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Abstract

Metastable Induced Electron Spectroscopy of Iron Pentacarbonyl

on Gold

Stuart T. Read

University of Guelph, 2014

Advisor:

Paul Rowntree

The deposition of thin metal films is an important process for many industrial

and scientific applications. Iron pentacarbonyl [Fe(CO)5] is a candidate for chemical

vapour deposition of metal films as it is volatile and dissociated carbonyl ligands are

easily removed from the system. Depending on substrate and reaction conditions,

Fe(CO)5 can undergo thermal, photolytic and electron-induced decarbonylation. Re-

sulting film properties such as surface uniformity and metal purity will also depend

on the dissociation route and the initial structure of the precursor.

Iron pentacarbonyl is known to deposit on Au(111) in a well-ordered but thermo-

dynamically unstable film at cryogenic temperatures. Heating this structure results

in an irreversible transformation of the film. This transformation was previously

proposed to be the aggregation of Fe(CO)5 into clusters, however the true surface

structure of this transformed film had not been directly measured. The properties

of this film before and after heating are important because the transformed film is

resistant to electron-induced decarbonylation.

Metastable induced electron spectroscopy (MIES) uses electronically excited He



atoms to probe the electronic structure at the vacuum/sample interface. The tech-

nique is sensitive to only exposed electron density and the excellent surface sensitivity

of MIES provides insight into the surface structure of the Fe(CO)5/Au system not

accessible to previous measurements. A unique experimental system which combines

MIES, infrared reflection-absorption spectroscopy (IRRAS) and two-photon photoe-

mission spectroscopy (2PPE) was developed as a part of this work.

A quantitative model relating the MIES intensities to the fractional surface cov-

erage of Fe(CO)5 on the surface was proposed. This model was then used to show

the presence of a three-stage growth process during film deposition on the Au sur-

face. Heating of the film results in aggregation into 3D clusters as well as regions

of bare substrate and monolayer coverage. Photolysis of the Fe(CO)5 film results in

incomplete decarbonylation and is more efficient for the film structure before heating.

2PPE of Fe(CO)5 proved experimentally challenging due to the efficient photolysis

reaction. The application of MIES and IRRAS together to the study of this system

provided structural information not previously accessible.
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Chapter 1: Introduction

1.1 Preamble

Organometallic precursors are an important part of many processes used for the depo-

sition of metal films. Chemical vapour deposition, atomic layer deposition, lithogra-

phy and other techniques rely on the specific adsorption and decomposition properties

of the precursor. Iron pentacarbonyl (Fe(CO)5) has many of the properties common

to metal deposition precursors: a volatile molecule with weakly bound, robust ligands

which are highly volatile themselves. These properties are desirable as they allow sim-

ple delivery of the precursor to the target surface, reaction to remove the ligands and

complete removal of the ligands after reaction to leave a clean deposited metal film.

For these reasons, iron pentacarbonyl has been long studied as a potential and model

chemical vapour deposition precursor [1–4].

The initial structure of the adsorbed precursor on the target surface is important

for controlling the surface reactions during the ligand removal reaction to ensure com-

plete removal and avoid incompletely reacted byproducts. In addition, the final metal

film morphology is dependant on the initial precursor structure. Iron pentacarbonyl

films adsorbed on metal surfaces have a complex and highly temperature dependant

structures [5,6]. The variations in this structure are thought to influence the reactivity

of the film and products of subsequent decarbonylation reactions [7]. Incomplete de-

carbonylation is problematic for the formation of pure metal films in chemical vapour
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deposition, and aggregation of the precursors could result in incomplete film growth

with isolated regions.

The fragile nature of both the Fe(CO)5 film structure and the molecule itself has

limited the experimental techniques that can be used to study it. Previous work has

relied primarily on infrared reflection absorption spectroscopy (IRRAS) and the com-

bination of temperature programmed desorption and residual gas analysis. IRRAS

in particular is well-suited to the study of these precursors as it is non-destructive,

surface-sensitive and provides information about molecular orientation. However, IR-

RAS is sensitive to species at a significant distance from the surface, which makes

distinguishing multilayer or aggregate structures difficult. Previously proposed 3D

aggregate structures of Fe(CO)5 [6] were inferred from indirect measurements and

the structural changes which occur in the film as a function of sample temperature

have not been directly confirmed.

Metastable induced electron spectroscopy (MIES) uses low kinetic energy He atom

probes, which limits damage to the surface, and is only sensitive to the outermost

exposed layer of the vacuum/surface interface as a result of the large deexcitation

cross sections of the He* metastable state. In addition, resulting spectra correspond

to the valence electronic structure of the sample, which provides insight into changes in

chemical bonding complementary to the observations of vibrational modes by IRRAS.

In this work, a newly developed experimental system which combines both IRRAS

and MIES was employed to determine the structure and dynamics of the weakly-

adsorbed Fe(CO)5 film on a Au metal surface. Changes in the film as a result of

temperature changes and photolysis reactions and the influence of those changes on

the Fe(CO)5 behaviour has important implications for the treatment of organometallic

precursors for metal film growth.
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1.2 Objective of Thesis

The objectives of this thesis are as follows: (i) to describe the development of a unique

MIES/IRRAS/2PPE experimental system for the study of weakly adsorbed species,

(ii) to present and refine a structural model of Fe(CO)5 adsorbed on Au and the

influence of that structure on subsequent photolysis reactions, and (iii) to study the

dynamics of the Fe(CO)5 decarbonylation reaction with 2PPE spectroscopy.

1.3 Scope of Thesis

This thesis is divided into 9 chapters. Chapter 1 is an introduction to the project

and includes the goals of the work. Chapter 2 provides the theoretical basis and

fundamentals of the metastable induced electron spectroscopy and infrared reflection

absorption spectroscopy techniques, with a focus on their application to surface-

adsorbed species. Chapter 3 is a literature review of Fe(CO)5 adsorbed films and

previous infrared and electron spectroscopic studies.

Chapter 4 is a detailed description of the experimental system developed in this

work and its operation. Chapter 5 provides the experimental procedures and details

of sample preparation. The experimental results are presented in Chapters 6, 7 and

8. Chapter 6 discusses the spectroscopic interpretation of the MIES results, and

a proposed Fe(CO)5 film structure. Chapter 7 applies the quantitative tools and

structural models developed in Chapter 6 to the photolysis of Fe(CO)5. Chapter

8 discusses the application of 2PPE spectroscopy to adsorbed Fe(CO)5. Finally, a

summary of the conclusions of this work are presented in Chapter 9.
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Chapter 2: Theory

2.1 Metastable induced electron spectroscopy

Surface science techniques are often compared not only on the sensitivity and information-

density of the results, but also on the surface selectivity. Photon and electron-

induced emission techniques such as ultraviolet/X-ray photoemission spectroscopy

(UPS/XPS) and Auger electron spectroscopy (AES) achieve surface sensitivity on

the order of a few nanometers based on the escape probabilities of the emitted elec-

trons, not the penetration of the probe photon/electron. In contrast, atoms in general

and rare gases in particular serve as excellent surface probes because they are unable

to penetrate beyond the van der Waals surface of the interface. Metastable induced

electron spectroscopy (MIES) uses this property combined with the high internal

energy of the rare gas excited states to induce the emission of electrons from the

accessible, exposed components of a surface. The theory and mechanisms underlying

this technique will be described in this section.

2.1.1 Metastable atoms

Rare gas atoms can be excited into metastable states with high internal electronic en-

ergy. These excited states are labelled “metastable” because they can have extremely

long lifetimes: nearly 8000 s in the case of 3S1 He. These long lifetimes are due to

quantum mechanically forbidden optical transitions from the excited state back to

4



the ground state. The He 23S1 to 11S0 transition is electric dipole and orbital spin

forbidden while the He 21S0 to 11S0 is less strictly spin forbidden. As optical excita-

tions to these states is forbidden, electron impact is the primary mechanism available

for excitation. Similarly, the lack of an internal relaxation mechanism means that

collision with an atom or molecule is the most likely method of relaxation within

the lifetime of the state. The considerable internal electronic energy carried by the

metastable state atom is then available for transfer to the target, often resulting in

electron ionization of the target.

Table 2.1 contains a list of the more common rare gas metastable states along

with their internal excitation energies, E∗, ionization potentials, IP , and life times.

The excitation energies are relatively large, ranging from 8–20 eV. In comparison,

the kinetic energy of a room temperature gas atom (Ekin = 3
2
kBT) is significantly

less, approximately 35 meV. The low kinetic energy of properly prepared metastable

atoms limits potential damage to the surface. Depending on the kinetic energy of

the incident particle, this damage can range from desorption of weakly-bound species

to sputtering of the surface and even chemical bond rupture. The low probability of

collision-induced damage or penetration into the sample surface is one of the most

important advantages of these slow, internally excited atoms as probes.

The rare gases are intrinsically inert, so chemical reaction with the target is

avoided. Helium, and especially the 3S1 excited state, is particularly well suited

as a probe of valence electronic structure because it combines the highest internal

energy, 19.8 eV, with the longest life time among all of the rare gas atoms, 7870 s.

The remaining discussion will focus on the He* probe, however most of the concepts

are equally applicable to the metastable states of the other rare gases.

5



Table 2.1: Properties of Metastable States of Rare Gas Atoms

Metastable Excitation energy Ionization potential Life time UPS lineb

state E∗ (eV) IP (eV) (s) hν (eV)

He 3S1 (1s2s) 19.8196 4.7678 7870c He I 21.218

1S0 20.6158 3.9716 1.96× 10−2

Ne 3P2 (2p53s) 16.6191 4.9454 24.4 Ne I 16.671

3P0 16.7154 4.8491 430 16.848

Ar 3P2 (3p54s) 11.5484 4.2112 55.9 Ar I 11.623

3P0 11.7232 4.0364 44.9 11.828

Kr 3P2 (4p55s) 9.9152 4.0844 85.1 Kr I 10.032

3P0 10.5624 3.4372 0.488 10.642

Xe 3P2 (5p56s) 8.3153 3.8145 149.5 Xe I 8.436

3P0 9.4472 2.6826 0.078 9.447

a Values from Morgner [8] unless otherwise noted. b Harada et al [9]. c Hodgman et al [10].

6



2.1.2 Gas phase reactions: Deexcitation through collision

The single-collision gas phase interactions between a helium metastable atom (He*)

and another atom or molecule is a fundamental component of understanding the He*-

surface system. These gas phase reactions and the study of the resulting ionization—

used in Penning ionization electron spectroscopy (PIES)—are an entire field on their

own. In this section the gas-phase reactions will be presented with a particular focus

on the implications for He*-surface reactions in MIES.

There are three possible interactions that can occur when a metastable rare gas

collides with another species, B. They are elastic scattering (2.1), ionization (2.2) and

electronic excitation of the target (2.3).

He* + B −−→ He* + B (2.1)

He* + B −−→ He + B+ + e− (2.2)

He* + B −−→ He + B** (2.3)

The ionization channel was first observed by Penning [11] and is often referred to

as Penning ionization. The probability of a given collision resulting in an elastic or

inelastic process is highly dependant on the interaction potential between the two

species. Morgner [8] presents this interaction potential as a classical simplification

(2.4). It is composed of a real part which governs the trajectory, V (r), and an

imaginary part , − i
2
Γ(r), which controls the survival probability of the elastic channel.

Ṽ (r) = V (r)− i

2
Γ(r) (2.4)

Head-on collision geometries (impact parameter of zero) between the metastable atom

and the target result in backward reflection of the He and a low survival probability,

0.3 in the case of He 3S1 and Ar [8,12]. As the collision becomes glancing (increasing
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Figure 2.1: Potential curve model for He* (A) Penning ionization of species B.

impact parameter), the elastic process begins to dominate, reaching a survival prob-

ability of 1.0 at 4�A for the He + Ar system. This explains the higher probability of

elastic collision in the gas phase. For surfaces, there can be no glancing collisions and

the He atom will have a direct collision with either the target atom/molecule or its

neighbour, and so the inelastic channel dominates.

The energetics of the Penning ionization process (2.2) are usefully described by a

potential curve model [9,13]. The shape of the entrance channel V [He* + B] and exit

channel V [He + B+] will affect the resulting ejected electron energy. The deexcitation

occurs as a Franck-Condon transition between these two interaction potentials. For

the He* system the V [He + B+] channel is generally flat due to the weak attraction

potential between the rare gas and the B+ ion, meaning that the features of the

entrance channel dominates the resulting electron emission spectrum. V [He + B+]

does exhibit repulsion at short separation, with the exception of hydrogen where the

ionized proton without electrons does not experience Pauli repulsion [8]. Figure 2.1

illustrates such a system where in addition to the flat exit channel the interaction

potential between He* and B is attractive, which is just one of the possible potential

curves.
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Following the Born-Oppenheimer approximation, the ejected electron energyEel(r)

is given by

Eel(r) = V ∗(r)− V +(r) (2.5)

where V ∗(r) and V +(r) are the respective energies of the entrance and exit potential

curves at separation r. The nominal electron energy E0 at infinite separation is

defined as

E0 = E∗ − IP (2.6)

where E∗ is the metastable state excitation energy and IP is the ionization potential

of B. The electron energy can then be rewritten as

Eel(r) = E0 −∆E(r) (2.7)

where

∆E(r) = (E∗ − V ∗(r))− (IP − V +(r)) (2.8)

Under the flat exit channel assumption, the second term of (2.8) is equal to zero

except at short separations and (2.7) simplifies to

Eel(r) = E0 − (E∗ − V ∗(r)) (2.9)

For simplicity, and to more easily relate to the surface system, this treatment ignores

the relative kinetic energies of He and B and any changes they might undergo. This

is valid as B corresponds to the surface during a He-surface collision and the He atom

is expected to retain its low kinetic energy.

The measured ejected electron energy, Eel, can be mapped to the ionization po-

tential of the orbital that was ionized. Equation (2.9) shows that Penning ionization

peaks will be shifted from the nominal value depending on the interaction poten-

tial between He* and B. In addition, peak broadening resulting from the separation
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dependence of ∆E(r) is expected.

The attractive interaction potential illustrated in Figure 2.1 is observed for many

closed-shell atoms such as the alkaline metals. The interaction potential is also ori-

entation specific for molecular targets. One example of this is the observation that

the out-of-plane oxygen end of a water molecule shows attractive interaction, which

is interestingly similar to hydrogen bonding [14]. Molecules with no dipole moment

and small polarizability, such as saturated hydrocarbons, show little to no interaction

and give values close to the nominal energy regardless of the separation where the

deexcitation takes place.

Targets with positive electron affinity make the harpooning mechanism highly

probable due to the low ionization potential of He*. This electron-transfer ‘hopping’

mechanism occurs at greater separations than the ionization mechanism and can

therefore result in the formation of an intermediate ion pair (He+ + B–) instead of

He + B+ by Penning ionization. This ion pair still leads to electron emission in

the case of molecular targets because the reverse ion pair reaction is energetically

inaccessible. Experimental differentiation between the two mechanisms is difficult as

it rarely results in large differences in the resulting spectrum.

2.1.3 Spatial considerations and orbital overlap

One of the most useful and interesting properties of Penning ionization—and by

extension, MIES—is the spatial dependence of the electron emission probability. The

mechanism of Penning ionization is known to proceed via a two electron process. An

electron from the target tunnels into the 1s hole of the He* while simultaneously the

2s metastable excited state electron undergoes emission.

Hoffmann and Morgner [15] showed that for the He* and Ar collision σ symmetry
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is preserved for the tunnelling electron independent of the symmetry considerations

of the entire electronic wavefunction. This finding is generalized in the independent-

particle model of Penning ionization [8], which states that the two electrons maintain

total energy conservation but do not exchange angular momentum or momentum.

The consequence of this model is that the ionization probability for a given collision

can be considered in terms of the electron tunnelling into the He 1s hole alone. This is

important in the context of the previous description of Penning ionization in terms of

a potential curve model: the potential surfaces of polyatomic molecules will be multi-

dimensional and highly anisotropic making exact quantum mechanical consideration

highly complex or entirely inaccessible. Despite this, it is still possible to extract

useful information about the electronic structure from the emission probability.

Considering just the tunnelling electron, the transition probability is proportional

to the exchange-type overlap integral of the molecular orbital and the He 1s orbital. In

more descriptive terms, this means that the tunnelling probability is proportional to

the electron density of the target molecular orbital in the vicinity of the He 1s orbital.

The He* effectively becomes a point probe of the molecular orbital density due to

the small size of the 1s orbital. The only remaining limitation of the He* reaction

is the molecular surface defined by the thermal collision energy turning points. This

surface is most simply estimated by using the var der Waals radii of atoms in the target

molecule. Harada [9] defines the accessible molecular orbital overlap as the exterior

electron density (EED). For a given MO φi, the electron density is integrated over only

the region Ω outside the repulsive surface given by the van der Waals approximation.

The relative transition probability Pi is therefore directly proportional to the EED

integral:

Pi ∝ (EED)i =

∫ Ω

|φi(r)|2 dr (2.10)
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The consequence of this for PIES is that the intensity of a band which results

from the ionization of a molecular orbital with significant electron density outside the

repulsive surface will be proportionally larger than that of a band whose originating

MO is primarily located within the van der Waals surface. This is illustrated in

Figure 2.3(a), where the φ1 molecular orbital extends further beyond the van der

Waals surface (inside Ω) than the φ2 MO. The resulting Penning ionization emission

intensity is correspondingly larger for the φ1 orbital.

In ultraviolet photoelectron spectroscopy (UPS), electron emission from the same

valence orbitals occurs via direct photo-ionization, which is insensitive to orbital

exposure. The relative intensities from PIES can be compared to those from UPS.

In effect, the Penning ionization process is a probe of molecular orbital exposure.

This becomes particularly interesting when considering the interaction of He* with a

surface.

2.1.4 Surface reactions: Deexcitation at surfaces

The deexcitation of the metastable state of excited helium at surfaces is the central

interaction of MIES. In the gas-phase, essentially a single mechanism defines the

electron emission spectrum obtained. At a surface, there are two major mechanisms

which can occur and differentiating these two mechanisms is an important part of

interpreting MIES experimental results.

The two mechanisms are shown schematically in Figure 2.2. Resonant ionization

followed by Auger neutralization (RI + AN) proceeds via ionization of the electron

from the He 2s orbital into a state at the surface with resonant energy. This level

must be unoccupied for the ionization process to proceed. Subsequently, a two-

electron Auger neutralization takes place, where an electron from the surface fills the
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Figure 2.2: Schematic of Resonant Ionization + Auger Neutralization and Auger
Deexcitation mechanisms.
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He 1s orbital and a second electron is ejected.

In the second mechanism, an electron from an occupied state of the surface tunnels

into the He 1s hole and the He 2s electron is then ejected. This is Auger deexcitation

(AD) and is identical to the gas-phase Penning ionization. The two terms will be

used to distinguish between surface and gas-phase reactions respectively.

The competition between the two mechanisms is dependant on the resonant ion-

ization (RI) step of the first mechanism. In the presence of unoccupied degenerate

surface states the RI process is much faster with timescales of 10−15 s compared to

10−13 s for AD [16]. This can also be understood by considering the He orbitals

involved: in the RI process the electron tunnels from the He 2s orbital which is sig-

nificantly larger than the He 1s orbital involved in the AD process. The relatively

diffuse 2s orbital means that RI tunnelling can occur at distances of 5-8 Å from the

surface, whereas AD occurs at 3-5 Å [17].

Resonance ionization and Auger neutralization

The resonance ionization and Auger neutralization mechanism relies on the avail-

ability of an unoccupied state at the surface, a condition most commonly available

at clean metal surfaces with sufficient local work function for ionization of the He

2s electron. After ionization, the system undergoes Auger neutralization where one

electron fills the He 1s hole and the released energy contributes to the ejection of

another electron from the surface. The final kinetic energy of the ejected electron,

Ekin, depends on the initial energy of both the electrons involved in the AN step,

given by ε1 = ε+ ζ and ε1 = ε− ζ referenced to the Fermi level, and simplifies to

Ekin = Ei − 2(ϕ+ ε) (2.11)
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where Ei is the effective energy of the ionized metastable atom He+ at the surface

and ϕ is the surface work function. If both electrons originate from the Fermi level

(ε, ζ = 0) the ejected electron will have the maximum kinetic energy, given by

Ekin,max = Ei − 2ϕ (2.12)

For all other values of Ekin the initial electron energies are not uniquely defined and

the resulting spectrum is a convolution of the surface density of states (SDOS) and

matrix elements of the two unknown electronic transitions. If the real surface density

of states is replaced with a weighted density of states, U(ε), which specifically reflects

the SDOS as experienced by the He atom approaching the surface, then the observed

energy distribution P (Eel) can be represented as a self-convolution integral

P (Eel) =

∫ ε

0

U(ε− ζ)U(ε+ ζ) dζ (2.13)

This treatment was originally developed by Hagstrum [18] for ion neutralization

spectroscopy which also involves the Auger neutralization mechanism. As such, a

number of deconvolution procedures have been developed to extract the SDOS [8]. An

approximation containing the essential features of the SDOS can be simply obtained

by taking the first derivative of the MIE spectrum [16].

Resonance ionization is suppressed when there are no energetically resonant unoc-

cupied orbitals. For clean surfaces, this is most commonly the situation for semicon-

ductor or insulator surfaces, where the He 2s energy level falls in the bandgap of the

material. It also includes metals with extremely low local work functions. Of particu-

lar relevance to the study of molecular adsorbates, RI will generally be suppressed at

a surface covered in adsorbates, as they reduce the possible overlap between the He*

2s orbital and the unoccupied states of the surface. RI may still occur for adsorbates
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with a coincidentally resonant unoccupied orbital. It is also technically possible to

have a symmetry mismatch between the He 2s state and the unoccupied surface state,

but this has only been observed for the He*/graphite system [9, 19]. In that case,

the diffuse He 2s orbital cannot effectively overlap with the energetically resonant

π∗ antibonding band because the phase of the exposed orbitals in that band on the

closely packed carbon lattice alternates on a smaller scale than the 2s orbital.

Auger deexcitation

In the case where the RI mechanism is suppressed, the Auger deexcitation mechanism

becomes dominant. It shares many of the useful properties of Penning ionization,

including similarity to UPS and sensitivity to the exterior electron density of the

surface. In fact, as the AD mechanism (Figure 2.2) is a one-electron transfer from

the valance band to the He* atom, it is energetically very similar to UPS of surfaces.

The kinetic energy of an emitted electron resulting from the tunnelling of a target

electron with Eb binding energy (referenced to the Fermi level) is

Ekin = E∗ − Eb − ϕ (2.14)

for MIES and

Ekin = hν − Eb − ϕ (2.15)

for photoemission of the same electron in UPS. As with Penning ionization, this

energetic relationship is true despite AD being a two electron process because total

electronic energy is conserved.

In the gas phase, the selectivity of the Penning ionization process to the exterior

electron density (EED) is useful because it provides experimental confirmation of

band assignments and orbital structure. AD probability is also proportional to orbital
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overlap integrals between the He 1s and surface states and is therefore selective to the

exposed electron density. As in Penning ionization, the AD emission is not influenced

by the symmetry of the molecular orbital.

Molecules in the gas-phase are, of course, freely rotating and a PIE spectrum will

be the isotropic average of all He*–MO collision geometries. This is not the case

for surface-adsorbed species, where approach trajectories are naturally limited by

the surface and most commonly further restricted by the experimental atomic beam

configuration to a single azimuthal/polar approach angle. A well-ordered molecular

adsorbate which adopts a fixed orientation relative to the surface (such as carbon

monoxide or alkanethiols self-assembled on metals) will show selective emission from

exposed orbitals. In cases where MOs are localized to specific regions of the molecule,

band intensities relative to the gas-phase spectrum of the same molecule will provide

crucial insight into molecular orientation at the surface.

This is illustrated in Figure 2.3. In the gas-phase, the emission intensities from the

two molecular orbitals φ1 and φ2 of molecule AB are dependent only on their exposed

electron density, as previously discussed. In the adsorbed phase, the AB molecules

align themselves in a well-ordered structure. This results in the suppression of the

φ1 MO electron emission, as the He* atom undergoes deexcitation with much higher

probability with the more exposed φ2 orbital.

2.1.5 Adsorption-induced energetic shifts

Molecular adsorption onto a metal surface is known to induce changes in the molecular

states probed by MIES and UPS, resulting in shifts in the measured peak position

relative to the emission spectrum of the gas phase species [20]. The largest change is

due to the change in reference of the energy scales. Gas-phase ionization energies are
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Figure 2.3: Schematic of AB molecule interacting with He* in (a) gas phase and (b)
surface adsorbed conditions, with corresponding MIES and UPS spectra. Ω indicates
the region outside the van der Waals repulsive surface, φi are molecular orbitals.
Adapted from [9].
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referenced to the vacuum level, while for surface adsorbed species the binding energy

spectrum is referenced to the Fermi level of the metallic substrate. This results in

an effective shift of the emission peaks to lower energy by the surface work function,

ϕ. There are two additional processes which contribute to the shift which cannot be

separated experimentally. They are summarized in Equation 6.1:

Eads = Egas − ϕ+ ∆Einitial + ∆Efinal (2.16)

The final state shift (∆Efinal) or relaxation energy is due to any relaxation of the

ionized molecule. This interaction is only possible for surface adsorbed species or

those in a condensed phase of pure or matrix-suspended molecules. This energy

does not include intramolecular relaxations which occur in the gas phase. The final

state shift is always negative as it represents the energy gain which arises from the

interaction between the positively charged ionized molecule and its image in the

metal. Relaxations in the ionized molecule itself can also contribute to this shift and

therefore different orbitals in the adsorbed molecule do not necessarily experience the

same relative shift in energy.

The initial state shift (∆Einitial) is the shift due to interaction between the ad-

sorbate orbital and the surface before ionization. The ∆Einitial is therefore larger for

chemisorbed molecules than for physisorbed molecules. The magnitude of the shift

is specific to the particular orbital-surface interaction and can be either positive or

negative for a given orbital. It is not a directly measurable quantity and so the con-

tributions of these two shifts cannot be separated experimentally. The overall shift

(∆Einitial + ∆Efinal) can be estimated by aligning characteristic bands from the gas

phase spectra. Shift values of a few eV are typical: for example the 4σ orbital of CO

shifts −4.4 eV upon adsorption on Ni while benzene shows no shift beyond the work
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function on the same metal [20].

2.1.6 Summary

The mechanisms for the interaction between metastable state atoms and surfaces have

been presented along with their implications for the interpretation of the resulting

spectra. The extreme selectivity to the outermost exposed layer of the surface is

unavailable in most surface-science techniques. The MIES technique has the potential

to provide otherwise inaccessible information about molecular organization at an

interface. This is particularly true for weakly adsorbed or highly-reactive systems

where other techniques may result in significant disruption of the surface structure.

2.2 Infrared reflection-absorption spectroscopy

Techniques which utilize infrared absorption are highly versatile and widely applied.

They are often based on the absorption of infrared (400–10000 cm−1) radiation and

follow the Beer-Lambert law

A = ε`c (2.17)

relating absorbance, A, to the concentration, c, of a species with known molar ab-

sorptivity, ε and sample path length, `.

In order for a molecule to absorb infrared radiation, it must be capable of under-

going a transition from a lower energy state to a higher energy state with a resonant

energy difference. The photon couples to a transition dipole moment in the molecule

which originates from the vibration of the atoms in the molecule. In the case of

carbon monoxide (C−−−O), a simple diatomic molecule, the number of infrared active

vibrations can be easily determined. The total degrees of freedom for an isolated

molecule with N atoms are 3N . These are divided into 3 for translation, 3 (or 2 in

20



the case of linear molecules) for rotation, and the remaining 3N − 6 (3N − 5 for lin-

ear) degrees are available for vibration. As intuition might suggest, carbon monoxide

therefore has only a single vibrational mode.

Each vibrational degree of freedom in a molecule corresponds to a single vibration

which is orthogonal to any other vibration, referred to as a normal mode. Each

normal mode has a specific frequency of vibration and for a simple diatomic like

carbon monoxide the motion can often be modelled as a simple harmonic oscillator

with a frequency ν of

ν =
1

2π

√
k

µCO

(2.18)

where k is the force constant of the oscillator and µCO is the reduced mass.

Returning to the energy level transition, the possible energy states are determined

from the application of the Schrödinger wave equation to the harmonic oscillator

approximation to give

Ev = h(v +
1

2
)ν = h(v +

1

2
)

1

2π

√
k

µ
(2.19)

where v = 0, 1, 2... is a quantum number. A transition from level v to v + 1 results

in the internal energy increasing by hν. This discrete energy change is equal to

the energy of the absorbed (infrared) photon and defines the spectral response of a

particular molecule in a infrared absorption experiment.

One final important feature of the interaction between a transition dipole mo-

ment in a molecule and the absorbed photon is that the electric field vector of the

incident radiation must be aligned with the transition dipole in order for absorption

to occur. For the most common transmission experiments with unpolarized irradia-

tion of a bulk, isotropically oriented collection of molecules, this has no influence on

the resulting absorption spectrum. However, in the case of molecules preferentially
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oriented in a system where the incident light is either polarized or subject to some

other orientationally specific constraint, the absorption spectrum will be influenced

by this property. Molecular films at interfaces fall into this latter category and will

be discussed in the next section.

2.2.1 Infrared absorption at metal surfaces

The measurement of infrared absorption of thin molecular films under external reflec-

tion conditions at metal surfaces has several inherent challenges and advantages. The

disadvantages are fairly obvious: a single reflection passing through a nm-scale film

will result in extremely low absorption under even simple transmission configurations.

That combined with the effective zero electric field amplitude at a metal surface at

near-normal incidence which extends 1
4
λ from the surface—1.25 um for 2000 cm−1

light—results in an experimental situation which led R. Greenler [21] to comment

[i]t would appear that the surface of the metal would be an excellent place

to locate a thin layer of material which was to be hidden from detection

by the infrared spectroscopist.

Greenler [21] was the first to quantitatively explore the optimization of infrared spec-

troscopy of thin films at metal surfaces. This work identified a number of properties

of this system which are central to modern IRRAS experimental design and interpre-

tation.

The system of a molecular film on a metal surface has been treated with a

three-layer model [21, 22], illustrated in Figure 2.4. The first layer is the vacuum (or

air or liquid) in which the experiment is conducted. The second layer is a simple

homogeneous model of the adsorbed species, and the third layer is the metal surface.

At each interface, the matching boundary conditions are used to create a series of
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Figure 2.4: Three layer model of a thin film adsorbed on a metal surface. Adapted
from Greenler [21] and Chabal [22].

simultaneous linear equations describing the electric field E in each layer, and thereby

the reflected electric field for a given angle of incidence φ1. The thickness of the film,

d and the optical constants of each layer (refractive index ni and extinction coefficient

ki) are defined for the system of interest.

The incident light is considered in terms of two separate components of polar-

ization with respect to the plane of incidence. The plane of incidence contains the

direction of propagation of the incident and reflected light. s-polarized light (Figure

2.5a) is the component with the electric field vector perpendicular to the plane of

incidence, while p-polarized light (Figure 2.5b) is defined as the component with the

electric field vector parallel with the plane of incidence. The separation into s and p

can be purely conceptual or experimentally realized through the plane-polarization

of the incident beam.

Considering first the s-polarized component, the electric field at the metal surface

reflects at all angles of incidence with a near-180° phase shift. Similar to the general

case of near-normal incidence, this results in an null effective electric field strength
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Figure 2.5: Illustration of the two polarization components for reflection at a surface:
(a) s-polarized, perpendicular to the plane of incidence (b) p-polarized, parallel to
the plane of incidence.

at the surface. This was calculated by Greenler and refined by subsequent workers

[21, 22]. They found that electric field strength at the interface is close to zero for

most angles of incidence and further decreases as the grazing-angle (90°) configuration

is approached. Zero electric field strength means that molecular adsorbates present

at the interface cannot absorb the light and will not be observable in the reflection-

absorbance spectrum.

In the case of the p-polarized component, the effective electric field amplitude

at the surface is generally enhanced by the reflection phase-shift, as illustrated in

Figure 2.5b. Calculation shows that the field amplitude depends strongly on the angle

of incidence, varying from vanishingly small at normal incidence to a significantly

enhanced maximum at near-grazing incidence: 85-88° depending on the metal. After

the maximum the field strength again falls off dramatically. Experimentally, this

means that a grazing-angle configuration results in significantly enhanced absorption

from molecular adsorbates at the metal surface.

Surface selection rule and molecular orientation

At grazing-angles of incidence, the combination of the enhanced p-polarized electric

field and the negligible s-polarized electric field results in a strong selectivity for

absorption by transition dipoles oriented perpendicular to the metal surface. This
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is the case regardless of whether the incident light is unpolarized or p-polarized and

is termed the surface selection rule. It is particularly effective when studying well-

ordered molecular systems that have a preferential orientation with respect to the

surface.

The surface selection rule results from the relationship between the electric field

vector, E, and the transition dipole moment vector, µ [23, 24]:

A ∝ Cads|µ · E|2 = Cads|µ|2|E|2cos2θ (2.20)

The measured absorbance A is proportional to the surface concentration Cads and the

dot product of the two vectors. The angle θ is between the dipole moment and the

electric field. The electric field is normal to the surface and so θ is simply the angle

between the transition dipole moment and the surface normal.

The absolute transition dipole moment and electric field strength cannot be di-

rectly measured at the surface. To quantitatively determine the orientation further

steps are required. In the case of the isotropic bulk phase of the molecule of inter-

est, the orientational averaging results in an apparent angle such that cos2θ = 1/3.

Debe [25] determined the ratio of two dipole moments within the molecule from the

bulk isotropic spectra and used that ratio to find the relative geometry of the two

dipoles. Parikh and Allara [26] extended this to calculate a theoretical spectrum based

on the isotropic spectrum and the application of the Fresnel equations to Greenler’s

three-layer model. The angle is then simply given by

Aexp

3Acalc

= cos2θ (2.21)

where Aexp is the absorbance measured from the surface and Acalc is the absorbance

calculated from the isotropic spectrum and the Fresnel equations. A limitation of this
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approach is that it requires independent knowledge of the surface concentration, layer

thickness and the various optical constants of the system. Finally, the relationship

between the angle of the transition dipole moment and some molecular axis of interest

must be determined by calculating the vibrational modes of the molecule.

The introduction of detailed descriptions and calculations of the system can pro-

vide increasingly accurate quantitative values for molecular orientation. In general,

the central concepts of the surface selection rule—understanding of how the electric

field at the surface is related to the transition dipole moment and to the molecular

system itself—can provide significant insight into the behaviour and structure of a

molecular film at a metal surface.
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Chapter 3: Literature Review

3.1 Infrared spectroscopy and Surface-Adsorbed Struc-

ture of Fe(CO)5

The molecular structure of Fe(CO)5 in bulk phases (solid, liquid and gas) consists of

5 CO ligands bound through a C−Fe bond to an Fe center. The ligands are arranged

in a trigonal bipyramidal or D3h symmetry [27]. The ligands are grouped into two

equivalent but separate designations: the two axial ligands along the C3 axis and the

three equatorial ligands in the σh plane.

In the gas phase, two strong bands are observed in the C−O stretching region [28].

The doubly degenerate motion of the equatorial ligands with E′ symmetry is observed

at 2014 cm−1. The axial ligands with A′′2 symmetry in singly-degenerate out-of-phase

motion is observed at 2034 cm−1.

Figure 3.1: Fe(CO)5 molecular structure.
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The system of Fe(CO)5 adsorbed on a metal surface at cryogenic temperatures is

often categorized in the literature as either purely chemisorbed or purely physisorbed.

The choice of one description over the other is made based on the presence of evi-

dence of decomposition, such as adsorbed carbon monoxide. Closer inspection of the

description given by various authors shows that many of the reactive systems in fact

show evidence of both physisorbed and chemisorbed / decompostion.

Surface-adsorbed Fe(CO)5 has been studied on a number of metal surfaces, includ-

ing Pd(111) [29], Cu(111) [30], Pt(111) [2], Ni(100) [31], Fe [32,33], Ag(111) [3,34–37]

and Au(111) [4–7,38,39]. The non-destructive nature of the IRRAS technique towards

the chemically fragile Fe(CO)5 molecule makes it the analysis method of choice for

these works.

One of the first works to look at Fe(CO)5 adsorbed on metals using IRRAS was

by Zaera on Pt(111) [2]. The Pt(111) surface is interesting because it shows both

decomposition after chemisorption and molecular adsorption. During adsorption at

110 K, decomposition products are observed at submonolayer coverages as two peaks

at 2090 cm−1 and 2055 cm−1. Further exposure results in multilayer molecular ad-

sorption observed as a large peak at 2065 cm−1 and a smaller shoulder at 2012 cm−1.

Similar behaviour is observed on the Pd(111) system [29]. On the Cu(111) system,

decomposition was only observed upon thermal treatment to 234 K with peaks at

1950 cm−1 and 2040 cm−1. CO stretches were observed at 2012 cm−1 and 2055 cm−1

before reaction [30]. In general, the unreacted Fe(CO)5 stretching frequencies for the

axial and equatorial modes are broadly consistent across substrates, suggesting they

are mostly unperturbed by interactions with the surface.

Au(111) and Ag(111) surfaces have been found to be generally unreactive, with

reversible molecular adsorption/desorption observed for both. In the case of Au(111),
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Figure 3.2: Fe(CO)5 two-stage model structure proposed by Hauchard et al [5].

both Sato et al [4,38,39] and Hauchard et al [5–7] observe the equatorial CO stretching

mode at 2012 cm−1. The position of the axial mode is coverage dependant, begining

at 2050 cm−1 and shifting to 2062 cm−1 with increasing coverage.

Hauchard et al described the changes in the axial mode frequency and growth

behaviour with increasing coverage as a result of a two-stage growth process. Specifi-

cally, a distinct molecular orientation in the first and subsequent layers of physisorbed

adsorbed Fe(CO)5 was proposed [5].

In the first layer, the Fe(CO)5 is arranged in a tripod orientation on the surface

with one axial and two equatorial ligands pointing towards the surface. This results

in an axial tilt of 63.5° relative to the surface normal. The tilted orientation allows

the IR absorption of both the axial and equatorial vibrational modes according to the

surface selection rules. While both modes have components vibrating perpendicular

to the surface, the exposed equatorial ligand is aligned closer to the surface normal

in this configuration. This is consistent with the observation of similar axial and

equatorial band intensities at low coverages with slightly larger intensities in the

equatorial band.

In subsequent multilayers, dominant growth of the axial band intensity combined

with minimal growth in the equatorial band is observed. This is consistent with
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layers of Fe(CO)5 molecules with their axial ligands aligned with the surface normal.

This orientation results in zero absorption by the equatorial ligand stretching modes

in the plane of the surface and so the rotational orientation of the molecule is not

experimentally accessible. The shift of the axial band to higher frequencies with

increasing coverage is assigned to dipole-dipole coupling between the axial modes of

well-aligned neighbouring Fe(CO)5 molecules, previously assigned by Zaera [2] to a

C4v chemisorption-induced distortion. A detailed discussion and model of the dipolar

coupling mechanism can be found in [5].

This structural model applies to films of Fe(CO)5 deposited on a cryogenic (50 K)

Au(111) surface. The Fe(CO)5 molecules desorb above 140 K, however between 125–

140 K a distinct change in the infared spectrum of the film is observed [6]. The sharp

axial peak at 2060 cm−1 is no longer present and new broad bands at 2030 cm−1 and

2045 cm−1 appear. This thermal transformation is irreversible: the spectrum remains

unchanged when the film is cooled back down to 50 K. Hauchard et al proposed that

this new, thermodynamically stable film structure consists of aggregate 3D clusters

of Fe(CO)5. Similar behaviour was observed on a series of alkanethiol self-assembled

monolayer (SAM) substrates of varying alkane chain length. This observation on two

different substrates suggests the Fe(CO)5 is physisorbed.

In order to further support the aggregate model for the thermally treated film,

Hauchard et al used a distinctive sensitivity of the infrared signature of terminal

methyl groups of alkanethiol SAMs to estimate changes in fractional surface coverage

[6]. Specifically, the symmetric methyl vibration band is sensitive in both intensity

and frequency to the adsorption of other species. They found a significant decrease in

the interaction between the Fe(CO)5 and the methyl group during heating which they

interpreted to mean that a large amount (95 %) of the surface is no longer covered
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with Fe(CO)5 after transformation. This decrease in surface coverage was not due to

decreased numbers of adsorbed Fe(CO)5 molecules as no significant desorption was

observed and the total infrared absorbance remained large. The Fe(CO)5 was shown

using a geometric model to aggregate into 3D clusters once the energy barrier for

lateral diffusion is exceeded. Based on the observation of similar infrared spectral

behaviour for Fe(CO)5 on both Au(111) and alkanethiol SAM surfaces they extended

this result to the Au(111) system, however no direct evidence was available.

The photon and electron-induced decomposition of Fe(CO)5 on Au(111) has been

previously studied by both Sato and Hauchard, respectively [4, 7]. Sato and co-

workers found that the intact molecule was highly sensitive to photoirradiation but

that the products of decarbonylation were resistant to further irradiation. After

extensive irradiation, only a single photoproduct peak at 2081 cm−1 was observed.

Some dependence on film thickness was observed, with monolayer coverage resulting

in a photoproduct CO:Fe ratio of 4 while for multilayers the ratio was closer to 3.

In the case of low-energy electron irradiation, Hauchard and Rowntree [7] found

that freshly deposited layers were similarly highly reactive, with initial electron in-

duced chemistry both rapid and extensive and the resulting fragments resistant to fur-

ther irradiation. No distinct product peaks were observed, only small, broad growths

at 1950 cm−1 and in the region directly above 2060 cm−1. In the electron chemistry,

the importance of understanding the film structure becomes more obvious. Once

the film had undergone the thermal transformation previously discussed it became

extremely resilient to electron irradiation with almost no decomposition observed by

IRRAS.
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3.2 Electron spectroscopy of Fe(CO)5

The ultraviolet photoelectron spectra of Fe(CO)5 in the gas-phase were first collected

by Lloyd and Schlag [40] and Baerends et al [41]. They observed two emission peaks

at ionization potentials of 8.0 and 9.5 eV, followed by a wide region free from emission

and finally a region of unresolved complex emission starting at 13.5 eV. This second

group was assigned to primarily CO-sourced molecular orbitals (MOs) while the first

two peaks primarily originate from the Fe 3d orbitals. Hubbard and Lichtenberger [42]

used the evidence of the Jahn-Teller effect in the photoelectron spectrum to provide

insight into the gas-phase molecular symmetry. They proposed that the most stable

Fe(CO)5
+ geometry is closer to a C4v symmetry rather than the D3h geometry of the

neutral molecule.

Harada obtained both UP and PIE spectra of CO and Fe(CO)5 in the gas-phase

[43]. Comparison of the two spectra of CO showed a strong dependence of the relative

intensity of photoemission vs Penning ionization on the exposed electron density of a

given orbital—approximately the amount of electron density which extends beyond

the van der Waals radius of the molecule. Specifically, the 4σ and 5σ emission peaks

are enhanced in the PIES relative to the 1π peaks. The electron density of the 4σ

and 5σ orbitals extend out beyond the oxygen and carbon ends of the molecule,

respectively.

The connection between photoemission, Penning ionization and calculated elec-

tron density was extended to Fe(CO)5 to assign molecular orbital character to specific

emission peaks. Peaks with significant Fe 3d had reduced Penning ionization relative

to photoemission due to the CO ligands blocking their overlap with the He 2s orbital.

Similarly, peaks arising from 5σ or 1π CO were smaller in the PIE spectrum as they

too had limited exposed electron density. Peaks showing enhancement for Penning
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ionization had large 4σ character, consistent with their large electron density exposure

on the outside of the Fe(CO)5 molecule.

The peak-labelling convention described by Harada [43] groups the observed peaks

based on the originating molecular orbitals and will be used in this work to simplify

discussion. Peaks A1 and A2 consist primarily of Fe 3d orbitals with a small contri-

bution from the CO 2π orbitals involved in the characteristic metal carbonyl back-

bonding. Peaks B1−5 originate from the CO 1π and 5d orbitals and the C1 and C2

peaks are from the CO 4σ. The exact kinetic energies of these peaks under various

experimental conditions are summarized in a later section.

Fukuda [44] continued the gas-phase work by collecting the collision-energy de-

pendence of partial ionization cross sections (CEDPICS). This extension of the PIES

technique measures the ionization of specific MOs (essentially the emission peak inten-

sity) as a function of collision energy between the He* and the Fe(CO)5. The central

concept of CEDPICS is that lower velocity He* atoms will be more sensitive to MO-

specific variations in the potential energy curve (See Figure 2.1 for example). If the

intensity decreases with increasing collision energy, there is a lower energy potential

well between the He* and the orbital. Similarly, increasing intensity with collision

energy indicates a smaller potential well. By combining the CEDPICS information

with calculations of Li/Fe(CO)5 potential energy curves (Li is a good analogue for

the He* 2s electron due to its comparable electronic configuration), they were able

to differentiate the equatorial and axial CO ligands based on their symmetry. This

distinction is not accessible by traditional PIES, although the effect is slight.

While there are no published studies of surface-adsorbed Fe(CO)5 with MIES,

Sun et al [45] used spin-polarized MIES to study the electronic states of CO adsorbed

on an Fe(110) surface. Spin-polarized MIES uses He* atoms selected using magnetic
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fields into a single spin state. As the Auger Deexcitation mechanism requires electron

transfer into the He* 1s hole to conserve spin state, sensitivity to asymmetrical or

single spin dominated states at the surface is possible.

In addition to the well-known 4σ and 5σ + 1π peaks arising from adsorbed CO,

they were also able to clearly observe the anti-bonding 2π orbital. Comparison of the

spin-polarization results with ab-initio calculations showed a strong spin-asymmetry

in the 2π orbital due to the backdonation of metal electron density into that orbital.

This demonstrates the extra information available when using spin-polarized He*

probes.

3.3 Summary

Previous work on the structure and reactivity of adsorbed Fe(CO)5 using IRRAS have

shown an important dependance of the reaction mechanisms on the initial structure of

the film. The existing model of the film structure before and after thermal treatment

on Au relies heavily on indirect measurements of surface coverage on a comparable

alkanethiol surface. MIES is a highly surface-sensitive technique which can provide

direct measurement of changes in the surface structure and coverage of these reactive,

weakly bound species. To do this, the MIE spectra of adsorbed Fe(CO)5 needs to be

assigned using the existing valence electron spectrscopy of gas-phase Fe(CO)5.
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Chapter 4: Instrumentation

4.1 System Overview

The majority of experiments described in this work were conducted in a purpose-

built ultrahigh vacuum (UHV) system. The main analysis chamber is a custom 18”

spherical stainless steel chamber (KJ Lesker). The spherical chamber shape was

chosen because all ports in the chamber have a single focal point. Multiple analysis

techniques can be easily used on a single sample by designing the sample holder

such that the sample surface rotates about this focal point. This avoids the need for

translation in the horizontal plane of the chamber and simplifies the sample holder

design and operation. The majority of sample analysis probes / detectors are arranged

in this horizontal plane, as shown in Figure 4.1.

Ultrahigh vacuum is acheived in the chamber through a multi-stage pumping sys-

tem. Rough and high vacuum is achieved using a Pfieffer TMU-065 turbomolecular

pump backed by a Varian SH-100 dry scroll pump. A Varian V400 Triode 400 L/s

ion pump is then used to further decrease the pressure. During normal operation the

turbomolecular pump is isolated from the chamber using a gate valve (MDC) and

the chamber is pumped by the ion pump alone. The base pressure of the chamber

is 5× 10−10 Torr. Pump down through the water-dominated pressure regime after

venting is accelerated by baking the chamber to 120 °C until chamber pressure has re-

covered to the pre-heating value. Heating is accomplished by braided heaters (Omega)
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Figure 4.1: Schematic of the experimental system. MIES, IRRAS and 2PPE compo-
nents are shown along with supporting tools and techniques.
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wrapped around the main chamber walls, an aluminum foil covering to equilibrate

chamber temperature as much as possible, and a custom-built temperature controller.

There are three primary surface analysis techniques available in the main chamber.

The first is infrared reflection-absorption spectroscopy (IRRAS) which is used to

monitor the surface structure and composition of adsorbed chemical species. Second

is metastable ion electron spectroscopy (MIES) consisting of a He* molecular beam

line and a hemispherical electron analyzer. The third and final technique is two-

photon photoemission (2PPE) spectroscopy with an ultrafast UV-visible mode-locked

laser coupled with the hemisperical electron analyzer for detection. Simple switching

between each of these techniques on a single sample is possible due to the previously

described geometry of the analysis chamber. These components will each be described

in more detail in the following sections.

The analysis chamber also has a number of ancillary components for monitoring

chamber conditions and performing sample preparation. A hot-filament ion gauge

(Varian 971-5008, Granville-Phillips 271 controller) monitors the chamber pressure.

A HAL-321 residual gas analyzer (Hiden Analytical) is used to monitor the gas com-

position in the chamber and determine sample purity/cleanliness of gases dosed into

the chamber. Sample gases are dosed into the chamber using a high-precision leak

valve (VG) backed by a custom-built gas board capable of delivering up to three

different gases without reconfiguration. A differentially pumped ion sputtering gun

(107DP, OCI Vacuum Microengineering) is also available for sample cleaning.

4.1.1 Sample Manipulator

The ability to introduce samples from outside the vacuum system without venting

the analysis chamber is an important part of the system design, as it allows the study
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of organic films on metal surfaces prepared using wet preparation methods. There

are two main components to the sample transfer system: the intermediate sample

loading chamber (i.e. load lock) and the sample manipulator itself.

The load lock chamber consists of a small stainless steel cross pumped by a Pfieffer

TMU-065 turbomolecular pump, backed by a Varian SH-100 dry scroll pump. Pres-

sure in the chamber is monitored with an MKS 423 I-MAG cold-cathode ionization

gauge with a Terranova 921 controller (Duniway). Samples are loaded through an

o-ring sealed door onto a custom aluminum transfer stage capable of holding three

samples at a time. The transfer stage is mounted on a magnetic linear transfer arm

which is used to move the samples between the load lock chamber and the main anal-

ysis chamber through a 4.5” gate valve (MDC). Inside the analysis chamber a wobble

stick is used to transfer the sample from the transfer stage to the sample manipulator.

The sample manipulator (Figure 4.2) consists of a copper block which holds

the sample mounts in a fixed position, electrically isolated from the chamber and

temperature-controlled. The sample mounts hang from the top of the copper block

using small flat hooks. They also have a small tab which hangs into a well of gallium

set into the copper block. Gallium has a melting point of 29.8 °C and the sample ma-

nipulator is heated above this temperature during introduction of a sample mount.

Once the gallium re-freezes, it provides mechanical stability to the sample mount. As

the gallium is liquid when then sample mount is introduced, there is excellent thermal

and electrical conductivity between the sample mount and the block.

The block itself is suspended between two stainless steel plates by glass beads

set into small (2 mm) bearings. The glass beads thermally and electrically isolate the

block from the chamber. The bearings allow the sample to be tilted with respect to the

horizontal axis. The tilt is controlled by an inchworm motor (Burleigh UHVL) driven
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Figure 4.2: Schematic of the sample manipulator.
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by a RHK IWC-100 controller. The entire sample mount/copper block/stainless steel

plates assembly is suspended on a stainless steel rod from a rotation/translation

feedthrough. This provides approximately 270° sample rotation about the centre of

the chamber and 30 mm sample translation along the vertical axis of the chamber.

The sample temperature is measured with a K-type thermocouple and can be

heated or cooled by a combination of a 25 W heater and a liquid nitrogen reservoir.

The liquid nitrogen reservoir is connected to the copper block by a thick copper

plate, a sapphire disc (to electrically isolate the block while maintaining thermal

conductivity) and four OFHC copper braids. A Vespel (Dupont) bushing isolates

the stainless steel manipulator support rod from the copper plate while providing

lateral stability, holding the sample surface in the centre of the chamber. The sample

temperature is monitored and controlled by a Omega LN2113 temperature controller

and custom LabView software. Using this system, the sample temperature can be

controlled from 100–580 K. It is estimated that the difference between the measured

temperature at the thermocouple and the true surface temperature is no more than

2–3 K.

4.2 Hemispherical Electron Analyzer

The measurement of the kinetic energy of electrons emitted as a result of metastable

deexcitation (MIES) or photoemission (UPS/2PPE) is central to those techniques. A

modified VG 100 AX hemispherical electron energy analyzer (Vacuum Generators)

is used in our system for this purpose. The VG 100 AX is a 100 cm hemispherical

analyzer with a lens stack for collecting emitted electrons and an electron multiplier

(Channeltron 7010, Photonis) for electron detection.

The basic operation of the analyzer is as follows: electrons emitted from the sample
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in the direction of the analyzer (usually normal to the surface) are collected by the

lens stack and focused on a small (4 mm) slit at the entrance to the hemisphere.

This slit is held at a potential which corresponds to the kinetic energy of interest

and the lenses accelerate or decelerate the incoming electrons as required. After

passing through the slit, the electrons are deflected between two hemispheres. The

hemispheres’ potentials are set so that only a single range of kinetic energies can pass

between the hemispheres without colliding with them. Finally, after passing through

an exit slit the selected electrons are amplified by an electron multiplier for detection

by a pulse-counting pre-amplifier.

The potentials applied to the entrance slit and the two hemispheres are varied

while measuring the number of electrons passed through, giving a spectrum of electron

counts vs electron kinetic energy. The choice of hemisphere relative potentials (and

therefore the width of the range of passed electron energies) results in a trade-off

between signal intensity (number of passed electrons) and spectral resolution.

A number of modifications were made to the original analyzer in order to repair

it and improve performance. A set of three molybdenum straps were installed on

the rear lens assembly closest to the entrance slit in order to unambiguously hold

the potential of the lens at ground. One of the original design compromises of the

manufacturer was to ground this rear lens, rather than control it from the external

electronics. This design decision fixes the lens focus magnification at the surface at

3:1, reducing the sampled area to ∼1 mm, or 1/3 the 4 mm slit width. The grounding

straps were necessary as the internal connection had broken in a previous application

and the analyzer cannot be opened to repair that connection.

The second major modification was to replace the non-functional pulse-counting

pre-amplifier with a custom built amplifier. This replacement pre-amplifier is based
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around the Amp-Tek A121 charge-sensitive pre-amplifier chip, which has excellent

single-event sensitivity and a large 12 MHz maximum count rate. Finally, a custom

built multi-channel scalar is used for analog to digital conversion of the electron pulse

count. The majority of the functionality of the multi-channel scalar is related to the

modulation of the He* atom beam and will be discussed in the following section.

4.3 He* Molecular Beam

Metastable induced electron spectroscopy (MIES) uses as as probe a molecular beam

of Helium electronically excited into a long-lived, metastable state by electron-atom

collisions in a plasma. Relaxation from the 3S1 and 1S0 states is quantum mechani-

cally forbidden which results in the long lifetimes of 7870 s and 196 µs [8,10] for these

states, respectively. The mechanisms and theory of MIES were previously discussed

in Section 2.1.

There are a number of desired properties to consider when designing and opti-

mizing a He* atom source. In order to maximize electron emission from the sample

the produced flux of He* and the ultraviolet (UV) He I radiation intensity should be

maximized. However, the produced molecular beam must be free from contamina-

tion and unwanted species produced in the plasma. Electrons and He+ ions should

be removed and the amount of fast neutral He atoms minimized. Overall He gas load

into the UHV analysis chamber should be considered and minimized.

Finally, some mechanism to separate the photon and He* atom probes is required

in order to distinguish the UPS and MIES electron emission from the sample. This

can be accomplished by a combination of a mechanical chopper wheel and multi-

channel scalar electronics. Further reading on the design of He* atom sources for

various applications can be found in references [9, 46–52].
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4.3.1 Discharge Source

The He* molecular beam source designed, built and used in this work is shown in

Figure 4.1. A DC plasma discharge is used to create He* atoms via electron impact.

This plasma discharge is most stable at He pressures around 50 mTorr [46]. Helium

pressure in the discharge region is controlled by changing the inlet pressure of He gas

before flowing through an extremely narrow restriction created by a HPLC stainless

steel tube.

This He gas then flows into a quartz nozzle with a 25 µm aperture inside a high

vacuum chamber. This “primary” chamber is pumped by a large 4000 L/s (for He-

lium) Varian VS-4 diffusion pump. A small section of the plasma gas emitted from

the effusive source is selected by the placement of a stainless steel skimmer cone (6 cm

long, 2 cm diameter at base) with a 1 mm opening a small distance (10 mm) from

the quartz nozzle aperture. This section of gas becomes the molecular beam in the

next chamber. A -2400 V DC potential is applied to a sharpened tantalum metal

rod inside the quartz needle using a Vacuum Generators high voltage power supply

modified by adding a 250 kΩ ballast resistor array in series with the Ta rod. The

ballast allows the discharge to smoothly transition from the 2400 V potential differ-

ence between the Ta rod and the grounded skimmer before the discharge starts to

the ∼200 V potential present when the 9 mA plasma discharge is active.

The configuration of a negatively charged Ta tip and a grounded skimmer was

selected after trying a number of other configurations, including positive tip/grounded

skimmer, grounded tip/biased skimmer and other intermediate configurations. The

negative tip/grounded skimmer was found to be the most stable configuration and

results in the smallest number of undesired charged species (He+, e−) in the beam.

The choice of the metal rod used for the discharge is important; tungsten created a
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more unstable plasma due to metallization of the quartz nozzle interior. He gas purity

(99.999%, Linde Gases)) is important as impurities lead to instabilities in the plasma

discharge and preferentially deexcited the He* atoms. Finally, sufficient pumping

speed to maintain low chamber pressures during the introduction of relatively large

amounts of He gas must be considered.

4.3.2 Beam characterization and modulation

The performance of the He* source can be characterized by measuring the beam cur-

rent using a stainless steel Faraday cup in the secondary chamber, which is pumped

by a large diffusion pump (Varian VHS-6). The detector is located behind a chop-

per wheel which modulates the molecular beam flux. The modulated beam current

created by electron emission from the central plate of the Faraday cup is then mea-

sured using a lock-in amplifier (SR-830, SRS Instruments) referenced to the chopper

rotation.

The He* molecular beam chopper serves two primary purposes. First, it modulates

the beam in a simple on-off-on-off square-wave pattern. This is then coupled with

the lock-in amplifier to detect the nA-pA beam currents observed further down the

beam. These beam currents are used for aligning the beam and monitoring beam flux

over the lifetime of the source. Second, small slits are cut into the closed section of

the beam. This allows the separation of the UV photons and the He* atoms based on

their relative velocities. The slits are spaced such that the slowest He* atoms reach

the sample before the photons from the next slit. Figure 4.3 shows a schematic of the

chopper.

The chopper wheel is constructed from a 1 mm thick aluminum hard-disk platter

which is mounted on a brushless direct-current motor from a standard hard disk
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He* hν 

Figure 4.3: Schematic of He* beam chopper, and the resulting beam flux profile as a
function of time.

drive. A second plastic wheel printed with a oscillating black-clear pattern is also

rotating at the same frequency through an optical isolator to provide feedback to

the custom-built electronics and software which drive the motor. The rotational

frequency can be controlled from custom software on an attached PC. The motor is

most stable at a speed of 75 Hz and this is used for all experimental conditions. The

rotational frequency is output as a reference signal for use with a lock-in amplifier

when measuring the current at Faraday cup detectors and the sample.

The electron emission resulting from the UV photons and He* atoms (separated

by their relative velocities) after passing through the slits in the chopper wheel is

measured at either the diagnostic Magnum electron multiplier (Photonis Inc) in the

tertiary chamber or from the sample in the UHV analysis chamber using the hemi-

spherical electron analyzer. A custom multi-channel scalar is programmed into the

chopper control electronics. The multi-channel scalar partitions electron count events

into fixed-width time bins relative to a fixed point in the disc rotation which triggers

off the rotation reference signal. This allows the additive collection of time-series data

from multiple rotations of relatively weak signals, improving the resulting signal-to-

noise ratio.

This multi-channel scalar is capable of recording bins down to 1 µs/bin with up
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to 5000 bins. In these experiments, a 13.3 ms rotation (75 Hz) results in a bin time

width of 2.6 µs. The bins are then averaged over 100–500 rotations to improve the

signal-to-noise ratio. Appropriate segments of the time-series data are extracted as a

function of analysis energy to reconstruct the UP and MIE spectra. This allows the

simultaneous acquisition of these spectra during an experiment.

4.3.3 He*/UV Optimization

The goals of adjusting the He* source configuration are to maximize both He* atom

flux and UV photon intensity in the molecular beam while maintaining the low He*

atom kinetic energies which are an important component of the high surface selectivity

of the MIES technique.

The relative flux of He* atoms and UV photons are measured at the tertiary

chamber electron multiplier using the multi-channel scalar. The respective peaks are

then integrated in the time-series data.

Velocity distributions of the He* atoms are determined from the same time-series

data by setting time as zero at the midpoint of the UV emission peak. The flight

times of the He* atoms relative to this point are then converted into velocities by the

chopper to multiplier separation, 0.60 m.

Plasma aperture alignment

The position of the quartz nozzle aperture relative to the skimmer is an important

parameter for maximizing He* flux while minimizing unwanted species (He, residual

gases). A motorized XY stage system translates the source perpendicular to the

beam axis, while a manual linear Z (along the beam axis) translation bellows allows

the source-skimmer distance to be adjusted while the discharge is running. This
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is important as it allows instant feedback of the effect of the nozzle position when

optimizing the beam flux or composition.

The XY stage consists of two perpendicular linear translation stages which are

driven by two independent stepper motors with micro-stepping capabilities. High

ratio worm gears between the motors and the translation stages results in a highly

precise 48000 µstep/mm source position control. The motors are controlled using a

GenStepper GS-123 control board and custom LabView software which can monitor

the sample current as a function of position. Any time the quartz nozzle is replaced

due to contamination or wear from the plasma, the XY position of the new aperture

is re-adjusted and aligned. The optimal position of the aperture is sensitive to mis-

alignments on the order of 100 µm.

Variation of the Z separation between the quartz nozzle aperture and the stainless

steel skimmer has a small influence on the desired particle flux and a large impact on

the downstream He pressure. Figure 4.4 shows the He* and UV emission intensity at

the diagnostic electron multiplier in the tertiary chamber as a function of separation.

Distances less than 5 mm result in a large increase in the secondary chamber pressure

during operation as the skimmer is selecting a significantly bigger section of the plasma

gas from the quartz aperture. The higher pressure in the secondary chamber leads

to He* relaxation from collisions with other species and absorption of UV photons

which in turn reduces the measured beam intensity. As the separation is increased, the

measured intensity decreases slowly with a larger decrease above 18 mm. No change

in the He* atom velocity distribution was observed which confirms that the change in

intensities is due to the geometry of the beam selection and not secondary changes in

the discharge plasma. A separation of 10 mm is used for the reported experiments as

a trade off between maximizing He* and UV photon flux and minimizing secondary
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Figure 4.4: He* atom flux and He(I) UV intensity measured by a diagnostic electron
multiplier as a function of the separation between the quartz nozzle aperture and the
stainless steel skimmer.

chamber pressure.

Helium gas pressure

Figure 4.5 shows the measured intensity of He* atoms and UV photons at the diag-

nostic electron multiplier in the tertiary chamber along with the velocity distribution

of He* atoms in the beam. The He* atom flux and resulting emission intensity in-

creases with the source pressure. This is accompanied by an increase in the discharge

stability; driving pressures below approximately 50 psi result in occasional failure

of the plasma discharge. The UV photon flux remains constant over the range of
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pressures. The velocity distribution of the He* atoms shows a small narrowing from

a FWHM of 1270 m/s to 950 m/s as pressure is increased but the median velocity

remains relatively constant. Higher pressures are not experimentally accessible as

the gas load into the chambers starts to exceed the pumping speed of the diffusion

pumps.

Plasma discharge current

The He discharge current is varied by adjusting the voltage across the discharge and

ballast resistor network. For a given set of source conditions, the observed current is

reproducibly produced by setting a specific voltage on the power supply. Figure 4.6a

shows the effect of the discharge current on the resulting He* beam. Both He* atom

and UV photon flux are increased when the current is increased.

Discharge current has the strongest measured influence on the velocity distribution

of the He* atoms in the beam. As the current increases, there is an apparent increase

in the source plasma temperature. This is observed as an increase in the average

kinetic energy along with a broadening of the He* velocity distribution, as shown in

Figure 4.6b and the inset. From the velocity distribution, the He* atom kinetic ener-

gies are found to range from 50–300 meV. This is larger than the room temperature

energy of 35 meV, but substantially lower than the 19.8 eV internal energy of the

He* 3S1 state. As previously discussed, this is important to avoid sputtering or other

damage to the sample from high energy collision.

4.4 Infrared Reflection-Absorption Spectroscopy

The infrared reflection-absorption spectroscopy (IRRAS) instrumentation used in this

work is based around a grazing-angle reflection off the sample with the infrared beam
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Figure 4.5: (a) He* atom flux and He(I) UV intensity measured by a diagnostic
electron multiplier as a function of the He gas driving pressure in the discharge source.
(b) Velocity distribution of He* atoms as a function of He driving pressure.
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Figure 4.6: (a) He* atom flux and He(I) UV intensity measured by a diagnostic
electron multiplier as a function of the He discharge current. (b) Velocity distribution
of He* atoms as a function of discharge current. Inset shows full-width half-maximum
(FWHM) of the velocity peak as current is changed.
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in a pass-through geometry in the analysis chamber. A Thermo Nicolet 870 Fourier

transform infrared spectrometer collimates the infrared source and modulates the

resulting beam using a Michelson interferometer and a KBr beamsplitter. The mod-

ulated beam is the steered and focused using two gold mirrors in a (CO2 and H2O)

purged box between the spectrometer and the chamber. The focused beam then

passes through a differentially-pumped KBr window into the analysis chamber and

reflects off the sample at a 85° grazing angle, leaving the chamber through an identical

NaCl window on a purpose-built flange. The reflected beam is then collected and fo-

cused onto a MCT-A detector (Mercury Cadmium Telluride, FT-IR-16-1.0, Infrared

Associates) with an ellipsoidal mirror.

It is important to note here the relative sampling areas of the two primary tech-

niques used in this work. The He* molecular beam used for MIES has a diameter of

1 mm while the IRRAS spot size covers the entire ∼1 cm2 sample. This means that

while both techniques are sampling the same area, any changes induced as a result of

He*–sample reaction are unlikely to result in significant change in the corresponding

infrared spectrum.

Spectra are collected using the supplied OMNIC software to control the spec-

trometer and record the raw data. A custom-built LabVIEW program allows for the

collection of spectra with the number of ensemble averaged scans limited by total

number of scans, time elapsed or change in sample temperature. The reference re-

flection data can also be easily changed, producing absorbance spectra showing the

change in infrared absorption from any previous point in the experiment.
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4.5 Two-photon photoemission spectroscopy

The two-photon photoemission (2PPE) spectroscopy system consists of a femtosec-

ond modelocked laser/optics system coupled with the hemispherical electron energy

analyzer. The laser system can produce tunable light from the ultraviolet through

the visible and into the near infrared (233–1000 nm). Combination of different wave-

length outputs allows for both monochromatic and bichromatic 2PPE. By passing the

ultrafast laser pulses through a beam splitter and delay stage, time-resolved spectra

(TR-2PPE) can be obtained.

The laser system is powered by a 10 W, 532 nm diode-pumped solid state laser

(Verdi V-10, Coherent). This beam is then used to pump a Titanium:Sapphire

mode-locked ultrafast laser (Mira 900-F, xw optics, Coherent) which produces 100 fs

long pulses of visible-near infrared light tunable over a 700–1000 nm spectral range.

The energy of this radiation is then doubled or tripled using a combination of sum-

harmonic and sum-frequency generation with α-BBO crystals (Model 5-050, Inrad)

to give pulsed light tunable from 233–333 and 350–500 nm ( 2.5–5.3 eV). The polar-

ization of the beam can be rotated with a half-wave plate (AHWP05M-340, Thorlabs)

and confirmed with a glan laser polarizer (GLB5-UV, Thorlabs).

The delay stage consists of a UV plate beamsplitter (BSW19, Thorlabs) and a

Thorlabs NP100 nanopositioning stage with sub-micrometer accuracy. By moving

the stage relative to the fixed mirrors, it is possible to extend the travel distance of

the delay stage. For every micrometer of delay stage movement, the path length is

increased by two micrometers, or 6.7 fs travel time. This means a pulse split at the

beamsplitter will arrive at the sample with up to a 300 ns time-separation with a

precision of 2 fs. Auto-correlation of the 2PPE electron intensity of a gold sample

gives an estimated final pulse width of 315 fs. All steering mirrors are enhanced
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aluminum metal mirrors (Thorlabs) to minimize reflection power losses. After the

delay stage, the beam is focussed on the sample using a fused silica lens (LA4184,

Thorlabs), passing into the chamber through a deep UV quartz window (DUV-111,

KJ Lesker).
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Chapter 5: Experimental

5.1 Substrate Preparation

5.1.1 Gold thin films

Thin films of gold thermally evaporated on freshly-cleaved mica surfaces were used

as sample substrates for the majority of the experiments. These substrates were

prepared in a custom-built thermal evaporator (Midas). The following procedure

results in flat, clean and primarily (111) oriented Au crystal surfaces [53, 54]. The

custom evaporator consists of a large bell chamber (custom built by KJ Lesker)

mounted on a base plate and pumped by a Varian TV301 turbomolecular pump

backed by a Leybold D4H rotary vane pump. The base pressure of this system is

1× 10−7 Torr and 5× 10−8 Torr after outgassing the sample plate.

The sample plate itself consists of a 5 mm thick copper plate backed by a heating

element. The plate is suspended from a three-point crane assembly which provides

power to the heater and measures the sample plate temperature using a spring-loaded

K-type thermocouple. The crane is attached to a rotation feedthrough which allows

360° rotation of the substrate during evaporation. The rotation is driven by an

external stepper motor controlled by custom LabView software.

Mica was obtained from Axim in 1.5 x 8 x 0.5 ” sheets. The mica is split along the

laminar layers to prepare fresh, flat and clean surfaces using surgical blades along with
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methanol to prevent scratching of the fresh surface. These sheets are then mounted on

the copper sample plate using thick copper straps and screws to ensure good thermal

contact with the plate. The plate is mounted on the crane and gold (99.995%, Alfa

Aesar) pellets are placed in a tantalum evaporation boat (KJ Lesker).

After the chamber reaches high vacuum, the sample plate is heated to 300 °C for

18-24 hours in order to outgas both the plate and the mica. Gold is then evaporated

at a rate of 1�A/s to a thickness of 200 nm. The rate and thickness of the deposition is

monitored using a Omega quartz crystal microbalance. After deposition, the sample

is further annealed for 1 hour. After cooling and venting the chamber, the Au/mica

sheets are removed and placed in a dessicator until needed.

5.1.2 Sample cleaning - Wet/acid method

The Au/mica sheets previously prepared are removed from the dessicator and cleaned

using chromosulfuric acid (Chro-merge, Chroteck). The gold surface is covered with

concentrated acid for 45 s and then rinsed with copious amounts of ultrapure water

(Millipore, 18.2 MW cm). The acid cleaning procedure and timing was developed by

Kang and Rowntree [54] to remove adventitious carbon from the surface with minimal

pitting of the Au itself. After a final rinse with methanol, the samples are dried with

argon and mounted on custom copper sample holders. The sample holders use copper

straps to hold the Au/mica, providing thermal and electrical contact between the

sample holder itself and the Au surface. Finally, the sample is placed in a UV/ozone

cleaner (Jelight) for 20 minutes and immediately transfered to the load lock on the

analysis chamber and put under vacuum.
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5.1.3 Sample cleaning - Argon ion sputtering

Select samples were further cleaned in the analysis chamber using ion sputtering and

annealing. A 104DP (OCI Vacuum Microengineering) ion sputtering gun is used to

sputter the sample surface at 1 keV with 5 x 10-6 Torr argon pressure for 20 minutes at

an ion current of 4 uA and a working distance of 25 cm. The sample is then annealed

to 580 K. Sample cleanliness is monitored using MIES, as discussed in Section 6.1.

5.1.4 Organic films

To prepare organic film substrates, the Au/mica samples were cleaned by the acid-

washing method. The sample was then inserted into a 1 mmol L-1 methanol solution of

the desired alkanethiol and allowed to self-assemble overnight at 40 °C. The sample

is then removed from the solution and rinsed well with fresh methanol. Finally

the sample is dried in a stream of argon, mounted on a copper sample holder and

transferred to the analysis chamber load lock.

5.2 Instrumental Procedure

In this section, the general experimental procedure for an Fe(CO)5 film on an acid-

washed Au/mica substrate will be presented. These and other substrates are prepared

and treated as previously described. The Au/mica substrates are introduced into the

load lock chamber and put under vacuum. Once a sufficient vacuum of 10−7 Torr is

achieved, a substrate is transferred from the load lock onto the main sample holder

using the wobble stick. With the substrate in position, the stainless steel dewar is

filled with liquid nitrogen and the sample cooled until it reaches the base system

temperature of ∼110 K.
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5.2.1 Gas Deposition

Iron pentacarbonyl (99 %, Sigma-Aldrich) is transferred using a clean syringe directly

from the membrane seal of the bottle into a quartz tube darkened with aluminum foil

to reduce decomposition. After being attached to the stainless-steel gas manifold, the

sample is further purified of dissolved gases by a series of liquid nitrogen freeze-pump-

thaw cycles until no more volatile gases can be detected. Gas pressure during the

pump cycle and during dosing are monitored with a capacitance manometer (MKS

Baratron 622B).

Fe(CO)5 is dosed onto the surface at a pressure of 2× 10−8 Torr. Exposure is

measured as a function of time of exposure at that pressure and recorded in Langmuirs

(10−6 Torr s). The pressure is monitored with the hot filament ion gauge on the main

chamber. No correction for gauge sensitivity was made, however comparisons to

previous work on a similar system suggest the sensitivity is comparable, as will be

discussed later. Electron impact mass spectra obtained by the residual gas analyzer

show characteristic peaks for Fe(CO)5, primarily as smaller Fe(CO)n fragments (m/z

112, 84, 56).

5.2.2 IRRAS Acquisition

Infrared reflection absorbance spectra are acquired using the optical system previ-

ously described. The sample is rotated into position at the optimal sample angle

(∼85° grazing angle), which is found by monitoring the single beam strength at the

infrared detector while slowly adjusting the rotation. This sample position is highly

reproducible because the signal strength is very sensitive to the angle of the sample.

Once the sample is in position, spectra are collected at a 2 cm−1 resolution and 128

averaged scans. Spectra can also be collected at a specific time or temperature in-
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terval (for example during deposition, irradiation or heating experiments), in which

case the number of averaged scans ranges from 64–128 depending on the constraint.

Reference scans of the substrate were collected for 512 scans.

5.2.3 MIES Acquisition

Metastable induced electron spectra were collected using the He* source and hemi-

spherical electron analyzer previously described. The He* source is operated at a

60 psi driving pressure, 2400 V/9 mA discharge and 10 mm nozzle-skimmer separation.

Proper beam flux is checked at the tertiary chamber, normal operation is indicated

by a 400 pA emission current from the Faraday cup detector. Once the He* source is

stable, the gate valve into the analysis chamber is opened and the He* beam impinges

on the sample which is rotated 15° towards the beam relative to the analyzer normal.

The sample is held at a bias of −30 V relative to ground. The electron analyzer is

configured with a 5 eV pass energy and scanned over a range of 0–23 eV relative to the

sample bias with 100 meV steps. Electron counts are collected by the multi-channel

scalar in 5000 bins of 2.6 µs width averaged over 100 cycles with the beam chopper at

75 Hz. Spectra are extracted by integrating the appropriate bins and plotting against

analysis energy.

5.2.4 Ultraviolet Irradiation

The laser source developed for the 2PPE spectroscopy system doubles as a convenient

source of UV irradiation for the photolysis of Fe(CO)5. The third harmonic laser beam

is defocused using the same lens used to focus the beam in the 2PPE experiment.

The power at the sample is 27 mW spread over a 4 mm diameter spot resulting in a

power density of approximately 215 mW/cm2.
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Photolysis experiments were generally conducted as follows. After preparation of

the Fe(CO)5 film of interest, initial IRRA and MIE spectra are collected, rotating the

sample between the two experimental positions in the analysis chamber. Then with

the sample held at the MIES position, the laser source was allowed to irradiate the

sample for a specific interval. After each interval the IRRAS and MIES were again

collected. This approach of rotating the sample between IRRAS and MIES positions

was also used during most of the film growth and sample heating experiments.
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Chapter 6: Fe(CO)5 on Au(111)

In this chapter the results of studying the Fe(CO)5/Au system with the combination of

metastable induced electron spectroscopy (MIES) and infrared reflection-absorption

spectroscopy (IRRAS) will be presented. First, the interpretation and assignment

of MIE spectra of adsorbed Fe(CO)5 will be discussed. This is the first time that

adsorbed Fe(CO)5 has been studied using such surface-sensitive electron emission

techniques. The structure of the adsorbed film as determined from electron and

infrared spectroscopies will then be presented.

6.1 MIES of Au(111) Substrate

The gold films supported on mica used for the majority of this work were prepared

and cleaned following the thermal evaporation / acid-washing preparation method

described in Sections 5.1.1 and 5.1.2. As discussed in that section, the gold surface

is dominated by terraces of (111) surface crystallinity. The sample is held at 110 K

to match the experimental conditions during exposure to Fe(CO)5.

The metastable induced electron spectra (MIES) of the gold substrate is shown

in Figure 6.1. The spectrum is presented as a function of the kinetic energy of the

emitted electrons (Ekin). The observed low-energy cutoff is defined as Ekin = 0 eV

corresponding to electrons emitted at the vacuum level. Electron emission intensity is

plotted as the integrated number of electron counts per aquisition cycle. This number
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Figure 6.1: Metastable induced electron spectrum of acid-washed Au(111) surface at
110 K.

is proportional to the actual count rate of observed electrons emitted from the surface

at the given energy.

The MIE spectrum of the Au substrate is dominated by the large tail approach-

ing 0 eV. This arises due to secondary electron scattering in the small amount of

surface contamination remaining after the acid-washing procedure. The remaining

broad emission primarily arises through a resonant ionization + Auger neutraliza-

tion (RI+AN) mechanism, however there is likely some contribution from an Auger

deexcitation (AD) emission mechanism. The convolution of these two mechanisms re-

sults in the observed reproducible spectrum of emission based on the occupied surface
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density of states of the Au.

6.2 MIES of Fe(CO)5 on Au(111)

The metastable induced electron spectra (MIES) of iron pentacarbonyl (Fe(CO)5) ad-

sorbed on a gold surface with (111) character (Au(111)) at 110 K was measured. The

Au(111) was prepared and cleaned following the thermal evaporation / acid-washing

preparation method described in Sections 5.1.1 and 5.1.2. The cooled substrate was

then exposed to 10 L of Fe(CO)5 at 2× 10−8 Torr. The spectrum is presented in Fig-

ure 6.2 as a function of the emitted electron’s kinetic energy (Ekin) with the observed

low-energy cutoff defined as Ekin = 0 eV.

The spectrum of adsorbed Fe(CO)5 shown in Figure 6.2 contains a number of

distinctive peaks in comparison to the MIE spectrum of the Au substrate. The

only common feature is the large tail observed at the low-energy cutoff arising from

secondary electron scattering. The remaining features are assigned to the Fe(CO)5

adsorbate. These features are grouped into three sets. The strongest peak is observed

on the side of the low-energy tail at Ekin = 2.4 eV. A group of three to four peaks are

present between 4 and 7 eV. The most distinct peak of this group is at 4.2 eV. There

are less distinct peaks at 5.0 and 5.8 eV and a possible shoulder at 6.4 eV. The third

group is a pair of very weak peaks at 10.6 and 12.0 eV. This section of the spectrum

is also scaled up by a factor of 20 to highlight the peaks.

The observed spectrum (Figure 6.2) demonstrates features characteristic of a MIE

spectrum dominated by the Auger deexcitation (AD) mechanism. The maximum

observed kinetic energy of the ejected electrons is 13 eV. The resonant ionization +

Auger neutralization (RI+AN) mechanism results in a maximum kinetic energy of

Ekin,max = Ei− 2ϕ, where Ei the effective energy of the ionized metastable atom and
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Figure 6.2: Metastable induced electron spectrum of 10 L exposure of Fe(CO)5 on
Au(111) surface at 110 K. The grey curve shows emission intensties from 8–14 eV
scaled up by a factor of 20.
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ϕ is the work function of the metal. For the He 3S1 atom Ei = 19.8 eV and the work

function was determined by photoemission to be 5.4 eV. The maximum kinetic energy

from the RI+AN mechanism is therefore 9 eV, significantly less than the observed

maximum of 13 eV. For the AD mechanism, Ekin,max = Ei − ϕ giving a maximum

kinetic energy of 14.4 eV.

The peaks are observed to be relatively narrow (∼ 1 eV, Figure 6.2). Emission

in the RI+AN mechanism results from two electronic transitions with unknown ini-

tial energies. This introduces self-convolution of the initial states resulting in broad

spectral features for systems controlled by the RI+AN mechanism, as discussed in

2.1 [20]. This broadening due to self-convolution is not observed for the Fe(CO)5

MIES. The assignment of the AD mechanism is consistent with previous experimen-

tal observations which have found the AD mechanism dominates in organic molecular

adsorbate systems [9].

Previous work studying the electron-emission spectra of Fe(CO)5 in the gas-phase

provides a useful foundation for interpreting the adsorbed spectrum. Table 6.1 sum-

marizes the peak assignments proposed by Harada [43]. The peaks are grouped into

three categories based on the combination of UPS, PIES and computational popu-

lation analysis. Peaks A1 and A2 consist primarily of Fe 3d orbitals with a small

contribution from the CO 2π orbitals involved in the characteristic metal carbonyl

back-bonding. Peaks B1−5 originate from the CO 1π and 5d orbitals and the C1 and

C2 peaks are from the CO 4σ.

The gas-phase ionization potentials (Egas) and surface adsorbed binding energies

(Eads) are related by

Eads = Egas − ϕ+ ∆Einitial + ∆Efinal (6.1)
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Table 6.1: Ionization energies and molecular orbital assignments for Fe(CO)5

Ionization Potential (eV)

Peak Orbital char.a Symmetrya Calculateda Gas-phaseab Shiftedc Adsorbedd

A1 3d/2π 10e′ 9.0 8.6 2.52 2.42

A2 3d/2π 3e′′ 10.2 9.85 3.77 3.82

B1 5σ/1π 8a′′2 13.4 14.1 8.02 8.02

B2


5σ/1π/3d 9e′ 14.0

1π 2e′′ 14.2 14.6 8.52 8.62

5σ/3d 13a′1 14.3

B3



1π 1a′2 14.5

15.5 9.42 9.42
1π 8e′ 14.8

1π/5σ 7a′′2 14.9

1π 7e′ 15.0

B4 4σ/5σ 12a′1 15.1 16.35 10.27 10.22

B5 1π 1e′′ 15.2 17.1 11.02 -

C1

[
4σ 11a′1 16.3

18.0 11.92 12.02
4σ 6e′′ 16.7

C2 4σ 6a′′2 16.8 19.1 13.02 -

C3 4σ/5σ 10a′1 18.2 20.3 14.22 -

a Harada et al [43] b From UPS c Shifted as in Eqn 6.1, see text for details d This work
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where ϕ is the local work function, ∆Einitial is the initial state shift and ∆Efinal is

the final state shift. For the Fe(CO)5/Au system the gas phase peaks were shifted by

the observed sample work function (5.4 eV). The total state shift (∆Einitial+∆Efinal)

was found by manually adjusting the gas phase energy scale until the key features

of the two spectra are aligned. Using this approach, an adsorption energy shift of

−0.68 eV was observed for Fe(CO)5 on Au(111). The gas-phase (UPS/PIES, kinetic

energies/ionization potentials, from Harada [43]) and adsorbed (MIES, kinetic ener-

gies) spectra are compared in Figure 6.3. Figure 6.4 shows the same MIE spectrum

as binding energies with the gas-phase peaks reported by Harada [43] and the shifted

ionization potential energy scale indicated at the top of the figure.

While the initial and final state shifts cannot be explicitly separated by experi-

ment, the nature of the initial or bond shift can provide some insight. In chemisorbed

systems with strong molecule-surface interactions, large shifts unique to each molec-

ular orbital are observed. The magnitude of each shift depends on the strength of the

interaction between the molecule and the metal. In the case of Ni and CO, the large

and independent bonding shifts observed upon CO adsorption on Ni range from −0.9

to +1.8 eV. The origin of these shifts in local bonding means they are present even

for adsorption on very small Ni5 clusters [55, 56]. Therefore the observed −0.68 eV

adsorption energy shift is reasonable.

In the case of Fe(CO)5/Au, minimal variation (less than 0.1 eV) is observed for

the energy shifts for various peaks between the gas-phase and adsorbed systems. The

back-bonding interaction observed between CO and metal surfaces is already un-

dertaken by the the Fe−CO bonding and therefore a physisorbed Fe(CO)5 molecule

should not show any initial state shift if the molecule remains intact. Any chemisorp-

tion would result in initial state shifts which vary with the influence of the surface-
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Figure 6.3: Comparison of (a) MIE spectrum of Fe(CO)5 on Au with gas-phase
(b) PIES and (c) UPS of Fe(CO)5 from literature. (b) and (c) are reprinted with
permission from [43]. Copyright 1983, AIP Publishing LLC.
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Figure 6.4: MIE spectrum of Fe(CO)5 binding energies on Au(111) and gas-phase
ionization potentials [43]. Ionization potentials are shifted by ∆Eshift = 0.68 eV and
ϕ = 5.4 eV.
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molecule reaction on different orbitals in the molecule. The observed adsorption shift

can therefore be assigned to the final state shift or relaxation energy of the molecule

after ionization.

This analysis suggests the Fe(CO)5 undergoes weak molecular adsorption under

these conditions where the Fe−CO bond does not dissociate upon adsorption. The

lack of observed chemisorption also suggests that the Fe−CO bond is more favourable

than any potential Au−CO interaction that might lead to molecular dissociation. The

description of the Fe(CO)5/Au system as weak molecular adsorption is in agreement

with previous studies by Sato [4] and Hauchard [5,6], which showed molecular adsorp-

tion of Fe(CO)5 on Au, rather than the dissociative adsorption observed on reactive

metal surfaces such as Pt(111) [2].

In addition to binding energies, electron emission intensities provide important

insight into the exposure of specific adsorbate molecular orbitals to the He 1s orbital.

In the gas phase, this relative emission probability corresponds exclusively to the

orbital shape relative to the van der Waals surface of the target molecule. Insight

into the shape and density of a given orbital can be deduced by the comparison of

UPS and PIES emission intensities.

On a surface the analysis is further restricted by the defined planar geometry and

the resulting interaction between the He* beam and the adsorbed molecule. Electron

emission will be more probable for orbitals exposed at the vacuum interface and less

probable for those buried at the molecule-metal interface. The combination of the

known exposed electron density effects from PIES experiments with changes in peak

intensity when adsorbed at a surface as measured by MIES provides insight into the

adsorbate surface structure.

Peaks A1 and A2 (Figure 6.4) have been previously assigned to orbitals involved
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in the Fe−C bonding through the metal 3d and C 2π orbitals [43]. Harada observed a

marked attenuation of these peaks in the PIE spectrum relative to the UP spectrum.

Electron density in these orbitals is relatively inaccessible to the incident He* atom

due to the five CO ligands surrounding the metal, thereby reducing the probability

of orbital overlap and electron emission via Penning ionization. In addition, the A2

peak decreased by a greater amount than A1 due to its larger 3d character.

The MIE spectrum observed in these studies shows a A1 : A2 ratio of 1:6. This is

in good agreement with the ratio of 1:4 observed in the gas-phase PIE spectrum from

[43]. The similar relative intensities of the two A peaks between the two experiments

suggests that it is unlikely there is a large-scale distortion of the ligand geometry which

might result in increased exposure of the 3d orbital. The Fe(CO)5 D3h symmetry

means the same type of orbitals, specifically those localized on the outer surface of

the molecule, will be exposed regardless of any specific orientation on the surface.

The B1−5 series of peaks have binding energies from 8.0 to 10.2 eV and correspond

to gas-phase ionization potentials of 14.1 to 16.3 eV. Harada observed on compari-

son of UPS and PIE spectra that the B1−3 peaks (IP 14.1, 14.6 and 15.5 eV) have

decreased intensity in PIES relative to the rest of the spectrum. The B13 peaks orig-

inate from the CO 5σ or 1π orbitals. Since these orbitals are located around either

the center or C end of the CO ligands, He* access is limited.

In contrast, the gas-phase B4 peak (IP 16.3 eV) is enhanced in the PIES relative

to the other B bands. The majority of electron density in this peak is located in the

CO 4σ orbital which is localized on the O end of the ligand and is very accessible to

ionization by He*. Similarly, the C1−3 peaks originate almost entirely from the CO

4σ orbital. As with B4, the enhanced electron emission relative to UPS observed by

Harada is expected due to the exposed nature of the 4σ orbital.
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As with the A1 and A2 peaks, comparison of the present MIE spectrum with

the gas-phase results of Harada for the B1−5 peaks generally show no large intensity

changes with adsorption. B4 (Eb 10.2 eV) remains distinct from B1−3 and has the

same intensity relative to C1 (Eb 12.0 eV) of 0.3. This is reasonable as both peaks

originate from orbitals with strong CO σ character and these outer orbitals should

remain the most accessible after adsorption. The C1 peak itself dominates both the

MIE and PIE spectra.

The B3 peak (Eb 9.4 eV) in the MIES shows the largest change with respect to

PIES upon adsorption. The peak intensity relative to C1 increases by 50 % from 0.2

to 0.3. The B3 peak is primarily assigned to the CO 1π orbital localized along the

C−O bond axis in the center of the ligand. This suggests that the orientation of

the Fe(CO)5 on the surface is such that interaction between the He* atom and the

CO ligand is slightly more probable on average than in the gas-phase. The A peaks

suggest molecular distortion is not occuring, and so a change in the exposure of the

orbital is unlikely. Therefore the emission enhancement is likely due to the more

constrained geometry of the surface/He* beam system. As proposed by Hauchard [5]

and further discussed in the next section, the molecules in the multilayer Fe(CO)5/Au

system are thought to be well-ordered on the surface with the axial ligands aligned

with the surface normal. This will necessarily lead to a limited range of collision

angles between the He* atom and the Fe(CO)5 molecular axis. The results suggest

that the C−O bond axis is preferentially aligned with the He* atom beam in the

adsorbed configuration.

Finally, the C2 peak at 13.0 eV is not visible in the MIE spectrum as it both has a

weaker emission intensity (in the gas-phase) and is obscured by the maximum of the

secondary electron tail. The C3 peak observed in UPS by Harada is not energetically
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accessible through excitation by the He* atom.

In this section the first metastable induced electron spectrum of Fe(CO)5 adsorbed

on gold was presented with a description of the observed peaks and interpreted in

terms of molecular orbital exposure to He* at the surface. Fe(CO)5 adsorption results

in only small changes in the MIE spectrum relative to the gas-phase, suggesting a

weak molecular adsorption without any decarbonylation or other chemical changes.

In the next section, these results will be used to provide insight into the Fe(CO)5

surface structure under various conditions.

6.3 Fe(CO)5 Surface Structure

6.3.1 Fe(CO)5 Structure on Au(111)

In this section IRRAS and MIES experiments for the Fe(CO)5/Au system will be

presented with a focus on trying to provide detailed information about the film struc-

ture. New insight into this structure is provided by the MIES experiments and the

power of combining these two spectroscopic techniques will be highlighted.

IRRAS of Fe(CO)5

Figure 6.5 shows the infrared spectra of a step-wise series of Fe(CO)5 exposures on

a Au(111) surface at 110 K. The IRRAS has two primary bands of interest, one

at 2010 cm−1 and one at 2045–2060 cm−1, depending on exposure. The band at

2010 cm−1 is assigned to the equatorial CO stretching vibrations and the band at

2050 cm−1 to the axial CO stretching vibrations [5]. The assignment and description

of adsorbed Fe(CO)5 IRRAS spectral features was discussed in Section 3.1 in more

detail.

Changes in the infrared spectra with exposure of the 110 K Au(111) surface to
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Figure 6.5: Infrared reflection-absorption spectra of a Au(111) surface at 110 K with
increasing Fe(CO)5 exposure from 0.5 to 10 L.
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gaseous Fe(CO)5 can be divided into low and high exposure regimes. At low expo-

sures from 0–1.5 L, the equatorial band at 2010 cm−1 is slightly more intense than

the axial band at 2050 cm−1. The axial band intensity increases more rapidly with

exposure than the equatorial in this regime, and starts to demonstrate a characteris-

tic frequency shift to higher wavenumbers. Integrated intensities show the two bands

growing at similar rates in this exposure regime. The broad and shifting nature of the

axial band makes peak intensity measurements uncertain, while integration includes

all contributions in the spectral region.

In the higher exposure regime, the intensity of the two bands no longer increases

at the same rate with exposure. Growth of the equatorial band slows significantly and

additional increases at 2010 cm−1 come from the broad sloping tail of the larger axial

peak. The axial peak frequency continues to shift dramatically and the additional

band intensity due to the larger exposure is narrower, suggesting improved order in the

film deposited at this stage. The frequency shifts and strong growth of the axial band

at higher exposures has been attributed to a combination of molecular orientation,

alignment and the resulting dipolar coupling between neighbouring vibrational modes

[5].

In general, these infrared spectra of film growth reproduce the observations of

Hauchard et al [5] which facilitates comparison to their model for the growth and

structure of the film using MIES. In the low growth regime, the equatorial and axial

bands are broader and less resolved than previously reported, which suggests that the

low-exposure film is less well ordered in these measurements. This may be a result of

the higher surface temperatures (110 K in this work, 50 K in Hauchard et al). Higher

exposure spectra are in closer agreement with those previously reported, although

the equatorial band continues to grow with exposure at a greater rate than in the
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previous work.

The two-stage growth process has been previously explained as the result of dis-

tinct molecular orientation in the first and subsequent layers of physisorbed adsorbed

Fe(CO)5 [5]. Briefly, the first layer consists of Fe(CO)5 arranged in a tripod orien-

tation on the surface with one axial and two equatorial ligands pointing towards the

surface. In subsequent multilayers, the dominant growth of the axial band intensity

combined with the decreased growth in the equatorial band seen in Figure 6.5 is

consistent with layers of Fe(CO)5 molecules with their axial ligands aligned with the

surface normal.

MIES of Fe(CO)5

MIE spectra were collected following the step-wise exposure of Au(111) to Fe(CO)5

and IRRAS measurement. Figure 6.6 shows these spectra with the growth direction

of various features indicated with arrows and the low-intensity 10–14 eV region scaled

by a factor of 20, as before.

The largest change in intensity is observed for the C1 peak at 2.4 eV but peaks in

the B1−5 and A1,2 regions also grow with exposure. Growth in the A1 peak is fairly

straight-forward to interpret. The A1 peak is located in a region without contribution

from the Au(111) substrate (0 L curve, see also Figure 6.1). Any increase in electron

emission intensity can be confidently assigned to increased adsorption of Fe(CO)5 on

the surface. Steady growth at low exposures is observed followed by reduced growth

rate at higher exposures. Despite being relatively weak, this peak is the only Fe(CO)5

peak free from substrate emission, making it valuable for extracting information about

surface coverages. The A2 feature (10.6 eV) is both extremely weak and overlapping

with the substrate emission making it difficult to extract quantitative information
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Figure 6.6: Metastable induced electron spectra of a Au(111) surface at 110 K with
increasing exposure to Fe(CO)5. The direction of change for specific regions discussed
in the text is highlighted with arrows. The 10–14 eV window is shown at 20x scale.
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about the relative contributions arising from the substrate and the Fe(CO)5.

In the 8–10 eV region (designated ’Au’ in Figure 6.6) the spectra show a slow

decrease in intensity with increasing exposure. Based on both the literature gas-

phase spectra [43] and high-coverage MIES results previously discussed, there is no

emission from the Fe(CO)5 in this region. Therefore the decrease is solely due to

the incident He* atoms being blocked from deexcitation at the substrate by adsorbed

molecules. At larger exposures the rate of change in intensity decreases and emis-

sion approaches an asymptotic minimum value as the signal contribution from the

substrate approaches zero.

In the B series of peaks between 4 and 7 eV in Figure 6.6, the mixing of adsorbate

and substrate contributions is observed. At low coverages, the electron emission inten-

sity in this region has a relatively unchanging profile as a function of exposure. This is

believed to be because the emission from the substrate decreases while the Fe(CO)5

contribution grows. This overlapping contribution from simultaneously increasing

and decreasing features is also evident in the presence of an isobestic point at 7 eV.

The overlap of contributions from the Fe(CO)5 and Au substrate limits the insight

into the changes in the film during growth available from these peaks. In IRRAS

the absorbance of different components are additive and the substrate contribution

is removed by referencing to a spectrum of the bare substrate. The signal intensity

in MIES is proportional to the exposed electron density of the components of the

outermost surface layer. Therefore as the contribution from the Fe(CO)5 increases,

any contribution from the substrate must decrease. This means simple background

subtraction is not feasible for peaks in overlapping regions. An approach to solving

this limitation is proposed in the following section.

In the case of the C1 peak (Figure 6.6), there is again significant contribution from
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the substrate before exposure. However here the peak intensity appears to increase in

addition to the existing substrate signal, rather than replacing it as observed for the

B series. The C1 peak lies on the tailing background which arises due to secondary

electron scattering. While the substrate signal should decrease with increasing cover-

age, the secondary electron tail will not necessarily follow the same trend as scattering

in the Fe(CO)5 layer will still occur. In fact, consistent secondary scattering is indeed

observed as the intensity of the feature at 0 eV kinetic energy remains essentially con-

stant at all exposures. The appearance of purely additive growth in the C1 emission

is therefore a result of the constant contribution from secondary electron scattering

from either the film or the substrate.

6.3.2 Spectral interpretation of Fe(CO)5 surface coverage

The changes observed with increasing exposure of Au(111) to Fe(CO)5 in both IRRAS

and MIES experiments were described in detail above. These observations will now

be considered in the context of the MIES mechanism and the additional information

that can be learned about the structure and growth of the Fe(CO)5 film on Au. To

this end, we are interested in quantifying the surface coverage of a specific species

based on the MIE spectra.

As previously discussed, the probability of metastable state deexcitation is pro-

portional to the exposed electron density at the surface for a given atom/molecule. It

is proposed herein that when integrated over a (molecularly) large area, electron emis-

sion intensity can be related to the surface coverage of all species by a linear addition

of fractional surface coverages multiplied by full coverage emission of each species for

the Fe(CO)5/Au system. This approach builds on previous work by Morgner to quan-

tify MIE spectra [8,57]. The emission at a particular electron energy (Ek) is therefore
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proportional to the sum of the relative fractional surface coverages (θ) multiplied by

their respective full-coverage emission probabilities (Pi):

PTotal(Ek) ∝ θ PFe(CO)5
(Ek) + (1− θ)PAu(Ek) (6.2)

This relationship is reasonable so long as there are no shifts in energy peak positions—

for example due to chemical changes in the adsorbate. The lack of chemical reaction

with the metal surface is consistent with previous observations of molecular adsorption

of Fe(CO)5 on Au [4, 5] and the behaviour observed in this work. This makes the

Fe(CO)5/Au system a good candidate for application of the linear combination model

presented above.

If the probability of emission for a component is zero at a specific energy, then the

relationship can be simplified. In the case of a Fe(CO)5-exclusive emission energy

PTotal(Ek) ∝ θ PFe(CO)5
(Ek) (6.3)

. As the basis of this model is the dependence of electron emission on exposed orbital

density, it follows that the fractional surface coverage term θ refers to the 2D geometric

fractional coverage and is unable to differentiate any subsequent multilayers. This

definition is fundamental to the interpretation of surface structure from MIE spectra

and will be tested by comparing MIES and infrared results.

Based on the approach in Equation 6.3, we have treated the Fe(CO)5 A1 peak and

the 8–10 eV region as representative of pure Fe(CO)5 and Au signals, respectively.

This is justified based on the behaviour shown in Figure 6.6 and previously discussed.

These signals should therefore correspond to the fractional coverages of Fe(CO)5 and

exposed Au, respectively. The peak intensities of these two spectral features along

with the C1 peak are shown as a function of exposure in Figure 6.7b.
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Figure 6.7: (a) Integrated infrared absorbances for the entire CO stretching window
(1950–2150 cm−1), the equatorial ligand region (1950–2025 cm−1) and the axial ligand
region (2025–2100 cm−1) as a function of Fe(CO)5 exposure. (b) Peak metastable
induced electron emission intensities for the CO C1 4σ peak (2.4 eV), a Au(111)
substrate-exclusive region (9.0 eV) and the CO A1 3d/2π peak (12.35 eV) as a function
of Fe(CO)5 exposure.
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Figure 6.7 highlights the different structural information provided by the IRRAS

and MIES techniques. The IRRAS results show an approximately linear relationship

between integrated absorbance and exposure up to at least 4 L. This is particularly

evident in the total integral of absorbance for the entire CO stretching window from

1950–2150 cm−1 and the axial peak region from 2025–2100 cm−1. Surface concentra-

tion can be inferred from the infrared absorbance, but there are a number of caveats.

The integration involves multiple vibrational modes which may each have separately

varying molar absorptivity values due to changing molecular orientation with film

thickness. This means that a direct proportionality between absorbance and concen-

tration by naively applying the Beer-Lambert law is not reasonable. In addition, the

shift in the axial mode frequency and absorption intensty induced by dipole-dipole

coupling as described by Hauchard [5] introduces further non-linearities into the ab-

sorbance/concentration relationship. Despite these limitations, a rough relationship

between integrated absorbance and concetration will be assumed. Importantly for

testing the proposed MIES coverage model, linear growth of surface coverage with

exposure is consistent with a constant sticking coefficient independent of coverage, as

is reasonable for a multilayer condensation [58].

The growth of peak intensities measured with MIES follows a noticably different

profile. The emission peak intensity for the A1 peak (12.35 eV, Figure 6.7b) shows an

approximately exponential change in the signal intensity as a function of exposure. At

first glance, this adsorption profile contradicts the description of multilayer adsorption

obtained from the infrared spectra. Approaching an upper limit of adsorption would

appear to be due to Langmuirian adsorption where there are a finite number of single-

molecule sites and no possibility of multilayer formation.

In fact this behaviour in the MIES data is not due to the adsorption behaviour
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of the Fe(CO)5 molecule but rather the interaction between the incoming He* probe

and the surface. Either a site is occupied and thus gives emission characteristic of

Fe(CO)5, or it is not and emission is instead from the substrate. Therefore the ob-

servation of Langmuirian growth in the MIE spectra is consistent with the model of

multilayer growth. Note that this argument only holds for adsorbates which show no

orientation-specific emission. We believe that this is justified in the case of Fe(CO)5 as

all five symmetrical CO ligands apparently result in indistinguishable emission spec-

tra as discussed in the previous comparison of adsorbed and gas-phase MIES/PIES

experiments. This result strengthens the previous intuitive argument that MIES

emission intensity for an isolated peak is proportional to the 2D fractional coverage

of the surface and the definition of θ as such.

The observed behaviour of MIE emission as a function of exposure has implications

for the description of Fe(CO)5 growth on the Au surface. As previously discussed,

the IRRAS results suggest a relatively complete first layer of Fe(CO)5 followed by

multilayer adsorption with a different orientation. The distinct change in growth

behaviour around 1.5–2.0 L of exposure is given as evidence of this growth behaviour.

In contrast, the MIES spectra (Figure 6.7b, A1) show the first layer not reaching

full coverage until 8–10 L. At 1.5 L, only ∼50 % of the total emission (and therefore

coverage) has been reached. Similarly, the decrease in emission from the substrate at

9 eV is only just beginning to approach an asymptotic minimum by 10 L.

The observation of simultaneous first-layer and multilayer growth during adsorp-

tion is consistant with a system of molecular condensation believed to be thermo-

dynamically metastable. Limited lateral diffusion means that molecules essentially

‘stick’ where they land, resulting in local inhomogeneities. This possibility was men-

tioned by Hauchard as a caveat to their two-layer model [5].
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Reconsidering the growth model for Fe(CO)5 adsorption on Au as a number of

incomplete layers sheds new light on the interpretation of the infrared results. Figure

6.8 shows the growth of the equatorial and axial infrared regions as a function of

fractional coverage θ/θmax. This fractional coverage value is determined from the A1

emission intensity using Equation 6.3 with θmax = 1 defined as the asymptotic maxi-

mum emission. The linear increase of the equatorial region with coverage is consistant

with the absorbance in that region occuring only due to first-layer molecules. There-

fore rather than assigning the continued asymptotic growth in infrared absorbance

of the equatorial region up to 10 L exposure to the tail of the axial peak, it can be

better assigned to the filling in of the incomplete first adsorption layer.

From this comparison of MIES-derived surface coverage and the axial/equatorial

absorbance intensities, three regimes of growth can be defined (Figure 6.9). In the

low-coverage region of growth below θ = 0.4 (1.5 L) the axial and equatorial spectral

regions grow at similar rates. This suggests the initial low-coverage growth remains

purely in the first-layer. For coverages between 0.4–1 (1.5–8 L) both first-layer and

multilayer structures are present. Finally, beyond θmax (8 L) multilayer growth dom-

inates.

In summary, the MIE spectra of Fe(CO)5 during adsorption on Au provides insight

into the growth and structure of the adsorbed layers as a function of exposure. A

quantitative model to relate MIE emission intensity to surface coverage is proposed

and tested. The coverage values obtained from this model combined with infrared

spectra suggest a previously unknown intermediate-coverage region where significant

growth in both first-layer tilted and multilayer surface normal populations is observed

between 1.5 and 10 L of exposure.
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Figure 6.8: Integrated infrared absorbances for the equatorial ligand region (1950–
2025 cm−1) and the axial ligand region (2025–2100 cm−1) as a function of θ/θmax.

Figure 6.9: Schematic of three Fe(CO)5 growth regimes from proposed model.
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6.3.3 Thermally-induced structural changes

The thermodynamically metastable state proposed by Hauchard [6] for the as-deposited

Fe(CO)5 films on Au naturally leads to the question of the structure of an equilibrated

adsorbed state. The addition of thermal energy to the system through heating leads

to an irreversible structural change. The relationship between MIE spectral intensity

and surface coverage proposed in the previous section will be used to provide insight

into the surface structure of the transformed Fe(CO)5/Au.

The infrared spectrum of 10 L of Fe(CO)5 on Au at 110 K is shown in Figure 6.10.

The features are consistent with a high-exposure film, including a strong, narrow

axial peak with a broad tail. The film was heated to 140 K at a rate of 4 K/min and

immediately cooled back down to 110 K. During the heating phase, no desorption

is observed by residual gas analysis (RGA). The resulting structure has a distinctly

different infrared spectrum than the as-deposited film. The sharp axial peak is no

longer present and the featureless tail to lower wavelengths has been replaced with

two strong absorbances at 2045 cm−1 and 2032/2028 cm−1 along with a shoulder at

2015 cm−1 and a number of small features from 1977 cm−1 to 2006 cm−1. The spectral

signature of the thermally transformed film is reproducible and consistent with the

reported spectra for films produced under the same conditions by Hauchard [6]. This

consistency with previously published results is important because it allows for the

extension of the interpretation of the infrared results with the MIE spectra of the

same system.

There are two primary observations that can be made from the IRRAS of this

process. First, the average orientation of the Fe(CO)5 has changed as indicated

by the significant growth in the equatorial region along with the lower-frequency

shifting of the majority of the axial contribution. The equatorial transition dipole
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Figure 6.10: Infrared spectra of a 10 L exposure of Fe(CO)5 on Au(111) at 110 K
as-deposited and after heating to 140 K and cooling back to 110 K.
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parallel to the surface in the as-deposited multilayer film does not absorb radiation

due to the surface selection rule. The increased equatorial intensity after the thermal

treatment therefore arises from orientations where the equatorial modes are oriented

such that they have some component perpendicular to the surface. The relatively

broad absorbance structure and increased number of discernible modes suggests a

structure with a number of molecular orientations.

The second observation is that the transformation is irreversible. After heating

the sample, the subsequent cooling process shows no change in the infrared absorp-

tion, as previously reported by Hauchard [6]. The large and disruptive change in

structure suggested by the infrared spectra is consistent with the irreversibility of the

transformation.

Further insight into the structure of the transformed Fe(CO)5 requires additional

experimental evidence beyond the CO stretching vibrations. As previously discussed,

Hauchard proposed a 3D cluster aggregation as the structural model after the thermal

transformation. This aggregation was proposed based on changes in the infrared

spectra of the organic substrate that are sensitive to surface coverage. This model

was then extended to the Au substrate based on the similar structure of Fe(CO)5 on

the two substrates observed by IRRAS.

The ability to directly and unambiguously measure the fractional surface coverage

using MIES demonstrated in the previous section is therefore particularly useful for

determining the structure of the transformed Fe(CO)5 on Au. Figure 6.11 shows the

MIE spectra of a 10 L exposure of Fe(CO)5 collected at 110 K before and after heating

to 140 K.

The transformed film shows a large decrease in the C1 emission peak and decreases

in the B and A1 peaks. In addition, there is a noticeable growth of emission intensity
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Figure 6.11: MIE spectra of a 10 L exposure of Fe(CO)5 on Au(111) at 110 K as-
deposited and after heating to 140 K and cooling back to 110 K.
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in the 8–10 eV region previously assigned as an interference-free contribution from

the Au substrate. The 10 L exposure as-deposited spectrum corresponds to full

Fe(CO)5 surface coverage of the Au with multilayer growth in some regions, as shown

in the previous section. Using Equation 6.3, the A1 peak intensity is proportional to

Fe(CO)5 coverage. The A1 peak intensity before tranformation corresponds to full

surface coverage, θmax = 1, and the intensity after transformation to a lower surface

coverage, θ.

P after

P before

∝
θ PFe(CO)5

θmax PFe(CO)5

(6.4)

θ ∝ P after

P before

(6.5)

By substituting A1 peak intensities into Equation 6.5, the fractional surface cov-

erage is found to be 0.77 or 77 %. Following the same approach with the intensity at

Ek = 9 eV, the coverage based on the Au substrate signal can be determined. In this

case, the base signal from the asymptotic minimum (full Fe(CO)5 coverage) is first

subtracted from the signal for the initial Au substrate and from the signal for the

transformed film. The exposed Au substrate area was determined to be 21 % of the

surface, corresponding to 79 % Fe(CO)5 coverage. The excellent agreement between

these two separate measures further adds to the confidence in the proposed linear

addition quantitative model.

The ∼80 % coverage value is significantly larger than the estimated 5 % coverage

reported by Hauchard after the heating process [6]. Although their experiments

were conducted with a thicker film (approximately double based on both infrared

absorbance values and monolayer-equivalent Langmuirs of exposure), the coverage

value is significantly lower. Their value was based on changes in infrared methyl C−H

stretching band absorption on a hexadecane thiol (C16) SAM substrate, not Au(111).

The similarity of the transformed Fe(CO)5 infrared signatures and the temperature of
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transformation between the two substrates was the primary experimental justification

of the Fe(CO)5/Au description, but no direct experimental confirmation of the Au

coverage value was possible.

One important caveat to any interpretation of the fractional surface coverage

with MIES is that no information about the thickness or geometry of the adsorbates

is available, particularly in the case of such symmetrical molecules. The MIES cov-

erage clearly shows that Fe(CO)5 adsorbates are blocking emission from ∼80 % of

the Au substrate. However, the infrared results indicate the majority of Fe(CO)5 is

orientationally disordered or clustered.

A possible structure which satisfies both observations is one where the majority

of the surface coverage observed by MIES is due to a relatively thin adsorbed layer

combined with large aggregated clusters. With this structure, there would be three

types of regions on the surface: (i) Au substrate without any Fe(CO)5, (ii) thin,

possibly monolayer, coverage and (iii) thick, 3D aggregates. Regions (ii) and (iii)

would combine to give the MIES surface coverage of 0.8 as that technique is insensitive

to Fe(CO)5 orientation. Contribution to the infrared absorbance from the monolayer

region (ii) would be dwarfed by the directly overlapping absorbance corresponding to

the 3D clusters (iii). Neither of these regions would demonstrate the strong, shifted

axial absorbance characteristic of the well-ordered as-deposited film multilayer.

A possible limitation of the MIES-derived surface coverage value is the direction-

ality of the probe. The He* beam has an angle of incidence of 30° with respect to

the surface normal. If the 3D structures have a particularly large aspect ratio, it is

possible that the measured surface coverage corresponding to shadowing due to this

projection would be larger than the actual fractional surface coverage. However given

the steep angle of incidence, the entire increase in observed surface coverage cannot
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Figure 6.12: Schematic of three coverage regions after thermal treatment: (i) exposed
Au, (ii) thin or monolayer coverage, and (iii) 3D aggregates.

be assigned to this effect alone.

The proposed transformed structure on Au does not exclude the previously pro-

posed cluster-dominated model on C16 SAM substrates, which could still be the case

for those substrates. The differences in the adsorbate organization would not be

observable by IRRAS alone, as the thin layer regions would be hidden under the

adsorption due to the clusters.

6.3.4 Fe(CO)5 structure on an alkanethiol self-assembled monolayer

The structure of adsorbed Fe(CO)5 was previously found by Hauchard [5] to be mostly

independant of Au(111) substrate modification with alkanethiol self-assembled mono-

layers with carbon chain lengths of 4, 8, 12 and 16 carbon atoms. In the absence of

chemisorption or other surface-specific interactions, at the experimental surface tem-

perature of 50 K the thermodynamically metastable adsorption structure resulted

purely from the random arrival and rapid thermalization of molecules from the gas

phase.

At a higher temperature of 110 K, the adsorbed structure appears to be quite

different. Figure 6.13 shows a series of Fe(CO)5 exposures on a hexadecane thiol
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Figure 6.13: Infrared reflection-absorption spectra of a C16 SAM/Au(111) surface at
110 K with increasing exposure to Fe(CO)5.
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(C16) monolayer self-assembled on a Au(111) substrate. Very generally, the spec-

tral characteristics of a large axial peak with a smaller equatorial peak is similar to

the spectra observed for Au substrates, however the details and growth profiles are

noticeably different. In the low coverage regime the axial peak is stronger than the

equatorial for all measured coverages, instead of initially growing at the same rate as

seen for Au. Most dramatically, the axial and equatorial bands both continue to grow

at rates relatively constant to one another up to extremely high exposures. Under

these conditions the two-layer structure is not present and the parallel growth of the

two absorption modes suggests either a single orientation or an isotropic film. The

broad peak shapes and absence of axial frequency shifts resulting from dipolar cou-

pling between neighbouring axial modes further support an isotropic, unstructured

configuration of the Fe(CO)5 on the C16/Au surface.

MIE spectra of the C16 surface acquired during the step-wise exposure of the

C16/Au surface to Fe(CO)5 are shown in Figure 6.14. The spectrum obtained for

the C16 substrate prior to exposure (0 L) is consistent with C16 spectra previously

obtained and with the reported spectra of the same system by Heinz and Morgner [59]

at a similar temperature.

In contrast with the Au substrate, none of the previously assigned Fe(CO)5 peaks

are clearly present in the spectra, even up to large exposures of 30 L. The IRRAS

data in Figure 6.13 confirms the presence of Fe(CO)5 in some form on the surface and

heating the sample induces desorption as measured by RGA and absorption loss in

the infrared. The most obvious change in the MIES results with increasing exposure

is a decrease in the overall emission intensity from the C16 substrate. In addition, a

small growth is observed from 3–4 eV. The interpretation of these changes is difficult

due to the presence of both the alkanethiol and the iron carbonyl.
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Figure 6.14: Metastable induced electron spectra of a C16/Au surface at 110 K with
increasing exposure to Fe(CO)5. The 3–14 eV window is shown at 20x scale.
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Regardless of the interpretation of the changes observed in the C16 MIE spectrum,

the unambiguous absence of strong Fe(CO)5 emission means the fractional surface

coverage at 110 K on the C16 substrate must be very low. Hauchard reported changes

in surface coverage monitored by methyl stretches at temperatures as low as 100 K [6],

suggesting that the thermal barriers to lateral diffusion are already within reach at

that temperature for the methyl terminated surface. Those observations were also

made during a thermal ramp and it is not known what would result from the long-term

evolution of a 50 L film prepared at 50 K, heated and then held at 110 K. Furthermore,

additional thermal energy is carried by the gas-phase molecules compared to the

previously thermalized adsorbates when starting at 50 K. Based on these arguements

and observations, it is reasonable to conclude that the adsorbed Fe(CO)5 is capable

of lateral diffusion and aggregation at 110 K on these organic substrates. The less

than 5 % coverage proposed by Hauchard for the C16 substrate after transformation

would result in extremely low MIES emission. This can be seen in Figure 6.7 for the

Au substrate, where a coverage of 0.05 corresponds to halfway between the 0 and

0.25 L exposures and very little emission is recorded.

The IRRAS and MIES results for 110 K adsorption on C16/Au show a highly

aggregated and disordered structure. The infrared spectra in Figure 6.15a show that

this structure is not the same as the ’transformed’ structure obtained by heating to

140 K.

Despite the initial disordered structure, heating to 140 K still shows significant

changes in the IRRAS in line with the results observed on the Au substrate. One

major difference in comparison to our Au substrate results and the lower-temperature

results reported by Hauchard [6] is that the axial peak does not lose intensity upon

heating, only undergoing a small shift in frequency. The strong, highly shifted axial
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Figure 6.15: IRRAS and MIE spectra of a 10 L exposure of Fe(CO)5 on a C16/Au
surface at 110 K and after heating to 140 K. Fe(CO)5 MIES peak positions included
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peak is characteristic of the as-deposited, ordered multilayer. Its absence from both

the initial spectrum and the transformation is further evidence that the as-deposited

film at 110 K is already significantly aggregated in the present experiments.

The MIE spectra show little change after heating. This is expected as the frac-

tional surface coverage is already very low. Slight decreases upon heating at 2.3 eV

and from 4–6 eV may be due to additional aggregation processes, as these regions

correspond to the strongest Fe(CO)5 electron emission (from the C1 and B peaks,

respectively). Although this is consistent with the IRRAS observations of further

structural changes, these changes in emission intensity are small and can not be

clearly assigned to changes in Fe(CO)5 surface coverage.

The adsorbed surface structure of Fe(CO)5 on C16/Au at 110 K is proposed

to be a partially aggregated film. This is similar to what would be expected from

heating and then instantly cooling a similar film prepared at 50 K before complete

thermal transformation could occur. The extremely low surface coverages suggested

by the MIES data mean that the C16 surface does not demonstrate the three-part

aggregated film proposed for that substrate. Instead, upon thermal treatment the

Fe(CO)5 aggregates into 3D clusters leaving the remaining C16 substrate exposed, in

agreement with the model proposed by Hauchard [6] based on the methyl absorption

band data. Finally, the ambiguous interpretation of the electron emission spectra

highlights one of the challenges of the MIES technique: systems composed of two

or more targets with complex valence orbital electronic structure such as Fe(CO)5

and alkanethiols have significant overlap making interpretation difficult, especially

when one component has a very low fractional surface coverage and therefore a weak

emission signal.
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Chapter 7: Photolysis and surface

interactions of Fe(CO)5

In this chapter, the quantitative tools and structural model of Fe(CO)5 on Au de-

veloped in the previous chapter will be applied to the photolysis of Fe(CO)5 and the

resulting products. Changes observed in the photolysis reaction as a consequence

of the initial film structure are presented. The influence of the substrate on the

Fe(CO)5/Au adsorption interactions will also be discussed.

7.1 Adsorbed Fe(CO)5 Photolysis

One of the motivations for studying the adsorbed surface structure of Fe(CO)5 is

to understand the implications of that structure for subsequent reactions. Iron pen-

tacarbonyl has been long studied as a potential or model chemical vapour deposition

precursor [1–4]. The volatility and strong intramolecular bonding of the carbonyl

ligand, combined with the weak Fe−C bond make this molecule an attractive target.

Figure 7.1 shows infrared spectra collected during irradiation of a 10 L exposure of

Fe(CO)5 on Au(111) with 287 nm light from a mode-locked laser. The most dramatic

changes occur within the first 300 s of irradiation. The axial peak arising from the

multilayer component of the film at 2060 cm−1 decreases by almost 75 %. A small

drop in the equatorial/axial-tail region is also observed. A shoulder at 2070 cm−1
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Figure 7.1: Infrared spectra of 10 L Fe(CO)5 on Au at 110 K before and after irra-
diation with 287 nm UV light for 300, 600 and 900 s. Laser power is estimated at
215 mW/cm2.

appears along with a sharp peak at 2090 cm−1. A very broad and weak peak at

1825 cm−1(not shown) also appears during the first 300 s but does not change with

further irradiation.

With continued irradiation, the axial peak continues to decrease, although the

change for a given irradiation period is much smaller. The peak frequency also shifts

to lower values from 2060 cm−1 to 2052 cm−1. The shoulder at 2070 cm−1 remains

constant and the peak at 2090 cm−1 appears to reach a maximum intensity after

600 s.
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The rapid loss of infrared absorption intensity from the axial CO ligands com-

bined with the growth of new peaks in the CO stretching region is consistent with

the Fe(CO)5 undergoing a photolysis reaction. The appearance of specific reaction

product peaks in the infrared was reported for photolysis [4] but not for electron-

induced reactions [7]. Two possible mechanisms can occur upon typical irradiation:

direct photolysis via absorption of a UV photon, and electron-induced decarbony-

lation via photoemission of an electron from the metal substrate. An attempt to

differentiate between these two mechanisms will be discussed later.

MIE spectra of the Fe(CO)5 film after irradiation are shown in Figure 7.2. As

observed in the infrared spectra, the first 300 s shows a rapid decrease in the char-

acteristic Fe(CO)5 emission peaks. This is followed by a slow continued decay of

the emission intensity. After 900 s, significant peak intensity is still present, partic-

ularly the 2.4 eV peak which maintains ∼30 % of its emission intensity. This is also

consistent with the infrared observations.

Unlike the infrared, however, the MIES results show no new distinctive features

arising over the course of the photolysis reaction. Based on the relative infrared

intensity, the photoproduct is expected to have low surface coverage. This leads

to low relative emission intensity originating from the product and therefore any

distinctive bands would be weak.

As discussed in Section 6.2, the interactions of the CO ligand with the metal

center dominates the molecular orbital energy shifts observed for free CO to Mn(CO)x.

Further changes upon adsorption of the cluster/molecule or direct chemisorption of

CO on metal surfaces are less significant [55,56]. It is not surprising then that unique

emission bands are not observed for the photoproduct. Little if any shifts would be

expected, in particular for the 4σ-dominated 2.4 eV peak which shows only small
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shifts in different binding environments. The B1−5 peak region from 4–7 eV might

be expected to show more sensitivity to the change in binding, however the low

coverage of both the original Fe(CO)5 and the photoproduct results in weak emission

from both. In addition, the effective spectral resolution due to adsorption-induced

broadening is poor. It not unreasonable therefore that the B region is observed to be

relatively broad and featureless. Similar limitations, mostly low emission intensity,

apply to the A1,2 peak region.

Finally, the growth in the 8–10 eV region suggests that the photolysis reaction

results in the exposure of the Au substrate: 31 % exposure using the quantitative

method previously proposed. This indicates that desorption of Fe(CO)5 or Fe(CO)n

products is also occuring and may have a significant role in the decreases observed in

both infrared absorption and MIE emission intensity.

7.1.1 Photoproduct Desorption

Figure 7.3 shows a photoproduct sample prepared by depositing 10 L of Fe(CO)5 on

a 110 K Au substrate and irradiating with 287 nm UV light for 1000 s. A series of

infrared spectra were then acquired while heating the sample at a moderate rate of

4 K/min with two temperature holds at 140 K and 170 K.

There are two significant changes in the spectra as the temperature increases. The

first occurs at 140 K, the nominal desorption temperature of adsorbed Fe(CO)5. The

bands around both 2050 cm−1 and 2060 cm−1 decrease and the peak at 2090 cm−1

increases and shifts to 2093 cm−1. 2050 cm−1 is close to the axial mode peak observed

after thermal treatment of unreacted Fe(CO)5 which corresponds to the disordered

structure created during heating (2045 cm−1), as well as the peak position of the

axial mode for low-coverage films. The shoulder at 2060 cm−1 corresponds to the
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Figure 7.3: Infrared spectra of UV-irradiated 10 L Fe(CO)5 on Au (287 nm UV light
for ∼1000 s) during heating at 4 K/min. Sample was held at 140 and 170 K.
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shifted axial mode of as-deposited Fe(CO)5 multilayers. The spectroscopic signature

and desorption behaviour of these these features is consistent with those of unreacted

Fe(CO)5 (Previous section, [6]).

In contrast, the peak at 2090 cm−1 does not desorb at 140 K, providing further

evidence that it corresponds to a photolysis reaction product. This observation is also

consistent with the reported behaviour of the photoproduct observed by Sato [4], who

observed a similar product peak at 2081 cm−1 which remained until above 160 K.

Figure 7.4 shows the change in peak intensities as a function of temperature during

the heating process. The two absorbance intensities at 2052 and 2066 cm−1 show a

large drop in intensity during the 140 K hold and during heating through complete

desorption at 150 K. This is most likely due to the desorption of unreacted Fe(CO)5

at this temperature. Although a significant portion of the absorbance intensity at

these frequencies can therefore be assigned to Fe(CO)5, the remaining intensity is

due to product species. Intensities at 2006 and 2034 cm−1 do not begin to decrease

until above 150 K. This two-step desorption may be the result of two populations of

Fe(CO)5 on the surface: unreacted multilayers similar to the as-deposited structure

and aggregated molecules similar to the thermally treated structure.

The peak at 2093 cm−1 (which shifts to 2090 cm−1) shows a large increase at

140 K followed by a large decrease between 160 and 180 K. The shift and growth of

the 2090 cm−1 peak as the unreacted Fe(CO)5 desorbs is likely due to changes in the

photoproducts on the surface. Partially decarbonylated species can react with each

other and with unreacted Fe(CO)5 to form some other product species, but the low

temperatures and decreased surface concentration may lead to incomplete reaction.

The heating and desorption of Fe(CO)5 could provide the additional mobility and

access to reactive species required for the formation of additional photoproducts. It
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clarity.

106



is also possible that the changes are due to physical reorientation during the heating

process. Increased coupling between neighbouring CO groups is known to result in

shifts to higher frequencies and increased infrared absorption [5]. In addition, the

photoproduct may reorganize such that the transition dipole moment has a larger

surface-normal component.

The second major change occurs at temperatures above 170 K. The distinct pho-

toproduct peak at 2093 cm−1 decreases over a relatively small temperature range.

Desorption of the photoproduct from the surface is the most likely cause of this de-

crease. It is also possible that the species further decomposes at this temperature, as

during the decrease of the 2093 cm−1 peak other areas of the spectra (2034, 2066 cm−1)

show an small increase in intensity. However the very small increase compared to the

large decrease at 2093 cm−1 strongly favours the desorption interpretation.

Some photoproduct remains on the surface for temperatures up to 270 K, indicated

by the broad, weak absorption bands from 1950 to 2100 cm−1. Sato [4] observed sim-

ilar CO stretch absorption for temperatures up to 340 K, and some electron induced

reaction products prepared by Hauchard remained until 330 K [7].

The MIE spectra of the irradiated Fe(CO)5 sample at select temperatures during

heating are shown in Figure 7.5. As previously discussed, the photoproducts have no

distinctive emission peaks to distinguish from the unreacted Fe(CO)5. The spectra

at 110 K and 140 K show no change with heating in this temperature range. This is

in contrast to the infrared which shows significant changes at 140 K.

From the infrared spectra alone the surface changes can only be confidently de-

scribed as some loss of CO–containing species and an increase in the absorption by

the 2093 cm−1 photoproduct. The unchanged MIE spectra indicates that the surface

coverage of CO ligands remains approximately constant during this change. Any
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Figure 7.5: MIE spectra of irradiated Fe(CO)5 (Au substrate, 287 nm UV for 1000 s)
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desorption of unreacted Fe(CO)5 must therefore be from multilayer structures. The

large decrease in metastable-induced emission intensity during irradiation makes any

uniform distribution of Fe(CO)5 and photoproducts across the surface unlikely. The

aggregated surface structure of Fe(CO)5 was previously proposed to be thermody-

namically favourable given sufficient surface mobility. Therefore the most likely sur-

face structure of the irradiated sample is aggregates of photoproducts and Fe(CO)5.

During heating, we propose that these aggregates reorganize, releasing frozen unre-

acted Fe(CO)5 and reorganizing the remaining Fem(CO)n) products without signifi-

cant change in fractional surface coverage as measured by the MIES experiment.

At 170 K, the MIE spectrum shows decreasing intensity in the C and B peak

regions along with growth in the substrate-derived 8–10 eV region. Exposure of

the substrate combined with decreasing emission from CO indicates that the surface

coverage of all materials has decreased at this temperature. The absorption strength

of all photoproduct infrared bands is also decreasing at this temperature. As the

sample warms through the 160–200 K regime the majority of photoproducts are

desorbed from the surface, leaving behind a residual layer observed with both MIES

and IRRAS. By 300 K, neither technique shows sign of remaining CO ligands.

Direct evidence of the identity of the photoproduct at 2090 cm−1 has not been

found in this work, however some insight can be drawn from previous attempts and

the behaviour of the peak during photolysis and heating. Sato et al [4] proposed that

the peak they observed on Au(111) at 2081 cm−1 after photolysis was due to the

presence of unbridged Fe2(CO)8, where the two Fe centres are directly bound without

an intermediate CO. In Ar matrix work by Fletcher et al [60], the existence of this

structure distinct from both the Fe2(CO)9 and bridged Fe2(CO)8 dimers was shown,

however the highest frequency stretching band was found to be only 2038 cm−1 for
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that structure. Sato et al [4] proposed that the additional shift to higher frequency

was a result of bonding between the Fe and the Au substrate, which was substantiated

by the observed shifts in the Fe 2p binding energies obtained by XPS. This is also

consistent with the increased desorption temperature we observed during heating of

the irradiated film, which indicates increased adsorbate-surface interaction.

There are two observations that support the assignment of this 2090 cm−1 peak

to Fe2(CO)8. First, during photolysis the peak diminishes in intensity after very long

irradiation times. This could be due to further reaction of the Fe2(CO)8 to produce

Fe-rich Fem(CO)n) oligomers. Second, as discussed above, the increase in peak in-

tensity at 2090 cm−1 observed during heating of the irradiated film suggests further

reaction between trapped reactive intermediates, and a dimer species like Fe2(CO)8 is

a reasonable result of that process. In addition, Fletcher et al [60] observed that the

isomerization of the bridged Fe2(CO)8 to the unbridged species was prevented in the

low temperature matrices used in their experiments. Annealing the matrix promoted

the isomerization, and a similar mechanism could be at work on the Au surface, with

the unreacted Fe(CO)5 and other photoproducts acting as the sterically-interfering

matrix.

7.1.2 Photon energy: insight into photolysis mechanism

The spectroscopic evidence so far suggests that the decarbonylation of Fe(CO)5 via

photolysis results in many different products of the general formula Fem(CO)n. These

reactions can procede via either direct photoreaction following the absorption of a UV

photon or photoemission from the metal surface followed by a dissociative electron

attachment process. Previous work by Henderson and Sato [4,37] argued that direct

absorption was the primary mechanism. They observed wavelength-dependent reac-
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tivity which was assigned to charge-transfer interactions between the Fe(CO)5 and the

metal surface. In addition, they were able to discount the possibility of photoelectron

capture as the wavelengths used all had energies much below the work functions of

their substrate metals (Ag and Au, respectively).

The photolysis experiments presented previously were initiated by irradiation with

a 287 nm coherent mode-locked laser source. The 287 nm wavelength is in fact near

the maximum of a metal-ligand charge transfer band [4, 61] in Fe(CO)5, increasing

absorption of the UV photons. The coherent laser pulses are also capable of producing

photoelectrons via a two-photon photoemission process, which was not possible for the

light sources used by Henderson and Sato [4, 37]. These photoelectrons have kinetic

energies ranging from 0 to 3.2 eV. Hauchard showed that low-energy electron-induced

decarbonylation cross-sections are quite large for electrons with these energies [7].

Figure 7.6 shows the infrared spectrum before and after a 1800 s irradiation with

430 nm laser light. Less than 30 % decrease in absorption is observed in the 2060 cm−1

axial mode peak and even less in the 2010–2040 cm−1 region. This is despite the long

irradiation time of twice the maximum irradiation shown for 287 nm. No evidence of

absorption growth indicating the formation of distinct photoproducts is observed, as

was seen at 2090 cm−1 previously.

Based on these results, if the irradiation wavelength is increased to 430 nm the

amount of observed photolysis is greatly diminished and the composition of the reac-

tion products changes. In particular, the sharp peak in the infrared at 2090 cm−1 is

not present following 430 nm irradiation. The overall decrease in reactivity is expected

to be due to the factor of ten reduction in absorption (vs 287 nm) of 430 nm light

by Fe(CO)5 [1]. However, even the relatively low-energy 430 nm (2.88 eV) photons

have sufficient energy to produce photoelectrons via two-photon emission with kinetic
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Figure 7.6: Infrared spectrum of 20 L Fe(CO)5 on Au at 110 K (a) before and (b)
after 1800 s of irradiation with 430 nm light.

112



energies up to 0.4 eV. The absence of any infrared absorption at 2090 cm−1 suggests

that the photoelectron/dissociative electon attachment mechanism does not lead to

that specific product and photolysis is instead a result of the direct UV-absorption

mechanism.

7.1.3 Effect of initial Fe(CO)5 structure

The thermal transformation of the as-deposited Fe(CO)5 structure on Au at 110 K

discussed in Section 6.3.3 affects the decarbonylation reaction on the surface. In the

case of low-energy electron irradiation, Hauchard showed that once the Fe(CO)5 has

been heated to the thermodynamically stable aggregate state it becomes relatively

impervious to 5 eV electron-induced reaction [7].

Figure 7.7 shows the infrared spectra of a thermally-transformed Fe(CO)5 sample.

Upon irradiation with 287 nm UV light, the overall intensity of the CO absorption

decreases. However, the majority of the Fe(CO)5 infrared absorption remains after

irradiation, even for very long (3100 s) irradiation times. Under similar conditions,

the as-deposited structure loses almost all absorption in this region after only 900 s.

In addition, only a very small increase around 2090 cm−1 is observed.

Reduced reactivity as a function of exposure time is not completely unexpected.

The lower fractional surface coverage of the aggregated Fe(CO)5 results in a lower

irradiation fluence per molecule per second. However, based on this simple expla-

nation the photolysis reaction would be expected to simply slow proportional to the

decreased irradiation. Instead, even much longer irradiation times result in only small

amounts of photolysis. The almost complete absence of the previously characteristic

photoproduct at 2090 cm−1 suggests that the mechanism of photolysis is different for

the transformed structure.
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7.1.4 Summary

Photolysis of Fe(CO)5 on a Au substrate was studied using MIES and IRRAS tech-

niques. Distinct infrared signatures of reaction products were observed, however MIE

spectra of the same products showed no distinct emission peaks. Thermal desorp-

tion of unreacted Fe(CO)5 confirmed that the photoproduct species have strongly

overlapping emission energies.

The surface structure of the irradiated sample is proposed to consist of aggregates

of photoproducts and Fe(CO)5. The aggregates rearrange during heating which re-

leases frozen Fe(CO)5 to desorption and allows diffusion and further reaction of the

remaining photoproducts on the surface.

Observation of a distinct photoproduct peak at 2090 cm−1 for 287 nm irradiation

combined with limited reaction under 430 nm irradiation supports a direct photoreac-

tion mechanism driven by absorption of a UV photon for production of that species.

Photoemission from the metal surface followed by dissociative electron attachment

likely still contributes to the overall consumption of Fe(CO)5 observed during pho-

tolysis.

Finally, the reduced photolysis rate of thermally treated Fe(CO)5 demonstrates

the importance of controlling the initial surface structure of the film for any practical

use of Fe(CO)5 as a metal-deposition precursor molecule. Similar precursor systems

would also likely benefit from this type of analysis to ensure the efficient removal of

ligands required for quality deposits.

7.2 The interaction of Fe(CO)5 with sputtered Au

An important part of the deposit structure and reactivity on the Au surface is the

nature of the interaction between the adsorbed Fe(CO)5 and the metal. As discussed
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in Section 6.3.1, Fe(CO)5 behaves as weakly-bound molecular adsorbates on the acid-

washed Au/mica substrate used for the majority of this work. In this section the effect

of ion sputtering the Au surface prior to exposure to Fe(CO)5 will be presented.

The Au/mica substrates previously discussed were acid-washed and treated with

UV/ozone to remove the majority of adventitious organic adsorbates from the surface.

Examination of the IRRAS reflection spectra showed no absorption at characteristic

frequencies for organic contamination. The sensitivity of this approach is limited by

the small amount of material to be measured and the possibility of infrared-inactive

species.

The metastable induced electron emission mechanism is highly sensitive to surface

composition, including any contamination. A significant change in the metastable

spectrum was found when the Au surface was exposed to Ar+ ion sputtering. Figure

7.8a shows the MIE spectrum of a typical acid-washed Au sample. The sample was

then irradiated with 1 keV Ar+ for 20 minutes, annealed at 580 K for 60 minutes and

allowed to cool to room temperature, all under vacuum. After the sputtering and

annealing was finished, a second MIE spectrum was collected (Figure 7.8b).

The most noticable change after sputtering is the large reduction of the low-energy

region (0–3 eV) which arises from secondary electron scattering. This reduction sug-

gests there is now less foreign material on the surface. The probability of inelastic

scattering in adventitious carbon or similar contamination is therefore reduced, lead-

ing to less emission in this region. This is consistent with the large secondary electron

scattering peak observed for thick organic films such as hexadecanethiol SAMs (Fig-

ure 6.14, previously).

In the 8–17 eV region, emission intensity increases after the sputter/annealing

process. This can be explained as a consequence of improved access for the He* atoms
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to the metal valence bands. Any contamination, even the minute amounts present in

the acid-washed samples, will partially block the critical He 2s orbital overlap with the

metal valence bands required for the RI+AN process. It is clear that the acid-washed

substrates contain sufficient contamination to influence the emission from bare Au

substrates. The question now arises whether it is sufficient to change the interaction

between adsorbed Fe(CO)5 and the Au surface.

One possible undesired side-effect of the sputtering process is increased surface

roughness, particularly on the (111) character terraces of interest. Figure 7.9 shows

a series of atomic force micrographs of the Au/mica substrates after each stage of

the cleaning process. No changes in the surface roughness or structure observable at

this resolution are apparent after any stage. It is still possible that the sputtering /

annealing process introduces changes in the surface at the atomic scale; this would

not be visible in Figure 7.9.

The MIE spectra of a sputtered and annealed Au/mica substrate during exposure

to Fe(CO)5 is shown in Figure 7.10. In comparison with the same exposure on a

acid-washed substrate (Figure 6.6), there is little difference in the key emission peaks

highlighted in previous sections. The decreased substrate emission, particularly in the

low-energy (0–3 eV) region, makes the growth of the CO C1 and B1−5 peaks much

more distinct. In general however the intensity, energy and shape of the adsorbate

emission peaks are very similar.

The infrared spectra of the deposition of Fe(CO)5 referenced to the sputtered

and annealed Au surface is shown in Figure 7.11. The spectra show broadly similar

features to those observed for Fe(CO)5 on acid-washed Au substrates. The absorption

peaks in the 2040 cm−1 to 2060 cm−1 region dominate the spectra. Weaker bands

assigned to equatorial stretching vibrations (2008 cm−1) approach a growth limit
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500 nm 

Figure 7.9: Atomic force micrographs of Au film on mica substrate (a) as-deposited,
(b) acid-washed / UV-ozone, (c) sputtered, and (d) annealed. 2 x 2 um scans, contact
mode.
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Figure 7.10: MIE spectra of sputtered and annealed Au substrate as a function of
Fe(CO)5 exposure.
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Figure 7.11: Infrared spectra of Fe(CO)5 on sputtered and annealed Au as a function
of exposure.

around 2 L, just as observed on the acid-washed substrate. This is more clearly

presented in Figure 7.12.

The similarity in the film growth behaviour extends to the axial features as well

and a clear transition point around 1.5 L is observed (Figure 7.12). There are a

number of important differences however. The initial growth at 0.5 L is dominated

by a single peak at 2048 cm−1 and a new peak at 2098 cm−1. As exposure is increased,

the axial peak region grows as two distinct peaks at 2050 cm−1 and 2057 cm−1. Both

peaks shift to higher frequencies with increasing exposure, reaching 2052 cm−1 and

2062 cm−1 respectively. In contrast, the 2098 cm−1 peak shifts to higher frequency at
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Figure 7.12: Infrared absorption intensties of various peaks as a function of exposure.
Inset shows linear increase in the total absorption integral with exposure.
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1.5–2.0 L exposures before shifting to lower frequency again. Finally, the small peak at

2117 cm−1 previously assigned to an infrared-inactive breathing mode shows a sharp

growth in intensity above 2.0 L exposure, the point at which the other peaks have

completed their most dramatic shifts. As this vibrational mode requires a relaxation

of the molecular symmetry to become infrared-active [5], this again suggests a new

population (structural or chemical) begins to grow at 2.0 L exposure.

The growth profile of the infrared spectrum for Fe(CO)5 on sputtered and an-

nealed Au shows the same first-layer/multilayer behaviour as on acid-washed Au. In

addition, the additional growth in the multilayer regime has the same spectral profile

as previously observed. The addition of a new peak and shifted axial frequency for the

first adsorbed layer indicates a change in either the film structure or the interaction

between the Au surface and the Fe(CO)5 adsorbate. There are three possible reasons

for this observation. Sato previously reported infrared spectra of this system at up

to monolayer coverages containing three (rather than two) main features at similar

frequencies: 2015, 2061 and 2113 cm−1 [4]. In that case the Fe(CO)5 was described

as a distorted C4v structure with a relatively strong Fe−Au interaction. It is possible

that this distortion and bond are blocked by the low-levels of contamination observed

by MIES for acid-washed gold, but is observed on the sputtered/annealed surface.

Another possible explanation is suggested by the reported infrared spectra of

Fe(CO)5 on Pt(111) by Zaera [2]. The peaks observed and the growth profile of

those peaks is very similar to those shown in Figure 7.11. In the Pt system, the first

layer consists of dissociated Fem(CO)n products and CO directly bound to the metal

surface while additional multilayers remained unreacted.

All previous evidence (including this work) has found that the adsorption of

Fe(CO)5 on Au is both weak and molecular with no indication of decarbonylation.

123



However it is possible that the sputtered Au surface remains microscopically rough-

ened after the annealing step due to the low annealing temperature required by the

mica support. Atomic force microscopy images (Figure 7.9) of the surface after various

stages of the cleaning process show no sign of pitting or other damage, but nanoscale

Au structures are known to be reactive compared to the bulk metal surface. Only

a small number of reactive sites would be required to allow some decarbonylation at

the Au surface for the first adsorbed Fe(CO)5 layer.

In order to test for the presence of reactive sites, the sputtered Au surface was

exposed to ambient conditions, reintroduced into the analysis chamber, cooled and

dosed with Fe(CO)5. Despite the expected contamination with adventitious car-

bon, the infrared spectra of the adsorbed Fe(CO)5 still displayed the changed peak

positions and new peak at 2100 cm−1, suggesting that the change in Fe(CO)5/Au

interaction is not due to removal of contamination.

Finally, the possibility of microscopic roughness could result in a large number of

different adsorption sites on the Au surface. In this case, instead of clean layer-by-

layer growth on a flat Au(111) terrace, there is a number of different populations with

varying growth rates as a function of exposure. The observation of two distinct axial

stretching bands (2052 and 2062 cm−1) representing two populations in the multilayer

regime is consistent with this model. As the 2100 cm−1 and 2117 cm−1 features do

not grow beyond 2.0 L exposure, they can be assigned to specific adsorption sites

on the roughened surface or boundaries between the populations in the Fe(CO)5 film

near the surface.

Without strong evidence of decarbonylation or Fe−Au bonding at the sputtered

Au surface, the third model of increased structural variation in the film is the most

likely. Further work to differentiate between these models is required. The observed
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changes on sputtered Au highlight the necessity of combining the IRRAS and MIES

techniques. The MIES technique was able to discriminate low levels of contamination

and atomic impurities not observable in the infrared but the changes in the adsorbate

structures were not observed. In contrast, the infrared spectra were highly sensitive to

the changes in the adsorbed Fe(CO)5 film after sputtering the Au substrate. Together

a more complete picture of the behaviour of adsorbed Fe(CO)5 on Au is obtained.
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Chapter 8: 2PPE Spectroscopy of Fe(CO)5 on

Au

One of the motivations of this work was to explore the mechanism of the Fe(CO)5

decarbonylation reaction and the consequences of that mechanism for the result-

ing metal deposits produced by electron-induced decarbonylation. In the work on

electron-induced reactions of Fe(CO)5 on Au(111), Hauchard and Rowntree [7] stud-

ied the influence of electron energy on on the decarbonylation reaction cross-section.

They found that as the incident electron energy decreases from 20 eV to 5 eV, the

reaction cross-section decreases, reaching a minimum around 5 eV. As electron energy

is further decreased below 3 eV, the cross-section increases again and continues to

increase right up until the 0 eV kinetic energy limit.

Electron-induced decarbonylation proceeds via the dissociative electron attach-

ment mechanism. The primary reaction product for incident electron energies less

than 1 eV is Fe(CO)4
– in both the gas-phase [62,63] and on the Au surface [7]. In the

adsorbed film, the opportunity for subsequent reaction of the Fe(CO)4
– anion with

another Fe(CO)5 molecule leads to further decarbonylation, increasing the apparent

cross-section. This makes the anion an important part of the low-energy electron de-

carbonylation process. In addition, the increasing cross-section as the electron energy

approaches the vacuum level points to potential sub-vacuum intermediate states.

Two-photon photoemission spectroscopy is a photoemission technique that relies
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Figure 8.1: Schematic of two-photon photoemission process.

on a two-step electron excitation mechanism. This provides experimental access to

occupied and unoccupied electronic states in the energy window between the Fermi

level (EF ) and the vacuum level (Evac) not accessible by direct photoemission (UPS)

or MIES. Two photons of equal or different energies excite electrons in a two-stage

pump-probe process. In order to avoid direct photoemission, the energies of these

photons must both be less than the work function, ϕ, of the sample. The energies

and transitions involved are illustrated in Figure 8.1.

The first photon (or pump, hν1) excites an electron from an occupied state of the

metal substrate below the Fermi level to a real or virtual unoccupied intermediate

state lying between Evac and EF . The second photon (or probe, hν2) then excites the

electron into a real or virtual final state. This second excitation must occur within

the lifetime of the intermediate state, which can include a transition to a molecular

state in an adsorbed molecule. The final kinetic energy of the emitted electron, Ekin,

depends on the photon energies hν1 and hν2, the work function, ϕ, and the initial
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occupied state, Eb:

Ekin = hν1 + hν2 − Eb − ϕ (8.1)

However, since enhanced emission resulting in a peak can be due to an intermediate

or final state in addition to an occupied initial state, spectra are most often presented

as a function of the final state energy referenced to the Fermi level:

E − EF = Ekin + ϕ (8.2)

The minimum measurable energy on this scale is E − EF = ϕ (when Ekin = 0) and

the maximum is E − EF = hν1 + hν2 (when Eb = 0).

The three different states can be distinguished by varying the photon energy: the

final state energy of an intermediate state will depend only on hν2, while an occupied

state will depend on both and a real final state on niether. An excellent discussion

of this mechanism and the energetics and dynamics of the metal–molecule interface

can be found in [64] and [65].

In the case of dissociative electron attachment of Fe(CO)5, the intermediate Fe(CO)5
–

anion is known to quickly dissociate [7, 66] into Fe(CO)4
– and CO. The 2PPE laser

pulses can be split into two pathways, one with a delay stage. By varying the distance

of that delay line, the arrival time of the two laser pulses at the sample surface can

be varied with respect to one another. Once the first (pump) pulse has excited the

system into the intermediate state, the second (probe) pulse ejects the electron from

that state and the emission profile as a function of the pulse delay will depend on the

lifetime and dynamics of the intermediate state. In the case of Fe(CO)5, the pump

pulse was intended to excite the molecule into the anionic state and the second pulse

would then directly probe both the lifetime and sub-vacuum level energetics of that

state, and the dynamics of how the state evolves during the decarbonylation reaction.
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Figure 8.2: Two-photon photoemission spectra of 1 L and 10 L exposures of Fe(CO)5

on a Au substrate.

The ultrafast laser system used for 2PPE experiments was previously described,

but briefly, it produces 315 fs pulses of 233–300 nm p-polarized light, which are fo-

cused on the sample to a <1 mm spot. Power density at the surface is estimated to

be 10.2 W/cm2 or 1 nJ/pulse. Fe(CO)5 films were prepared on Au/Mica subtrates

using the same acid-wash cleaning method and dosing protocol outlined in previous

experiments. Electron energy spectra are collected with the analyzer at the sample

surface normal using the same analyzer potentials and collection electronics as MIES.

Figure 8.2 shows the 2PPE spectra of a Au sample with increasing exposures of
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Fe(CO)5. The photon energy in this experiment was 4.33 eV (287 nm), below the

apparent work function which is greater than 4.6 eV for all coverages. The spectra are

presented as a function of final-state energy referenced to the Fermi level (E−EF ) as

in Equation 8.2. Ekin is the measured kinetic energy measured relative to the vacuum

level.

The 2PPE spectrum of the Au substrate before deposition is dominated by the

characteristic secondary electron tail. Emission features from the Au surface density

of states (specifically the 5d band) are visible at E − EF = 5.7 and 6.3 eV, which

correspond to binding energies of 3.0 and 2.4 eV, respectively [67]. Distinct emission

from the Schockley surface state (expected at a binding energy of 0.4–0.6 eV) was

not observed. The surface state is sensitive to low levels of surface contamination [68]

which may be present on these substrates as discussed in the MIES experimental

results.

Upon deposition of Fe(CO)5, the dominant change in the 2PPE spectra is the

decreasing low energy photoemission threshold. This corresponds to a decrease in

the sample work function which can be determined from the 2PPE spectrum as

ϕ = 2hν − EF + Ec (8.3)

where hν is the photon energy, EF is the Fermi edge and Ec is the photoemission

threshold. The Au substrate has an initial work function of 5.41 eV, slightly lower

than the literature value of 5.55 eV for single-crystal Au(111) [69] but comparable with

the 5.36 eV work function reported by Andreev et al for Au(111) on a mica substrate

[68]. The workfunction decreases to 5.16 eV with a 1 L Fe(CO)5 exposure. Increasing

the Fe(CO)5 exposure to 10 L further decreases the work function to 4.86 eV and a

small decrease in overall 2PPE intensity is observed.
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Figure 8.3: IRRAS of 10 L film of Fe(CO)5 on a Au substrate before and after
irradition for a 380 s 2PPE experiment and after a further 1570 s irradiation.

The decrease in work function with increasing exposure to an adsorbate is known

to result from the dipole moment at the Fe(CO)5/Au interface induced by the ad-

sorbed molecules. Specifically, the work function change is proportional to the number

of adsorbed molecules and the interface dipole moment of each molecule as described

by the Helmholtz equation [64, 70]. The presence of Fe(CO)5 over the majority of

the Au substrate is confirmed by IRRAS measurements, as shown in Figure 8.3. The

infrared spectra are consistent with the spectra previously presented. As the irradi-

ation time increases, the IRRAS shows evidence of significant photolysis across the

entire sample.
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The direct irradiation spot size of 1 mm2 is significantly smaller than the total in-

frared sample area of 1 cm2 and so wide-spread photolysis is at first glance surprising.

This can be explained as a result of reflection from the chamber walls which leads to

indirect irradiation of the sample with photon energies which correspond to a large

UV absorbance near the maximum of a metal-ligand charge transfer band [4,61], re-

sulting in expected direct photolysis. In addition, the large reaction cross-section of

Fe(CO)5 with the low-energy secondary electrons [7] produced by the photoemission

process could lead to the significant photolysis observed. The competition between

these two mechanisms was discussed in detail in the Fe(CO)5 photolysis section.

It seems clear that on the majority of the Au substrate surface, some Fe(CO)5

and photolysis products remain on the surface during the 2PPE experiment. This is

supported by both the work function and IRRAS data. What remains unclear is the

presence of Fe(CO)5 or reaction products in the 1 mm irradiation spot. Beyond the

change in work function, no new features are observed in the 2PPE spectrum (8.2).

Based on the electronic spectrum obtained using MIES, there are no occupied states

accessible with the 2hν = 8.66 eV excitation, so emission from these states is not

expected. That leaves any anionic states which may result from the photoelectron-

initiated mechanism as well as potential resonant processes with Au surface states.

The absence of evidence of these states in the 2PPE spectrum is not conclusive

evidence they do or do not exist. Considering the rapid photolysis observed over the

course of a single 2PPE experiment across the entire sample, it can be reasonably

concluded that the much higher direct irradiation fluence in the 2PPE laser spot

results in complete photolysis or photo-induced desorption. Celii et al [71] found that

for 1 mJ/cm2 337 nm irradiation of a 0.4 monolayer Fe(CO)5 film on both sapphire

and Ag(110) in vacuum conditions, the partial pressure of the CO product monitored
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with a RGA decreased by 80 % after only 200 s, suggesting almost complete photolysis

of the surface within a very short time period. The Fe(CO)5 absorbance of 287 nm

radiation is a factor of ten larger than 337 nm radiation [4, 61] and so complete or

near-complete loss of Fe(CO)5 in the 2PPE spot over the course of a 380 s scan is

reasonable.

The work function measured using the approach outlined above corresponds to

the global, averaged work function of the sample rather than the local work function

probed by photoemission of adsorbed Xenon or 2PPE of image potential states [72,73].

This averaging explains the continued influence of the Fe(CO)5 adsorbate on the

measured work function.

Figure 8.4 shows the 2PPE spectrum of a 10 L Fe(CO)5 film after further 2PPE

laser irradiation of 1570 s for a total irradiation time of 1950 s. The spectrum remains

consistent with the 1 L and 10 L Fe(CO)5 spectra, however the work function (as evi-

denced by the shifting photoemission threshold) has increased to 5.06 eV, presumably

due to reduced molecular absorbate coverage. This recovery of the work function to

lower-coverage values correlates with the decreasing absorbance from both Fe(CO)5

and the photolysis products observed with IRRAS (Figure 8.3) as the overall photol-

ysis reaction proceeds.

In summary, the high volatility and photosensitivity of Fe(CO)5 to the UV laser

probe used for 2PPE results in extremely challenging experimental conditions for the

study of Fe(CO)5 with 2PPE. Through indirect observation we concluded that the

majority of adsorbed Fe(CO)5 within the UV-irradiated laser spot undergoes rapid

photolysis within the timescale of a single 2PPE spectrum collection. Any remaining

species showed no evidence of image states or other unoccupied states, although the

low populations of any such species would make this observation difficult in any
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Figure 8.4: Two-photon photoemission spectra of a 10 L exposures of Fe(CO)5 on a
Au substrate before and after 1950 s of 2PPE UV irradation.
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case. The lack of observable intermediate states, and in particular any that might be

assigned to the anionic Fe(CO)5
– state means the objective of studying the evolution

of the dissociative electron attachment mechanism with time-domain information is

inaccessible with this approach. The difficulty we encountered studying the Fe(CO)5

molecule with this technique underscores the importance of less-destructive surface

techniques such as MIES and particularly IRRAS.
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Chapter 9: Conclusions

A unique MIES/IRRAS/2PPE system was developed to study the challenging and

interesting system of Fe(CO)5 on Au(111). The weak adsorption and reactive na-

ture of the Fe(CO)5 requires the use of highly surface sensitive and non-destructive

techniques. Using this system, the first MIE spectrum of Fe(CO)5 on Au(111) was

collected and specific features were assigned to molecular orbital contributions. A

small adsorption energy shift of 0.68 eV was found, suggesting the Fe(CO)5 acts as

a weak molecular adsorbate without decarbonylation or other changes. In addition,

comparison of peak intensities from MIES with gas-phase work shows that Fe(CO)5

adsorbs without any significant distortion.

The structure of the Fe(CO)5 film was found from IRRAS to be consistent with

previous reports, and MIES peak growth during exposure were categorized into those

with contributions from multiple species and those due to either the Fe(CO)5 or

the Au substrate alone. Based on this observation, it was proposed that for the

Fe(CO)5/Au system, when integrated over a (molecularly) large area, electron emis-

sion intensity can be related to the surface coverage of all species by a linear addition

of fractional surface coverages multiplied by full coverage emission of each species.

This quantitative model was used to determine the fractional surface coverage of

Fe(CO)5 during film growth. A three-stage growth model was proposed: for cover-

ages below 0.4, growth occurs only in the first monolayer while for coverages above
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1.0 multilayer growth is dominates. In the 0.4–1.0 coverage region, a newly proposed

regime comprised of both first-layer and multilayer growth occurs.

This ability to directly measure fractional surface coverages was applied to the

irreversible structural changes observed when the film is heated above 140 K. The

MIES data showed a surface coverage of 80 % after the thermal treatment, which is

significantly higher than the 5 % value previously proposed [6]. Based on this coverage

and the IRRAS data, the structure of the transformed film was proposed to consist of

adsorbate-free regions of the Au substrate, regions with thin or monolayer Fe(CO)5

coverages and thick, 3D aggregates.

Fe(CO)5 films on hexadecanethiol self-assembled monolayer substrates at 110 K

were found to be disordered in comparison with the structures reported at 50 K [6].

Despite the similar overall film coverage suggested by the IRRAS data, MIES showed

an extremely low fractional surface coverage on the SAM. This large difference in the

surface structure was only observable when the IRRAS was combined with MIES,

making it a dramatic example of the utility of combining the two techniques for

the study of molecular adsorbates. The disordered and highly aggregated structure

of Fe(CO)5 observed upon deposition at 110 K strongly suggests that the Fe(CO)5

molecules have sufficient energy for lateral diffusion at this temperature on the alka-

nethiol substrate.

The quantitative tools and structural model of Fe(CO)5 on Au developed using

MIES and IRRAS were then applied to the photolysis of Fe(CO)5 with UV radiation.

Distinct infrared signatures of reaction products were observed, however MIE spectra

of the same products showed no distinct emission peaks, suggesting that the reaction

products are chemically similar to Fe(CO)5 with CO ligands remaining the dominant

exposed component. Thermal desorption of unreacted Fe(CO)5 confirmed that the
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photoproduct species have strongly overlapping emission energies. The surface struc-

ture of the irradiated sample was proposed to consist of aggregates of photoproducts

and Fe(CO)5 which rearrange during heating to release frozen Fe(CO)5 to desorption

and allow the diffusion and further reaction of the remaining photoproducts on the

surface.

The distinct photoproduct peak observed at 2090 cm−1 for 287 nm irradiation was

not present under 430 nm irradiation. This supports the production of this species

by a direct photolysis mechanism driven by absorption of a UV photon, rather than

photoemission from the metal surface followed by dissociative electron attachment.

In addition, the reduced photolysis rate of thermally treated Fe(CO)5 is a result of the

significant influence of the initial surface structure of the film on the decarbonylation

reaction and the importance of controlling that structure for any practical use of

Fe(CO)5 as a metal-deposition precursor molecule.

Of similar importance to practical applications was the observation of significant

changes in the IRRA spectra after sputtering and annealing the Au surface. While

further work is required to properly identify the source of these changes, it is likely

that they are the result of the formation of new adsorption sites. MIES of the same

system was not sensitive to these sites and showed coverage growth consistent with

the acid-washed Au substrates.

The application of the 2PPE technique to the Fe(CO)5/Au system was made

difficult by the extremely challenging experimental conditions which resulted from

the high volatility and photosensitivity of Fe(CO)5 to the UV laser probe used for

2PPE. Through indirect observation we concluded that the majority of adsorbed

Fe(CO)5 within the UV-irradiated laser spot undergoes rapid photolysis within the

timescale of a single 2PPE spectrum collection. Any remaining species showed no
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evidence of image states or other unoccupied states. The difficulty we encountered

studying the Fe(CO)5 molecule with this technique underscores the importance of

less-destructive surface techniques such as MIES and particularly IRRAS.

The challenges found in interpreting the MIE spectra of complex multilayered

systems highlights the importance of combining this tool with more traditional surface

science techniques. The extreme surface sensitivity of the MIES is complimented

nicely by the vibrational structure and molecular orientation information obtained

from IRRAS in this work. Comparison to UPS for determination of the valence

electronic structure would add extra information in the case of well-ordered systems.

For organometallic precursors, XPS would provide additional information about the

binding environment of the metal centre that would give insight into the state of

coordination of the metal to its ligands and to the substrate.

The combination of the complimentary MIES and IRRAS techniques is a power-

ful experimental tool for the study of the structure and evolution of organometallic

precursors on various substrates. While this work focused on a single model system,

the opportunities for extension to other precursors and substrates are significant. In

particular, precursors with anisotropic symmetry would be especially amenable to the

MIES technique, as the sensitivity to the orientation of the molecule on the surface

would provide additional information about the precursor structure. The preliminary

results for the study of metal deposition precursors on organic films with MIES is

also promising, and further work to characterize this system is needed. The challenge

of studying these relatively fragile layered systems is particularly well suited to the

strengths of the IRRAS and MIES techniques.
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