Fe** 2

Hematite (a-Fe,Os3) in contrast, has the corundum crystal structure, with a
hexagonal close packed (hcp) O lattice, where two thirds of the octahedral sites are
occupied by Fe**.15

The explanation of iron oxide electronic properties has been somewhat of a
challenge for theorists. Band theory incorrectly predicts the large-band-gap oxides to be
metallic, while localized molecular orbital picture does not explain the semi-conducting
properties of these oxides.*>*® It is believed that the problem lies in electron correlation
effects and the difficulty for modern calculations to deal with these effects.*”>* The large

band gap oxides were originally believed to be Mott-Hubbard insulators, but recently

there has been evidence to suggest that they are charge transfer insulators.>**° Magnetite
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however is believed to be a semi-metal due to efficient electron hopping between nearby
Fe** and Fe** sites."

A simple descriptive picture of hematite has been derived from crystal field
theory which indicates that the conduction band of hematite is composed of a band of
empty Fe d orbitals, and a valence band consisting mainly of filled crystal field Fe3d-O2p
orbitals, with some admixture of fill O 2p non-bonding orbitals.'> For all the oxides it is
believed that the Fe 3d electrons are mostly located on Fe centers."

More recent theories about the electronic properties of iron oxides use a
combination of band theory with crystal field theory and coulomb correlation energy
from Mott-Hubbard theory.”® This theory treats the oxygen component of the electronic
structure as band-like, while it uses crystal-field theory to treat the iron component. This
model accurately accounts for valence photoelectron spectra and asserts that large-band-

gap iron oxides are in fact charge-transfer insulators.

2.2 — The layered structure of native and passive oxide films

The concept of a layered oxide on iron surfaces is fairly well established. It is was
first proposed that the metal side of the film, where the oxygen chemical potential is
small the oxide contains iron in its lower oxidation state, Fe2+, and on the atmosphere side
of the film, where the oxygen chemical potential is large the oxide contains iron is in its
higher oxidation state, Fe>* (see figure 2.1).!° Therefore a model of the layered oxide was
proposed, which has FeO on the metal side, Fe;0;4 in the middle of the film, and either a-
or y-Fe;O3 on the atmosphere side. Over the years there has been plenty of evidence to

support this model*'~7*® however some subtleties still remain in dispute.
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Figure 2.1 — Plot of oxygen chemical potential through an oxide layer formed on
the surface of iron at 1000°C [ref. 15]

Most of the fundamental studies of the oxide film structure have been performed

3738 and the results

in vacuum by dosing iron surfaces with small pressures of oxygen,
may not necessarily translate to a film formed in ambient atmosphere, however there is
indication that the structures are fundamentally the same. Various techniques ranging
from XPS,'8192040 ypg 4147 AFM,”? STM, 20434490 TEM34 low energy electron
diffraction (LEED),*** nuclear reaction analysis (NRA),'*?® secondary ion mass
spectrometry (SIMS),***® and Rutherford backscattering (RBS)*® have been used to
examine this oxide. One can piece together the results of various studies to form a model
of the layered oxide, which might form in air. It would consist of an inner monolayer of

FeO, followed by a thicker layer of Fe;O4 and an outer layer of y-Fe,O3 as shown in

figure 2.2.
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Figure 2.2 — The proposed layered structure for the electrochemically formed passive oxide.
Only the (100) plane of the oxides are shown. The lattice parameters are all drawn
proportional to each other. The mis-match in lattice parameter is likely the cause of the nano-
crystallinity.

The relative thicknesses of the Fe;O4 and y-Fe,03 layers are unknown, but some
have suggested that the ratio of their thicknesses remains constant.” The overall
thickness depends on the temperature under which the oxide forms, possibly also on the
relative humidity, but the film thickness saturates at room temperature when it reaches a
thickness of only about 2-3nm.”' The oxide is also nano-crystalline with no orientational
preference parallel to the iron substrate, but possibly some order in the direction

perpendicular to the substrate.

10
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The structure of the electrochemically-formed passive oxide has been studied
more conclusively than the air-formed oxide.”>***>** The bench-mark passive oxide is
the one that is formed anodically in borate buffer.”*>>* While this oxide has been studied
with many of the same techniques used to study the air-formed oxide, the most
conclusive study yet used glancing angle X-ray diffraction, and actually determined the
crystal structure and epitaxial relationship of the passive oxide.”* Their study showed
an inner layer of Fe;O4 and an outer layer similar to y-Fe,O3 but with some disorder.
There is still the possibility of an extremely thin FeO layer at the metal-oxide interface,
which would have gone unnoticed in the XRD study. The film was nano-crytalline, with
a slight orientational preference parallel to the substrate surface. The film was about 4nm
thick and crystallite diameters were about 5-8nm in diameter.

While quite a bit is known about the layered structure of thin oxides that form on
iron there is still much to be determined. The difference between the air-formed oxide
and the electrochemically-formed passive oxide is still not clear. One should do a careful
comparative study of their structures using glancing angle XRD in combination with
neutron reflectometry, since it seems that XPS and SIMS have been unable to draw a

structural distinction between the two oxides.

2.3 — Electronic structure of surfaces and interfaces
In order to explain the electronic properties of the oxide-PANI interface it is
useful to use some concepts derived from surface and interface physics. A few of these

useful concepts will be briefly reviewed in the following sections.

11



MSc Thesis — M. Greiner McMaster - Chemistry

2.3.1 - The work function

The work function is a property that is unique to condensed phases. It is defined as the
energy required to take an electron from the Fermi level to the vacuum just outside the
surface of a solid.*® The meaning of the term ‘just outside’ implies that the electron has
escaped the potential well of the solid, but is not infinitely far from the surface. The
energy of an electron at rest an infinite distance away from a surface is considered an
invariant energy reference.”®' A distinction has evolved between the vacuum level ‘just
outside’ a surface, which is material dependant, and the vacuum level at infinity, which is
not. The fact that there is this distinction between the vacuum level definitions is because
the surface vacuum level is experimentally measurable, while it is believed that the
infinity vacuum level is not measurable.”® The reason why the surface vacuum level and
the infinity vacuum level are different is the result of the formation of surface dipoles at
the termination of the bulk.”

Solid

E

Valence
Levels

Core
Levels
A

X = =
¢ ¢ ¢
Figure 2.3 — Schematic diagram of the energetics of a surface dipole, where @ is the

work function, Er is the Fermi energy, Eya.” is the energy of an electron at rest in infinite
vacuum, Ey." is the ‘local’ vacuum level of the solid, and Edipole 1S the potential of the

surface dipole.
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Surface atoms are different from bulk atoms because they are not surrounded by
as many neighbors as atoms in the bulk. As a result of the termination of the bulk,
electron orbitals decay exponentially into the vacuum.”® Since these atoms have no
neighbors on the vacuum side, there are no positive cores to compensate for the electron
density outside of the surface. Therefore a dipole is formed at the surface, with a negative
pole on the vacuum side and a positive pole on the bulk side.” This surface dipole creates
an energy barrier for electrons leaving a solid, as depicted in figure 2.3.

The strength of the dipole and height of its barrier will differ for different crystal
faces, since the packing of the faces are different.”® Furthermore the strengths of dipoles
depend on the bonding in the solid. A covalent solid will have large dipoles compared to
metals and may even reconstruct their surfaces to become more stable.”’ Covalent solids
with polar bonds such as oxides would have very large surface dipoles,”* although this
scenario has not been explored very extensively from a work function point of view.

Following the explanation of a surface dipole it is appropriate to define work
function in a different manner. Work function is the energy required for an electron from

the Fermi level to overcome the surface dipole barrier with zero kinetic energy.

2.3.3 - Solid-state hetero-junctions

We will now consider what happens to a surface’s energy profile when two
surfaces are joined together to make a junction. We will start by reviewing some well-
studied systems and finish by carrying over some of the conclusions of these studies to

the organic semiconductor/inorganic semiconductor hetero-junction.
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The first hetero-junction to consider is the metal-metal junction of two dissimilar
metals. One can imagine two metals 4 and B separated by infinite distance as illustrated
in figure 2.4(a). Here the metals both have their own unique work functions and Fermi
levels, and they share a common infinity vacuum level.”” When the two metals come into
contact they adjust their electron populations to reach thermodynamic equilibrium (figure
2.4b and c). Thermodynamic equilibrium is reached when the chemical potential per
electron is uniform throughout the solid, which is equivalent to saying that their Fermi
levels are aligned.” This is achieved by electrons moving from the metal with the smaller
work function (4) to the metal with the larger work function (B).*™ Now metal 4

becomes positively charged and metal B becomes negatively charged.

(A) At infinite separation (B) In contact ((r') In contact
before equilibrium after equilibrium

Metal A Metal B

Figure 2.4 — In (a) the metals are at infinite separation. They are not influenced by each other. Their
Fermi levels are different and their work functions are different. In (b) the metals have come into
contact but have not reached equilibrium. Electrons flow from the valence band of the metal with the
smaller work function to the conduction band of the metal with the larger work function. In (c) the
metals have reached equilibrium. Their Fermi levels have become aligned and their effective work
functions are now different from what they were as isolated metals.

The metal/metal hetero-junction scenario shows that when two conductive solids

come into contact they make their electron chemical potentials equal to each other. When
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a metal and a semiconductor come into contact their Fermi levels also align by transfer of
charge from one solid to another.”” The charge transferred across the interface results in
an interface dipole, whose electric field is screened by the rearrangement of charge.?’ In
the metal, due to the high carrier densities the electric field is screened within a fraction
of an Angstrom.”® Since semi-conductors have orders of magnitude lower carrier
densities than metals, the electric field from the dipole is screened out over some tens of
nanometers into the bulk.”® This screening over a relatively large distance is called the
space-charge region, and results in a field gradient through the region, which
consequently shifts the electron energy levels within this region. The shifting of energy

levels in the space-charge region is called band bending.

(A) Metal and semiconductor (B) They come into contact (C) They reach equilibrium
are separated by infinite distance but have not reached equilibrium with Fermi levels aligned
Metal Semiconductor

Figure 2.5 — Schematic energy level diagram of the formation of a metal/n-type semi-conductor
junction. The unoccupied bands are in green and the occupied bands are in blue. The horizontal
blue line in the semiconductor represents donor states.
As an example of a metal/semiconductor hetero-junction we will consider the
metal/n-type semiconductor junction as shown in figure 2.5. When the two solids come

into contact, electrons flow from the donor levels of the semi-conductor into the

conduction band of the metal.?” This charge flow allows Fermi levels to align, however it
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leave ionized donor states behind in the semiconductor near the interface, causing an
upward band bending near the interface.

When a p-type and an n-type semiconductor come into contact the situation is
similar except that there is a space-charge region on both sides of the junction.””*® This
scenario is shown in figure 2.6. Here we see that the Fermi levels have aligned via charge
transfer from the n-type to the p-type semiconductor. As a result of the low carrier
densities the field produced by the charge transfer across the junction is screened out over

some distance through the semiconductors, resulting in band bending.

[ —

B
Electron T
potential XA

energy

Semiconductor A (n-type) Semiconductor B (p-type)

Figure 2.6 — Energy level diagram for a p-n junction
[Ref. 28].

The three types of hetero-junction mentioned above have been studied thoroughly
in the field of solid-state device physics. More recently these concepts have migrated
over to the study of conducting organic junction devices.’' The energetics of

metal/molecular-organic and inorganic-semiconductor/organic-semi-conductor interfaces
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for the development of organic light emitting diodes (OLED’s) and solar energy

conversion.>!

By using the previously developed theories from solid state hetero-
junctions they have found some similarities as well as some unique phenomena.

When an organic semiconductor forms a junction with a metal then just as in the
inorganic semiconductor case there is the possibility of charge transfer across the
interface.>*! If this is the case, and charge carrier densities are large enough in the
organic solid then there will be band bending in the organic layer, however there is also
the possibility of localized charge transfer between the metal and organic, leading to
localized covalent bonding at the interface and trapped charges.?! If carrier concentrations
are not large enough in the organic material for band bending then the surface potential of
the metal can be screened by the organic material by polarization of the organic
molecules near the interface.

Interfaces between inorganic semiconductors and organic semiconductors have
not been thoroughly studied as of yet, however one can imagine that there is the
possibility of band bending in the inorganic semiconductor (ISC) and the organic
semiconductor (OSC), as well as the possibility of localized interfacial bonding.

The behavior of electron energy levels at interfaces can be generalized as follows.
When a junction is formed each material is perturbed by the change in electrochemical
potential caused by the presence of the other. In order to neutralize the effect of the other

solid each one either transfers charge or rearranges charge in order to screen the potential

of the other. These effects lead to a change in electron energies near an interface.
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2.3.2 - Work function changes due to adsorption of molecules

It is a general phenomenon that the work function of a solid changes as a result of
adsorption of a molecule. The electric field due to a surface dipole can extend several
nanometers away from the surface, so when a molecule adsorbs it experiences the field of
the surface dipole. Molecules with permanent dipoles align with the surface dipole, while
those without a permanent dipole will become polarized in the presence of the surface
dipole field. As a result of molecular dipole alignment, molecules can stabilize the
substrate’s surface dipole to cause a reduction of the surface energy barrier, as depicted in
figure 3.4. The net result is that there is usually a change in the work function of the
substrate. If the substrate is a semiconductor there is also the possibility of band bending
near the surface. These phenomena can be measured experimentally using photoelectron

spectroscopy as described in section 3.1.

(a) Clean (b) Adsorbate covered

Figure 2.7 — Schematic representation of how a substrate’s surface electronic
structure changes upon adsorption. Ey,. is the vacuum level at infinity, E. is the
conduction band minimum, E, is the valence band maximum, Er is the Fermi level,
X is the electron affinity, and D is the work function.
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Chapter 3 — Description of experimental techniques
3.1 — Photoelectron spectroscopy

3.1.1 —The physical process of photoemission
Photoemission (a.k.a. the photoelectric effect) occurs when a photon transfers

energy to an electron trapped in the potential well of an atom, molecule or solid, such that
the electron obtains enough energy to escape from the potential well. The electron is
propelled into the vacuum with some Kinetic energy. The kinetic energy of the photo-
ejected electron is given by the following equation.”’

eq. 3.1 E,, =ho-¢—-E; + E ypote
Here, Eyy is the kinetic energy of the photo-ejected electron, #w represents the

energy of a photon with frequency w/2z, Ep is the binding energy of the photo-ejected

electron in question (with the Fermi energy taken to be zero), ¢ is the work function and

Eaipore is the energy of the surface dipole barrier with respect to the infinite vacuum level.
The terms Ep and Egjpole are only used when the sample is a solid.

Photoelectron spectroscopy (PES) is a technique which analyzes the kinetic
energy of photo-ejected electrons. By knowing the energy of the light used to eject the
electrons as well as the work function of the sample, one can obtain a spectrum where the
peaks approximately represent single-electron orbital energies (although this
approximation is not always valid).”” A schematic of the photo-ionization process and
how peaks in a spectrum derive from electronic states is shown in figure 3.1.

Electrons can be ejected from valence states (i.e. those involved in chemical
bonding) or from core states. The valence electrons will have the smallest binding

energies (between 0 to 10eV below the Fermi level) and the core electrons will have
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larger binding energies (ranging from ~20 to about 115 000eV). If one wishes to probe
only the valence states then ultraviolet (UV) radiation is used and the analysis method is
called ultraviolet photoelectron spectroscopy (UPS). If one wishes to probe deeper states

then X-ray radiation is used and the analysis is called X-ray photoelectron spectroscopy

(XPS).

T
Counts
o5
-89
58

hv
i
L

Kinetic energy
Binding energy

Figure 3.1 — Schematic illustration of energy levels and the surface energy
barrier of a solid, and how the photo-emission process leads to a spectrum

Since valence electrons are the ones participating in bonding one would expect
that they would be the most sensitive to bonding environment, and would therefore be
most useful for extracting chemical information. While it is true that valence states are

the most sensitive to chemical environment, UPS is not always useful for gathering
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information about bonding. This is because UPS spectra are often composed of many
highly convoluted peaks, due to the high energy density of valence states, which can
make UPS spectra very difficult to interpret. In the gas phase UPS can show several sharp
and distinct peaks, representative of the HOMO and near-HOMO energy levels. In the
solid state UPS can be representative of the density of states (DOS) below the Fermi
energy, which makes it a valuable technique for solid-state physics.

Core electrons do not participate in chemical bonding but their energies are still
affected by their chemical surroundings, and while valence states are often very close in
energy to one another, core peaks are often very well separated, and highly characteristic
of a particular element.- As a result of the good peak separation, XPS spectra are less
convoluted than UPS spectra, and it much easier to identify peaks and attribute them to
electronic states in an XPS spectrum than it is in a UPS spectrum. Since XPS spectra give
chemical information and are easier to read, XPS is more widely used than UPS. Without
assigning each peak in a UPS spectrum, one can still extract some valuable information,
such as the difference between the Fermi level and the highest energy valence state of a
solid, or the energy of the HOMO in a molecule. The spectra can also give a rough idea

of the density of occupied states near the Fermi level.

3.1.2 — Electron escape depths

Photons can penetrate several microns into a solid before being scattered.
Electrons, on the other hand will be scattered every few Angstroms to a few nanometers
that they travel through a solid.”® A scattering event can be elastic or inelastic; however

inelastic scattering is more likely.” As an electron suffers more inelastic scattering events
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it eventually looses so much of its kinetic energy that it can no longer escape the work
function of the solid, and will therefore not reach the photoelectron detector. So even
though electrons are photo-ejected several microns deep within a sample, only those
ejected from the first few nanometers will reach the electron detector.

Electron scattering in this scenario is believed to be caused by valence charges in
a solid redistributing in response to an electron in transit.”’ Energy can be transferred
from the electron in transit as a result of this charge redistribution. The two main
mechanisms of energy transfer are via plasmon excitation and via single electron
excitation.”® A plasmon is a quantized oscillation in charge density within the valence
band of a solid.** When an electron is inelastically scattered by a plasmon some of the
electron’s Kinetic energy is used to put the plasmon in an excited state.”> Single electron
excitations scattering is when an electron traveling through a solid transfers some of its
energy to a single electron, putting that electron in an excited state.>® Both plasmon and
single particle scattering processes are material dependant and they are also electron
energy dependant.

The average distance an electron can travel through a solid before being
inelastically scattered is described by the mean free path of the electron, 1.°' The mean
free path of an electron through a solid depends on the energy of the electron as well as
the scattering properties of the solid.>

Theoretical calculations of mean-free-path for an electron traveling within a solid
show that for energies below the plasmon energy of the solid, inelastic scattering is
dictated by single-electron excitations.”® At energies above the plasmon energy, plasmon

scattering dominates.” Figure 3.2 (a) shows a plot of mean free path versus electron
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energy for the two different scattering processes. A collection of experimentally
determined electron attenuation lengths are shown in figure 3.2 (b). The spread of values
may be due to the material dependence of attenuation length or due to measurement

uncertainties however in general the theoretically predicted trend is followed.
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Figure 3.2 — (a) Calculated inelastic mean free paths of electrons in a solid, based on the
single electron quasi-free model of a solid. (b) A collection of measured attenuation lengths
of several solids [Ref. 55].

Mean free path has a slightly different definition from attenuation length, and
experimentally attenuation length is of more use, however they both follow the same
trend.®’ They both show that between the energies of 10 and 100 eV, electron penetration
through a solid reaches a minimum between 1 and 10A. At energies as high as thousands
of electronvolts attenuation lengths are between 10 and 100A, and at very low energies of
around leV attenuation lengths can be as large as ~1000A. Most electrons of interest in

XPS and UPS measurements have kinetic energies between 10 and 1000eV and therefore
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only move on average a few tens of Angstroms or less before being inelastically

scattered.

While electrons may suffer an inelastic collision within a few Angstroms of

travel, they are not necessarily going to lose so much kinetic energy that they can no

longer escape the solid after only one or two inelastic collisions. However, once an

O

Kinetic energy

Figure 3.3 — (top) illustration of a hypothetical
photoemission spectrum, where the inelastic
part is in orange and the elastic part is in blue.
(bottom) Artist’s rendition of electron scattering

within a solid.
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electron suffers an inelastic collision
it no longer carries a kinetic energy
that is  representative of its
photoemission mechanism.”’  Since
collisional energy transfers are not
quantized (or at least not measurably
so) inelastically scattered electrons
leave the solid with a continuous
distribution of energies, while
electrons which have not suffered a
collision exit the solid with a kinetic
energy representative of the quantized
electronic state from which the
electron was ejected.”’ This means
that the electrons which carry the
chemical information and give rise to
the distinct peaks in a spectrum can

only come from within the attenuation
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length deep within a sample. The general qualitative properties of a spectrum are several
distinct peaks overlaid on a broad continuous background, which increases intensity
towards lower kinetic energies and then cuts off a few eV above zero kinetic energy (as

depicted in figure 3.3).

3.1.3 — Qualitative and quantitative properties of photoelectron spectra

As mentioned above, photoelectron spectra consist of several distinct peaks
overlaid on a broad background of increasing intensity towards low kinetic energies. The
inelastic background increases in intensity in steps after each photoionization threshold is
reached. The increase in inelastic electrons after each photoionization threshold is due to
the fact that there are more electrons being produced once the threshold has been reached,
and therefore more electrons being inelastically scattered.

The inelastically scattered electrons in the lowest-energy regime (between 0 and
~50eV) are considered the ‘secondary electrons’ and the large increase in intensity in this
regime is due to the rapid increase in inelastic mean free path at low energies.”’ The
energy at which their intensity cuts off is representative of the sample’s work function, as
shown in figure 3.3. One can obtain a quantitative value for the work function by taking
the range of kinetic energies for which photoelectrons are observed and subtracting this
value from the photon energy. The resulting value is the work function.

As mentioned in section 3.1.1, the kinetic energy of a photo-ejected electron is
related to the binding energy of that electron by equation 3.1. One can therefore convert
the x-axis from kinetic energy to binding energy by subtracting the kinetic energy and

work function from the photon energy. The binding energy of an electron approximately
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represents the orbital energy of the electron in its initial state. In a photoemission
experiment one measures the difference in energy between the initial state (an N-electron
system) and the final state (an (N-1)-electron system).57 In a system of non-interacting
electrons, the energies for these two states are simply the sums of the energies of one-
55

electron wavefunctions.

initial state: E,=¢+&,+&6,+..+¢6,_ +&,+¢

v+l

+..t+Ey eq.3.2

finial state: E, =g+&+e+..+5,,+¢

o Tt Ey eq. 3.3

Here an electron has been removed from the state denoted by subscript v and
therefore the final-state energy equation lacks the term &,. The difference in energy
between the initial state and the final state is called the binding energy and in the one-
electron picture it is equivalent to the energy of the state from which the electron was
ejected, as shown in the following equation.”

E,=E, ,-E,=-¢

", eq.34
Equation 3.4 is referred to Koopmans’ theorem. It is exactly true for the one-electron
approximation of equations 3.2 and 3.3, however it is also true when electron correlations
are taken into account because the electron interaction energies of the N electrons are
cancelled out when the electron interactions from the N-1 electrons are subtracted. The
orbital energy then does not represent a single-electron orbital, but rather it represents the
energy of a true interacting electron orbital.

When a hole is formed by the removal of one electron, the remaining N-1
electrons re-adjust themselves in response to the presence of the hole.”’ The final state

‘relaxes’ by electrons re-adjusting ‘screen’ the hole.”” Due to the complex interactions of

electrons these relaxation processes are not easy to calculate, however whatever errors
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involved in the calculations of electron interactions for the final state are also involved in
the initial state calculation, so most of the errors cancel each other out in Koopmans’
theorem and it remains accurate except for very highly correlated systems such as
transition metal oxides.**

Aside from electron re-organization in response to the photohole final states can
also involve excitation of a plasmon or phonon.’’ The part of the relaxation energy
required to excite the plasmon or phonon is then no longer given to the photo-ejected
electron, and it reaches the detector with less kinetic energy, giving rise to additional
peaks not predicted by Koopmans’ theorem, called ‘satellites’. Satelites appear in a
photo-electron spectrum as broad peaks with lower intensity and on the lower Kinetic
energy side of than the main photoelectron peak.”’ Satellites often complicate a spectrum
however not all elements exhibit them, and they are more common when there is strong
electron correlation.

Although many-body effects can give rise to their own spectroscopic features (as
in satellites) and complicate the interpretation of peaks in terms of single-electron model,
binding energies are still indicative of an element’s bonding environment and are
therefore still carry valuable chemical information. When an atom participates in a
chemical bond the electron configuration of the neighboring atom influences the local
electrostatic potential of the core levels and thereby changes their binding energies.”” If
an atom is involved in a bond where its valence electrons are pulled away from it (i.e. if
the atom is oxidized) then there is less electron-electron repulsion compared to the zero
oxidation state and as a result the binding energies are greater.’’ In the reverse scenario, if

the atom is involved in a bond where it is pulling more electrons towards itself (i.e. the
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atom is reduced) then the increased electron-electron repulsions decrease the binding
energies. Therefore XPS can distinguish between different oxidation states of the same
element. Furthermore it can distinguish between bonds to different elements, for example
the Ols binding energy for O in an Fe-O bond will be different from the Ols in an H-O
bond.*?

3.2 Photoemission electron microscopy

A photoemission electron microscope (PEEM) works by illuminating a sample
with relatively high-energy light to photo-eject electrons, then using electric or magnetic
field lenses the photo-electrons are focused into an channel-plate electron multiplier and

63,64

then onto a phosphore screen. The electrons can be focused into a real-space image

which represents the spatial distribution of photo-emission intensity. A schematic

illustration of a PEEM is shown in figure 3.4.
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electrons screen

Figure 3.4 — Schematic diagram of a photoemission electron
microscope.[Ref. 65]
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As described in the photoelectron spectroscopy section, when electrons are photo-
ejected from a surface they come off with a distribution of kinetic energies as shown in

figure 3.5 below.
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Figure 3.5 — Illustration of stereotypical photo-electron kinetic energy distribution for
electrons coming off a surface being photo-excited by X-ray photons. SE represents
‘secondary electrons’, CL represents ‘core levels’, VB represents ‘valence band’, FL is
‘Fermi level’, hv is the energy of the photons and ¢ is the work function of the sample.
[Ref 63]

The microscope can be set to collect all the photo-electrons being emitted in
‘total-yield” mode, or if an energy filter is incorporated into the instrument the PEEM can
be set to collect only the photoelectrons coming off with a specific kinetic energy in
‘energy filtered’ mode.®*

Figure 3.6 illustrates how contrast occurs in PEEM images.*> The top circles

represent PEEM images of a material 1 embedded in the center of material 2. The
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Figure 3.6 — Illustration of how contrast is obtained in PEEM imaging using (a) ‘total
yield’ mode and (b) and (c) ‘energy filtered’ mode.

photoemission spectra of the two materials are different. Material 1 has a larger work
function than material 2. Resonant photoemission peak denoted by x is unique to material
2, peak y is unique to material 1, and z is common to both materials. In (a), the
microscope is operating in ‘total yield” mode, so all kinetic energies are being collected.
For this case the PEEM image shows a slight contrast between the two materials due to
their different work functions. Figure 3.6 (b) and (c) represent ‘energy filtered” mode. In
(b) the kinetic energy window encompasses the resonant photoemission peak x. Since x is
unique to material 1, it appears much brighter in the PEEM image. In (c) the energy
window encompasses resonant feature z, but since it is common to both materials the

PEEM images shows no contrast.
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The above example illustrates how PEEM images might look if one were to use a
photon source of high enough energy to photo-ionize core levels; however it is common
for routine imaging purposes to use a low-energy photon source such as a mercury lamp,
which has maximum photon energy of about 4.9¢V. This scenario is illustrated in figure
3.7. Since the photon energy of this source is so low it is only capable of ejecting valence
electrons, the spectrum is completely dominated by the secondary electron intensity, and
all valence features become washed out.”’ In this case the image contrast will be due to

overall photoemission cross sections or work function differences.
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Figure 3.7 — lllustration of how PEEM image contrast is affected by (a) photoemission cross
section and (b) work function of two materials when the sample is excited by a Hg-lamp (hv
~4.9¢eV). [Ref. 63]
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Regions with large work functions will appear darker than regions with small
work functions (provided the chemical composition or the photoelectron yield is
otherwise the same for the two regions). This type of scenario is seen in the case of
polycrystalline metals, where various crystallographic orientations are exhibited on the
surface of the metal, as shown in figure 3.8. The largest grain contrast is obtained when

imaging in “total yield’ mode, using an Hg-lamp for excitation.
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Figure 3.8 — Electron backscatter diffraction map (left) and PEEM image (right) of
polycrystalline iron substrates.

While ‘total yield” mode is useful for obtaining microscopic images with high
contrast, incorporating an energy filter can allow one to obtain spatially-mapped
photoelectron spectra to go with the images. This is done by filtering out all of the photo-
electrons except for those within a narrow window of kinetic energies.”> Then only the
photo-electrons with the chosen kinetic energy will reach the detector. The resulting
image will be a map of where the electrons of that particular kinetic energy came from.

By sweeping this kinetic energy window across the whole spectrum and collecting an
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image at each step, one obtains a stack of images. In a stack of images, each pixel has a
corresponding intensity-vs.-kinetic energy spectrum.

In our experiments we used an Elmitec PEEM III with a hemispherical energy
analyzer (which is a band-pass filter) incorporated. In this instrument the sample is held
at -20kV relative to the objective lens, so that the photo-ejected electrons are accelerated
through the lens system with 20,000eV of kinetic energy. The lenses focus the electrons
into an image, while contrast apertures remove electrons that are not useful for image
reconstruction. Removal of these electrons reduces the signal intensity. The electrons
then pass through the energy filter. The energy filter involves bending the electron paths,
so that electrons with different energies travel different path lengths, resulting in a spatial
dispersion of electron energies, as illustrated in figure 3.9.° The electrons then pass
through a small aperture (a.k.a. energy slit), which cuts out all but a small window of
kinetic energies. The remaining electrons are then re-focused onto the channel multiplier

as a real-space projection.

Channel Enere
Wnlliplierplale r r:‘i:tf’y

Energy-filtered
electron beam

Un-filtered
electron beam

Figure 3.9 — Schematic of hemispherical energy analyzer in PEEM 111
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The energy resolution limit for this filter is 0.5eV. The higher the energy
resolution the fewer electrons allowed through the filter to the detector. This means that
at each kinetic energy increment in the XPS or UPS spectrum an image needs to be
constructed from a very small signal, which leads to very long collection times.

In spite of the inconvenience of very long collection times, the prospect of having
spatially resolved XPS/UPS makes this technique very valuable. In a conventional
photoelectron spectrometer the collected signal is a mixture of photoelectrons from a
large area of the sample (usually around 400um?). If the sample is not homogeneous
across the surface of the sample then different spectra are convoluted together and the
interpretation of the results is uncertain. When the spectra can be spatially assigned the
information becomes a lot more valuable. In our experiments we hoped to see
spectroscopic evidence of a ‘remote effect’ (i.e. we hoped to see a spectroscopic signature
of PCAT-Fe interaction some distance away from the edge of a PCAT film). In this case
the spatial resolution was essential.

For the PEEM we were using, the field of view (FOV) could be varied from as
large as 100um to as small as 1um, however at a small FOV the collection times
necessary for a good signal-to-noise stack can become very long and sometimes even
impractical. Although the ultimate resolution of a PEEM is limited by the spherical
aberrations, chromatic aberrations and the diffraction error,63 we found that in order to
collect a stack the collection time became the limiting feature long before any of these
physical limitations became a factor. In principle the spatial resolution of a PEEM (using
magnetic lenses, synchrotron radiation and provided the sample is flat enough) can reach

50-100nm. While we were able to obtain single images with a resolution around 150nm if
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we used all the photoelectrons available, when we incorporated the energy slit to acquire

stacks our best resolution was around 500nm using the 50um FOV.

3.3 — Interface characterization by in-situ step-by-step depositions

The interface energetic, as discussed in section 2.3.3, are not easily studied
because interfaces in such devices are always buried under bulk material. In order to
study interfaces with electron spectroscopy, where electron attenuation lengths are on the
order of Angstroms, the interface can only be probed through a thin film of one of the
materials composing the hetero-junction. Therefore, the technique devised to study these
interfaces with electron spectroscopy involves coating one material with the other in very
small increments (a few Angstroms at a time if possible) and measuring photoelectron
spectra after each deposition. As the film thickens the overlayer spectra eventually
become representative of the overlayer bulk. In doing this type of experiment, one
therefore sees how the overlayer spectra are different near the interface as compared to
the bulk spectra. In addition to the overlayer spectra, for the first few depositions the
substrate photoemission signals are still observable, so changes in the substrate spectra
caused by adsorption of the overlayer molecules can also be observed.

This type of analysis has been used many times in characterizing organic-metal
interfaces. It can yield many pieces of information about the nature of the overlayer-
substrate interaction. For example it can reveal band bending in the substrate or
overlayer, covalent bond formation at the interface, work function changes to the
substrate, interface dipole formation, Fermi level alignment, and HOMO-valence bend

off-sets. How these properties can be derived from the spectra will be discussed below.
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A Schematic of how photoemission spectra change during an in-situ step-by-step

deposition is shown in figure 3.10.
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Figure 3.10 — Schematic of orbital line-up and corresponding photoemission spectra for
an in-situ step-by-step deposition. [Ref. 86]

In this figure, the substrate (A) energy levels and photoemission spectra are
shown on the left, and the overlayer (B) on the right. In this scenario there is band
bending in both the substrate and the overlayer, as well as a dipole layer at the interface.
The band bending in the substrate is found by following the substrate core levels
throughout the deposition. In figure 3.10, after the first deposition we see that the core
levels in the spectra have shifted upwards by an amount Sp(A,1). This shift indicates an

electric field or space-charge region in the substrate as a result of the interface with the
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overlayer. This band bending also causes a corresponding shift in the valence features
and in the substrate work function as well.

As the overlayer thickness increases the substrate signal becomes buried, while
the overlayer signal grows in. By monitoring the shift in core levels of the overlayer
during the deposition one can determine if there is band bending (i.e. space-charge
region) in the overlayer. From figure 3.10 we see there is a band bending in the overlayer
by the amount Sp(B). One can then determine the interface dipole by taking the total
change in work function, which is determined by the difference in the position of the
secondary cutoff for the clean substrate spectrum and the thick overlayer spectrum, and
subtracting from it the total band bending. The resulting value is the energy shift caused
by the interface dipole (eD in figure 3.10).

An example of photoemission spectra of a deposition series exhibiting band
bending is shown in figures 3.11 and 3.12.
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Figure 3.11 — UPS spectra of an in-situ deposition of PTCDA on SnS,. [Ref. 87]
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Figure 3.12 — XPS spectra for step-by-step deposition of PTCDA on SnS;. [Ref. 87]

In figure 3.11 one can see that the valence spectrum of the substrate transitions to
that of the overlayer. In the left panel one can see that during the transition the secondary
cut-off shifts by about 0.9¢V to higher binding energy, which is indicative of a change in
work function. The valence region also shows the appearance of a new valence state at
the interface, indicated by the arrows in the right panel of figure 3.11. The existence of
interface state is known from inorganic semiconductor/metal interfaces, where they are
called metal-induced gap states (MIGS).”’

In figure 3.12 the XPS spectra for the same deposition series are shown. The left

panel shows the spectra of the substrate. From the lack of any shifting in the substrate
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signal one can conclude that there is no band bending in the substrate. The overlayer
spectra however (central and right panels in figure 3.12) show a shift to higher binding
energy during the deposition. This indicates a band-bending or space-charge region in the
overlayer. Based on the direction of the shift, one can conclude that the band bending is
caused by an electron depletion region as seen for p-type semiconductor-metal hetero-
junctions.

While such an analysis can reveal band bending and energetic alignment at an
interface, it can also show the existence of a localized covalent bond at reactive
interfaces. Such an event would show up as an extra peak in the core spectra at the

interface, and would become buried as the overlayer becomes thicker, as shown in figure

3.13.
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The technique of photoemission characterization of a step-by-step deposition of
PCAT on an oxide-covered iron substrate should lend some insight into similarities
between the PCAT-oxide system and conventional semi-conducting organic/metal
interfaces. Furthermore, it should show whether there is any unique behavior at the
interface, and will determine whether there is a localized chemical interaction at the

interface or whether the interface properties are governed by bulk characteristics.
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Chapter 4 — Experimental

4.1.1 — Sample preparation requirements

Sample preparation and verification of sample preparation techniques was the
most time consuming of all the efforts involved in these experiments, however it was also
absolutely necessary in order for the results to have any value at all. In order for the
XPS/UPS characterization step-by-step deposition of PCAT on Fe to be successful the
films had to be deposited in sub-nanometer increments. This required very precise control
over how much material we are depositing at one time and that the material be deposited
uniformly across the surface. Furthermore, in order for our results to be unambiguously
interpreted we had to be able to deposit PCAT on Fe in-situ in order to eliminate the
possibility that atmospheric contamination was the cause for any observed phenomena.
These requirements meant that we had to use some sort in in-vacuo deposition technique.
The most simple of such techniques is physical vapor deposition, whereby a solid sample
is simply heated in vacuum causing a small fraction of the solid to sublime. The vaporous
substance then travels to the sample, held a few centimeters away from the evaporation

source, where the vapor condenses onto the cold surface of the substrate.

4.1.2 - Design of the film deposition chamber

In order to avoid the incorporation of atmosphere-borne contamination into a film
as well as oxidation of the evaporant upon heating, it is necessary to perform depositions
under vacuum conditions. While ultrahigh vacuum is desired (10°-10"" Torr) high
vacuum is adequate (10%-10° Torr). In order to achieve this pressure during film

deposition, the sample and evaporant must be housed within a heavy stainless steel
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chamber, which is isolated from the atmosphere and continuously pumped on by several
pumps. Generally a membrane pump or oil pump was used for the low vacuum range (10°
3 Torr), turbo-molecular pumps were used to take the pressure to high vacuum range (10”7
Torr), and ion pumps and titanium sublimation pumps were used to bring the system to
higher vacuum (107 Torr). Since it can take several days to weeks to obtain this pressure,
the main chamber where the film deposition takes place was isolated from the sample
entrance chamber (a.k.a. load lock) by a gate valve. This way the small load lock could
be vented to atmosphere in order to load in a sample without venting the entire chamber.
Due to its small size, the load lock can be evacuated relatively quickly.

Having one’s sample inside a vacuum chamber severely restricts the ability to
move and manipulate the sample. Careful planning and designing of the vacuum chamber
was necessary in order to be able to transfer a sample into and out of a chamber as well as
to have the capability of monitoring the thickness of film deposited, and heat and measure
the temperature of the sample during deposition.

The sample would be mounted on a sample holder with a built-in heating filament
and thermocouples. The sample could be moved from the load lock to the deposition
stage using a magnetically-coupled transfer arm. The forks on the end of the arm fit into
the groves on the side of the sample holder. The sample holder could then be placed into
the sample stage, however alignment needed to be just right in order for the thermocouple
and sample heater electrical contacts to be made.

In order to monitor the thickness of film being deposited on a sample a quartz

oscillating thickness monitor was mounted close to where the sample is positioned during
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deposition. The thickness monitor is capable of detecting the deposition of extremely thin
films; it can detect a change in average film thickness of 0.1A.

An evaporation source (a.k.a. Knudsen-cell or K-cell) was mounted on the
chamber opposite the evaporation stage, with the opening of the K-cell a few centimeters
away from the sample. A movable shutter was placed between the sample and the
evaporation source so that one could obtain abrupt starts and stops to depositions.

The previously described chamber was designed to be stationary and to be used
for routine depositions and optimization of deposition parameters. A smaller and more
portable deposition chamber was constructed to be moved to XPS/UPS facilities and
attached to the XPS/UPS chamber for in-situ depositions. This chamber, being small did
not have a loading chamber, or the capabilities of sample heating and temperature
measurement. It did however have a thickness monitor as well as a gate valve for

attachment to and isolation from the XPS chamber.

4.1.3 — Finding a suitable aniline oligomer

The physical vapor deposition technique is capable of producing films with
thicknesses on the Angstrom scale.% It was originally used for evaporating metals. It can
also be used for making thin films of organics however many organics cannot be
sublimed because they decompose before they make it into the vapor phase. There have
previously been a few attempts at subliming polyanilines.’”’* Those who have tried,
claim that the polyaniline decomposes into small oligomeric fragments when heated in

67,71

vacuum then re-polymerizes on the surface of the substrate.’””"”> Although there is some

evidence to support this, the precise chemical structure of whatever gets deposited on the
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substrate is not well known therefore it would be difficult to draw conclusions about what
would be causing any observed effects.

An alternative is to use oligomeric polyanilines such as trimers or pentamers.
Polyaniline oligomers are known to possess the same redox states as polyaniline.”

75-79 and

Furthermore oligoanilines are also known to exhibit electrical conductivity
corrosion inhibitive properties,” just as polyaniline does. Therefore oligoanilines are
suitable model compounds for studying the Fe/PANI interface via in-situ XPS/UPS

measurements on thin films.
S H D H O

Phenyl-capped aniline dimmer (PCAD) with molecular weight 260.13amu.

We had attempted to use a phenyl-capped aniline dimmer (PCAD, a.k.a. N,N’-
diphenyl phenylenediamine), however the substance had a detectible vapor pressure as
soon as it was placed in vacuum. This makes it unsuitable because we will not have
control over how much is being deposited on the surface of the substrate, and possibly it
will not stick to the substrate. Furthermore the high vapor pressure of the molecule will
cause the contamination of the analytical instruments. Due to the short mean free paths of
electrons, photoelectron spectrometers need to be operated at pressures no higher than
~3x10" Torr. Even the small amount of PCAD placed into the evaporation chamber for
evaporation would have caused the pressure to go no lower than about 10 Torr (this is

an estimate as we never tried to put it in our vacuum chamber once temperature-
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programmed mass spectrometry showed it had a significant vapor pressure at room

temperature).

Amino-capped aniline trimer (ACAT) with molecular weight 288. 14amu

We also tried an amino-capped aniline trimer (ACAT). This compound did not
have a detectible background vapor pressure. It would form a vapor when heated close to
180°C. Attempts were made to evaporate this material onto iron substrates. When heated
to above 180°C the quartz crystal monitor (QCM) detected the deposition of a film. On
visual inspection of the film it had a slight purple color, and since the powdered form of
ACAT is purple one might assume that the molecule was successfully deposited without
decomposition. When investigated using AFM and SEM the film appeared to be a

homogeneous coverage of micro-droplets as seen in figure 4.1.

— . L
SEl 20.0kv X130,000 100nm WD 6.0mm

Figure 4.1 - AFM and SEM images of a thin film formed as a result of condensation of
the vapor produced by heating ACAT to 180°C.
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The evaporation behavior however changed after repeated evaporations. After
being heated a few times the temperature required for evaporation would continuously
rise. This was an indication that decomposition might be occurring, since a phase change
would always happen at the same temperature. To investigate the matter further,
differential scanning calorimetry measurements (DSC) were performed. These results
showed a significant exothermic event occurring at around 180°C, which seemed like a
phase change however upon heating the same sample subsequent times this feature would
not re-appear (see figure 4.2). We then performed temperature-programmed mass
spectrometry (TP-MS) and found that the vapor formed when heating for the first time to
180°C was rich in the desired compound as indicated by the large peak at ~290.lamu.
Upon subsequent heating cycles the molecular peak would not return and only

decomposition products would be present.
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Figure 4.2 — DSC curves for several heating cycles of ACAT.
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Since the peak of interest did show up on the first heating cycle, one would
assume that the first deposition performed with a fresh batch of ACAT would yield a film
of the desired material. In order to test this we evaporated a film onto a quartz slide
instead of an iron substrate. The film-coated slide was then used to measure UV-vis
absorption spectrum of the deposited-material, which was compared with the UV-vis
spectrum of a solution-cast film of ACAT on a quartz slide. The two UV-vis spectra were
distinctly different as seen in figure 4.3. The film was then washed from the slide and
tested with mass spectrometry for comparison with neat ACAT. The spectra showed that
the ACAT molecule was not present in the film (figure 4.4). This was the final piece of
evidence to conclude that ACAT was decomposing when being heated and therefore

could not be used to make vapor-deposited thin films.

06

= Solution-cast ACAT
0.5 — Heated ACAT
0.4

Absorbance
o
w

o
N

0.1

200 300 400 500 600 700 800 900 :
Wavelength (nm)

Figure 4.3 — UV-vis absorption spectra of a solution-cast ACAT film
and a film formed from heating of ACAT.
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Figure 4.4 — Mass spectra from neat ACAT and from film washed from
quartz slide. The film on the quartz slide had been made by heating ACAT

in vacuum.

A different oligomer was then attempted. A phenyl-capped aniline tetramer

(PCAT) was discovered in the literature, which was sublimable,®’ which had been found

to inhibit corrosion®? and whose crystal structure was also known.** Unfortunately PCAT

is not commercially available however a thorough description of a synthetic procedure is

available.* The compound was synthesized and purified according to the procedure.

Phenyl-capped aniline tetramer (PCAT) with molecular weight 442.22 amu

Temperature-programmed mass spectrometry measurements were performed to

test whether PCAT actually sublimes. The spectra showed that as the material is heated

some small amounts of hydrocarbon impurities come off (see figure 4.5). Then at around

240°C the PCAT peak (244amu) came off at high purity. When the sample was
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subsequently heated the contamination peaks would not return, but the PCAT peak

showed up again at 240°C. This was good evidence that PCAT will sublime.
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Figure 4.5 — TP-MS of PCAT. On the left are chromatographs for the indicated masses (note the variation
in intensity scale). On the right are the mass spectra taken at the indicated temperatures during the

temperature program.
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A PCAT film was then evaporated onto a quartz slide, and UV-vis absorption
spectra were taken of the film and compared with solution-cast films. The spectra were
similar, except that the solution-cast film had an additional peak at around 600nm (figure
4.6). Polyaniline spectra found in the literature® showed that the oxidized form of PANI
has a broad absorption around 630nm and a sharp absorption peak at around 310nm. The
solution-cast spectrum exhibited similar features, with a broad absorption around 600nm
and a sharp absorption around 305nm. The shift in absorbance values between the PANI
spectra from the literature and the solution-cast PCAT spectrum is likely because the
absorption wavelength for the short-chain polymer would be slightly different.

The UV-vis spectrum of the reduced form of PANI does not exhibit the broad
absorbance peak and the sharp absorbance peak is shifted to ~340nm. The vapor-
deposited film also did not have an absorbance at 600nm and had a sharp absorbance
around 330nm. These results would indicate that there is some of the oxidized form of
PCAT present in the as-prepared PCAT powder, but when heated to 240°C only the
reduced form of PCAT sublimes and is deposited onto the substrate.

The vapor-deposited PCAT film was then washed from the slide and tested with
mass spectrometry for comparison with the spectrum of neat PCAT. The spectra were
identical. Given the several pieces of evidence indicating that PCAT sublimes before it
decomposes, we concluded that this indeed was the case, and that this molecule was

suitable for PVD film deposition and in-situ XPS/UPS experiments.
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Figure 4.6 - (top left) UV-vis spectra for various oxidation forms of PANI The curve
highlighted in blue is the fully reduced form. (Top right) [Ref. 85] The UV-vis spectrum
of fully oxidized PANI. (Bottom) UV-vis spectra of PCAT dissolved in NMP (orange),
PCAT drop-cast onto a quartz slide (blue) and film on quartz slide from heating PCAT
(green).
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4.1.4 — Preparation of the substrate

The substrates used were low-carbon steel, essentially pure iron in its alpha phase,
with a very small amount of impurities as determined by EDX. The material as received
was in the form of 50mm X 100mm plates of thickness 0.5mm. The surfaces of the plates
were formed during the crude manufacturing process. Therefore they were rough on the
micron scale, and ill-defined in terms of morphology and presence of surface
contamination. An SEM image of an as-received substrate is shown in figure 4.7. Due to
the rough morphology and inhomogeneity of the surface it would not be suitable as-is for
use in PEEM due to field emission from sharp protrusions when the 20kV required for
PEEM is applied. Furthermore, XPS measurements give signals that represent an average
over an area of approximately 400um?, so the surface should be homogeneous over this

large of an area.

B
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Figure 4.7 — SEM images of un-treated (as-received) iron substrates. The rough surface
topography was a result of the cold-rolling manufacturing process.
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The first step in making the samples suitable for analysis was cutting the sheets
into 10mmx10mm squares and then mechanically polishing them to a mirror finish. The
polishing was accomplished using an automatic polisher, starting with coarse grit silicon
nitride emery paper and polishing with progressively finer grit paper. The final three
polishing steps required micro-particle emulsions. First an emulsion of 3um diamond
particles combined with lubricating oil was used, followed by a Ipm diamond particle
emulsion. Then an aqueous dispersion of 0.05um alumina particles was used as the final
polishing step. After the final polishing step all samples were washed with soap and
water, and ultrasonically cleaned in acetone and methanol. The samples had a mirror
finish when viewed with the eye. When viewed with SEM very little surface topography

was evident as seen in figure 4.8.
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Figure 4.8 — SEM images of mechanically polished iron substrates. The diamond-shaped
feature on the top-left of the image on the right is an indent made by a Vicker's indenter, which
was used to define a coordinate system on the substrates. In the image on the right the grains
are discernable by the various contrasts of the different grains.
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The largest contributor to surface morphology comes from the grain structure of
the material. The different crystallographic orientations of the various grains wear away
at slightly different rates during mechanical polishing. While a flatter surface may be
achievable if one could discover an anisotropic chemo-mechanical polishing procedure,

the morphology we had attained was adequate.
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Figure 4.9 — AFM images of a polished iron substrate. The left image has a 66.7um scan
size and the right image has a 0.532um scan size. The grains are apparent in the left
image. The right image shows the morphology of the oxide surface.

A closer investigation into the surface morphology using AFM showed that each
grain was relatively flat on the micron scale, with a slight curvature to them (see figure
4.9, left). The height difference from grain to grain was observed to be as large as 100nm
and on average was around 50nm. Since the grains were on average around 15-20um in
diameter this meant that every 15 000nm there was a step of only 50nm. This is an aspect

ratio of 300:1 which is reasonably good for our purposes. Upon zooming in closer one

can discern morphology on a different scale (figure 4.9, right). This morphology was
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attributed to the oxide on the surface. The morphology was disordered porous, with pore
diameters around 20nm and pore depths of around 2nm.

There were also some particulates which did not seem very prominent under the
SEM, but were very obvious when viewed with AFM. These could vary in size from
50nm to over 700nm in diameter and between 50nm and 200nm in height. EDX analysis
indicates that these are some kind of oxide. Perhaps they are spots where some impurity
nucleated the rapid growth of the oxide, or maybe they were spots where droplets of
water were left to dry. Either way these particulates are a potential problem for analyzing
our results so they should be removed. Furthermore the thin oxide coating the surface of
the substrate is not well defined since it was formed during the final mechanical polishing
step, which occurred in aqueous solution, where the oxide structure is very much pH
dependant. Therefore, the structure of the oxide may vary from sample to sample. For
these reasons it was decided to use a few more cleaning steps.

First, any possible carbon contamination was removed using a H,/O, plasma.
Then the samples were sputter cleaned with Ar plasma. This involved bombarding the
surface of the samples with Ar" ions with a potential of 3kV. This step caused whatever
oxide and small particles present on the surface to be blasted away. It also caused etching
of the underlying metal. The result of this step will likely cause the first few nanometers
of metal at the surface to be highly-deformed or amorphous. This was not considered to
be a significant problem, since the amorphous metal will easily form oxide upon
exposure to atmosphere. All samples were exposed to atmosphere to re-grow the oxide.
Re-growth of the native oxide is important for our study because we believe that PCAT

acts on the oxide rather than the metal, since all previous studies showing corrosion
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resistance were performed in ambient conditions, where a surface oxide will always be
present. Since all our samples underwent the same plasma-etching treatment we assume
they all had nearly the same surface oxide. Previous studies have shown that during

ambient atmospheric oxidation of iron a thin oxide grows and its thickness saturates very

rapidly.’’

Figure 4.10 — AFM images of pre-sputtered (left two images) and post-sputtered (right
two images). The top two images have scan sizes of 20um and the bottom two 10um.
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In order to confirm that the sputtering treatment removed the particulates and did
not do too much damage, the samples were investigated after sputtering treatment. The
AFM images (figure 4.10) reveal that the majority of the particulates have been removed
and the surfaces of the grains have been made more uniform. However the different
crystallographic orientations have different sputtering rates, and while the difference in
height from grain to grain did not change significantly from how they were before
sputtering, the edge from grain to grain became sharper and more distinct. This was not
expected to be a problem.

To confirm that we had removed the oxide we performed in-situ argon sputtering
and examined with XPS (figure 4.11). After 5 minutes of sputtering the XPS spectra
showed a major reduction in the oxygen 1s peak intensity and a complete disappearance
of the carbon 1s peak. The Fe 2p peaks for oxidized Fe were replaced by the Fe 2p peak

for metallic Fe.
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Figure 4.11 — XPS survey spectrum for pre-sputtered (blue curve) and post-sputtered
(orange curve) iron substrate.
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4.2 — PEEM experiments

The PEEM experiments were carried out using an Elmitec PEEM 111, attached to
the Plane-Grating Monochromator (PGM) beamline at the Canadian Light Source (CLS)
in Saskatoon, Saskatchewan. The PGM 1is capable of delivering high-intensity,
monochromated photons within the energy range of 5.5 to 250eV, which is considered
ultraviolet to very-soft X-ray radiation.

The PEEM was equipped with a hemispherical band-pass electron energy
analyzer in order to perform spectro-microscopy analysis. The microscope consisted of a
main chamber, where the sample would be positioned during analysis. The base pressure
of this chamber was in the 10” Torr range, being pumped on by an jon pump. The
magnetic lenses, energy analyzer, channel multiplier and phosphore screen were housed
in the ‘imaging column’, which was maintained at a pressure in the 107'° Torr range. The
main chamber was afttached to a sample preparation chamber, which consisted of an
argon sputter gun for sample cleaning as well as a K-cell and deposition monitor for
performing in-situ depositions. This chamber was kept at around 10°® Torr.

Samples were imaged using either the synchrotron as a photon source or a Hg-
lamp, which was attached to the side of the main chamber and focused at the sample.
When imaging with the Hg-lamp the microscope was in ‘total yield” mode. No
spectroscopy was performed using the Hg lamp. When using the synchrotron as the
photon source imaging was performed in ‘total yield’ as well as ‘energy filtered” mode.

A photon energy of 160eV was used in all experiments because it was found to
give the sharpest valence features and was also capable of photo-ejecting from the Fe3p

states. When using ‘energy filtered’ mode to perform spectroscopy an energy slit and
g p P Py gy
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contrast aperture were inserted into the electron path to give an energy resolution of
0.5eV. All photoemission spectra scanned a kinetic energy range from 90 to 155eV,
which on the binding energy scale is from -2 to 63eV.

Two types of analysis were performed; (1) imaging and spectroscopy of a PCAT
film edge and (2) spectroscopy of in-situ, step-by-step deposition of a PCAT film. All
substrates were polycrystalline iron, and were prepared as described in section 4.1.4.
There were two of samples used for the ‘film edge’ study; a sample which was prepared
ex-situ and one which was prepared in-situ.

The ex-situ ‘film edge’ sample was prepared in the stationary deposition chamber
in Hamilton, which is described in section 4.1.2. The film edge was formed by using a
piece of tantalum foil as a mask to cover half of the substrate surface during PCAT
deposition. The PCAT film thickness for this sample was approximately 10nm thick. This
sample had been exposed to atmospheric conditions for several weeks before analysis at
the CLS. Imaging and photoemission spectroscopy was performed according to the
routine mentioned above (i.e. kv = 160eV, kinetic energy from 90 to 155eV)

The in-situ ‘film edge’ sample was prepared in the deposition chamber attached to
the PEEM. The film edge was accomplished by placing a thin molybdenum washer over
the substrate surface and depositing approximately 15 to 20nm of PCAT. The sample had
to be briefly exposed to atmosphere in order to remove the molybdenum washer. Imaging
and spectroscopy were performed on this sample as described above.

The second set of analyses performed on the PEEM was the in-situ, step-by-step
deposition. Before any PCAT was deposited, the blank substrate was placed into the

microscope to acquire photoemission spectra. The sample was then moved to the
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deposition chamber, and a thin (between 5 to 10A) film of PCAT was deposited, by
heating the K-cell to ~240°C and holding the sample in front of the K-cell aperture for
about 1 second. The sample was then transferred back to the main chamber for
spectroscopic analysis. Four more layers of PACT were deposited in this manner, with
spectra acquired after each deposition. After the last spectrum, a sixth deposition was
performed in order to achieve bulk PCAT. This was done by exposing the sample to the

PCAT vapor for two minutes. The sample was once again analyzed.

4.3 — XPS and UPS analysis of PCAT films using lab-based photon sources

In order to obtain high-resolution UPS and XPS spectra as well as work-function
measurements, an in-situ step-by-step PCAT deposition was performed on a lab-based
photoemission spectrometer. This experiment was carried out at the Toronto
Microanalysis Center at the University of Toronto. The spectrometer was a PHI 5500,
using a hemispherical energy analyzer with an energy resolution of 0.05eV. For XPS
analysis, a monochromated Al Ka photon source (hv = 1486.3eV) was used and for UPS
analysis a He lamp (hv = 21.2eV) was used.

In order to perform in-situ depositions, a portable deposition chamber was
attached to the transfer chamber of the spectrometer. The substrates were polished, poly-
crystalline iron, as described in section 4.1.4. Once the samples were placed into the
spectrometer they were sputter cleaned for 15 minutes with 3kV Ar'. An XPS survey
spectrum was taken to ensure cleanliness of the substrate. The sample was then placed

into the loadlock and re-oxidized by exposure to atmosphere; however a flow of dry
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nitrogen was flushed over the sample during re-oxidation in order to minimize the
amount of carbon contamination.

Core and valence photoelectron spectra were then obtained for the clean substrate.
Three deposition steps were performed. The first two depositions were thin layers, and
the third deposition was a thick layer. Spectra were obtained after each deposition. The
spectra which were obtained are as follows; For XPS the Fe2p, Cls, N1s, Ols, and Fe3p
core photoemission spectra were acquired. The energy resolution used for the XPS
spectra was 0.125eV. For UPS spectra the valence and secondary cut-off were obtained

by scanning energies from -3 to 16eV. The resolution for UPS spectra was 0.05¢V.,
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Chapter 5 — Results and discussion

3.1 - Morphology of PCAT films

In order for spectroscopic investigation of the step-by-step depositions to be
successful, so that one can observe peak shifting in the substrate and in the overlayer as
the film thickens the film must form in a layer-by-layer fashion. If this is not the case, and
the film grows as islands then the interface structure will not be probed by the
spectroscopy. When growing thin films of metal or covalent solids, island growth is
common and can be a problem for this type of study if the islands grow too fast in the
direction perpendicular to the surface compared to how fast it grows in the directions
parallel to the surface.®® The reason why island growth often occurs in such systems is
that there is lattice strain at the interface between the two materials when their lattices
attempt to match.®® The lattice strain can make the interfacial surface energy too great
compared with the energy required to form more overlayer surface area so that uniform
coverage of the substrate by the overlayer unfavorable.

Lattice strain however is not usually a problem for molecular organic films®
because they do not form covalent solids, therefore the driving force for being a highly
ordered lattice is not very strong. Molecular organics usually grow as amorphous films,
or under certain conditions they can be crystalline,” but the organic lattice makes little
attempt to match with the lattice of the substrate. For layer-by-layer growth of organic
films it is more important that the polarities of the organic and the surface match, at least
as much that the molecules do not have an overwhelming preference for inter-molecular

bonding with its own molecules rather than the substrate.
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The iron oxide surface is expected to have a large dipole,”’ while the dipole
moments in PCAT are somewhat small. AFM investigation of vapor-deposited PCAT
films showed uniform coverage and morphology that suggested the films were
amorphous, and have no problem wetting the oxide surface. Below (figure 5.1) are AFM
height images of a clean, oxide-covered iron substrate and a Snm-thick PCAT film on
such a substrate. One can see that the porous surface topography of the oxide is
completely covered by the PCAT over-layer. This indicates that a PCAT film of 5nm

thick will not de-wet from the oxide surface.

Figure 5.1 — AFM height images of oxide-covered iron substrate (left) and
Snm-thick PCAT film (right). Both images are 750nm x750nm.

As thicker films were deposited the surface morphology changed, as seen in
figure 5.2. The root-mean-squared roughness (Rns) of the 5Snm film was ~1.2nm, while
the Rins of 10nm and 100nm films was ~2.5nm and ~5.8nm, respectively. Root-mean-
squared surface roughness values however often do not adequately represent the surface
morphology, so a qualitative description is often more valuable. The 10nm film consisted
of two types of surface features, bumps of ~80nm diameter and ~4nm high and bumps of

~80nm diameter and 20-25nm high. The 100nm film also consisted of two types of
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surface features, bumps of 160nm diameter and 16nm height, and bumps of ~250nm
diameter and ~50nm height.

Based on these observations the following growth mechanism is proposed. The
first few mono-layers of PCAT completely cover the substrate surface. These first few
Angstroms of overlayer are not of perfect uniform thickness, but good enough for
electron spectroscopy of the interface. As PCAT is continually deposited the film
becomes less uniform. Some sites on the surface nucleate into growing spherical globules
of amorphous PCAT. As the film continues to thicken, some of these globules grow

faster than others, causing a coarsening and roughening of the film morphology.

Figure 5.2 — AFM height images of 10nm-thick (lefi) and 100nm-thick (right) PCAT
films on iron substrates. Both images are 2um x2um.

5.2 - Morphology of PCAT films edges

In order to examine the possibility of the ‘remote effect” with PEEM, samples had
been prepared where a mask was applied to the substrate, so only half the substrate was
coated. This way the samples had a distinct film edge which could be viewed with PEEM

and the substrate’s photoelectron spectra could be acquired close to the termination of the
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film. When investigating the edge of the films with AFM it was found that PCAT had a
different morphology at the film edge than in the center of the film, and that the film

extended a few microns past the edge of the mask (See figure 5.3).

Figure 5.3 — AFM images of 100nm-thick PCAT film near the film edge. The left image is
40um=x40um. Substrate on the right-half of the image was covered by a mask during
deposition. The image on the right is a zoom in of the image on the lefi. It is 4um x4um.

In figure 5.3, at 40pum scan size both film morphologies can be seen. On the left
half of the image there was no mask during deposition, and it has the amorphous
morphology discussed above. The substrate on the right half of the image was covered by
the mask during deposition. It has a more coarse structure than the amorphous film.
Closer investigation of the coarse film revealed that it consisted of dendritic islands. The
dendritic morphology indicates some degree of crystallinity, although probably still
somewhat amorphous since the islands lack symmetry.

The reason for spreading of the film underneath the mask is likely due to thermal

migration of PCAT molecules along the substrate surface. The different film morphology
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for the film underneath the mask is a result of the fact that no PCAT molecules are
impinging on the surface from the vapor phase underneath the mask. The film underneath
the mask nucleates and grows based on surface migration Kinetics.

Due to their high kinetic energies of the PCAT molecules diffusing under the
mask and due to the lower flux of molecules underneath the mask causes the film under
the mask to be more crystalline than the film directly exposed to the PCAT vapor, which

is amorphous. Dendritic islands are formed instead of polyhedral islands because the

growth of the islands was diffusion limited.

X50,000 100nm WD 6.1mm

Figure 5.4 — SEM images of dendritic islands at the film edge of a 10nm-thick PCAT
film on iron.

The film was also investigated with SEM (see figure 5.4), however the dendrites
were much more difficult to resolve with SEM than with AFM. This is because AFM is
more sensitive to changes in height on a surface, while SEM is more sensitive to changes
in surface angles. Furthermore, the SEM signal comes from dozens of nanometers into
the bulk of a sample,” so it is not very surface sensitive. The dendritic islands were only
about 3.5nm thick, so the signal probing the islands was convoluted with a more intense

signal from the bulk, making them somewhat difficult to observe with SEM.
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5.3 - PEEM study of photoemission intensity near PCAT film edges

The purpose of using PEEM to studying PCAT films was to examine how the
photoemission features of the iron substrate may change in proximity to the PCAT film.
Therefore samples were examined close to the film edges. To begin with, it was
important to become familiar with the photoemission features of the clean substrate.
Figure 5.5 shows PEEM images of a polished, sputtered and re-oxidized iron substrate at

100um FOV. At this FOV, when the polished substrates were illuminated with a mercury

25um

Figure 5.5 — PEEM image of polished Fe sample illuminated by (a) Hg lamp
(b) synchrotron radiation of 160eV

lamp (maximum excitation energy ~4.9¢V) the substrates looked like a mosaic of grains
(see figure 5.5a), with a strong contrast between the various orientations. When the
sample was illuminated with synchrotron radiation of higher energy (we used 160eV) the
grains could still be discerned due to the topography difference between them, however
the work function contrast was not as prominent (see figure 5.5b). This is due to the fact

that when illuminating with higher energy light the secondary electrons no longer
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dominate the spectrum, and therefore changes in work function no longer have as large an
effect on total electron yield.

Once the appearance of the clean substrate was known, a sample with a distinct
film edge was investigated. Since it is not really certain on what length scale the ‘remote
effect” spans (some have claimed it is in the microns range, while others in the hundreds-
of-microns range’ and others even the millimeter range’) we began the study with the
largest field of view (FOV) the PEEM was capable of, which was 100pm.

The sample about to be discussed was prepared in-situ, and analyzed immediately
after preparation; however it had to be briefly exposed to atmosphere in order to remove
the mask to see the film edge. The edge of the film was easy to locate with PEEM since

its appearance was distinctly different from the substrate. When the Hg lamp was used to

Film

Substrate

23um 251m

Figure 5.6 — PEEM images of PCAT film edge illuminated (a) with Hg lamp and (b) with
160eV synchrotron radiation.

illuminate the sample the substrate would always show the mosaic of contrast from the
grains while the film had a uniform brightness (see figure 5.6a). The fact that the film

appeared uniform was because the film had a uniform work function and was thick
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enough to bury the signal from the substrate. With the Hg lamp the film also appeared
brighter than the substrate. This would indicate that either the film has smaller work
function than the substrate, or that the film has a larger photoemission yield than the
substrate. When illuminated with 160eV synchrotron radiation however the film appeared
darker than the substrate (figure 5.6b). Since the images taken when the sample is
illuminated with 160eV are more sensitive to total photoelectron yield than to work
function difference it is clear that the photoemission yield for the film is actually lower
than that of the substrate, which would also imply that the reason why the film appears
dark in the Hg-lamp image is because the film does in fact have a smaller work function
than the substrate.

It makes sense that the PCAT film should have a lower work function than the
substrate since work function is a surface property, and the surface of the substrate is the
termination of a covalent solid (the oxide), while the surface of the PCAT film is the
termination of a molecular solid. Therefore the oxide will have a large surface dipole,
leading to a large surface-to-vacuum energy barrier, while the PCAT film will have a
smaller surface dipole due to the fact that it is a molecular solid and the surface does not

require the termination of covalent bonds.
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In order to confirm that the film edge being seen in PEEM was in fact the PCAT
film edge X-ray absorption spectroscopy (XAS) was performed in conjunction with the
PEEM. This was done on the Spectro-Microscopy (SM) beamline at the CLS. X-ray
absorption spectra are achieved by measuring the photoemission intensity while scanning
the photon energy. We scanned energies from 360eV to 820eV, which allowed
observation of the nitrogen K-edge (~410eV), the oxygen K-edge (~543eV) and the iron
L-edge (~707eV). By using the PEEM as the photoemission intensity detector we were
able to obtain spatially resolved spectra. A spectrum and PEEM image for the edge of a
10nm film is shown in figure 5.7. It can be seen that off the film there are only O and Fe
signals, while on the film there is only signal from the nitrogen, and the O and Fe signals

are buried. This evidence supports the belief that the film edge is that of the PCAT film.

X-ray absorption spectrum of PCAT film on iron substrate
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Figure 5.7 — XAS of PCAT film edge
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Once the film edge had been located, spectro-microscopy stacks were acquired. A

beam energy of 160eV was chosen because it was found to give sharp valence features

Intensity

Binding energy (eV)

Figure 5.8 — Photoemission spectra (hv = 160eV) and PEEM image (FOV = 100um)
near a PCAT film edge. The more intense spectra are from the substrate.

and was also of high enough energy to include the Fe3p photo-emission peak into the
spectra. A series of spectra taken near the film edge are shown in figure 5.8.

These spectra have not been normalized, so their relative intensities are as
collected from the PEEM. They confirm that the PCAT film has a lower photoemission
yield than the substrate since the intensity of the PCAT spectra are overall about 1/4 the

intensity of the substrate spectra. The difference in photoemission yield is likely due to
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the higher density of valence states near the Fermi level of the substrate compared to the
PCAT film. Since iron and Fe;O4 have significant band dispersion they will have a
somewhat high density of states near the Fermi level. PCAT however is a molecular
solid, so if there is dispersion (there is still some debate as to whether molecular solids
form dispersion bands) then it is likely very narrow. If there is no dispersion then
electrons are being photo-emitted from discrete valence states, which makes the effective
density of states for each photo-emission event lower than in the substrate.

Since the purpose of this investigation was to look for evidence of a remote effect
we wanted to see whether the spectrum of the substrate changes close to the PCAT film.
From figure 5.8 it seems like the photo-emission yield of the substrate diminishes close to
the film edge. However, there is a problem with the current design of PEEM
microscopes; a flat surface of uniform composition will not appear with uniform
brightness in the PEEM image. For the microscope we were using there was always some
‘pinching’ in the image. Pinching means that certain areas near the edges of the image
would appear darker than the rest as seen in the in figure 5.6(b) at the bottom-left portion
of the image. The pinching leads to artifacts in the intensity of spectra taken from across
the image.

In the PEEM image of figure 5.8 one can see that the substrate appears slightly
darker near the top-right and bottom left of the image. The spectra shown in figure 5.8
were obtained by averaging over rectangular strips parallel to the film edge as shown in
figure 5.9. Since these pinching regions are coincidentally close to the film edge,
averaging the spectra over the strips may lead to a decrease in intensity close to the film

edge, which is actually an artifact of the microscope.

72



MSc Thesis — M. Greiner McMaster - Chemistry
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Figure 5.9 — PEEM images showing some regions where spectra were averaged from for
the curves in figure 5.8. Images are energy filtered mode, FOV = 100u, hv = 160eV

In order to determine whether the intensity attenuation close to the film is an
artifact or not the spectral average was taken from smaller regions (i.e. squares instead of
long strips). This way the effect of uneven brightness across the image will be minimized.
Spectra were averaged over smaller regions according to figure 5.10(left). These regions
were chosen because there was the least pinching of the image in that area. Even with the
effect of pinching minimized still there is contrast between grains, which is an effect that
might convolute with any dimming of the intensity near the film edge. Figure 5.10(right)
shows a plot of the Fe3p peak intensity with distance from the film edge. Here the
changes in intensity between 30-45um is due to the difference in intensity between

different grains. Close to the film edge (from 0 to 15um) there is a rapid drop in intensity.
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Figure 5.10 — (left) PEEM image showing regions where spectral intensity was
averaged.
(right) plot of spectral intensity vs. distance

Due to the convolution of effects of image pinching and grain contrast any
conclusions about this drop in intensity near the film edge are not necessarily reliable.
However assuming the effect is real then there are a few possible causes for such an
effect. It could be caused by small amounts of PCAT on the substrate close to the film
edge. PCAT has a lower photoemission yield than iron oxide and therefore its presence
even in sub-monolayer amounts would make the image darker. As was discussed in
section 5.1, PCAT was found to be capable of spreading underneath the deposition mask.
However the spectra close to the film edge did not show any signature of the PCAT
valence band, although such signatures may not be apparent in a spectrum if the amount

of PCAT there is very low.
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Figure 5.11 — (left) PEEM image (FOV = 50um, hv = 160eV) in ‘total yield” mode of
PCAT film edge. (right) intensity vs. distance profile for direction perpendicular to the
film edge.

The above analysis of image intensity near the film edge was for energy-filtered
images, so the work-function does not play a part in the image intensity. In order to see
whether there is a change in intensity near the film due to a work function change one
needs to analyze the images from total electron yield mode. An image of the film edge
using ‘total yield” mode is shown in figure 5.11, along with an intensity profile for the
direction perpendicular to the film edge.

Here one can see that the intensity increases close to the film edge, which is
opposite to what was observed the ‘energy filtered” image. An increase in intensity near
the film edge in ‘total yield” mode would indicate that the work function of the substrate
is decreasing close to the film. Since adsorption of molecules onto a surface generally
decreases a substrate’s work function by stabilizing the surface dipole, a change in work
function close to the film edge seems like a reasonable explanation for the change in
image intensity close to the film edge. It is also possible that the work function of the
substrate is reduced due to downward band bending caused by the presence of the PCAT

molecule.
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If a reduction in work function is in fact the reason why the image in ‘total yield’
mode appears brighter near the film edge, while the images in ‘energy filtered’ mode
appear darker near the film edge then it would imply that there is a small amount of
PCAT extending away from the film. Since the spectra corresponding to the bright region
near the film edge does not show any apparent PCAT signal this would imply that any
PCAT extending past the film’s edge is an extremely thin layer.

To summarize the observations of the change in photoemission intensity near the
PCAT film edge, the following conclusions are made. A very small amount of PCAT
extends past the edge of the film. This was concluded by the fact that photoemission
intensity decreases near the film edge in ‘energy filtered’ mode, which reflects the lower
photoemission yield of PCAT compared to the substrate. Also, the photoemission
intensity increased near the film edge in ‘total yield’ mode, which was an indication that
PCAT lowered the work function of the substrate.

Aside from the spatial variation of photoelectron yield, any binding energy shifts
close to the film edge were also of interest, since they could indicate localized chemical
interactions or long-range charge rearrangement, such as band bending. Localized
chemical interactions would show up in the spectra as an additional peak, while band
bending would show up as a shifting of peaks.

In order analyze the spectra they were normalized to enhance the features. The
resulting series of spectra are shown in figure 5.12, where main features of these spectra
have been highlighted. The energy scale was calibrated by setting the Fe3p peak to
55.6eV, which is what it should be for the oxide. The substrate spectrum is similar to

what has been observed by previous groups. By using 160eV excitation energy we were
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Figure 5.12 — Normalized photoemission spectra near the edge of a PCAT film (hv =
160eV).

able to have the full valence bands as well as a few low-binding-energy core levels (such
as O2s, N2s and Fe3p) in the same spectrum. There were not obvious shifts in any of the
photoemission peaks, however the valence peaks are highly convoluted and the energy
resolution of the analyzer was only 0.5eV, so these results do not rule out the possibility
of small peak shifts. Due to the low resolution of the spectra, no attempt was made to
deconvolute the spectra and assign the peaks.

One feature which was curious was the fact that the large valence peak of the
substrate at around 5eV was aligned very well with a shoulder in the PCAT valence band.
Whether this is significant or just coincidence is not certain, however the fact that a
valence state in PCAT and in iron oxide have the same energy might be important.

In order to investigate the ‘remote effect’ closer, the sample which exhibited the

dendritic PCAT islands was investigated. This sample had been prepared in Hamilton and
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was analyzed in Saskatoon, so it had been exposed to ambient atmosphere for quite some
time. Using smaller FOV’s the dendritic islands could be resolved with the PEEM as

shown in figure 5.13.

Sum

Figure 5.13 — PEEM images of dendritic islands of PCAT film (a) FOV = 20um (b) FOV
= 10um (c) FOV = Sum. All images are taken in ‘total yield’ mode and using 160eV
synchrotron radiation

Spectra were attempted for these FOV’s however we found that the signal
intensity for such magnified images was too small to collect spectra. In order to get a
good signal-to-noise ratio, one spectrum would take about 12 hours to collect. During the
12 hours, the sample position would drift which eliminates the benefit of spatial
resolution since spectra would be smeared across the image

Alternatively, spectra were obtained at the 100pm FOV for this sample. In these
spectra we saw that the PCAT valence features were appearing far past the edge of the
film. In fact they only stopped showing up in spectra taken about 800um away from the
film edge. This implies that the PCAT molecules had migrated a large distance away
from the film edge. It was already concluded from the AFM images PCAT had spread
underneath the mask, and this was believed to be the result of surface migration due to
large kinetic energies of physisorbed molecules after deposition however it is unexpected

that physisorbed molecules could move as far as 800um underneath the mask due to
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kinetic energy. They would most likely collide and lose most of their kinetic energy long
before 800um was reached.

Since this sample was exposed to atmosphere for several days it is possible that
atmospheric components such as oxygen or water assisted PCAT migration across the
substrate. The sample prepared in-situ did not show any PCAT signal past the edge of the
film. Whether or not atmospheric components assisted in surface migration PCAT, the

reason why the PCAT signal was observed so far from the film edge is unknown.

3.4 - Photoemission characterization of in-situ deposition using PEEM

In order obtain electron spectroscopy of the interface and to see how the substrate
and overlayer signals might change with increasing overlayer thickness, an in-situ step-
by-step deposition was performed, where spectra were collected after each deposition.
Although the spatial resolution of the PEEM was not necessary for this study since there
was no film edge to look at and it is incapable of obtaining spatially resolved spectra at
very high magnifications, the PEEM was still useful for relocating the same area on the
sample after each deposition. The sample had to be moved to a different chamber for
deposition and moved back for spectroscopy so the same area on the sample is not
automatically obtained. We had previously made a coordinate grid on the sample using a
Vicker’s indenter, so we were easily able to relocate the same spot with the PEEM. By
obtaining the same spot for each spectrum we avoid any inhomogeneities on the sample
surface which may cause irreproducibility in the spectra.

Before performing the depositions, the sample surface was cleaned of its native

oxide and any carbon contamination by argon sputtering. Once the spectra had shown
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that all the oxide had been removed the sample was re-exposed to air in order to re-grow
a new oxide. By doing this we ensure the oxide layers on all of our in-situ-prepared
samples have a controlled starting point.

The photoemission spectra before argon sputtering, after sputtering, and after re-

oxidation are shown in figure 5.14.

Before cleaning
- Sputtered
— After re-oxidation

5 5 15 25 35 45 55 65
Binding energy (eV)

Figure 5.14 — Photoemission spectra (hv = 160eV) of iron substrate before and after
sputter cleaning and afier re-oxidation.

These spectra were used for energy calibration, by setting metallic iron valence
band maximum to the Fermi level (0eV). This adjustment put the Fe3p peak for metallic
iron was at 52.8eV as had been reported previously.” In these spectra we can see that the
Fe3p peaks for the oxidized samples are at 55.6eV, which is 2.8eV higher binding energy
than metallic iron. Also the valence band maxima for the oxidized samples are about

1.3eV below the Fermi level. For the oxidized samples there is an O2s peak at around
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22.3eV and this peak disappears after sputtering. There was also a peak at 22.8eV and a
shoulder in the valence band at 7.8eV in the spectrum of the sample before cleaning,
which were attributed to carbon contamination, since they disappeared after sputter

cleaning and did not return after re-oxidation.
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__=Deposition 6
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Figure 5.15 — Photoemission spectrum (hv = 160eV) of in-situ PCAT deposition series.
PCAT was then deposited in about 1A increments for five deposition steps. Then
a thick PCAT film of about 150A was deposited to obtain the bulk PCAT spectrum. The
deposition series is shown in figure 5.15. From these spectra one can see that the Fe3p (at

~55eV) and O2s (at ~22.5eV) signals attenuate as the overlayer thickens, and for the bulk

PCAT spectrum (deposition 6) the Fe3p and O2s signals are completely buried.
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As the overlayer grows the PCAT peaks become superimposed over the substrate
peaks. There does not appear to be any shifting of peaks during the deposition, however it
is difficult to conclude this for certain based on these spectra because of the poor energy
resolution (AE = 0.5¢V) and the fact that the valence peaks are highly convoluted.

If the spectra for thin overlayer thicknesses (i.e. spectra 1 to 5 in figure 5.15) are
merely the superposition of substrate and overlayer spectra then this would imply that
there is no observable change in valence levels at the interface. If this is the case then it
should be possible to simulate any of the spectra using a linear combination of the
substrate and bulk overlayer spectra (i.e. using the substrate and spectrum 6). If the
spectra cannot be reproduced then it implies that there is something different happening
at the interface.

Figure 5.16 shows the original and reconstructed spectra for depositions three and
four. As can be seen from the figure, the spectra cannot be reconstructed exactly using the
reference spectra. The largest discrepancies between the re-constructed and the original
spectra are: (1) The intensity of the background signal between 30 and 50eV is more
intense in the original spectra. (2) The shoulder of the PCAT valence band at 5.5¢V is

less distinct in the real spectra than it is predicted to be by the re-constructed spectra.
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Figure 5.16 — Original spectra and spectra reconstructed from the substrate and bulk
PCAT spectra for depositions 3 and 4.
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With regards to the first discrepancy, it is known that modeling of inelastic
background intensity is a complex matter and very difficult to do especially in layered

materials,”>”°

so it is expected that the background intensity will not be merely a linear
combination of background intensity from reference spectra. Since these spectra are
normalized, it is the relative intensity of the background compared to the resonant
photoemission peaks which are of interest. Since resonant photoelectron signals attenuate
with depth faster than inelastic photoelectron signals do, the large inelastic signal from
the substrate would require a thicker film to bury it than would the resonant
photoelectrons. As a result the relative intensity of the inelastic background to the
resonant peaks appears larger than would be predicted by a simple linear combination of
reference spectra.

The second discrepancy between the spectra seems to imply a change in the
relative intensities of certain resonant photoemission peaks near the interface, or possibly
a shift in one of the peaks. The shoulder at 5.5¢V in the PCAT bulk spectrum is rather

distinct. For the spectra of deposition three and four the shoulder is not as distinct,

whereas it would be according to the linear combination of reference spectra. This could
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imply that the resonant photoemission process giving rise to that peak is less intense and
more broad close to the interface, or possibly that it has shifted to slightly higher binding
energy.

Due to the poor resolution of these spectra and the high convolution of the
valence region, conclusions from this observation can only remain as speculations,
however if this is a real effect then one could imagine that it might be caused by
polarization of the PCAT molecules close to the interface. Since this photoemission
feature is coincidentally at the same energy as a peak in the substrate it is possible that the
orbitals or states responsible for these peaks interact strongly. It is after all, according to
molecular orbital theory, required that orbitals have similar energies in order for strong
interactions to occur. It is possible then that the oxide surface polarizes the PCAT
molecule at the interface by re-arranging some of the PCAT valence electrons, such that
the corresponding photoemission peaks for PCAT molecules at the interface broaden or

shift in energy.
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5.5 — XPS/UPS characterization of deposition using laboratory photon_sources

The spectra obtained at the synchrotron using PEEM gave some interesting
results; however higher resolution valence spectra as well as core-level spectra were
required in order to detect possible changes in valence features or core level shifts at the
interface. Therefore an in-situ deposition was characterized using a laboratory XPS/UPS
system. The spectrometer on this system had a much higher energy resolution than the
energy analyzer on the PEEM, but it lacked spatial resolution. The spot size of the
excitation source on the sample was 400pum?, so the spectra represent the average signal
over whole 400pum? area. The benefit of this instrumental set-up was that XPS and UPS
characterization of the sample was possible in the same instrument. We were therefore
able to monitor the Fe2p, Ols, Cls, Nls and Fe3p XPS peaks, as well as the valence
bands and secondary electron cut-off position of the sample for each step of the
deposition. Furthermore, the spectrometer was capable of a 0.05eV energy resolution,
which is useful for examining the valence features.

After sputter cleaning and re-oxidation of the sample the full set of spectra were
obtained for the substrate. The core photoemission spectra for the main elements in the
substrate are shown in figure 5.17. Peaks were fit to the spectrum in order for peak
assignments to be made. A Shirley-type inelastic backgroﬁnd was used. A Tougaard-type
background would have been more accurate for peak integration,”’” however the Shirley
background was used for simplicity, and is adequate for qualitative peak assignments.

The Fe2p spectrum (figure 5.17, a) exhibits two sets of peaks, 2pi, and 2psp

separated by 13eV. The fact that there are two sets of peaks is a result of exchange
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splitting, caused by coupling of the core photo-hole with the overall spin of the valence

electrons.”®”
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Figure 5.17 — XPS spectra of iron substrate prior to deposition. Included are peak
fits, using a Shirley-type background.

There is a peak at around 709.6eV which results from the oxidized form of Fe in

the oxide. This peak is actually a convolution of two peaks, one for Fe’* and one for Fe’".
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There is also a peak at 706.6eV, which is cause by photoemission from metallic Fe. The
fact that metallic iron is still observable in the spectrum implies that the oxide film is
extremely thin, probably around 2nm thick.

In the Fe3p spectrum, a metallic iron peak is also present (52.3eV); however it is
not as pronounced as in the Fe2p spectrum. The oxidized iron shows up in the Fe3p
spectrum as an asymmetric peak at around 54.9e¢V; however this peak is actually believed

to be a convolution of several peaks,’”*!%

which result from the many possible final
states of Fe3p photo-ionization.'® Depending on whether one models the spectrum using
highly asymmetric peaks or using several convoluted peaks the chemical shifts will
differ. Therefore determining the type of oxide based on the Fe3p peak is unreliable.
These peak assignments would be consistent with any of the possible oxides (FeO, Fe30s,
a-Fe;O3 or y-Fe,03).

The Ols spectrum was composed of one large peak at 529.8eV, with a broad
shoulder at 530.6eV and a broad peak of very weak intensity at 533.4eV. According to

previously reported Ols spectra of iron oxides,'”!

the peak at 529.8eV was attributed to
lattice oxygen species, while the peak at 530.6eV was chemisorbed OH species, and the
peak at 533.4eV was attributed to water.

Previously reported photoemission spectra of various iron oxides can be used to
estimate the composition of the oxide. A summary of peak shifts for various iron oxides

is given in table 5.1.741%!
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Table 5.1 — XPS shifts for several iron oxides**'"

Binding energies (eV)
Fe 2psp Fe 3p O1s
Fe (metallic) 706.9 53.0 N/A
FeO 709.5 54.9 530.0
Fe; 0,4 708.3 53.9 530.2
a-Fe,0; 711.0 55.7 529.8
v-Fe,0; 711.9 55.7 530.0

According to these shifts, the oxide on our sample was composed of mainly FeO,
while the oxide formed on the samples in the PEEM study was mainly Fe;Os. The reason
why the two samples had different oxides is probably due to the fact that the current
sample was oxidized under a flow of nitrogen in order to reduce the carbon
contamination from atmosphere-borne carbon, however the PEEM sample was oxidized
in an un-controlled atmosphere. This fact would also explain why the oxide is so thin on
the current sample according to the Fe2p XPS spectrum, since under a flow of nitrogen
the oxygen partial pressure would have been less.

The Cls and N1s core level photoemission spectra for the thick PCAT overlayer
are shown in figure 5.18. The Cls spectrum had two peaks; one sharp peak at 284.1eV
and one broad peak at 285.2eV. The peak at 285.2eV was assigned to the carbon atoms
directly bonded to the nitrogen atoms, while the peak at 284.1eV was attributed to the
carbon atoms not directly bonded to the nitrogen atoms. These chemical shifts are
consistent with those previously observed in core level spectra of polyanilines.'®'*® The

N Is spectrum of the thick PCAT film showed only one peak, positioned at 399.2¢V,
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which corresponds to polyaniline nitrogen in its amine form, according to previously

reported XPS spectra.'*'%
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Figure 5.18 — Core level photoemission spectra for a thick PCAT film.

Since XPS is a quantitative technique,”’ the areas under the carbon and nitrogen
peaks can be integrated to find the carbon-to-nitrogen ratio to see if it corresponds to that
expected for PCAT. The molecular formula of PCAT is C3oH2,N4, which gives a C:N
ratio of 7.5:1. The ratio of carbon-to-nitrogen peak areas was 4.18:1. The carbon-to-
nitrogen sensitivity factor is 0.571, [ref. 105] which gives a C:N mole ratio of 7.35:1.
This is reasonably good agreement with what is expected, and the discrepancy is likely
due to nitrogen contamination present on the substrate (as will be discussed with figure

5.20).

The full set of core photoemission spectra for the deposition series is shown in

figures 5.19 and 5.20.
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Figure 5.19 — Fe 2p, O Is and Fe 3p XPS spectra for in-situ deposition

series of PCAT on iron.
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Figure 5.20 — C Is and N 1s XPS spectra for in-situ deposition series of PCAT on iron

The spectra in figure 5.19 are the core photoemission spectra for elements present
in the substrate. It can be seen that the oxygen and iron signals become attenuated during
the deposition, although a small amount of substrate signal is still visible in the spectra
after the third deposition, which implies that the total PCAT film thickness in the end was
only about 5nm thick. As discussed above, the Fe2p spectrum consists of both metallic
and oxidized iron peaks. The metallic signal attenuates faster than the oxidized signal
does, which implies that the metallic iron is underneath the oxide, as expected.

After the first layer of PCAT is deposited, there is a peculiar change in the Fe2p
spectrum. The oxidized iron peaks shift by about 0.5¢V to higher binding energy, while
the metallic iron peaks exhibit no shift. This observation is believed to be an indication of
the interaction between the PCAT molecules and the oxide, and will be discussed in more

detail after the UPS data has been shown.
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In the Ols spectrum, the lattice oxygen peak attenuates before the surface OH
peak does, which is consistent with the assignments of these peaks, and that the OH
signal is more superficial than the lattice O signal. There is no observed shift in the
oxygen peaks during the deposition, which implies that the shift observed in the Fe2p
spectra is unique to oxidized Fe.

The Fe3p spectra also show a more rapid attenuation of the metallic peak than the
oxidized peak, which is consistent with the fact that the oxide is more superficial than the
metal. Since the Fe2p spectra showed a shift in the oxidized peak, it is expected that there
would also be a peak shift in the Fe3p spectra; however these spectra are highly
convoluted, so a peak shift is not obvious. With some curve fitting, a peak shift of 0.5eV
can be seen, however conclusions from such a peak-fitting routine are not necessarily
reliable.

Figure 5.20 shows how the overlayer signals change during deposition. From
figure 5.20 (a) one can see that the substrate was clear of carbon contamination before
deposition, but from figure 5.20 (b) one can see some sort of nitrogen species present on
the substrate, as evidenced by the two low-intensity peaks at 397.0 and 401.0eV. These
nitrogen species are of unknown origin, and only showed-up in the spectra after
sputtering of the substrate.

As the PCAT film is deposited the main carbon and nitrogen peaks grow in
intensity, without any observable binding energy shifts. In the N1s spectra for the first
and second deposition there are some extra bumps in the spectra; however these cannot

be discerned from the background substrate contamination with any certainty.
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In summary of the XPS data from the in-situ deposition, a peak shift was observed
for the oxidized iron peaks in the Fe2p spectra by about 0.5¢V to higher binding energy;
however there was no observed shift for the metallic iron or the oxygen peaks. This
indicates that only the oxidized iron is affected by the presence of PCAT. There are no
observed shifts in the PCAT core spectra.

These spectra indicate that the interaction between PCAT and iron oxide is not a
localized interaction (i.e. not a localized chemical bond) since a localized interaction
would be evident by the appearance of a new peak in the spectra after the first deposition,
which would become attenuated after further depositions (see figure 3.13). No additional
peaks were observed in any of the spectra; however the possibility of an additional peak
in the Nls spectra cannot be completely ruled out because of the convolution with

substrate contamination.
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Figure 5.21 — UPS spectra of clean substrate and thick PCAT film
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In order to monitor the valence states and the work function of the sample
throughout the deposition, UPS spectra were obtained. The spectra for the substrate and
the thick PCAT overlayer are shown in figure 5.21.

The valence peaks in the substrate are broad, reflecting its band-like electronic
structure, while the PCAT valence peaks are sharp, reflecting it discrete valence orbitals.
The valence band of the substrate appears to reach the Fermi level, which is not expected
for the oxide, however the oxide is very thin and photoemission from the metallic iron
had been observed in the core spectra, so the part of the valence band reaching the Fermi
level is probably from the underlying metal. Due to spectrometer peak broadening it is
difficult to say exactly where the HOMO and valence-band maximum (VBM) are
however they can be estimated. The HOMO level of PCAT is approximately 1.1eV
below the Fermi level, while the VBM of the substrate is approximately 0.2eV lower in
binding energy. These values show that there is a reasonably good alignment between the
HOMO of PCAT and the VBM of the substrate. This close alignment may coincidental or
it may be due to Fermi level alignment between PCAT and Fe,0s at the interface. If it is
alignment at the interface then this would imply our PCAT film thickness was not large
enough to reach the bulk value, and therefore bulk PCAT would have a different value
for its HOMO level. It is certainly possibly (even likely) that the PCAT film did not have
its bulk properties (i.e. properties unaffected by the interface), since it is known that
semiconductors with very low charge carrier densities can have space-chare regions that
can extend dozens of nanometers into the bulk.’® Therefore, in order to be safely into the
bulk properties of PCAT film, the experiment could be repeated with a very thick

(upwards of 100nm) PCAT overlayer being formed.
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From the secondary cut-off positions one can see that the substrate and overlayer
have different work functions (see figure 5.21, the high-binding-energy region of the
spectrum). The overlayer has a work function that is smaller than the substrate by about
0.7eV. The change in work function can be achieved by band bending or by adsorbate
dipoles as depicted in figure 5.22. If the work function change is the result of band
bending then all the photoemission features will shift in conjunction with the shift in

work function, as depicted in figure 5.22 (a).

Change in

Band bending s Substrate e sirfice dipolk
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B) If there is not band bending
but there is a change in work
function due to a change in
surface dipole then the peaks
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cutoff does.

A) If band bending occurs
by charge re-distribution
then the work function
changes and the peaks
shift as well.

Figure 5.22 — Schematic of how band bending (a) and adsorbate dipole formation
(b) will affect photoemission spectra.
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If the work function change is the result of a reduction of the surface energy barrier of the
substrate, due to stabilization from adsorbate dipoles (as depicted in figure 5.22, b) then
there will be no shift in the other photoemission features, and only a shift in the work
function.

Figure 5.23 shows the valence spectrum during the deposition sequence. One can
see that the PCAT valence features do not shift during the deposition, while the work
function changes after the first deposition. One cannot tell for sure whether the substrate

valence features are shifting because they are not very distinct peaks.
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Figure 5.23 — UPS spectra using He-lamp for in-situ deposition of
PCAT on an iron substrate.

While it is difficult to observe peak shifting with valence features due to the high
convolution, XPS spectra can clearly show peak shifting. As was seen in figures 5.19 and
5.20, the only peaks that exhibited shifting during the deposition was the oxidized iron

peaks. The oxygen, metallic iron, carbon and nitrogen peaks exhibited no shifting. This
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observation indicates band bending in the oxide, but no band bending in the overlayer,
although as mentioned earlier, it is possible that the PCAT film did not reach its bulk
state and so no band bending would be observed in PCAT unless the spectra could be
compared to the bulk value. Regardless of whether there is any band bending in the
PCAT layer there is band bending in the oxide of about 0.5eV, while the work function
changes by 0.7¢V, which indicates an interface dipole of about 0.2¢eV.

One thing that is peculiar is that there is a shift in the oxidized iron peaks, but no
shift in the oxygen peaks, and presuming there is band bending in the oxide one would
assume the oxygen and iron peaks should both shift. If the shifting is in fact due to band
bending then the reason it is not observed in the oxygen peaks may be related to the fact
that the oxide is a Mott-Hubbard (or charge-transfer) insulator, and that the oxide does
not necessarily exhibit bands in the classical sense. Therefore perhaps the iron states and
the oxygen states are acting independently.

Another possibility is that the ‘band bending’ is just a bulk redistribution of iron
ions. Band bending in semiconductors is achieved by bulk re-distribution of electrons or
holes, so a bulk re-arrangement of iron ions might cause similar observations in the
photoemission spectra. This hypothetical ion re-arrangement would cause a space-charge
in the oxide. One would still assume however that any potential gradient in the oxide
layer would show up in the oxygen spectra as well, unless the oxygen electrons for some
reason were not very sensitive to the electric field.

In summary, UPS spectra showed a change in work function upon the first
deposition of PCAT and alignment of the PCAT HOMO within 0.2eV of the substrate

VBM. Results form XPS spectra of the deposition series showed that there is a peak shift
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in the oxidized iron peaks of the Fe2p spectra, but no shift in the metallic iron peak or
oxygen ls peak. There was also not peak shifts observed for the carbon or nitrogen peaks.
These collective results were interpreted as a band-bending-like behavior in the oxide
film (possibly from iron ion re-arrangement) caused by the adsorption of PCAT. Whether
or not these observations are related to the corrosion inhibiting power of PCAT is
however inconclusive. Many of the fundamental questions of this system are still
unanswered in the literature. For example there is no general consensus as to what makes

106

a passive oxide passive'”, the exact structure of the passive films'® and the theoretical

description of the oxide electronic properties®>>*

are incomplete, and there is still dispute
over whether PANI’s actually causes by the formation of the passive oxide or whether
there is some other cause to the passive oxide underneath PANI films.'”” Answers to
these questions seem fundamental to understanding what happens at the PCAT-iron oxide
interface and how this might cause the formation of a passive oxide. In spite of this, the
PCAT-oxide system is interesting in its own right due to the technological importance of
oxide films and molecular organic semiconductors. This current study made some steps

in the direction of understanding such systems.

5.6 - Future directions

We have obtained evidence of some unique interactions between the PCAT
molecule and the iron oxide surface, however in order to draw conclusions as to the exact
nature of these interactions it is necessary to perform more controlled studies. To begin
with, the studies should be carried out on an iron single crystal rather than a
polycrystalline substrate. The polycrystallinity of sample causes problems for the work

function of the sample, since it will not remain constant from sample to sample. It also
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causes problems for control over the oxide structure. Different grains will have different
oxide thicknesses and possibly different oxide crystal orientations and oxide
compositions.

The mention of oxide structure brings about another improvement that needs to be
made to the experiments, which is that there must be a reproducible method of forming
the oxide, and the precise structure that this method yields should be well understood. For
example, a polished single crystal iron substrate should be sputter cleaned and annealed
in vacuum, followed by oxygen dosing at a defined pressure and a defined period of time,
at room temperature. These parameters should be optimized to yield a layered oxide of
approximately Snm thick, and composed of an inner layer of Fe;O4 and Fe,O;. This
condition should be set as the starting point for all depositions. If this starting point could
be achieved then one could try different parameters, such as varying the oxide thickness
for the deposition series, or dosing the substrate with a monolayer of water before
deposition.

The next thing to consider for future experiments would be to repeat the
experiments using the other oxidation forms of PCAT. One could also deposit the
oxidized form of PCAT as a thin layer, then expose the sample to clean air and re-
examine afterwards. In addition to the other oxidation forms, one should also perform the
step-by-step depositions in smaller steps. In order to achieve smaller steps, one needs to
use a slow deposition rate, which requires a very clean vacuum system, and also precise
control over the evaporation temperature.

In addition to the improvements to the experiments already performed there are

several other characterization methods that could be used. The structures and
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compositions of the native oxide and the oxide underneath a PCAT film could be
compared using high-resolution TEM with electron energy loss spectroscopy (EELS).
With these methods combined the crystal structure of the oxide can be seem, as well as a
profile of Fe** and Fe?* composition through the oxide layer. The most difficult part of
performing such experiments would be sample preparation, as TEM requires 100nm-thin
slabs of sample in order for the sample to be transparent for the high-energy electrons
used to probe the sample.

Another technique which could be used to compare the oxide structures of the air-
formed oxide and the oxide underneath the PCAT film would be neutron reflectometry.
This technique is similar to interferometry for film thickness measurements, except it
uses low energy neutrons, which makes it capable of resolving sub-Angstrom scale
features. It only gives details of the structure of the oxide in the direction perpendicular to
the surface, which is what is of most interest anyways. The main problem with using this
technique again lies in the sample requirements. Neutron reflectometry requires
extremely flat samples, and due to the low signal intensity it also requires quite large
samples. Samples would need to be a few centimeters in diameter with a surface
roughness of no more and 2nm. This kind of sample would be essentially impossible for a
single crystal and would have to be prepared by evaporation of iron onto a flat substrate
such as a sapphire wafer; however this sample would again be polycrystalline.

Another technique which could be used and would have less stringent sample
requirements would be X-ray reflectometry and glancing-angle X-ray diffraction. These
techniques would again give structural details of the oxide however X-ray diffraction

would require the use of a synchrotron radiation source.
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The exploration of this system could also be expanded to include scanning probe
techniques. One could measure the change in surface potential when moving along the
substrate away from the film by using scanning Kelvin-probe microscopy (SKPM).

With all the possible techniques to use and all the questions needed to be
answered, even about the most basic questions such as ‘what is the structure of the oxide’
this project could be carried on for many years. The eventual goal would be to understand
why PANI inhibits corrosion and how can molecules be designed such that corrosion
inhibition is improved, or processing properties are more favorable, or the molecule is
cheaper to synthesize. Given the complexity of the system and the special techniques
required to study a system on a small scale, this end goal would likely be many years in
the future.

6 - Conclusion

This study investigated the effects of PCAT films on oxide-covered iron
substrates. PEEM experiments were aimed at understanding the ‘remote effect’ of PANI
corrosion inhibition. These studies showed no spectroscopic features to indicate a remote
effect, but did give evidence to support the theory that PCAT is capable of migrating
across the iron surface, which may be the cause of the ‘remote effect’. High-resolution
XPS and UPS studies were performed for a step-by-step deposition of PCAT on oxide-
covered iron. There experiments showed that the presence of PCAT reduces the work
function of the substrate by 0.7¢V. This change in work function was attributed to bulk
charge redistribution in the oxide film and polarization of PCAT molecules at the
interface. The results from these experiments lend insight into the interaction between

PANI and native iron surfaces towards and understanding of how PANI may cause

101



MSc Thesis — M. Greiner McMaster - Chemistry

corrosion inhibition. The results of these experiments may be valuable to a broad
audience of surface scientists and modern device research because the techniques and
theoretic principles used in this study were borrowed from solid-state device science, and
the system under study involves thin oxide films and interfaces with molecular organic

semiconductors, which are of modern technological interest.
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