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Kurzfassung

In dieser Arbeit wurden neue, effiziente und reproduzierbare Methode für die Herstellung von
Metall-Isolator-Metall (MIM) Sperr–schichten für Spintronik Anwendungen entwickelt. Die
Sperrschichten wurden aus einen gold Substrat als unterem Kontakt, p-terphenyl-basierten selb-
storganisirenden Monolagen (SAMs) als Isolator, und dünnen ferromagnetischen Metallschichten
(nickel) als oberen Kontakt konstruiert. Unbestrahlte SAMs und Elektronenbestrahlte CL-SAMs
aus [1,1’:4’,1”-terphenyl]-4,4”-dimethanthiol (TPDMT), (4’-(pyridin-4-yl)biphenyl-4-yl)alkanthiol
(PPPn, n = 1,3) und perfluoroterphenyl-basierten alkanthiolen (FTPn, n = 2,3) auf Au(111)
wurden als Testsysteme verwendet. Die Qualität von SAMs (z.B. die Dichte) war bei allen
Molekülen hoch, was für nanoelektronische Anwendungen wichtig ist. Der Einfluss der Moleku-
laren Architektur auf die Transporteigenschaften der SAMs wurde erforscht. Insbesondere
wurde der Einfluss der kleinen Alkankette zwischen dem aromatischen Teil der Moleküle und
dem Thiol geprüft. Durch die Alkankette wurde der aromatische Kern vom Substrat entkop-
pelt. Als nächstes wurde der Einfluss der Elektronenbestrahlung auf PPPn/Au und FTPn/Au
SAMs erforscht. Beide SAMs wurden durch Elektronenbestrahlung stark modifiziert, beson-
ders die Leitfähigkeit von FTPn/Au konnte durch die Kontrolle der Elektronenbestrahlung,
fein eingestellt werden. Schliesslich wurde Nickel auf alle SAMs aufgedampft. Stabile, dünne
Nickelschichten konnten auf SAMs aus TPDMT, CL-TPDMT, PPP1 and CL-PPP1 auf Au(111)
nicht hergestellt werden. Eine Palladium Chlorid Monolage auf TPDMT/Au oder CL-PPPn/Au,
konnte jedoch die Kernbildung und Wachstum einer dünnen Nickelschichte auf den jeweiligen
SAMs fördern, da Nickel und Palladium eine Legierung bilden. Anschliessend wurde eine neue
Klasse von dünnen Organometallischen Schichten durch die Reaktion von Nickel mit perfluo-
rirten FTPn SAMs konstruiert. Nickel lagerte sich nur im oberen Bereich der SAMs an. Die
Austrittsarbeit der FTPn SAMs, eine wichtige Eingenschaft eines Nanoelektronikgerätes, konnte
durch Elektronenbestrahlung der FTPn SAMs präzise kontrolliert werden. Trotz des Verlustes
von Fluor können ferromagnetische Schichten auf CL-FTPn/Au SAMs hergestellt werden. Die
Eindringtiefe von Nickel in die CL-FTPn/Au SAMs nahm bei einer hohen Elektrondosis (>
30 mC/cm2) bis zu 30 % ab. FTPn SAMs sind dann besonders attraktive Systeme für die
Herstellung von Nanoelektronikgeräten.
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Abstract

New, efficient and reproducible methods for the fabrication of Metal-Insulator-Metal (MIM) junc-
tions for applications in spintronic devices have been developed. The junctions consisted of a gold
substrate as bottom contact, p-terphenyl-based self-assembled monolayers (SAMs) as insulator
layer, and thin ferromagnetic metal films (nickel) as top contact. Both pristine and electron irra-
diated (denoted by the prefix CL-) SAMs of [1,1’:4’,1”-terphenyl]-4,4”-dimethanethiol (TPDMT),
(4’-(pyridin-4-yl)biphenyl-4-yl)alkanethiol (PPPn, n = 1,3) and perfluoroterphenyl-substituted
alkanethiols (FTPn, n = 2,3) on Au(111) were used as test systems. All molecules were found
to form well-ordered, high quality SAMs, a prerequisite for the fabrication of SAM-based MIM
devices. In addition, the influence of the SAMs’ molecular architecture on its transport prop-
erties has been investigated. In particular, we have studied the effect of the small alkane linker
(between the head group and the p-terphenyl backbone) found in all the molecules used in this
work. The alkane linker was found act as an insulator, allowing us to decouple of the aromatic
core’s electronic system from the substrate. We then studied the effects of electron irradiation
on PPPn/Au and FTPn/Au SAMs. Both SAMs were modified with electrons. In particular,
the charge transport properties of the FTPn/Au surface could be fine-tuned simply by control-
ling the irradiation dose. Finally, nickel was deposited on all SAMs to test their usefulness as
dielectric layers in MIM devices. Whereas nickel was found, by XPS and NEXAFS spectroscopy,
to penetrate into and through the SAMs of TPDMT, CL-TPDMT, PPP1 and CL-PPP1 on
Au(111), a single layer of palladium chloride, deposited from solution on either TPDMT/Au or
CL-PPPn/Au, promoted the nucleation and growth of nickel thin films on top of the respective
SAMs via alloying of nickel with palladium. Furthermore, reaction of nickel with the perfluori-
nated FTPn SAMs yielded a new class of organometallic thin films in which nickel was found
to reside mainly at the top. Irradiation of the FTPn monolayers with electrons gave us precise
control over the work function of the CL-FPTn/Au surfaces (a crucial parameter for the fabri-
cation of nanoelectronic devices) while favouring the nucleation and growth of top ferromagnetic
contacts. The penetration of nickel into and through CL-FTPn/Au SAMs was found to decrease
by as much as 30 % at high irradiation doses (> 30 mC/cm2) making FTPn systems attractive
as dielectric layers for nano junctions.
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To my loving wife Muriel
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”There’s a fine line between wrong and visionary. Unfortunately, you have to be a visionary to
see it.”

— Sheldon Cooper, The Big Bang Theory, 2010
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Chapter 1

Introduction

The fabrication of nanoelectronic devices has been the subject of intense research in the past 20
years.1–4 Metal-Insulator-Metal (MIM) assemblies are a promising class of such devices which, in
addition to being of academic interest,5,6 have found applications as displays,7 antenna-coupled
detectors7 and spintronic devices.8 Spintronic devices, which use not only the electron’s charge
but also its spin, bring the promise of non-volatile memory, increased processing speed (35 ns
read time vs 0.1 ms for the best Solid State Drives) and lower power consumption for electronic
applications.8,9 The current state of the art spintronic-based memory devices are capable of stor-
ing 16 Mb of data in a 2.5 cm2 package (Everspin Technologies, Inc.). MIM devices (whether
for spintronic applications or not) are usually based on dielectric layers (1-3 nm) prepared by
plasma oxidation of crystalline metal films.10 The thickness of the insulating layers controls, to a
large extent, the final electrical properties, magnetic properties and performance of the device.7

Recently, both Drew et al.11,12 and Pramanik and coworkers13 have successfully prepared MIM
devices for spintronic applications using a 26-30 nm thick organic insulating layer in lieu of the
metallic insulators (figure 1.1). Importantly, the spin relaxation time through the organic layers
was found to be in excess of 1 second13 suggesting that organic materials could be used for spin
transport in MIM assemblies.
MIM devices based on single molecule dielectric layers rather than bulk materials are of interest
since the dielectric layer can easily and precisely be scaled in the technologically relevant low
nanometre range (1-5 nm).14–21 Combined with various lithography techniques partly developed
in our institute,22–24 the relatively high footprint-to-storage ratio of the current generation of
devices could, in principle, be overcome.
Devices based on ultrathin organic films are usually fabricated using self-assembled monolayers
(SAMs).4,25–34 Self-assembled monolayers are one molecule-thick molecular films which can be
prepared from solution on a metal substrate such as gold, silver, copper, silicon or nickel.34–45

They can act as dielectrics as well as modulate the transport properties of a metal surface
depending on their molecular architecture.25,46–48 While hydrocarbon monolayers decrease the
work function of gold, fluorocarbon SAMs increase it.49 For instance, fluorinated thiols can be
used to decrease the hole injection barrier (HIB) between a metal electrode and a physisorbed
polymer.50 The HIB can be gradually tuned by more than 1 eV in this way51 thus giving us
great control over the transport properties of the dielectric layer.
The fabrication of a suitable top metallic contact on self-assembled monolayers (e.g. by evapora-
tion of a metal layer on top of the SAMs4,52,53) remains a major stumbling block for their use in
the fabrication of MIM devices for spintronics applications. Penetration of the deposited metal
into and through the monolayer is undesirable since it can short circuit the top (evaporated

1
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Figure 1.1: Schematic representation of an organic-based spintronic device. Black arrows indi-
cate the spins. The transport of a spin through the insulating layer is indicated by the green
arrow. The size of the insulator (in gray) was greatly exaggerated for clarity.

metal) and bottom (metallic substrate) contacts thus rendering the device inoperative.
However, with the right combination of metal and monolayer, the formation of a stable top metal
contact can be achieved.54–56 For instance, while gold, a non-magnetic metal, can be successfully
immobilised on dithiol SAMs,54 it penetrates through alkanethiol monolayers.57 Most approaches
to metal immobilisation on SAMs rely on either thiol26,27,54,57,58 or carboxylic acid55,56 terminal
groups. Pyridine has also been used for the deposition of rhodium and palladium from solution
using electrochemical methods.59–63 However, the latter approach is limited to submonolayer
coverages.59,62 Physical vapour deposition (PVD) remains the best method for the evaporation
of the continuous thin films of magnetic metals required for the fabrication of spintronic MIM
devices.
The metal penetration problem was previously addressed in our group by utilising the treat-
ment of terphenyldithiol (TPDMT, figure 1.2) monolayers with electrons.26,27,58,64–66 Upon ir-
radiation with low energy electrons (≤50 eV), new carbon-carbon bonds between individual
TPDMT molecules are formed, yielding a strong, crosslinked, quasi-polymeric organic layer
(CL-TPDMT).24,27,37,38,67–74 This, combined with the presence of a thiol reactive group at the
top of the SAMs for the nucleation and growth of metal thin films, rendered TPDMT films im-
permeable to nickel,26,27 one of the potential magnetic materials for the fabrication of spintronic
devices and the metal used in our test experiments.11,12

As mentioned above, for the fabrication of MIM devices, it is desirable to have control over
both the thickness and the electronic properties of the insulating layer while retaining the metal
impermeability. To this end, in the course of this doctoral work, the SAMs formed by two new
classes of molecules, PPPn and FTPn (figure 1.2), have been characterised and tested, along
with TPDMT films as reference, for the nucleation of nickel thin films on top of their respective
SAMs. PPPn molecules are TPDMT analogues for which the terminal ring of the terphenyl unit
has been replaced by a pyridine moiety. As well as providing nucleation sites for nickel through
coordination to the nitrogen atom, pyridine, like fluorine in the FTPn systems, modulates the
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Figure 1.2: The molecules studied in this work. TPDMT: [1,1’:4’,1”-terphenyl]-4,4”-
dimethanethiol; PPPn: ω-amino-4,4’-terphenyl substituted alkanethiols; FTPn: perfluoro-p-
terphenyl-4-yl-alkanethiol; C12: dodecanethiol; C6: hexanethiol.

electronic properties of the SAM-modified metal surface. FTPn molecules consist of a perfluori-
nated p-terphenyl core and a short aliphatic thiol unit for attachment to metal substrates. We
expect them to favour nucleation of nickel thin films via reaction of their fluorocarbon matrix
with nickel atoms. The theory of the most important characterisation techniques used during
the course of this doctoral work and the experimental conditions will be described in chapters 2
and 3 respectively. In chapter 4, the characterisation of the PPPn and FTPn derived SAMs will
be presented along with the effect of the SAM constituents on the electronic properties of SAM
covered metallic substrates. In chapter 5, the effect of low energy electron irradiation on alka-
nethiol, used as resists for nanodevice fabrication, PPPn and FTPn films will be discussed with
special emphasis on the irradiation-induced processes for all systems. The deposition of nickel
on various SAMs will be discussed in chapter 6. In particular, two new strategies based on metal
alloying (on TPDMT monolayers) and reaction of nickel with the fluorocarbon matrix (FTPn)
will be highlighted. Finally, future directions and prospects for this work will be proposed in
chapter 7.



Chapter 2

Theory

2.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopya or XPS is one of the most widely used surface analytical
techniques.75 Using XPS, the elemental composition of a sample up to a depth of 10-20 nm
can be quickly obtained. During an XPS experiment the atoms in the sample of interest (solid,
liquid or gas) are excited with X-rays of a given energy hν leading to ionisation of the atoms
and emission of photoelectrons of defined kinetic energies (figure 2.1). The kinetic energy of the
ejected photoelectron is characteristic of the element under study and is given by equation 2.1.

KE = hν −BE (2.1)

Where KE is the kinetic energy of the photoelectrons, hν the excitation energy and BE is the
binding energy of the corresponding core level. The energy scale of an XPS spectrum is typically
in binding energy units (figure 2.2). The intensity of the XPS signal for a given element is
described by the following equation:

I = N × σ × λ× cos(θ)×K (2.2)

where N is the average atomic concentration of the atom under consideration, σ the ionisation
cross-section as defined by Scofield,77 θ the take-off angle and K an instrument constant that
depends on several experimental factors such as the transmission function of the analyser, the
yield of the detector and the photon flux.

2.1.1 Elemental specificity

As explained above, XPS is element specific. In addition, it is also sensitive to the environment
of the atom under study (figure 2.2). It follows that one can not only distinguish between
the different elements in a sample but also between the different species of a single element.
For example, as shown in figure 2.2, it is easy to distinguish between carbon atoms bound to
hydrogen and carbon atoms bound to fluorine. But it is equally easy to distinguish the various
CFn species with CF2 and CF3 being well resolved. The same is true for all elements.

aFor a view of the latest trends in X-ray photoelectron spectroscopy, the reader is directed to the May 2010
issue of the Journal of Electron Spectroscopy and Related Phenomena.

4
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Figure 2.1: The XPS process. The photoelectrons are ejected with a kinetic energy equal to
the difference between the excitation energy (hν) and the binding energy of the core electrons.
The carbon energy levels are shown. The figure was taken from Brundle et al.76
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Figure 2.2: C1s High Resolution XPS (HRXPS) spectrum of F10H2/Au acquired at a photon
energy of 350 eV.

2.1.2 Surface sensitivity

Owing to their high probability of interaction with matter, photoelectrons originating more than
a few nanometers under a sample’s surface do not significantly contribute to the XPS signal.75,76

Indeed, in XPS, only the electrons that have not lost energy contribute to the signal. Inelastically
scattered electrons contribute to the background. This process is quantitatively described by the
attenuation length.
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Figure 2.3: The effect of inelastic collisions of electrons in the substrate on the XPS signal. a.
A scheme showing elastically and inelastically scattered electrons; b. the effect of inelastically
scattered electrons on the XPS spectrum. KE0 > KE1 > KE2 > KE3 > KE4. The figure was
taken from Brundle et al.76

2.1.3 Attenuation length and thickness calculation

2.1.3.1 Attenuation length

The attenuation length λ78–81 is defined as the average distance travelled by an electron between
two inelastic collisions.75 It is derived using a model in which elastic collisions are neglected
and thus differs from the inelastic mean free path (IMFP).82 λ varies with the kinetic energy
of the electrons (for a given material) according to the so-called universal curve83 (figure 2.4).
However, the nature of the material through which the electrons travel also influences λ. For
instance, electrons passing through a nickel matrix will be more attenuated than if they were
travelling through a carbon matrix (table 2.1). The attenuation length of photoelectrons through
alkanethiol self-assembled monolayers is given by:84,85

λ = 0.3×KE0.64 (2.3)

This equation holds true for a wide variety of carbon-containing thiolates on a variety of sub-
strates and was used throughout this work. In addition to alkanethiols, attenuation lengths
have been calculated for a large selection of elements and materials.86–91 When necessary, the
literature values were used in this work. A selection of attenuation lengths is given in table 2.1.

2.1.3.2 Thickness calculation

The intensity of an XPS signal is directly related to the attenuation length of the photoelectrons
(see above). This allows for the thickness of overlayers to be calculated, e.g. the thickness of a
self-assembled monolayer on gold or of an evaporated metal layer on silicon. The thickness of
an overlayer is typically calculated using either the attenuation of the substrate signal (equation
2.4) or the ratio between the overlayer and the substrate’s signals (equation 2.5).

I

I0
= exp− d

λsub sin θem
(2.4)
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Figure 2.4: The universal curve for elements. The figure was taken from Brundle et al.76

hν 350 eV 580 eV 750 eV 1254 eV
Matrix C Ni C Ni C Ni C Ni

Ni 3p3/2 9.1 5.95 14.6 9.20 18.5 11.35 29.2 17.02

Au 4f7/2 8.5 5.67 14.2 8.96 18.1 11.13 28.8 16.83

S 2p3/2 6.7 4.40 12.4 7.91 16.3 10.16 27.2 16.00

C 1s 3.61 2.02 9.4 6.12 13.5 8.55 24.6 14.66
N 1s 6.5 4.26 10.8 6.94 22.2 13.36
O 1s 3.5 1.61 7.5 4.90 19.3 11.81
F 1s 3.6 2.01 15.9 9.92
Ni 2p3/2 13.90 7.67

Table 2.1: Selection of attenuation lengths for a carbon and a nickel matrix. All values are in
Å. The data was calcuated with the equation from Tanuma et al.81 For a complete set of data
please see the NIST EAL database.86
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Iov
Isub

=
1− exp− dov

λov sin θem

exp− dov
λsub sin θem

(2.5)

Where dov is the overlayer thickness, θem the angle of photoelectron emission and λsub the at-
tenuation length of the substrate’s photoelectrons through the overlayer and λov the attenuation
length of the overlayer’s photoelectrons through the overlayer. In the case of equation 2.4, a
reference (e.g. a dodecanethiol monolayer on Au and Ag) is used to determine the thickness
(equation 2.6).

d = dref + λ ln
Iref
I

(2.6)

In the case of equation 2.5, a reference (e.g. a dodecanethiol monolayer for Au and Ag) is used
to determine the spectrometer-specific coefficients and the equation is evaluated using a software
developed in our research group by Martin Schmid.

2.1.4 Enhancing the surface sensitivity of XPS

In some cases, the analysis depth of XPS might still be too large. This is typically the case for
inhomogeneous or layered samples for which the various elements are located within the sampling
depth (3λ) of XPS. In this case, the depth distribution of the elements in the sample can not
be obtained from a routine XPS measurement. However, one can overcome this limitation by
making use of the properties of λ in two ways presented below.b

2.1.4.1 Angle-resolved XPS (ARXPS)

In a typical laboratory setup, the analyser is mounted normal to the sample’s plane. The path
of the photoelectrons emanating from the various layers of the sample is the shortest in this
geometry (θem = 90◦, equation 2.4). By tilting the sample as shown in figure 2.5, the escape
path of the photoelectrons (d in equation 2.4) is effectively lengthened. This effect is more
pronounced as the layer is closer to the substrate. Figure 2.5 shows the schematic of a typical
ARXPS experiment. For a more in depth explanation of angle-resolved XPS the reader is referred
to several etensive reviews92–96 and references therein.

2.1.4.2 Energy-resolved XPS

Whereas ARXPS takes advantage of the dependence of the XPS intensity on the attenuation
length, energy-resolved XPS (ERXPS) exploits the fact that λ varies with the kinetic energy of
the photoelectrons. This results in a change in the sampling depth of our XPS experiment. By
changing the excitation energy hν, the KE of the photoelectron varies thus reducing or increasing
λ (figure 2.6). This allows us to probe the sample composition up to a given information depth
since 95 % of the XPS signal intensity comes from within 3λ.
The drawback of this technique is that one needs to know how the photoionisation cross-
section77,97–99 varies with the excitation energy to obtain meaningful quantitative information
for multi-element samples.100 However, this limitation should not be a problem if one is only
concerned with a single element and intensity ratios are used.

bNote that such techniques are only useful for inhomogeneous samples. There is no benefit to using these
techniques on homogeneous samples.
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Figure 2.5: Schematic representation of an ARXPS experiment. The effective sampling depth
is shown. (a) normal geometry; (b) sample rotated at a take-off angle of 45◦; (c) sample rotated
at a take-off angle of 75◦. The figure was taken from Ratner et al.75

Figure 2.6: Schematic representation of an ERXPS experiment. hν1 < hν2.

2.2 Ultraviolet photoelectron spectroscopy

The principles of Ultraviolet photoelectron spectroscopy (UPS) are similar to XPS and will
not be repeated here. The difference lies in the energy of the excitation radiation. In UPS, a
helium lamp (hν = 21.2 eV) is typically used.76 This means that only the electron energy levels
below that of the radiation source can be measured. At such low energies, only the valence
levels, and not the core levels can be probed (figure 2.7). These are distributed over the whole
molecule. Consequently, UPS only probes molecular states.76 Note that for solid surfaces, the
energy distribution of photoemitted electrons varies somewhat with the direction of emission.
The technique is surface sensitive and does not provide inforation about the bulk.
For a more in depth look at UPS the reader is directed to the book by Brundle76 and references
therein.

2.3 Inverse photoelectron emission spectroscopy

In an Inverse PhotoElectron Spectroscopy (IPES) experiment, a beam of electrons of energy E
is directed at a surface. Upon entering the empty states of the system, the electrons decay either
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Figure 2.7: Schematic representation of an UPS experiment. The figure was taken from
http://rsl.eng.usf.edu/Pages/Tutorials.htm.



2.4. NEAR-EDGE X-RAY ABSORPTION FINE STRUCTURE (NEXAFS) 11

Figure 2.8: Schematic representation of an IPES experiment. The figure was taken from
Smith.101

radiatively or non-radiatively to states of lower energy (figure 2.8).101 If the decay is radiative,
a photon of energy corresponding to the energy difference between the incoming electron and
the energy of the final state (h̄ω) can be detected.101 This forms the basis of IPES. IPES is
complementary to UPS which probes the occupied states of a surface. By using both techniques
concomitantly, the HOMO-LUMO gap of molecules immobilised on surfaces can be measured.
In a typical IPES experiment, the energy of the detected photons is kept constant (h̄ω = 9.7 eV
is typical) and the energy of the incoming electrons is varied. The signal intensity in an IPES
experiment is typically low, being often several orders of magnitude lower than in UPS experi-
ments.101 Both the electron source and the detector have to be optimised.101 A full treatment
of this subject is beyond the scope of this thesis and the reader is referred to the review by
Smith.101 A mathematical treatment of the technique can also be found in Smith’s review.

2.4 Near-edge X-ray Absorption Fine Structure (NEXAFS)

2.4.1 Introduction

Near-edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy samples the electronic
structure of unoccupied molecular orbitals (figure 2.9). By doing so, it provides information
about the chemical identity, i.e. bond type, of the adsorbed film. Furthermore, using the angular
dependence of the transition matrix elements for resonant excitations,102 the average orientation
of the constituents can be probed. Note: This section only presents a brief overview of the basic
principles of NEXAFS spectroscopy; for a complete review of the NEXAFS technique, including
the mathematics behind it, the reader is referred to the book by Joachim Stöhr.102
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Figure 2.9: Schematic representation of the transitions probed by NEXAFS spectroscopy. The
ionisation potential is marked (IP). The figure was taken from Stöhr.102

2.4.2 Basic principle

The sample is irradiated with monochromatic X-rays (synchrotron light) of varying energies
below and up to 50 eV above the ionisation potential (IP∼ 291 eV for the carbon K-edge).103 This
results in the production of electrons and photons (figure 2.10). The proportion of each depends
on the relative cross-sections of the processes, the latter being atomic number dependant.104

Several methods are used to quantify the NEXAFS signal as shown in figure 2.11. Of these
methods, partial electron yield (PEY, used throughout this work) and Auger electron yield
(AEY) are the most surface sensitive detection methods. In a NEXAFS experiment, unlike
XPS, both elastically and inelastically scattered electrons are collected. In the partial electron
yield method, heavily scattered, low kinetic energy electrons are excluded by applying a threshold
voltage thus making the technique more surface sensitive.

2.4.3 Angle dependence of the NEXAFS signal

2.4.3.1 Basics

The absorption resonance intensity, i.e. of a C 1s → π∗ transition, depends on the orientation of
the electric field vector of the synchrotron light with respect to the molecular orbital of interest
(figure 2.12). The absorption resonance intensity is proportional to the square of the dot product
of the electric field vector of the X-rays ( ~E) and the orbital vector ( ~O, equation 2.7).

I ∝ | ~E · ~O|2 (2.7)
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Figure 2.10: Schematic representation of the processes occuring during a NEXAFS experiment.
The figure was taken from Watts et al.104

Figure 2.11: Schematic representation of the different NEXAFS measurement methods. The
figure was taken from Watts et al.104

Figure 2.12: Schematic representation of the interaction of X-rays with π∗ (left) and σ∗ (right)
orbitals of a diatomic molecule standing perpendicular to a surface. The intensity of the reso-
nance associated with the π∗ resonance is maximum if the electrical field vector of the X-rays is
perpendicular to the surface (θ = 90◦). By contrast, the intensity of the resonance associated
with the σ∗ resonance is maximum if the electrical field vector of the X-rays is in the grazing
incidence geometry (θ < 30◦). The figure was taken from Hähner.103
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Figure 2.13: Plot of the ratio of NEXAFS intensities measured at 90◦ and 20◦ as a function of
the molecular orbital angle. The data is shown for two X-ray polarisation factors.

It is evaluated according to the theoretical expression for a vector-type orbital (equation 2.8).102

I(α, θ) = A{P × 1

3
[1 +

1

2
(3 cos2(θ)− 1)(3 cos2(α)− 1)] + (1− P )

1

2
sin2(α)} (2.8)

where A is a constant, P is the polarisation factor of the synchrotron light, θ is the X-rays’
incidence angle and α is the average tilt angle of the molecular orbital. For π∗ orbitals, for which
the transition dipole moment (TDM) is oriented perpendicular to the plane of the respective
ring, the tilt angle of the orbital is directly related to the tilt angle of the molecular backbone β
by the following formula:23

cos(α) = sin(β) cos(γ) (2.9)

where γ is the twist angle of the corresponding ring with respect to the plane spanned by the
surface normal and the molecular axis; γ = 0 corresponds to the TDM of the π orbital laying in
this plane.21,23

2.4.3.2 Linear dichroism and tilt angle

A fingerprint of the orientation of molecular orbitals is the linear dichroism, i. e. the depen-
dence of the absorption resonance intensity on the orientation of the electric field vector of the
synchrotron light with respect to the molecular orbital of interest. The linear dichroism is con-
veniently monitored by plotting the difference of the NEXAFS spectra acquired at normal (90◦)
and grazing (20◦) angles of X-ray incidence. In contrast, a spectrum acquired at the so-called
magic angle of X-ray incidence (55◦ in our experiments) is not affected by any effects related
to the molecular orientation and only gives information about the chemical identity of the in-
vestigated samples.102 In addition, as shown in figure 2.13, the angle of the molecular orbital of
interest can be evaluated using the ratio I(θ)/I(20). An angle of 90◦ was used throughout this
work. The molecular tilt angle can then be derived using equation 2.9.
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Figure 2.14: Schematic representation of an ISS experiment. p is an impact parameter; θ is the
scattering angle of the ions; V1 is the velocity of the scattered ions; φ is the recoil angle of the
surface ions; V2 is the velocity of the recoiled ions. The figure was taken from Niehus et al.105

2.5 Ion Scattering Spectroscopy

Note: for a complete review of Ion Scattering Sectroscopy, the reader is directed to an extensive
review by Niehus et al.105

2.5.1 Basic principle

Ion Scattering Spectroscopy (ISS) also referred to as Low Energy Ion Scattering Spectroscopy
(LEISS) is a technique which employs low energy noble gas ions (keV range). The technique
is highly surface sensitive due to the high cross-sections for ion-atom interactions and the high
neutralisation rate of the noble gas ions at the energies employed105 and only information about
the outermost atomic layer is obtained. Only ions scattered from the outermost surface give rise
to sharp peaks in the ISS spectrum.
Slow sputtering of the sample and simultaneous acquisition of ISS spectra is possible provided
the right gas is chosen. The nature of the gas controls both the resolution and the sputter rate.76

For instance, carbon, nitrogen and oxygen are well resolve using 3He+. The same atoms are not
well resolved by 4He+.76 The sputter rate is higher is Ar+ is used. However, no elements lower
than calcium can be resolved with argon ions. Furthermore, increasing the energy of the primary
ion beam also increases the sputter rate.

2.5.2 Elemental selectivity

The primary ion beam is scattered, in the case of single collisions, as shown in figure 2.14. The
following equation for the energy of the scattered ions can be derived:106

E1 = k × E0 = (
cos θ +

√
(M2
M1

)2 − sin2 θ

1 + M2
M1

)2 × E0 (2.10)

Where E0 is the primary ion energy, E1 is the energy of the scattered ions, θ is the scattering
angle, M1 the mass of the primary ions andM2 the mass of the surface atoms. In our experiments,
the scattering angle was fixed by the ion source-analyser geometry at ∼145◦. This equation holds
true for M2

M1
> 1. In the case of nickel, the metal used throughout this work, E1 ∼ 0.8×E0 using

our experimental setup.
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Figure 2.15: Schematic representation of a drop on a surface. The figure was taken from
Tadmor.109

Figure 2.16: Schematic representation of the advancing and receding contact angles of a drop
on a surface. The figure was taken from http://en.wikipedia.org.

For a more complete review of ISS, the reader is directed to the following reviews: Brongersma
et al.106 and Niehus et al.105,107 The book by Brundle76 also contains a quick overview of the
capabilities of ISS with a special emphasis on its use in industrial settings.

2.6 Contact angle goniometry

2.6.1 Basic principles

In contact angle goniometry, one measures the angle between a drop of liquid and a surface at
equilibrium (θ).108 The shape of the drop is defined by the properties of the liquid (L), the surface
(S) and the vapour (V) as described in figure 2.15. This is described by the Young equation:

γSL + γ cos θ = γSV (2.11)

where γSL is the interfacial tension between the liquid and the solid, γ is the interfacial tension
between the liquid and the vapour, γSV is the interfacial tension between the solid and the vapour
and θ is the equilibrium contact angle the drop makes with the surface.109

2.6.2 Advancing and receding contact angles

As shown in figure 2.16, by either advancing or receding the drop on/from a surface, one can
measure the advancing and receding contact angles, θadv and θrec respectively. The difference
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Figure 2.17: Schematic representation of a KP experiment. The figure was taken from
Palermo.111 See text for details.

between these two values gives a measure of the surface homogeneity. In practice, θadv and θrec
rarely have the same value and a small hysteresis is observed.110 The difference between these
two angles is influenced by a variety of factors, e.g. surface roughness, molecular (re)orientation
and interaction between the liquid and the solid.108,109

2.7 Kelvin Probe

2.7.1 Basic principle

The Kelvin Probe (KP)is used to measure the work function of surfaces. It measures the contact
potential difference (CPD) between two metals brought in close proximity. The two metals do
not touch thus forming a capacitor.111 One of the two metals is the tip of the Kelvin Probe itself
and the second is the sample of interest (figure 2.17(a)). If both surfaces are in electrical contact,
the electrons will flow from the metal with the lowest work function to that with the highest work
function (figure 2.17(b)), leading to the generation of opposite charges on the sample and the
tip of the KP. The electric field thus generated is sensed and an external voltage (Vc) is applied
to nullify it (figure 2.17(c)).111 Provided that the work function of the KP’s tip is known, the
sample’s work function can be determined by the following equation:

φsample = φref − qVc (2.12)

The nature of KP measurements mean that only relative work function values can be measured.
However, absolute values can be obtained through calibration with known standards such as a
clean gold surface.

2.7.2 Current Kelvin probe method

Most if not all Kelvin probe apparatus sold nowadays use the vibrating capacitor setup developed
by Zisman.111 The mechanical oscillation of the KP tip induces changes in the capacitance. These
produce in a small alternating current, i(t), expressed according to the following equation:

i(t) = Vcω∆C cosω (2.13)

where Vc is the CPD, ω the frequency and ∆C the change in capacitance An external voltage
is applied until the electric field is nullified and i(t) goes to zero.111 This is the basis for the
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Figure 2.18: Selection rules for the reflection of the electrical component of an infrared light off
of a metal surface. The sum of the electrical component vectors is shown on the right. A red
point denotes a sum of zero. Top: p-polarised light, the electrical component vector is within
the plane of incident light. The phase of the reflected vector is shifted by 90◦ with respect to
the incident vector therefore, the sum of the incident and reflected electrical component vectors
result in an electric field at the surface. Bottom: s-polarised light, the electrical component
vector is rotated 90◦ with respect to the plane of incident light. The phase of the reflected vector
is shifted by 180◦ with respect to the incident vector, therefore, the sum of the incident and
reflected electrical component vectors does not result in an electric field at the surface. The
figure was taken from Chesneau.113

instrument used in this doctoral work. Using this technique, work function measurements were
found to be reproducible within 2 mV.

2.8 InfraRed Reflection Absorption Spectroscopy

InfraRed Reflection Absorption Spectroscopy is a kind of infrared spectroscopy performed on
surface. As in a typical infrared (IR) experiment, the IR signal results from the interaction
of the electromagnetic field of an infrared radiation with the oscillation dipole associated with
a particular normal vibrational mode.112 However, molecules on surfaces are subjected to the
so-called surface selection rules (figure 2.18).
If the transition dipole moment (TDM) associated with the vibration of interest lies perpendic-

ular to the surface or has a major component perpendicular to the surface, it will give rise to an
absorption band in the IR spectrum. If the TDM lies parallel to the surface, then no absoption
band will be visible for the associated vibration.
For a complete treatment of infrared spectroscopy at surfaces, the reader is directed to the book
by Yates and Madey.112



Chapter 3

Experimental methods

3.1 The LHS 12 UHV analysis and preparation station

The LHS12 laboratory setup used for this work consists of one analytical chamber and two
preparation chambers linked by an UFO transfer chamber (figure 3.1).

3.1.1 The preparation chamber

Only the Präp II chamber was used for preparation. This chamber was fitted with an Argon
sputter gun, a 10 eV electron gun as well as a e-beam metal evaporator (Omicron) and a quartz
crystal microbalance used to deposit metal and estimate the deposition rate respectively. The
pressure in the chamber was typically 1-2 × 10−8 mbar during metal evaporation and below 3
× 10−8 mbar during electron irradiation.

3.1.2 The analysis chamber

The analysis chamber was fitted with a dual anode (Mg Kα, Al Kα) X-ray source for XPS
analysis, an ion gun for Ion Scattering Spectroscopy and an LHS11 hemispherical analyser. The
pressure in the analysis chamber was typically below 6 × 10−10 mbar during XPS analysis. The
pressure in the analysis chamber during Ion Scattering Spectroscopy measurements varied but
never exceeded 5 × 10−8 mbar.

3.2 Synchrotron – The experimental station

The end station at the HE-SGM beamline at BESSY II consisted of:

• a preparation chamber fitted with an argon sputter-gun for sample cleaning, a LEED setup
and a Quartz Crystal Microbalance for metal evaporation calibration

• a transfer system similar to that found in the LHS12 laboratory machine

• an analysis chamber fitted with a 10-500 eV electron gun, a Scienta R3000 analyser (XPS,
Auger) and a NEXAFS detector

Synchrotron radiation produced from the BESSY II storage ring was used for excitation. The
radiation was channelled to the experimental station by a set of mirror, monochromator and
gratings.

19
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Figure 3.1: Schematic representation of the LHS12 UHV system.

3.3 XPS experimental setup

3.3.1 XPS measurements

XPS measurements were performed using a Mg Kα X-ray source and a LHS 11 analyser. The
spectra acquisition was typically carried out in normal emission geometry with an energy reso-
lution of ∼0.9 eV. The X-ray source was operated at a power of 240 W (HV = 12.04 kV, Iem
= 20 mA) and positioned ∼1.5 cm away from the samples. The thickness of all SAMs was
determined on the basis of the IAu4f intensity, assuming a standard exponential attenuation of
the photoelectron signal and using the attenuation lengths reported by Lamont and Wilkes84 in
the case of alkanethiols or by Tanuma et al.89,90,114,115 for metal overlayers. The procedure was
verified for several reference samples.

3.3.2 HRXPS measurements

The HRXPS experiments were performed either at the D1011 beamline (bending magnet) at the
MAX II storage ring of the MAX-lab synchrotron radiation facility in Lund, Sweden or at the HE-
SGM beamline (bending magnet) of the synchrotron storage ring BESSY II in Berlin, Germany,
using a Scienta R3000 spectrometer. The synchrotron light served as the X-ray primary source.
The spectra were acquired in normal emission geometry at photon energies of 350 and 580 eV
for the C 1s, Cl2p and Ni3p regions, 350 eV for the S 2p regions, 580 eV for the N 1s and Pd
3d regions and 750 eV for the F 1s region, respectively. The energy resolution was better than
100 meV allowing a clear separation of individual spectral components (∼0.3 eV in BESSY II).
The energy width of the individual emissions was close to the intrinsic energy spread of the
respective core-level photoemission process. The binding energy (BE) scale of every spectrum
was individually calibrated using the Au 4f7/2 emission line of either the underlying Au substrate
at 83.95 eV.116 The latter value is given by the latest ISO standard. It is very close to a value of
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83.93 eV, which has been obtained by us for Au 4f7/2 using a separate calibration to the Fermi
edge of a clean Pt-foil.116,117

3.3.3 Spectra fitting

The fitting of the XPS and HRXPS spectra was performed using the XPSPEAK 4.1 software.
All spectra were fitted by symmetric Voigt functions and a Shirley-type background. To fit
the S 2p3/2,1/2 doublet we used two peaks with the same full width at half-maximum (fwhm),
the standard118 spin-orbit splitting of ∼1.18 eV (verified by fit), and a branching ratio of 2
(S2p3/2/S2p1/2). The fits were performed self-consistently: the same fit parameters were used
for identical spectral regions.

3.4 UPS and IPES experimental setup

The ultraviolet photoemission (UPS) and inverse photoemission (IPES) spectra were taken in a
single ultrahigh vacuum (UHV) chamber at room temperature. The IPES spectra were obtained
by using variable kinetic energy incident electrons while detecting the emitted photons at a fixed
energy (9.7 eV) using a Geiger-Müller detector. The inverse photoemission spectroscopy was
limited by an instrumental linewidth of approximately 400 meV. The angle integrated photoe-
mission (UPS) studies were carried out using a helium lamp at hν = 21.2 eV (He I) and a Phi
hemispherical electron analyser with an angular acceptance of ±10◦ or more. The photoemission
experiments were made with the photoelectrons collected along the surface normal, while the
inverse photoemission spectra were taken with the incident electrons normal to the surface. This
restriction of the electron emission (photoemission) or electron incidence (inverse photoemission)
to the surface normal was done to preserve the highest point group symmetry and eliminate any
wave vector component parallel with the surface. In both photoemission and inverse photoemis-
sion measurements, the binding energies were referenced with respect to the Fermi edge of gold
in intimate contact with the sample surface and the UPS data are expressed, in terms of E-EF
(thus making occupied state energies negative).

3.5 The NEXAFS experimental setup

3.5.1 Experimental setup

The NEXAFS measurements were performed at the HE-SGM beamline (bending magnet) of
the synchrotron storage ring BESSY II in Berlin, Germany and at the beamline D1011 at the
MAX II storage ring of the MAX-lab synchrotron radiation facility in Lund, Sweden. The results
obtained at both facilities are consistent even though the shape of the spectra can be somewhat
different, which is related to the individual parameters of the respective experimental setups.
The spectral acquisition was carried out both at the carbon and fluorine K-edge in the partial
electron yield mode with retarding voltages of -150 and -450 V, respectively. In the case of the
nitrogen K-edge, a retarding voltage of -300 V was used. Linear polarised synchrotron light with
polarisation factors of ∼91% (BESSY II) or ∼95% (MAX-lab) was used. The energy resolution
was either ∼0.40 eV (BESSY II) or better than 100 meV (MAX-lab). The incidence angle of
the light was varied from 90◦ ( ~E in the surface plane) to 20◦ ( ~E nearly normal to the surface)
in steps of 10-20◦ to monitor the orientational order of the molecules within the films.
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3.5.2 Spectra processing

The raw NEXAFS spectra were normalised to the incident photon flux by division through a
spectrum of a clean, freshly sputtered gold sample. In the case of thick metal overlayers (>
3 monolayers), a spectrum of clean silver was subtracted from the raw spectrum of a SAM
sample before normalisation.64 Furthermore, the spectra were reduced to the standard form by
subtracting a linear pre-edge background and normalising to the unity edge jump (determined
by a nearly horizontal plateau 40-50 eV above the respective absorption edges). The energy scale
was referenced to the most intense π∗ resonance of highly oriented pyrolytic graphite (HOPG) at
285.38 eV.119 For the absolute energy calibration of the F K-edge NEXAFS spectra, we utilised
the apparent shift in the position of the Au 4f7/2 core level of a clean Au wafer on going from the
beamline settings used for the C K-edge NEXAFS data collection to those for the F K-edges; a
similar approach was previously used for the measurement of NEXAFS spectra of proteinogenic
α-amino acids and nucleobases.120 The resultant energy positions are expected to be accurate
and reproducible to within ±0.05 eV.

3.6 The ion scattering spectroscopy (ISS) experimental setup

ISS measurements were performed with a focused ion gun (Leybold-Heraeus) and a LHS 11
analyser (CRR = -4). Under the conditions of our experiments the primary ion beam (He+,
MESSER 99.999%) was accelerated to 1 keV and operated at a current of -150 nA/cm2. The
beam was focused to a spot with a diameter of ca. 500 µm by two focal lenses and rastered over
a 2×2 mm2 area. The angle between the primary beam and the sample surface was 35◦, i.e. the
scattering angle of the He+ ions was 145◦. The depth profiles of Ni and Au were measured by
sequential acquisition of the ISS spectra with an energy window from 700 to 1000 eV during the
erosion of the samples by the ISS beam; both the Ni and Au signals were recorded in a single
scan.

3.7 The contact angle goniometry experimental setup

Advancing and receding contact angles of millipore water were measured on freshly prepared
samples using a Kruess goniometer, Model G1. The measurements were performed under ambient
conditions with the needle tip in contact with the drop. At least three measurements at different
locations on each sample were made. The averaged values are reported. Deviations from the
average were less than ±1◦.

3.8 Fourier transform infrared spectroscopy (FT-IR) experimen-
tal setup

Infrared absorption spectra of the target SAMs were measured in reflection mode using a Vertex
70 Fourier transform spectrometer (Bruker) equipped with a liquid-nitrogen-cooled mercury-
cadmium-telluride detector. The spectra were taken using p-polarised light incident at a fixed
angle of 80◦ with respect to the surface normal. The spectra were acquired at 2 cm−1 resolution
with accumulation of 1024 scans over the 4000-700 cm−1 spectral range. The spectra are re-
ported in absorbance units A = log(R/R0), where R is the reflectivity of the substrate with the
monolayer and R0 is the reflectivity of the reference. Substrates covered with a perdeuterated
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octadecanethiolate SAM were used as reference. The reference spectra of the bulk compounds
were measured in ATR mode using a diamond cell on a Nicolet 6700 spectrometer.

3.9 The Kelvin probe experimental setup

Work function (WF) measurements were carried out using the Kelvin probe (KP) fitted in the
Praep I chamber of the LHS12 experimental setup in Heidelberg (KP Technology Ltd, Caithness,
UK). The voltage between the tip and the sample was varied from -7000 mV to 7000 mV in one
step. The work function (at V = 0 mV) was then extrapolated from those measurements. A
gradient value of ∼300 was used for all measurements. The error in the measurements was
typically lower than 3 mV.
Absolute work function values for self-assembled monolayers (SAMs) and Metal-SAM-Metal
(MSM) systems were determined as follows:

1. the work function of the SAM-covered surface or Metal-SAM-Metal (MSM) assemblies was
measured

2. the SAM or MSM assembly was sputtered away using argon (6kV, 10 mA, 10−5 mbar).
Typical sputter times are 5-10 minutes for a SAM and 20-25 min for a MSM assembly

3. the work function of the clean metallic substrate was measured until the value stopped
rising. The rise in the work function with time is a consequence of the argon sputtering.
The WF of the clean substrate was found to vary by ∼100 mV. Alternatively, the sample
was irradiated for 1-2 min with 10 eV electrons (Dose ∼0.3 mC/cm2)

4. the absolute WF was then calculated as follows: WFsample = WFsubstrate,lit.+(WFsample−
WFsubstrate)measured

The error in the absolute work function is, owing to the non-homogeneity of our surfaces, 50-100
mV and is typical for work function measurements.

3.10 The Scanning electron microscopy experimental setup

The imaging of the fabricated patterns and nanoparticle assemblies was conducted using a LEO
1530 scanning electron microscope (SEM). The e-beam energy was 5 keV; the residual gas pres-
sure was ∼5 × 10−6 mbar.

3.11 Metal evaporation

3.11.1 Experimental setup

Nickel (Goodfellow, 99.999% purity) was evaporated using an Omicron electron-beam evaporator
fitted with a W/Ta filament. The evaporator was placed 15-17 cm away from the sample. The
deposition rate (figure 3.2) and deposition spot were calibrated using a quartz crystal microbal-
ance (QCM). The rate of change of the quartz’ frequency was measured and converted to the
deposition rate using the following formula:?

∆Tf =
K ×∆f

df
(3.1)
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Figure 3.2: Metal evaporator calibration performed with a QCM. Nickel was used as metal.
Top panel: the evaporator in Heidelberg; Bottom panel: the evaporator in BESSY.

K =
Nat × dq

f2q
(3.2)

where Tf is the rate of deposition in Å/min, ∆f the rate of deposition in Hz/min, Nat the
frequency constant of the AT cut quartz crystal (166,100 Hz.cm), dq the density of the quartz
single crystal (2.695 g/cm3), df the density of the film (8.9 g/cm3 for nickel) and fq the native
frequency of the quartz (6.0 MHz). In BESSY, the geometry of the sample and QCM are similar
(∼45◦ with respect to the evaporator) therefore the rates determined by QCM were used as is.
However, in our laboratory set-up in Heidelberg (HD), while the geometry between the QCM and
the metal evaporator is fixed (∼90◦), the angle between the sample and the evaporator is not.
Therefore, if the metal was deposited in a geometry different from that of the QCM, a correction
factor was applied. In a typical experiment in HD, the angle between the sample and the metal
evaporator was ∼20◦. We found that at this geometry, the metal deposition rate (verified by ISS
and XPS) was about half of that calibrated with the QCM. In all cases, in BESSY and HD, the
metal doses were checked using the substrate’s strongest XPS line (e.g. Au 4f7/2 in the case of
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Solvent Time (h) Temp. EtOH shake Rinse

Alkanethiols EtOH 24 RT no EtOH
F10H2 EtOH 24 RT no EtOH
TPn THF 24 RT yes EtOH

TPDMT THF 24 RT, 55◦C yes EtOH
PPPn EtOH 24 RT no EtOH
FTPn THF 2-24 RT yes EtOH

Table 3.1: Preparation conditions for the samples used in the present work. THF:
tetrahydrofuran; EtOH: ethanol; TPDMT: [1,1’:4’,1”-terphenyl]-4,4”-dimethanethiol;
TPn: e.g. TP2: p-terphenyl-4-ethanethiol; PPPn: e.g. PPP1: (4-(4-(4-
pyridyl)phenyl)phenyl)methanethiol; FTPn: e.g. FTP3: perfluoro-p-terphenyl-4-butanethiol;
F10H2: 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-henicosafluorododecane-1-thiol.

gold) as described in section 2.1.3.2. The metal doses determined by XPS were within 0.1-0.2
nm of the QCM calibrated values, well within the error of our experiments and calculations.

3.11.2 Definition of a monolayer

A monolayer of nickel, the metal used in our studies, was taken as the spacing between two
Ni(111) planes. Thus, one monolayer of nickel is equal to 0.2 nm or 1.2×1016 cm−2.

3.12 Sample preparation

3.12.1 Substrates

The gold substrates were prepared by thermal evaporation of 30-100 nm of gold (99.99% purity)
onto polished single-crystal silicon (100) wafers (Silicon Sense) primed with a 5 nm titanium
adhesion layer (rate 2 nm/s, temp. 340◦C). The resulting metal substrates were polycrystalline,
with predominant (111) orientation and a grain or terrace size of 20-50 nm.

3.12.2 Self-assembled monolayers preparation

The SAMs were prepared by immersion of the freshly prepared substrates into a 1 mM solution
of the desired compound at room temperature, typically for 24 h. After immersion, the samples
were carefully rinsed with pure solvent and blown dry with argon. If not used immediately, the
samples were stored in Petri dishes flushed with argon, sealed with parafilm and protected from
light. SAMs stored in this way proved stable over several months. Table 3.1 summarises the
preparation conditions for the SAMs used in this work. We found the shake in ethanol to be
crucial in order to obtain consistently good quality samples for SAMs prepared from THF. For
these SAMs, the samples needed to be transferred quickly (< 10 s) into an ethanol solution and
shaken vigorously in order to dilute the residual THF film. After ∼1 min, the sample could be
removed from ethanol, rinsed further with ethanol, blown dry with argon and stored. Note that
if the samples prepared from THF solution were not shaken in ethanol, the solvent evaporated
quickly, leaving deposits of the molecule of interest on the substrate. Typically, sonication was
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not sufficient to completely clean such samples. The sample yield prepared without ethanol
shake was ∼50-60 % whereas with the additional shaking step the yield increased to close to 100
%.

3.13 Theoretical calculations

The molecular geometry of each molecule was optimised at the PM3 level and refined at the
B3LYP/6-31G* level of theory. The orbital energies of single molecules were calculated us-
ing either the semiempirical ZINDO/S or the B3LYP/6-31G* methods. All calculations were
performed with the Orca 2.8 software package.121 The orbital energies of the TPT and TP3
molecules were calculated with their terphenyl units in the coplanar geometry to reflect their
molecular structure in the SAM.14,15,122–125 Model densities of states were obtained by applying
equal Gaussian envelopes of 0.5 eV width to each molecular orbital at the ground state binding
energies to account for the solid state broadening in photoemission and then summing, together
with a rigid energy shift of a typical value of 5.4 eV and 3.5 eV applied to the calculated electronic
structure by PM3 and DFT respectively65,66 unless stated otherwise.



Chapter 4

Novel SAM systems for molecular
electronics

4.1 Introduction

4.1.1 Short introduction to self-assembled monolayers

Self-assembled monolayers are one molecule-thick molecular films that can be deposited from
solution on a metal substrate such as gold, silver, copper, silicon or nickel.34–45

A SAM constituent is comprised of three main parts, each playing a role in making a stable
monomolecular film:

• the head group for attachment to the metallic substrate

• the spacer

• the terminal group for functionalisation of the SAM ambient interface

The make-up of the spacer is especially important since, for a given substrate-head group com-
bination, the interactions between the individual spacer components and their orientation at
the surface (are they lying parallel or perpendicular to the substrate?) dictate the structural
quality and stability of the SAM.35 Importantly for nanoelectronic applications, SAMs can act
as dielectric layers as well as modulate the electrical properties of a metal surface depending on
their molecular make up (see section 4.4).25,46–48 However, defects in the dipole layer formed by
SAMs will significantly influence the effective modification of the charge injection barrier, there-
fore, the analysis and possible optimisation of the SAMs structure is crucial for the success of
such applications. This problem has been directly identified in the very recent theoretical study
analysing the application of SAMs for charge transfer optimisation in metal-organic material
junctions.126

4.1.2 Short introduction to molecular electronics

As mentioned in section 1, self-assembled monolayers of organic molecules are an efficient mean of
modifying the properties of metallic surfaces.15,35 In particular, alkane and aromatic thiols have
been used on gold (used in the present work),35 silver,20 palladium,127,128 copper43,44 and, of im-
portance in the context of this doctoral work, nickel surfaces,39–41 to modify the transport prop-
erties at the respective metal surfaces. By forming a dipole layer at the electrode/semiconductor

27
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Figure 4.1: Schematic view of a SAM constituent.

interface, SAMs can lower the barrier for electron or hole injection.50,51,54,129,130 Alternatively,
SAMs can serve as ultrathin organic insulators and possibly even good dielectric barrier layers.
For instance the quasi two-dimensional cross-linked SAM of [1,1;4,1-terphenyl]-4,4-dimethanethiol
(TPDMT) not only provided an effective barrier against the penetration of a metal adsor-
bate26,27 but also insulated the fabricated metal film at the SAM-ambient interface from the
substrate,65,131 two critical factors for the successful fabrication of the spintronic devices tar-
geted in the present work.132–135 The deciding parameter for the above applications of SAMs is
their electronic structure. In particular, the positions of the highest occupied and lowest unoc-
cupied molecular orbitals (HOMO and LUMO, respectively) of a SAM affects the height of the
injection barrier for electrons and holes through the SAM-modified electrode/semiconductor in-
terface or SAM-containing molecular junction.136 Furthermore, the width of the HOMO-LUMO
gap defines the insulator properties of a SAM, affecting its performance as a dielectric layer.
In this context, the results of the spectroscopic characterisation of SAMs formed by PPPn and
FTPn molecules (figure 4.2) as potential dielectric films (sections 4.2 and 4.3 respectively) are
presented in this chapter. In addition, experimental and theoretical analysis of the electronic
structure of a series of SAMs with aromatic backbones (figure 4.2) will be presented in section
4.4. We wanted to address the relationship between the identity of the aromatic spacer and the
electronic structure of the related SAMs in particular. To avoid ambiguity regarding the quality
of the aromatic SAMs, we decided to work with long-chain molecules, having either terphenyl
(PPPn) or fluorinated terphenyl (FTP320) backbones and a short aliphatic linker as shown in
figure 4.2.
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Figure 4.2: Chemical structure of the precursor molecules of the SAMs studied in this chapter.
The abbreviations used in the text are shown.

4.2 Terphenyl with terminal pyridine ring

4.2.1 Introduction

Pyridine-terminated p-terphenyl thiols or PPPn (figure 4.2) were investigated as potential di-
electric layers for metal-SAM-metal systems. The terminal pyridine group allows the binding of
metals and charged molecules as well as hydrogen bonding. Notably, pyridine is known to bind
to nickel, the metal used in our metallisation studies. As the characterisation of PPPn SAMs has
been reported before, the characterisation of our pristine PPPn/Au SAMs will only be briefly
presented below. For a complete characterisation of pristine PPP monolayers, see the work of
Liu et al.137

4.2.2 XPS characterisation of PPPn films

The C1s, N1s and S2p XPS spectra of PPP3/Au acquired at an excitation energy of 350 eV are
shown in figure 4.3. The C1s spectrum (top panel) shows two main peaks at ∼284.7 and ∼285.5
eV corresponding to the C=C and C=N carbons respectively. The S2p spectrum shows only one
major peak at 162 eV with a fwhm of 0.7 eV, consistent with high quality films. Furthermore,
the N1s spectrum is typical for free pyridine with a single peak at ∼398.8 eV.

4.2.2.1 A clean SAM-ambient interface

Unlike alkylamines, the nitrogen atom in pyridine is not strongly basic (pKa ∼ 5). Consequently,
the high oxygen content observed for alkylamine SAMs (data not shown) is not observed for PPPn
systems. Instead, a spectrum similar to that typical of hydrophobic C12 films is observed (figure
4.4). This is important since it means that, unlike in the case of alkylamines, all nitrogen atoms
are free for binding to, e.g. metal atoms.
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Figure 4.3: C1s (top panel), N1s (middle panel) and S2p (bottom panel) spectra of PPP3/Au.
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Figure 4.4: O1s spectra of PPP3/Au and C12/Au. The C12/Au spectrum is given as an
example of a typical, oxygen-free SAM on gold.

4.2.3 Electronic structure and molecular orientation in PPPn films

4.2.3.1 Molecular orientation of PPPn films

As shown in figure 4.5, the dichroism of the NEXAFS signal is high, implying a highly ordered
monolayer. The tilt angle of the molecular backbone was found to be ∼18◦.

4.2.4 Summary

PPPn molecules form well ordered monolayers making them potential candidates as dielectric
layers for molecular electronics. In addition, unlike alkylamine SAMs, PPPn films have a clean
SAM-ambient interface making them useful for metal immobilisations. The effect of electron
irradiation on PPPn systems will be presented in section 5.2. The evaporation of nickel on
irradiated PPPn/Au SAMs will be presented in section 6.3.
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Figure 4.5: NEXAFS C K-edge difference spectrum of PPP3/Au.

4.3 Fluorinated terphenyl molecules

This section constitutes part of the following publication: F. Chesneau et al. Phys. Chem.
Chem. Phys. 2010, 12, 12123-12137

4.3.1 Introduction

Most experiments on fluorinated compounds have been performed using fluorinated aliphatic
SAMs,51 which enhance hole injection in metal-SAM junctions. Considering the much higher
conductance of aromatic SAMs, one could expect that fluorinated aromatic films would improve
charge transport compared to alkanethiol monolayers. The possibility to use such systems was
indeed demonstrated using pentafluorothiophenol138,139 and partly fluorinated oligo(phenylene
ethynylene),140 with, however, little or no information regarding the structural quality of the
monolayers, a crucial parameter for nanoelectronic applications (section 4.1). We therefore de-
cided to modify the terphenyl-substituted alkanethiols, which forms SAMs of very high qual-
ity,15,141 by perfluorination of their aromatic core, i.e. prepare and characterise SAMs of
perfluoroterphenyl-substituted alkanethiols (C6F5-C6F4-C6F4-(CH2)n-SH, n = 2, 3; see figure
4.2, page 29). These systems are novel; so far only SAMs of partly (one or two rings) fluo-
rinated terphenyl thiols on Au(111) have been studied.142,143 Similar to terphenyl-substituted
alkanethiols,15,141 we expect that the introduction of a short aliphatic linker between the per-
fluoroterphenyl (FTP) backbone and thiol group, will impart, at a suitable length of this linker,
high structural quality to the respective SAMs. Furthermore, since the van-der-Waals radius of
the fluorine atom is significantly larger than that of the hydrogen atom, a different conformation
and packing of the fluorinated molecules in the monolayers is expected as compared to their
non-fluorinated analogs. In this section, only results for the FTP3 molecule on gold substrates
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Outer ring PM3 STO3G

top -54.8 -59.1
bottom +55 +59.2

Table 4.1: Torsion angles of the outer rings of the perfluoroterphenyl moiety of FTP3. All
values are in degrees and with respect to the middle ring. PM3 calculations performed with
MOPAC2009. STO3G calculations performed using the GAMESS.08 software package.

will be discussed. For a more complete discussion of FTPn systems including odd-even and
substrate effects, refer to Phys. Chem. Chem. Phys. 2010, 12, 12123-12137.

4.3.2 Conformation of FTPn molecules in the self-assembled monolayers

An important parameter for the formation of terphenyl self-assembled monolayers (SAMs) is the
dihedral angle between the phenyl rings or torsion angle, δ. In the crystals of many oligophenyl
derivatives, the steric repulsion of the ortho hydrogen atoms which is responsible for the torsion
in the gas phase, can be overcompensated by the lattice energy, in particular by the T-shaped
interaction,144,145 leading to the frequently observed herring-bone pattern with planar or almost
planar conformations of the individual molecules.146,147 Similar conformations can also be as-
sumed for oligophenyl-based SAMs.18,148,149 In contrast, such a planar conformation is hardly
possible for the perfluoro-derivatives, where a substantially higher rotational barrier has to be
assumed, certainly leading to different interactions and therefore different molecular arrange-
ments.
In the molecular state (gas phase), the dihedral rotation is predominantly governed by two
interactions, i.e. the interaction between the π orbitals of the adjacent phenyl rings and the
repulsion between either hydrogen or fluorine atoms in the ortho-positions of these rings. The π
orbital interaction tends to make the whole backbone planar thus achieving maximal conjuga-
tion between the rings. In contrast, the repulsion between the ortho-atoms forces a non-planar
conformation. The balance of these interactions gives the final molecular structure (figure 4.6).
The length of the aromatic C=C bond and, of particular importance in the present case, the
C−C interring distance are not significantly affected by the substitution of hydrogen by fluorine.
Only a slight shortening of the respective bond lengths is expected.150 Therefore, and owing to
the larger atomic radius of fluorine compared to hydrogen and the fact that the C−F bond is
noticeably longer than the C−H bond (∼ 1.34 Å vs ∼ 1.09 Å), the planar conformation observed
in terphenyls is not possible for the FTP moiety even in the molecular state the fluorine atoms
in the ortho-positions of the adjacent rings can not come across one another.
As shown in table 4.1, both outer rings are rotated by about 57◦ in opposite directions such that
all three rings form a helix (figure 4.6). Since rotation around the interring C−C bond is largely
hindered in the FTP moiety, its structure should persist in the condensed state (figure 4.6).
Indeed, published X-ray crystallographic structural data for closely related compounds (table
4.2) indicate the retention of the helical structure in the densely packed solid phase. This is in
stark contrast to what is observed for most non-fluorinated terphenyl derivatives.151 Another
interesting feature of the crystallographic structure of bulk (perfluoroterphenyl-4 yl)methanol
is the relatively small spacing of ∼ 4.5 Å between the parallel FTP moieties.152 Such a small
spacing is presumably only achieved through a vertical shift (by ∼ 1.4 Å) of the adjacent chains
with respect to one another and due to the correlated orientation of the FTP helices of the
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Outer ring 2H9FBP150 FBP150 FBPMeOH?

top -59.5 -59.5 -57.0
bottom +59.5 +59.5 +58.0

Table 4.2: Torsion angles of the outer rings of reference fluorinated compounds. All values are
in degrees and with respect to the middle ring.2H9FBP: 2H-nonafluorobiphenyl; FBP: perfluo-
robiphenyl; FBPMeOH: (perfluoroterphenyl-4-yl)methanol

Figure 4.6: Calculated molecular structures of the perfluoroterphenyl (left) and tephenyl (right)
moieties. Structures calculated and optimised using the GAMESS.08 software package

neighbouring molecules. Whereas such a vertical shift is possible to a limited extent only in the
densely packed SAMs (by tilting), correlation of the FTP helix orientation can occur, allowing
a dense molecular packing.

4.3.3 Molecular orbitals and molecular orientation of FTP moieties in SAMs

As explained in section 2.4, the electronic structure of the unoccupied molecular orbitals as
well as the molecular orientation of molecules and individual orbitals can be determined using
Near-Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy.

4.3.3.1 General features of the NEXAFS spectrum of FTP3

The carbon K-edge NEXAFS spectrum of FTP3/Au acquired at an X-ray incident angle of 55◦

is shown in figure 4.7. The most prominent absorption resonances in the spectra are marked by
numbers and the respective photon energy positions are compiled in table 4.3.

The spectrum is dominated by two sharp resonances at 285.74 eV (1) and 287.63 eV (2)
corresponding to the C1s → π∗ transitions from the FTP carbon atoms which are not bonded
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Figure 4.7: C-K edge (top) and F-K edge (bottom) NEXAFS spectra of FTP3 on gold acquired
at an X-ray incident angle of 51◦.

and directly bonded to fluorine atoms respectively. Further, several less intense π∗- and σ∗-like
resonances are visible (table 4.3). The characteristic R∗ resonance of the aliphatic linker at
∼ 287.7 eV155 is presumably weak and overlaps with the C1s C-F → π∗ feature, so that no
information on this linker can be obtained from the NEXAFS data.
In addition to the C K-edge data, the fluorine K-edge NEXAFS spectrum at an X-ray incident
angle of 55◦ of FTP3 films on Au was measured (figure 4.7, bottom panel). The spectrum
exhibits several characteristic resonances and the absorption edge corresponding to the F1s →
continuum transitions (table 4.4).

4.3.3.2 Molecular orientation of the FTP moieties in the film

The linear dichroism effects in the target films were monitored. As mentioned in section 2.4,
a convenient way to follow the linear dichroism effects is to plot the difference between the
NEXAFS spectra acquired at the normal and grazing incidence of the primary X-ray beam.
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Peak Energy (eV) Assignment

1 285.74 C1sC−C → 1π∗

2 287.63 C1sC−F → 1π∗

2’ 288.4
3 289.25 C1sC−F → σ∗ (C-F)

3’ 289.7
3” 290.6
4 291.6 C1sC−F → 2π∗

5 296.5 C1sC−F → σ∗

6 299.7 C1sC−F → σ∗

7 305.1 C1sC−F → σ∗

Table 4.3: Positions (eV) and assignments153,154) of the most prominent absorption resonances
in the C K-edge NEXAFS spectrum of FTP3 SAMs on Au (see figure 4.7).

Peak Energy (eV) Assignment

1 689.0 F1s → 1π∗

2 693.1 F1s → 2π∗

3 697.2 F1s → σ∗(C-C)
4 699.8 σ∗

Table 4.4: Positions (eV) and assignments (according to references153) of the most prominent
absorption resonances in the F K-edge NEXAFS spectrum of FTP3 SAMs on Au (see figure 4.7).

Such difference curves (90◦-20◦) are presented in figure 4.8 for the C and F K-edges. According
to these curves, the NEXAFS spectra of the FTP3 films exhibit a pronounced linear dichroism.
This is a clear signature of orientational order. The signs of the observed difference peaks, i.e.
the positive sign for the π∗-like resonances and the negative sign for the σ∗-like ones, suggest
an upright molecular orientation. Significantly, the difference peak 2 in figure 4.8 has the same
positive sign as that of peak 1. This clearly implies π∗ character for resonance 2. In the present
case, due to the presumable helical conformation of the FTP backbone, the twist angles of all
three rings are different, with the outer rings turned by the torsion angles +/− δ with respect to
the middle ring, as shown in figure 4.9. The absorption resonances related to the individual rings
within the FTP backbone are undistinguishable, such that not the orientation of each individual
ring but only their average orientation can be determined on the basis of the NEXAFS data.
This refers not only to the twist angles of the rings but to the tilt angles of the π∗ orbitals as
well. Indeed, since the angle β is common to all rings, different values of γ mean different values
of α for the individual rings. So, we are only left with the option to estimate the average α values
for the FTP backbone in the target film and correct them later for the twist of the individual
rings. As explained in section 2.4, the intensity ratios I(θ)/I(20◦) were evaluated; where I(θ) and
I(20◦) are the intensities of the resonance of interest at synchrotron light incidence angles of θ
and 20◦.102 The resulting angle dependencies of the relative intensities are displayed in figure
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Figure 4.8: C-K edge (top) and F-K edge (bottom) NEXAFS difference spectra (90◦-20◦) of
FTP3 on gold.

4.10. The obtained values of the average tilt angles of the 1π∗ orbitals are 75◦ and 73.5◦ for the
1π∗(C1sC−C) and 1π∗(C1sC−F ) resonances respectively. To determine the average tilt angle of
the FTP backbone in the target films, the values of the orbital tilt angles should be corrected
for the twist of the individual rings. These values are not known but, from section 4.3.2, we can
assume a helical conformation of the FTP backbone with torsion of the outer rings relative to the
middle one by +/−57◦. Since these values are close to 60◦, the orientation of the π∗ orbitals of
the individual rings with respect to the molecular axis is characterised by close-to-C3 symmetry.
Under these circumstances, the average value of cos(γ) is only weakly dependent on the actual
γ values of the individual rings. In particular, at γ = 0 for the middle ring, the weighted sum
of |cos(γi)| is equal to 0.67, whereas at γmiddle = 90◦ this value is equal to 0.58. The average
between these limiting cases (0.625) is mostly representative for the entire variety of possible
torsion angles. Taking this value and the average tilt angles of the π∗ orbitals (see above), the
average tilt angle of the FTP backbone is 26◦ for FTP3/Au. These values are accurate to +/−5◦,
in view of the standard accuracy of the NEXAFS experiment and the difference between the two
limiting values for the weighted sum of |cos(γi)|.
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Figure 4.9: A schematic drawing of the FTP3 molecule: (a) view along the FTP backbone; (b)
side view. The orientation of the FTP backbone is given by the tilt angle β, twist angle γ, and
torsion angle δ. At γ = 0, normal to the ring plane (which is collinear with the π∗ orbitals) lies
in the plane spanned by the z- and the 4,4’-axes. The torsion results in different values of γ for
the inner and outer rings.
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Figure 4.10: The angular dependence of the 1π∗(C1sC−C) (full circles) and 1π∗(C1sC−F ) (hollow
squares) intensity ratio I(θ)/I(20◦) for FTP3/Au. The best fits according to equation 2.8 are
shown.
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4.3.4 Chemical characterisation, packing density and thickness of the FTP3
films: XPS and HRXPS

Whereas NEXAFS probes the electronic structure of the unoccupied molecuar orbitals, XPS
gives us information on the chemical integrity as well as the thickness of thin films (section 2.1).

4.3.4.1 Chemical characterisation of FTP3 films

The S 2p spectrum in the top panel of figure 4.11 is dominated by a characteristic doublet at a
BE of 161.8-161.9 eV (S 2p3/2), which can be clearly assigned to the thiolate species bonded to
the surface of gold.19,156,157 The fwhm of the S 2p3/2 and S 2p1/2 components of the thiolate-
related doublet (0.5 eV) was close to the value expected in the case of equivalent adsorption
sites for all SAM constituents,117 suggesting a single or at least dominant adsorption site for all
FTP3 molecules. In addition to the thiolate-related doublet, a further, less intense doublet at
a BE of 161.0 eV (S 2p3/2) was observed; the intensity of this feature amounted to about 12 %
of the total S 2p intensity and can be ascribed to either atomic sulphur158 or a thiolate-type
bound sulphur with a different binding chemistry and/or geometry compared to the standard
thiolate-type bond observed in thiol-derived SAMs on coinage metals.157,159 Both assignments are
discussed in detail in refs18 and,160 but in most situations, including the present case, the different
thiolate assignment can be favoured. No other features related to decomposed, physisorbed or
oxidised FTPn molecules were observed in the S 2p spectra. The C 1s HRXPS spectrum of
FTPn/Au in the bottom panel of figure 4.11 exhibits three emissions at 284.4, 285.8, and 287.5
eV assigned to the carbon atoms in the aliphatic linker (284.4 eV) and FTP moiety (285.8
and 287.5 eV) respectively. The 285.8 eV emission can be associated with the carbon atoms
in the para positions (except for the terminal carbon), whereas the 287.5 eV emission can be
related to the carbon atoms in the ortho and meta positions and the terminal carbon atom. This
assignment is supported by comparison of the spectra of FTP3/Au acquired at photon energies
of 350 and 580 eV in figure 4.12, which show, apart from a lower energy resolution at 580 eV,
comparable intensities of the 285.8 and 287.5 eV peaks and considerably lower intensity of the
284.4 eV emission at hν = 350 eV. Indeed, the relative intensities of the two former peaks are
expected to be almost independent on the photon energy since the respective carbon atoms are
located in a similar manner along the FTP backbone. In contrast, the relative intensity of the
peak associated with the alkyl linker is expected to increase with increasing photon energy due
to a smaller attenuation by the FTP overlayer. The spectra in figure 4.12 coarsely reproduce the
3:5:13 intensity relation expected for the 284.4, 285.8 and 287.5 eV peaks respectively based on
the molecular composition but are, as expected, modulated by attenuation and self-attenuation
of the respective photoemission signals in the films.75 The F 1s HRXPS spectrum of FTP3/Au
in figure 4.13 exhibits a single emission at a BE of 687.4 eV which can be clearly assigned to the
fluorine atoms of the FTP moiety.

4.3.4.2 Packing density and thickness of FTP3 films

Apart from the above analysis of the spectra, we used the HRXPS data to determine the packing
density of the FTP3n molecules in the films as well as the film thickness. We estimated the
effective thickness of the FTPn films on the basis of the XPS data as described in section 2.1.3.
As reference films we used dodecanethiolate (DDT) on Au(111). This film has a thickness of
15 Å and a molecular density of 4.63×1014 cm−2 corresponding to an area per molecule of 21.6
Å2.161 The effective thicknesses of the FTP3 films was estimated at 20.4 Å. Considering that
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Figure 4.11: S2p (top) and C1s (bottom) HRXPS spectra of FTP3/Au.

the thickness of the FTP3 films in the case of the upright orientation of the SAM constituents
is expected to be ∼ 20.2 Å, the XPS results suggest a practically vertical molecular orientation
in FTP3/Au. The comparison of the S2p/Au4f intensity ratios of the FTP3 films with those for
the reference DDT system affords an estimate of the packing density of the films. The S2p/Au4f
intensity ratios for C12/Au and FTP3/Au are 0.0103 and 0.00864 respectively. Considering that
the area per molecule in C12/Au is 21.6 Å2 (see above), the area per molecule in FTP3/Au is
25.8 Å2 giving a packing density of 3.89×1014 cm−2.

4.3.5 Overlayer structure of FTP3 films probed by scanning tunnelling mi-
croscopy

An STM image obtained at high resolution is presented in figure 4.14(d); it shows that the
adsorption of FTP3 molecules on the Au(111) surface at room temperature results in the for-
mation of a dense network of depressions and islands visible as dark patches and bright spots,
respectively. As documented by the cross-section A marked in this image, both the depth of the
depressions and the height of the islands correspond (within experimental error) to the height
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Figure 4.12: C1s HRXPS spectrum of FTP3/Au at different excitation energies.
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Figure 4.13: F1s HRXPS spectrum of FTP3/Au.
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Figure 4.14: Summary of the STM data for FTP3 SAMs on Au(111). (a)-(g) STM images
collected in constant current mode with I = 200 pA, U = 700 mV for (a)-(b) and I = 20 pA, U
= 700 mV for (c)-(g). The panels (a) and (b) show two consecutive STM images of the same
sample area to illustrate a modification of the sample by the STM tip at the high tunnelling
current; such a modification does not occur at the low current. The yellow lines in (d) and (g)
mark cross-sections A, B and C displayed in panels (h), (i) and (j), respectively. The angle α
= 60◦ in (e) marks the relative orientation (given by the white arrows) of the stripe pattern
lines (see text for details). The dashed lines in (f) mark the scan lines where modification of
the STM contrast took place (see text for details). A schematic illustration of the adsorption
structure of FTP3 on Au(111) is depicted in (k). Open circles correspond to gold atoms on the
Au(111) surface, light and dark grey filled circles correspond to S atoms with adsorption sites
taken arbitrary. The presumable herringbone arrangement of the analogous phenyl rings in the
neighbour molecules is marked only schematically by showing a single ring in the FTP3 molecule;
no tilt is included.
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of the monoatomic substrate step on a Au(111) surface, i.e. 2.4 Å, and thus indicates modifi-
cation of the topmost Au(111) substrate atomic layer upon adsorption of the molecules. Such
a modification of the Au(111) substrate upon thiol adsorption has been previously reported for
various SAMs,162–164 including the non-fluorinated analogue of the FTPn system - TPn/Au.141

However, the density of the substrate defects for FTP3/Au is significantly higher compared to its
direct analogue, TP3/Au (for comparison, see the supplementary information in reference141).
The faceting of the Au(111) substrate edges (the result of the flame annealing process) enables
identification of the closest neighbour directions on the Au(111) substrate these are the 〈100〉
directions. A higher resolution image, presented in figure 4.14(e), shows domains with molec-
ular rows separated by 8-9 Å and running along two directions marked by white arrows which
intersect each other at the angle α = 60◦. In general, only three different directions of such
stripe motive were observed, intersecting the 〈110〉 substrate directions at 30◦ or 90◦ and, thus,
oriented along the 〈112〉 directions of the Au(111) substrate. High resolution images in figure
4.14(g) show FTP3 molecules assembled in a close-to-hexagonal structure. The cross-section B
along the 〈110〉 direction, displayed in figure 4.14(i), gives a next neighbour distance of about
9 Å which corresponds to the period of the stripe motive visible in figure 4.14(e). These find-
ings were associated with the same (2

√
3 ×
√

3)R30◦ packing motive as reported previously for
TP3/Au.141 However, the cross-section C, presented in figure 4.14(j), shows that the intermolec-
ular spacing along the 〈112〉 direction (6 Å) is noticeably larger than the value characteristic of
the (2

√
3×
√

3)R30◦ structure (5 Å). Thus, the structure of FTP3 on Au(111) corresponds to the
(2
√

3 ×
√

3)R30◦ lattice uniaxially expanded along one of the 〈112〉 directions as schematically
shown in figure 4.14(k) (A standard141,164–167 herringbone arrangement of the individual rings
was assumed). The respective area per molecule is about 26 Å2, which corresponds to a packing
density of 3.9×1014 cm−2, very similar to that found by XPS (section 4.3.4.2).

4.3.6 Summary

The high quality of the FTPn SAMs makes them promising candidates for use as semiconductor
SAMs or for controlling energy barriers between organic semiconductors and metal electrodes.
The Schottky energy barrier for defect electrons (holes) can be decreased significantly if fluorine-
substituted or semifluorinated SAMs are used to modify the metal-organic interface. In addition,
aromatic SAMs, such as FTPn films, generally provide a more efficient charge transport through
the molecular backbone compared to the aliphatic SAMs which are frequently used for this
purpose. The effect of low energy electron irradiation on FTPn films will be presented in section
5.3. In addition, the evaporation of nickel metal on FTPn/Au SAMs will be presented in section
6.5.
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Figure 4.15: A schematic drawing of the SAM precursor molecules used in section 4.4 along
with their acronyms.

4.4 The electronic structure of aromatic SAMs

Note: This section is largely based on an upcoming scientific publication: The electronic struc-
ture of aromatic monomolecular films the effect of molecular spacer and interfacial dipole, Kong,
L.; Chesneau, F.; Zhang, Z.; Staier, F.; Terfort, A.; Dowben, P. A. and Zharnikov, M.

Their well defined structure65,131–134 and the possibility to adjust their parameters, such as
the electron or hole barrier width, by physical24,70 or chemical means71 make SAM attractive
for nanoelectronic applications. Importantly, in the context of this work, organic self-assembled
monolayers may be used as ultrathin insulating layers in spintronic devices.132–135

The deciding parameter for the above applications of SAMs is their electronic structure. In par-
ticular, the positions of the highest occupied and lowest unoccupied molecular orbitals (HOMO
and LUMO, respectively) of a SAM affect the height of the injection barrier for electrons and
holes through SAM-modified electrode/semiconductor interfaces or SAM-containing molecular
junctions.136 Furthermore, the width of the HOMO-LUMO gap defines the insulator properties
of a SAM, affecting its performance as a dielectric layer.
In this context, we present here the results of the spectroscopic characterisation and theoretical

analysis of the electronic structure for a series of SAMs with various aromatic backbones (figure
4.15). In particular, we wanted to address the relationship between the identity of the aromatic
spacer and the electronic structure of the related SAMs as well as the effect of the short aliphatic
linkers between the thiol head group and the aromatic moiety.14–16,58 To avoid ambiguity regard-
ing the quality of the aromatic SAMs, long-chain molecules, having either terphenyl (TPT and
TP3), fluorinated terphenyl (FTP3), or anthracene (Ant3) backbone and a short aliphatic linker
(TP3, FTP3, Ant3) were used (figure 4.15). All these molecules produce well-defined SAMs on
Au(111), with especially high-quality in the case of TP3, FTP3, and Ant3.15,18,21,141,168 This
quality is related to the presence of the aliphatic linker which enables an optimal packing of the
aromatic moieties hardly possible in the case of the direct attachment of the aromatic backbone
to the thiolate headgroup.73,169,170 Throughout this section, the term band gap will be used
interchangeably with the term HOMO-LUMO gap.
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4.4.1 HOMO-LUMO gaps measured by UPS and IPES

As shown in figure 4.16, the experimental UPS-IPES spectra of the target SAMs are in good
agreement with the theoretical densities of state (DOS) of the respective molecules. In addition,
the experimental values of the HOMO-LUMO gaps for the SAMs (figure 4.17), correlate well with
the respective theoretical values for the molecules in the gas phase (figure 4.18), except probably
in the case of TP3 for which the theoretical value is noticeably smaller than the experimental
one.a The agreement between the experimental and theoretical band gap values for the SAMs
and the isolated molecules suggests that the substrate left the aromatic electronic system (AES)
of the adsorbed molecules largely undisturbed. The highest disturbance is expected for TPT/Au
since its AES is partly coupled to that of the substrate.130 However, this coupling mostly af-
fects the phenyl ring adjacent to the headgroup, therefore we expect the whole molecule (three
phenyl rings) to be less affected than the corresponding benzenethiol and biphenylthiol.49,130 In
contrast to TPT/Au, the AES of the TP3, FTP3, and Ant3 molecules in the respective films
is presumably decoupled from the substrate due to the presence of the alkyl spacer which is
a better insulator than their aromatic cores. This effect has been clearly demonstrated, using
DFT calculations, for a series of biphenyl-substituted alkanethiol SAMs on Au(111), in which
the insertion of just a single methylene group between the biphenyl unit and the headgroup
resulted in decoupling of the AES from the substrate.130 In addition, as shown for a series of
oligophenyl and oligo(phenyleneethynylene) SAMs on Au(111), the characteristic charge transfer
time through the molecular framework increases significantly upon the introduction of a single
methylene group between the aromatic unit and the headgroup.171 Therefore, the electronic
structure of the target SAMs, given by the respective UPS/IPES spectra, is mainly representa-
tive of the aromatic cores, at least with respect to the width of the HOMO-LUMO gap.
As expected, the narrowest band gap (3.5 eV) was observed for Ant3/Au which is based on the
highly conjugated anthracene unit. Note that this value is somewhat smaller than our theoret-
ical estimate for Ant3 (3.66 eV; see figure 4.18). The widest HOMO-LUMO gap, among the
films in this study, was observed for FTP3/Au (4.86 eV). This is presumably due to the mini-
mal orbital overlap between the benzene rings imposed by the helical conformation of the FTP3
molecule.21 The theoretical estimate (4.76 eV; see figure 4.18) is quite close to this value. Finally,
the HOMO-LUMO gap in TPT/Au and TP3/Au was found to be 4.1 and 4.75 eV respectively.
Interestingly, the value for TP3/Au is noticeably larger than that for TPT/Au. This tendency
was reproduced by our theoretical calculations (figure 4.18) but the difference between the values
for the TP3 and TPT molecules was much smaller (∼0.2 eV). The large difference observed in
the SAMs is probably related to matrix effects since the TP3 film has much higher crystalline
perfection and packing density than the TPT SAM.15

4.4.2 Relationship between the HOMO and the surface’s work function

Along with the differences in the width of the HOMO-LUMO gap, significant differences in its
placement with respect to the substrate’s Fermi level were observed (figure 4.17). These changes
in molecular band offset are likely characteristic of the differences in the extended interface
dipole.46 In the case of thiol-derived SAMs, this dipole consists of two parts: the potential en-
ergy step at the substrate-thiol interface reflecting charge rearrangements upon bond formation,
and a dipole associated with the molecular spacer.50,51,130,152 Note that the effect of the latter

aThe theoretical calculations were performed for the in-plane geometry of the terphenyl unit (section 7.1.1,
page 121). In this geometry, the band gap is noticeably smaller than that of the out of plane geometry.
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Figure 4.16: Combined UPS and IPES spectra of the TPT, TP3, FTP3, and Ant3 SAMs (from
the bottom to the top), along with the calculated (DFT) ground state molecular orbital energies
(vertical tick marks below the spectra) and the theoretical density-of-states (the curves below
the experimental spectra) for the respective single molecules. Binding energies are denoted in
terms of E-EF . The presumable positions of the HOMO and LUMO are shown by vertical black
lines. For FTP3/Au, the position of the HOMO-1 is also shown by a vertical gray line.
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Figure 4.17: Positions of the HOMO and LUMO orbitals and the HOMO-LUMO gap for the
TPT, TP3, FTP3, and Ant3 films determined on the basis of the experimental UPS and IPES
spectra (figure 4.16). Binding energies are denoted in terms of E-EF . For FTP3/Au, the position
of the HOMO-1 orbital and the (HOMO-1)-LUMO gap are also presented.

could be especially strong for the molecules in this study since the molecular dipoles for non-
fluorinated and fluorinated oligophenyls are of opposite sign.49

The overall effect of the interfacial dipole could be monitored by WF measurements. The WF
change compared to clean Au(111) was found to be -1.0, -0.8, and +0.6 eV for Ant3/Au and
TPT/Au, TP3/Au, and FTP3/Au, respectively. The difference between these values correlates
surprisingly well with the relative position of the HOMO orbital in these films (figure 4.17)),
with the highest position for Ant3/Au and TPT/Au, slightly lower (by 0.1 eV) for TP3/Au,
and the lowest (by 1 eV) position for FTP3/Au.b Note that fluorination rather than aromaticity
is responsible for the specific WF offset between FTP3/Au and TP3/Au. Indeed, a similar dif-
ference in work function was observed between SAMs of decanethiol and its fluorinated analogue
on gold (-1.3 eV vs -1.4 eV for FTP3/Au and TP3/Au).172

4.4.3 The role of the spacer in the Ant3, TP3 and FTP3 molecules

Since the alkane spacer in the TP3, FTP3, and Ant3 systems is a better insulator than the
aromatic core, the partial density of state (DOS) related to the former unit should be located
deeper with respect to the Fermi level as compared to the partial DOS associated with the
latter moiety.130 In accordance, as shown in figure 4.18, the electron density associated with the
HOMO and LUMO orbitals of the TPT, TP3, and Ant3 molecules is located at the aromatic

bThe similar values obtained for the Ant3/Au and TPT/Au films reflect the accuracy of our work function
measurements (±0.1 eV).
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Figure 4.18: Calculated (DFT) HOMO and LUMO orbitals of the TPT, TP3, FTP3, and Ant3
molecules, along with their energy positions and the HOMO-LUMO gap. For FTP3, the data
for the HOMO-1 orbital are also presented.

core. In contrast, due to the fluorine induced downward shift of the molecular orbitals of the
terphenyl unit in FTP3,173 the electronic states associated with the aromatic backbone are
lower in energy than the HOMO, comprising HOMO-1 and deeper orbitals. The HOMO is
then located at the alkyl linker and thiol head group. The different location of the electronic
density associated with the HOMO are indirectly reflected in the UPS spectra in figure 4.16.
Indeed, the feature dominated by the highest occupied molecular orbitals are very well defined
in the photoemission spectra of all molecules, with narrow line shapes, indicative of a long lived
photoemission associated excited state, except in the case of FTP3/Au. In the latter case, the
HOMO is not highly delocalised over the aromatic moiety but the molecular orbital weight is
close to the thiol termination and well screened by the gold substrate, so that a decay channel
involving the gold substrate is likely.

The different offset of the electronic states associated with the HOMO in TP3 and FTP3
can be visualised as partial densities of state (DOS) related to their building blocks, i.e. a
short alkanethiol and the aromatic unit (figure 4.19).It is clearly seen for TP3 that the states
associated with the alkyl linker (C3-SH) and the headgroup (TP-H) are located lower with
respect to the fermi level than the states related to the terphenyl unit. By contrast, the opposite
situation occurs for FTP3, so that the HOMO is now comprised of the states associated with
the alkyl linker and the headgroup. This put some doubt in our value for the width of the
HOMO-LUMO gap in FTP3/Au. Indeed, the electronic densities associated with the HOMO
and LUMO orbitals are located at different parts of the molecule, making the HOMO-LUMO
transition hardly possible since the wave functions of the initial and final states in the respective
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Figure 4.19: Calculated (DFT) DOS for TP3 (bottom panel) and FTP3 (top panel) and their
building blocks, i.e. propanethiol (C3-SH) and terphenyl (TP-H) for TP3 and propanethiol (C3-
SH) and perfluorenated terphenyl with the H-substituted terminal fluorine atom (FTP-H) for
FTP3. The vertical lines are guides for the eye to monitor the respective contributions of the
building blocks to the total DOS. Binding energies are denoted in terms of E-EF .

transition integral will have no overlap. Therefore, not the HOMO but the HOMO-1 located,
similar to the LUMO, at the aromatic unit of FTP3, is representative of the effective band gap
for the electronic transitions in this particular system. In this context, the value of 4.85 eV we
obtained for the HOMO-LUMO gap in FTP3/Au (4.76 eV calc.) can be substituted by a value
of 5.15 eV for the (HOMO-1)-LUMO gap (figure 4.17). Note that the latter value correlates well
with the theoretical estimate of 5.12 eV for FTP3 (figure 4.18).

4.4.4 Confirmation of the trends by optical spectroscopy

The relationship between the HOMO-LUMO gaps in the SAMs in this study were verified by op-
tical measurements. The UV-vis spectra of the TPT, TP3, FTP3, and Ant3 molecules in solution
are presented in figure 4.20. The onset of the optical absorption in these spectra corresponds to
the optical gap which is generally assumed to be smaller than the HOMO-LUMO gap since it is
an exciton gap with a valence hole interaction with an exited electron. The presumable position
of the absorption offsets are marked by the vertical solid lines in figure 4.20. The relative values
of the optical gap for the systems in this study correlate well with the UPS-IPES derived results.
As expected, the smallest gap is observed for Ant3 (3.2 eV) and the widest for FTP3 (4.7 eV),
with intermediate values for TPT (3.8 eV) and TP3 (4.0 eV).
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Figure 4.20: UV-vis spectra of the TPT, TP3, FTP3, Ant3, and perfluoroterphenyl molecules
in solution. The presumable position of the optical gap is marked by the vertical solid lines. The
respective values are given.

An optical spectrum of Ant3/Au is shown in figure 4.21 along with that of the molecule in solu-
tion. The spectrum of Ant3/Au exhibits the same transitions than the free molecule in solution
although shifted to lower energy. The shift is consistent for all peaks indicating a reduction in the
HOMO-LUMO gap of Ant3 upon binding to the gold surface. This behaviour is consistent with
that typically observed for molecules chemisorbed onto a metal substrate.46 However, we have
shown above that the propylthiol linker of the Ant3 molecule insulates the anthracene moiety
from the surface. Therefore, the decrease in the band gap must be caused by a different process.
Ant3 SAMs being highly ordered,168 we suggest that this change could be due to an increase in
the intermolecular interaction between the Ant3 molecules in the SAM compared to the solution
phase, rather than to a significant interaction of the anthracene moiety with the substrate. In-
deed, a similar bathochromic shit has been observed for the liquid to solid transition of highly
conjugated dye molecules and was attributed to an increase in intermolecular interactions leading
to an improved ordering of the molecules.174,175



4.4. THE ELECTRONIC STRUCTURE OF AROMATIC SAMS 51

� � � � � � � � � � � � � � � � � � � � � � � �

� � � �

� � � �

� � � �

� � � � � �
� � � �

� � � � � � �

�

�

�
�	

��
��

��
�

� � � � � � � � �  �

�  �  � �
� � 
 � � 	 � 
 �

� �

Figure 4.21: UV-vis spectra of the Ant3 molecule in solution (gray line) and on the surface
(black line). The solution spectrum was multiplied by 0.024. The spectrum of the bare gold
surface (thin black line) is shown for comparison.

4.4.5 Summary

The electronic structure of a series of well-defined SAMs with p-terphenyl and anthracene back-
bones was studied by a combination of UPS-IPES, WF, UV-Vis measurements, and DFT calcu-
lations of the SAM precursors’ electronic structure. In all but one SAM, the aromatic backbone
was separated from the thiol group by a short alkyl linker which improved the structural quality
and packing density of the aromatic matrix. The width of the HOMO-LUMO gap was found
to depend on the identity of the aromatic backbone, being smallest for the strongly conjugated
anthracene moiety and widest for the perfluorinated terphenyl unit. The offset of this gap, and
especially the position of the HOMO orbital correlated well with the interfacial dipole which
could be monitored by WF measurements. In the case of the perfluorinated terphenyl (FTP3),
which is characterised by a comparatively large upward molecular dipole, this results in a signif-
icant downward shift of the occupied electronic states with respect to the Fermi level (chemical
potential), so that the film becomes more n-type than the corresponding non-fluorinated sys-
tems. Unlike the analogous TP3 molecule, the energy of the orbitals of the aromatic core was
lower than for the alkyl linker. The electronic states associated with the latter moiety and the
headgroup comprise the HOMO in FTP3, suggesting that the electronic and optical properties
of the FTP3 system are better represented by the (HOMO-1)-LUMO gap rather than by the
difference between the HOMO and LUMO.



Chapter 5

Modification of SAMs by electrons

The modification of SAMs by electrons is of interest for nanoelectronic applications since it
allows for the modification of the transport properties of the aromatic SAMs.65,66 Electron
can also be used to write patterns onto aliphatic SAMs22 The exposure of SAMs to electrons
or X-rays was found to result in a variety of complex, closely interrelated processes, including
partial decomposition of the SAM constituents, desorption of hydrogen and molecular fragments,
orientational and conformational disordering, damage to the headgroup-substrate interface, and
cross-linking within the residual film.70,169 The exact course, kinetics, and branching of these
processes were found to depend on the molecular architecture of the SAM substituents,70,169

packing density of the SAM,64 and the nature of the substrate.169,176 All these processes typically
evolve at a high rate during the initial stage of the irradiation treatment and exhibit a levelling
off behaviour at high doses.177 In aliphatic SAMs, film decomposition prevails (section 5.1)
whereas the cross-linking processes are dominant in aromatic spacers (section 5.2 and 5.3) thus
transforming the primary molecular film into a 2D polymer-like layer70,71,178 that is capable of
preventing metal penetration,26,27 a critical issue for the fabrication of the metal-SAM-metal
junctions targeted in this work. The dominance of the cross-linking processes in the given case
is primarily due to the stability of the aromatic skeleton. Whereas the C-H bonds in the phenyl
rings can be easily cleaved by electrons or X-rays, the skeletons themselves remain intact and
cross-link with the neighbouring moieties.70,161,177

Both systems allow for patterning via e-beam irradiation but with a few major differences.
Whereas the aliphatic systems are positive resists, meaning the pattern written with electrons
is directly transferred onto the surface, the aromatic SAMs are negative resists. That is to say,

Figure 5.1: Schematic drawings of positive and negative resists.(a) original e-beam pattern (e.g.
TEM grid mask; the white areas are irradiated with electrons), (b) pattern developed on alkane
thiol SAMs, (c) pattern developed on aromaticthiol SAMs.
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the end-pattern (for instance after etching) is the reverse of that originally written, i.e. it is
a negative (figure 5.1). If SAMs are to be used either as resists70 for e-beam lithography or
as components of nanoelectronic devices after the irradiation treatment,26,27,131 it is crucial to
develop an understanding of the effect of electrons on these films.
First, in order to introduce the various processes occuring in SAMs upon electron irradiation,
a study of the effect of electron irradiation on self-assembled monolayers of two model aliphatic
thiols (positive resists), namely hexanethiol(C6) and dodecanethiol (C12) will be presented.
Second, the results of the electron irradiation of our model films, PPPn and FTPn (both negative
resists), will be discussed with special attention to the structural modification of these layers.
Finally, the modification of their charge transport properties of the aromatic SAMs induced by
the irradiation treatment will be discussed for each system.
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Figure 5.2: S 2p HRXPS spectra of pristine and irradiated C6 (left panel) and C12 (right panel)
SAMs (open circles) acquired at a photon energy of 350 eV, along with the corresponding fits
by the doublets related to the pristine thiolate (S2, solid blue line), pristine different thiolate
(S1, solid dark yellow line) and irradiation-induced dialkylsulfide (S3, solid red line) moieties.
The BE positions of the doublets (S 2p3/2) are highlighted by the vertical dashed lines. The
background of the individual spectra is shown by the horizontal dashed lines. The irradiation
doses are indicated at the respective curves.

5.1 Irradiation induced processes in alkanethiols

Note: this section is largely based on a published research paper: Hamoudi, H. and Chesneau,
F.; Patze, C. and Zharnikov, M. J. Phys. Chem. C 2011, 115 (2), 534

5.1.1 Introduction

Monolayers of both short-chain and long-chain alkanethiols, C6 and C12 respectively, were used
to study in detail the effect of electrons on SAMs and the distribution of the damage through the
films. This will provide a basis for understanding the electron irradiation-induced modifications
of the related aromatic SAMs, especially the vertical distribution of the electron-induced damage.

5.1.2 Experimental data

S 2p HRXPS spectra of pristine and irradiated C6 and C12 SAMs are presented in figure 5.2. The
spectra of C6/Au and C12/Au exhibit typical changes over the course of electron irradiation. The
intensity of the doublets related to the pristine thiolate species (162.0 eV and 161.0 eV for S 2p3/2)
decreases whereas a new doublet associated with the irradiation-induced dialkylsulfide species
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Figure 5.3: Dose dependencies of the intensities related to the headgroup-derived species in
C6 (left panel) and C12 (right panel) on gold. The values are normalized to the total S 2p
intensity for the pristine film: pristine thiolate moieties (S2, blue up triangles and solid line),
irradiation-induced dialkylsulfide species (S3, red circles and solid line), and the total S2p inten-
sity (S1+S2+S3 or S2+S3, black squares and line)

(163.4 eV) appears and increases in intensity. However, the rates and extents of the changes
observed for C6/Au and C12/Au are noticeably different. In particular, whereas the intensity of
the dialkylsulfide doublet (S3) for C6/Au does not exceed that of the thiolate doublet even at a
maximum dose of 15 mC/cm2, this happens at a dose of 2 mC/cm2 in the case of C12/Au (figure
5.3). In the case of C12/Au (figure 5.3, right panel), the observed behaviour is in agreement
with previous experiments.169 In particular, the crossing of the curves describing the thiolate and
dialkylsulfide species occurs at ∼1.5 mC/cm2 as previously observed.169 Another characteristic
feature is the initial increase and subsequent decrease of the total S 2p intensity. First, this
behavior is related to the different location of the emerging dialkylsulfide species (S3) compared
to the original thiolates. The photoemission signal from the species trapped in the alkyl matrix
is less attenuated than the signal from those located at the SAM-substrate interface.19 Thus,
following the emerging dialkylsulfide moieties, the total S 2p signal increases. Second, the S 2p
signals related to both thiolate and dialkylsulfide species increase due to the reduction of the film
thickness (leading to less attenuation of the 2p signal) associated with the irradiation-induced
desorption of chain fragments (see below). Along with the hydrocarbon pieces, sulfur-containing
fragments desorb to some extent resulting, at higher doses, in the observed decrease in the total
S 2p intensity. The behaviour of C6/Au is radically different (figure 5.3, left panel). First of
all, the formation of the dialkylsulfide species occurs to a noticeably lower extent compared to
C12/Au. Second, the total S 2p intensity does not exhibit a bump at low irradiation doses
but decreases continuously and to a higher extent over the course of the irradiation treatment
compared to C12/Au. Finally, the reduction of the thiolate species occurs at a lower rate relative
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Figure 5.4: C 1s XPS spectra of pristine and irradiated C6 (upper panel) and C12 (bottom
panel) SAMs. The irradiation doses are indicated at the respective curves.

to C12/Au (considering both types of thiolates (161 and 162 eV) together). At the same time,
the reduction rate of the conventional thiolate in C6/Au is quite similar to that of C12/Au, at
least during the initial stage of irradiation.
Complementary information about the irradiation-induced modification of C6 and C12 films
is provided by the C 1s HRXPS spectra presented in figure 5.4. The spectra of pristine C6
and C12 films exhibit a single emission at 284.35 and 284.9 eV respectively, in accordance with
literature data.20 This emission is associated with the alkyl backbone of C6 and C12 SAMs.
During irradiation, the C 1s emission of C12/Au shifted to lower BE, broadened, and decreased
in intensity, which is a typical behaviour of AT SAMs.169,177 The downward shift is assigned
to the progressive dehydrogenation of the film, the broadening to the chemical and structural
inhomogeneity, and the intensity decrease to the desorption of the SAM constituents and their
fragments.169,177 The dose dependency of the effective thickness of the C6 and C12 films, derived
on the basis of the C1s and Au4f spectra (see section 2.1), are presented in figure 5.5. In contrast
to the differences observed in the S 2p spectra (figure 5.2), the behaviour of the relative thickness
in these films is almost identical, even though the absolute values are noticeably higher for the
thicker C12 SAM.
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Figure 5.5: Relative thicknesses of C6 (blue up triangles and solid line) and C12 (red down
triangles and solid line) SAMs as functions of the irradiation dose. The values are normalised to
the thickness of the respective pristine film.

5.1.3 Discussion

The different behaviour of C6/Au and C12/Au with respect to ionising radiation is unexpected
and not easy to explain. Indeed, the chemical compositions of the C6 and C12 molecules are
almost identical, with the only difference being the length of the alkyl chain. Also, the crys-
tallographic structures of these films are quite similar, even though the short chain C6 film is
presumably characterised by a larger amount of gauche defects and larger orientational disorder
compared to C12/Au.161 According to STM data, the dominant structural motif in both C6/Au
and C12/Au is the (2

√
3×3)rect lattice (the latter structure is also frequently denoted as c(4×2)

superlattice).20,161 In C12/Au, this structure coexists with the (
√

3×
√

3)R30◦ arrangement, with
the relative weights of both structures being elusive and presumably dependent upon the iden-
tity of the substrate and the exact parameters of the preparation procedure. Note that such a
coexistence is typical for long-chain AT SAMs on Au(111), even though the (2

√
3×3)rect lattice

is dominating. However, the observed differences in the behaviour of C6/Au and C12/Au can
not solely be related to the presence of a certain fraction of the (

√
3 ×
√

3)R30◦ motif in the
latter SAM. Similarly, it appears unreasonable to associate this behaviour with the occurrence
of differently bound thiolate species in C6/Au. First, the portion of these species is low (ca.
20 %). Second, not only these species but also conventional thiolate moieties in C6/Au behave
differently under ionising radiation than C12/Au (data not shown, see full paper). A tentative
explanation of this behaviour can be provided by the exact analysis of the experimental data in
view of the specific course of the individual irradiation-induced processes in C6/Au and C12/Au.
At first sight, the S 2p and C 1s HRXPS data seem to contradict one another. According to the
former data (figure 5.2), the C6 SAM is considerably more stable toward ionising radiation as
compared to C12. However, as shown in figure 5.5, the relative extents of irradiation-induced
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Figure 5.6: IRRAS spectra of pristine and irradiated (1.5 mC/cm2) C6 and C12 SAMs acquired
in the region of the characteristic stretching modes of methylene and methyl groups. The posi-
tions of these modes for pristine C12/Au are highlighted by the vertical dashed lines; the modes
are marked.

desorption in C6/Au and C12/Au are similar, implying comparable sensitivities of these films
to the irradiation treatment. This seeming contradiction can be partly resolved in view of the
IRRAS data (figure 5.6). In the case of C12/Au, the loss of the methyl and methylene symmetric
stretching vibrations suggests significant disordering and fragmentation of the film, accompanied
by almost complete damage to the SAM-ambient interface. In contrast, the spectra of irradiated
C6/Au are very similar to that of the intact molecular species, with the terminal methyl groups
being only slightly affected by the irradiation treatment. In view of these observations, it is
reasonable to assume that the major difference between the behaviour of C6/Au and C12/Au
with respect to ionising radiation is a different branching of the irradiation-induced reactions,
above all fragmentation and desorption.

5.1.3.1 Effect of the matrix on the branching of irradiation-induced reactions

In C12/Au, fragmentation of the alkyl backbone and almost complete damage to the SAM-
ambient interface (methyl moieties), followed by desorption of a significant portion of the released
hydrogen and hydrocarbon fragments occur. These processes are accompanied by damage to the
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Figure 5.7: Schematic drawing of the excited state quenching in alkanethiol SAMs.

SAM-substrate interface associated with the cleavage of the pristine thiolate-gold bonds with
most of the released alkylsulfide fragments being captured in the chemically active hydrocarbon
matrix in the form of dialkylsulfides. The capture is mostly mediated by the broken bonds and
radicals appearing after the cleavage of C-H bonds throughout the alkyl matrix. It should be
noted that the analogous active sites appearing after the scission of C-C bonds likely contribute
to some extent as well. Such an active matrix and the comparatively large length of the C12
moieties lead us to believe that the desorption of the complete molecule is unlikely for C12/Au.
Note that the above behavior is typical for long-chain AT SAMs on Au(111), including films of
hexadecanethiolates179 and octadecanethiolates.169,180 In contrast to C12/Au, not fragmentation
but release and desorption of the complete and almost complete C6 moieties occurring after the
cleavage of the thiolate-Au bonds seem to be the dominating irradiation-induced processes for
C6/Au. The thinner and less active (see below) alkyl matrix has a reduced ability to capture
the released C6 moieties which are smaller and more volatile than the C12 ones. Since most of
the released sulfur-containing moieties desorb, the dialkylsulfide species are not observed in the
S 2p HRXPS spectra of C6/Au (figure 5.2, left panel) thus giving the impression that the C6
SAMs are stable toward ionizing radiation. There is, however, a noticeable thickness reduction
associated with this desorption, as demonstrated in figure 5.5.

5.1.3.2 Quenching of the excited states

Apart from the comparatively thin hydrocarbon matrix and enhanced (compared to C12) volatil-
ity of the C6 species, another phenomenon is, in our opinion, mostly responsible for the observed
branching of the irradiation-induced processes in C6/Au.
This phenomenon is the quenching of the excited dissociative states in the alkyl matrix due
to the coupling of the respective dipole with the image dipole induced in the substrate (figure
5.7).181 If such a quenching event occurs fast enough, bond dissociation will not take place,
leaving intact molecular fragments or entire molecules. In addition, the rate (or probability)
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of quenching strongly depends upon the distance between the excited site in the SAM and the
substrate as the strength of the dipole-image dipole coupling is proportional to the third power
of the separation between the dipoles involved.181 An important consequence of this is the en-
hanced probability of C-C and C-H bond scission in the regions adjacent to the SAM-ambient
interface as compared to those close to the SAM-substrate one. This results in a depth distribu-
tion of the irradiation-induced bond scission events in the SAM68 and predominant damage at
the SAM-ambient interface compared to the interior of the SAM.177,180,181

Apart from the above effects, the enhanced quenching of the excited states in the vicinity of
the substrate should also result in a comparatively small rate and extent of irradiation-induced
scission of C-C and C-H bonds in short-chain AT SAMs on metal substrates, as was reported
in the literature on the basis of electron-stimulated desorption data (hydrogen yield was mon-
itored).181 This is what we observe here. Due to extensive quenching of the excited states in
C6/Au, damage to the methyl groups at the SAM-ambient interface occurs at a considerably
lower rate compared to C12/Au. Consequently, the cleavage of the C-C and C-H bonds in the
C6 SAM is reduced, resulting in a less reactive matrix compared to C12/Au, thus diminishing
the probability of capturing the alkylsulfide fragments released after cleavage of the thiolate-Au
bond.
However, despite a low rate, C-C and especially C-H bond scission events occur in C6/Au to
some extent leading, after extensive irradiation, to cross-linking between the residual C6 species
in the SAM. This cross-linking seals the film, preventing further changes (except, probably, for
progressive C-H bond scissions) and resulting in a leveling off behaviour for the majority of
the irradiation-induced processes. Above all, further degradation of the thiolate-gold interface
does not occur over the course of the prolonged irradiation treatment since cross-linking bonds
between the SAM constituents prevent the release of individual molecular species. A similar
situation takes place in aromatic thiol-derived SAMs where extensive cross-linking transforms
these films in quasi-polymer sheets preventing the scission of the thiolate-gold bonds.70,72 Even
if the latter bond is cleaved, it can reform as long as the released fragments stay in place, kept
there by cross-linking bonds to their neighbours. Note that in contrast to the alkyl matrix, the
cleavage of the pristine thiolate-gold bonds should occur at similar rates and to a similar extent
in C6/Au and C12/Au since the locations of the headgroup-substrate interface are identical for
both films. Indeed, this seems to be the case, as follows from figure 5.3. Therefore, it is not the
release of the molecular fragments themselves but their subsequent destiny which is important
for the behaviour of these systems. The further relevant difference is the extent of fragmentation
of the alkyl chains as mentioned above.

5.1.4 Summary

During low-energy electron irradiation on AT SAMs on Au(111) both the alkyl matrix and the
headgroup-substrate interface are affected by a variety of closely interrelated irradiation-induced
processes. The branching of these processes is however distinctly different in the two systems
studied here. In C12/Au, which exhibited the typical behaviour of long-chain AT SAMs, the
dominant irradiation-induced processes are decomposition of the alkyl chains with subsequent
desorption of the released fragments and damage to the SAM-ambient interface. The alkylsulfide
species appearing after cleavage of the thiolate-gold bond are mostly captured in the alkyl matrix
which becomes chemically active upon progressive cleavage of C-H and C-C bonds. In contrast,
in C6/Au, the dominant irradiation-induced process is the desorption of the entire C6 moieties
released after cleavage of the thiolate-substrate bonds. This occurs due to the comparatively
high volatility of these species as well as the small depth and low chemical activity of the alkyl
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matrix in the case of C6/Au. The behaviour of short-chain AT SAMs on Au during electron
irradiation can affect both the course and kinetics of irradiation-induced exchange reactions,22

affording new opportunities for the fabrication of mixed SAMs and chemical lithography,22 a
useful technique for device fabrication.
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5.2 Irradiation induced processes in PPPn

Using p-terphenyl-4,4”-dimethylthiol (TPDMT) as building block, it was demonstrated in our
laboratory that aromatic monolayers irradiated with electrons were capable of preventing metal
penetration.26,27,58 However, about half of the terminal groups of TPDMT SAMs is lost dur-
ing the irradiation treatment, thus dramatically reducing the density of metal nucleation sites.
The (4’-(pyridin-4-yl)biphenyl-4-yl)methanethiol (PPP1) molecules (section 4.2) differ from the
TPDMT molecules previously used in our laboratory for metal deposition26,27,58 in that their
terminal group is part of the spacer unit. As such we expect the PPP1 molecules to, unlike
TPDMT, largely retain their terminal group after electron irradiation thus increasing the den-
sity of terminal groups available for metal film nucleation. This should in turn diminish the
probability of metal penetration into and through the SAM. This could also lead to an improve-
ment in the uniformity of the evaporated metal films.
In this section we report on the irradiation-induced modification of PPPn thin films. Unlike
TPDMT, PPP1 is asymmetrical thus potentially allowing us to resolve the irradiation-induced
processes along the spacer unit. Data will be presented for the PPP1/Au system but all conclu-
sions put forth in this section are valid for the whole series of molecules at our disposal (PPP1,
PPP2 and PPP3) unless stated otherwise.

5.2.1 Modification of the PPP1 carbon matrix upon electron irradiation

IRRAS data (figure 5.8, top panel) shows that the PPP1 matrix is heavily modified upon electron
irradiation. Consistent with IR data for biphenylthiol SAMs,64 the symmetrical and asymmet-
rical ring and C=C stretches associated with the 4-(biphenyl-4-yl)pyridine unit (1487 and 1544
cm−1 respectively) disappear upon irradiation. Furthermore, the intensity of the pyridine ring
stretches at 1595 and 1603 cm−1 is reduced. Simultaneously, new vibrations appear at 1518,
1610 and 1660 cm−1. These were assigned, in accordance with theoretical calculations (figure
5.8, bottom panel), to the ring and C=C stretches of the crosslinked PPP1 film. In particular,
the disappearance of the vibrations at 1487 and 1544 cm−1 and the appearance of a vibration
at 1610 cm−1 are clear indicators of crosslinking between the PPP1 units. Furthermore, com-
parison of the experimental spectrum of the crosslinked PPP1 (CL-PPP1) film with the various
theoretical spectra (figure 5.8, bottom panel, spectra (b)-(d)) suggests that not only the ben-
zene rings, but also the terminal pyridine rings are crosslinked, as expected from literature68,181

and our own work on alkane thiols (section 5.1). The modification of the pyridine’s environment
should result in a modification of the properties of the SAM-ambient interface. Indeed, the water
contact angle of PPP1/Au films increases from 40◦ to 55◦ at an irradiation dose of 30 mC/cm2.
In an effort to better understand the modification of the PPP1 films by electrons, these were
further studied by HRXPS and NEXAFS spectroscopy.

5.2.1.1 Changes in the hydrocarbon matrix probed by C1s HRXPS

At first sight, the hydrocarbon matrix of PPP1 films, probed by C1s HRXPS, seems largely
unaffected by electrons (figure 5.9, top panel). This result is consistent with the data obtained
for the corresponding p-terphenyl-4-methanethiol (TP1) films.182 However, it is in seeming con-
tradiction with the IRRAS data presented above. Close inspection of the C1s HRXPS spectra
reveals a continuous shift to higher binding energies (BE) (figure 5.9, bottom panel) of the main
C1s peak. At 35 mC/cm2, the C1s peak at ∼284.7 eV is shifted to higher binding energies by
∼0.2 eV. This suggests a partial change in the hybridisation of the carbons in the PPP1 matrix
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Figure 5.8: Top panel: Experimental IRRAS spectra of PPP1/Au before (top spectrum) and
after (bottom spectrum) electron irradiation. The main vibrations are shown. The vibrations
unaffected by electron irradiation are marked in black. Red: disappearing vibration; Blue: new
vibration. Bottom panel: Calculated spectra for the PPP moiety. (a) pristine film; (b) top
two rings crosslinked; (c) same as (b) except one of the pyridine rings was replaced by 1,4-
dihydropyridine; (d) middle ring crosslinked. The theoretical spectra were calculated at the
PM6 level using the MOPAC2009 software package. The wavenumber scale was calibrated with
respect to the vibration at 1603 cm−1. The scaling factor was 0.986.The highest absorbance in
all calculated spectra was set as 1.
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Figure 5.9: HRXPS C1s spectra of PPP1/Au monolayers at various electron irradiation doses
(top panel). The binding energy shift of the C1s peak at 284.6 eV is shown in the bottom panel.

from sp2 to sp3. Such a shift, albeit larger than the one in this study, was observed between
graphite (sp2, 284.4 eV) and diamond (sp3, 285.2 eV) samples.183,184 Note that the BE shift is
lower at higher excitation energy (∼0.14 eV at hν = 580 eV) indicating that the rehybridisation
occurs mainly toward the top part of the film. This behaviour is consistent with literature68 and
our observations for alkanethiols (section 5.1).

5.2.1.2 Rehybridisation of the matrix observed by NEXAFS spectroscopy

The electronic structure, and hence the change in the hydridisation of the carbons, of the PPP1
films upon electron irradiation was probed by NEXAFS spectroscopy at the so-called magic
angle (55◦, figure 5.10). Similarly to C1s HRXPS, the changes to the electronic structure are
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Figure 5.10: NEXAFS C K-edge spectra (55◦) of PPP1/Au monolayers at various electron
irradiation doses. Inset: pre-edge region (< 291 eV).

only revealed upon careful examination of the NEXAFS data. As shown in the inset of figure
5.10, the main C 1s → π∗1 transition is shifted to higher photon energies by ∼0.15 eV, consistent
with the shift observed by C1s HRXPS (∼0.2 eV). Simultaneously, the σ∗ and Rydberg (R∗)
transitions increase in intensity with increasing electron dose, suggesting, as C1s HRXPS, partial
rehybridisation of the carbon matrix upon electron irradiation. A similar behaviour was observed
for the pulsed laser evaporation of graphite on silicon targets.183,184 In addition, a small feature
at 284.2 eV corresponding to the polymerisation of the PPP1 units185,186 was observed. A similar
feature was found for the electron irradiation of TPDMT (284.3 eV, data not shown) and the
perfluorinated terphenyl analogue FTP3 (284.6 eV, section 5.3).

5.2.1.3 Changes in the molecular orientation of PPP1 films

In addition to allowing us to probe the electronic structure of thin films, NEXAFS spectroscopy
can be used to follow changes in molecular orientation (figure 5.11). The decrease in the π∗ and
σ∗ difference peaks upon irradiation suggests an irradiation-induced loss of the average molecular
order in the film.64 Such a behaviour is typical for irradiated terphenyl-68,110,182 and biphenyl-
based64 monolayers. The loss of order translates into an increase in the tilt angle of the molecules
from 18.6◦ for the pristine film to 25.6◦ at 35 mC/cm2 (figure 5.12). As for the biphenylthiol64

and terphenylthiol182 systems, we expect the changes in molecular order to be reflected at the
SAM-substrate interface.
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Figure 5.11: NEXAFS C K-edge difference spectra (I90-I20) of PPP1/Au monolayers at various
irradiation doses. Electron energy: 50 eV.
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Figure 5.12: Variation of the average molecular tilt angle with irradiation dose. The variation
reflects the disordering of the film. A higher value of the tilt angle means a more disordered film.
Electron energy: 50 eV.



5.2. IRRADIATION INDUCED PROCESSES IN PPPN 67

� � � � � � � � � � � � � � � � � �

�

�

� 
 � � � � � � �

� � � � � � � � �

	 � � � � � � �

� � � �  � � �

�	
��

	

��

���
��

��

� � � � � � � � � � � � � " � � � � �

� � � � � � � �
� � � � � � 
 � � � �

� � � � � � !
� � � � �  � 
 � � � �

Figure 5.13: S2p HRXPS of PPP1/Au at various irradiation doses. Electron energy: 50 eV.

5.2.2 Damage to the SAM-substrate interface

As can be seen from S2p HRXPS data (figure 5.13), the damage to the SAM-substrate interface
is minimal. Furthermore, the total sulphur intensity remained constant throughout the irradi-
ation treatment, suggesting that no PPP1 molecule desorbed from the surface. This behaviour
is consistent with data obtained for films of biphenyl-4-ylmethanethiol64 (BP1) and the corre-
sponding p-terphenylthiol TP1.182 The lack of significant damage to the SAM-substrate interface
is advantageous for subsequent metal deposition since it indicates that the monolayer retains a
high structural quality after irradiation. However, for successful nucleation of metal films on
top of crosslinked SAMs, not only the SAM-substrate but also the SAM-ambient interface is of
importance.

5.2.3 Changes to the SAM-ambient interface

The 4-(biphenyl-4-yl)pyridine unit is asymmetrical affording us, through the terminal pyridine,
a unique chance to directly observe the changes at the top of the film. We have probed the
changes to the SAM-ambient interface of PPP1 films using N1s HRXPS (figure 5.14). As shown
in figure 5.14, the spectrum of pristine pyridine consists of a main peak assigned to pyridine17

(1 at 398.9 eV) and two small peaks (5 and 6) at higher binding energies (> 401 eV) assigned
to protonated pyridines (section 4.2). The presence of protonated pyridines is not surprising
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Figure 5.14: N1s HRXPS of PPP1/Au before and after irradiation (top panel) and binding
energy shift of the N1s peak as a function of the irradiation dose (bottom panel). Electron
energy: 50 eV.

since the samples were exposed to air before measurementa. Upon electron irradiation, the main
peak in the N1s HRXPS spectrum shifts to higher binding energies by ∼0.25 eV (bottom panel),
similar to the shift observed in the C1s HRXPS spectra.b This suggests that the pyridines are
strongly affected by electron irradiation, and could explain why the binding energy shift is larger
at the top of the film in the case of carbon (figure 5.9). The N1s peak of the irradiated film
is strongly asymmetrical thus suggesting that not one but several nitrogen species are present
after irradiation. Spectral deconvolution of the N1s HRXPS spectra before and after irradiation
is presented in the top panel of figure 5.14. Upon irradiation, the intensities of the pyridine peak

aIn a typical synchrotron experiment, the samples were prepared between 3 and 7 days in advance and were
kept under Argon prior to measurements.

bThis shift was also observed by NEXAFS spectroscopy (data not shown)
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Figure 5.15: Various possible nitrogen-containing motifs. (a) carbazole; (b) 1,4-dihydropyridine;
(c) piperidine.

(1) was dramatically reduced. Furthermore, two new high intensity features, 2 and 4, are clearly
visible at 399.2 eV and 400.2 eV respectively. Peak 2 was assigned to crosslinked pyridine.187,188

Peak 4 was more difficult to interpret. Since the protonated pyridine species appear above 401
eV,189–192 we can reasonably assume that 4 is not related to protonation of the pyridine units
(see below). The appearance of this feature suggests that the PPP1 films react in two or more
different ways to electron irradiation.

5.2.3.1 Reaction pathways of PPP1 films upon electron irradiation

The binding energy of peak 4 (400.2 eV) corresponds to that of carbazole (figure 5.15).188

Although we do not expect carbazole to be formed during electron irradiation of PPP1, forma-
tion of dihydropyridine is possible. Indeed, pyridine is readily reduced to dihydropyridine (figure
5.15), a structural analogue of carbazole, either chemically193–197 or electrochemically.198 Fur-
thermore, the electron affinity of pyridine is significantly higher than that of benzene (the other
component of PPP1 films), enabling a more efficient electron capture by the pyridine moiety
(compared to benzene) thus facilitating the reduction of the pyridine moiety.199–201 Reduction of
pyridine is not a facile process193 as reflected by the relatively low intensity of peak 4. However,
it is unclear whether the dihydropyridine moieties are crosslinked to neighbouring pyridines in
the film or not. Given that crosslinked films exhibit higher conjugation,65,66 thus lowering the
energy of the unoccupied states, the formation of crosslinked dihydropyridine can not be dis-
carded.
In summary, the N1s HRXPS data presented above, shows that not only crosslinking but also
reduction of the pyridine unit likely occurs during upon irradiation of PPP1/Au films with elec-
trons. Note that the electron irradiation of NO2 terminated SAMs yields the equivalent amine.71

5.2.3.2 Irradiation kinetics of PPP1 films

The kinetics of irradiation were followed using N1s HRXPS spectroscopy (figure 5.16). The frac-
tion of pristine pyridine units (filled circles) quickly drops from 82 to ∼25 % of the total nitrogen
intensity (Ntotal) at 12 mC/cm2 and levels off to 20 % of Ntotal after ∼25 mC/cm2. Simulta-
neously, the proportion of crosslinked pyridine moieties rises to ∼60 % and the dihydropyridine
species represent ∼12 % of the total N 1s intensity. Furthermore, the levelling off behaviour
occurs much earlier than for biphenyl self-assembled monolayers (∼50 mC/cm2)202 suggesting
that pyridine favours the electron-induced modification of SAMs, presumably by increasing the
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Figure 5.16: Variation of the N1s HRXPS intensity of the various species of PPP1 films with
irradiation dose. The intensity is reported as a fraction of the total nitrogen intensity. Filled
circles: pristine pyridine (398.9 eV); Filled triangles: crosslinked pyridine (399.2 eV); Open
squares: dihydropyridine (400.2 eV); Crossed circles: total pyridine intensity without protonated
pyridine species. The protonated pyridine species (BE > 401 eV) represent 12-15 % of the total
N 1s intensity. Electron energy: 50 eV.

Peak I0norm A τ

pristine 0.19 0.68 0.19
crosslinked 0.59 -0.59 0.18
reduced 0.12 -0.12 0.29

Table 5.1: Fitting parameters for the variation of the intensity of the N1s HRXPS features in
PPP1 films upon electron irradiation. The cross-sections values are in cm2/mC.

probability of electron uptake. Each set of data in figure 5.16 was fitted with equation 5.1.

Inorm = I0norm +A× exp(−D ∗ τ) (5.1)

Where Inorm is I/Itotal, A is a preexponential factor, D the dose in mC/cm2 and τ the cross-
section. Table 5.1 lists the fit parameters for the data in figure 5.16.

Table 5.1 shows that while the crosslinking process and the disappearance of the free pyridine
units occur at a similar rate, the reduction of pyridine occurs faster (the cross-section τ is larger).
However, crosslinking is the prevailing process at all electron doses.

5.2.3.3 Extent of crosslinking of PPP1 films

As seen above, the N1s HRXPS spectra can be deconvoluted in crosslinked, reduced and pristine
contributions, allowing us to not only study the kinetics of the irradiation process (see previ-
ous section) but also to estimate the extent of crosslinking. To date, such an estimate could
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only be obtained by Temperature Programmed Desorption (TPD) measurements of irradiated
biphenylthiol thin films.202 Since the reduced species (figure 5.14) can not unambiguously be
assigned as crosslinked or free in the matrix (section 5.2.3.1), only a rough estimate of the ex-
tent of crosslinking can be given. As seen in figure 5.16, the fraction of free pyridine units
in the fully crosslinked film is ∼20 %. This is in agreement with the TPD data obtained for
biphenylthiol films.202 However, if the reduced pyridine species (dihydropyridine at 400.2 eV in
the N1s HRXPS spectrum of the crosslinked film) are assumed to also be free in the matrix,
then the fraction of free pyridines in the crosslinked film rises to ∼30 %, still in agreement with
the TPD data for biphenylthiol films.202 We expect such a high fraction of free molecules in
the crosslinked films to have a negative impact over the metal permeability of the crosslinked
PPPn films by creating metal penetration channels in the films. We surmise the quality of the
crosslinked film (defined by the extent of crosslinking) could be improved if the quality starting
film were improved by either preparing the pristine film at higher temperatures, thus increasing
the average domain size20 or annealing the film in vacuo.

5.2.3.4 Survival of the terminal groups of PPP1 upon irradiation

For improved nucleation of thin metal films on top of crosslinked SAMs, and to prevent metal
penetration, the density of terminal groups should remain high after irradiation. Upon extensive
irradiation (∼45 mC/cm2), the density of terminal groups for TPDMT, our reference system,
diminishes by ∼50 %.26,27 As can be seen from N1s HRXPS data (figure 5.16), the total nitro-
gen intensity only varies slightly over the course of irradiation thus indicating that the terminal
pyridine is largely retained in the irradiated film. This is, as explained above, of crucial impor-
tance for the immobilisation of metal on such films and is a definite advantage over our reference
crosslinked TPDMT films.

5.2.4 Changes in the electronic structure of PPP1 films upon electron-irradiation

As seen in this chapter, electron irradiation of PPPn/Au SAMs leads to the modification of
their electronic structure, consistent with the behaviour of p-terphenylthiol SAMs. In partic-
ular, electron-irradiated monolayers of our reference system TPDMT have been studied using
a combination of UPS and IPES.65,66 After electron irradiation, the electronic structure of the
TPDMT film was found to be modified and the band gap of this system was reduced by ∼0.9 eV.
Unfortunately, we have been unable to perform such experiments for PPPn/Au. However, we
were able to measure the work function (WF) of both the pristine and irradiated (35 mC/cm2)
films. As shown in section 4.4, the position of the Highest Occupied Molecular Orbital (HOMO)
correlates to some degree with the work function of thiol-modfied gold surfaces, and as such can
give us some indication about the modification of the electronic structure of irradiated PPPn/Au
monolayers. The WF of PPPn/Au decreases by ∼0.1 eV after irradiation by electrons. This
value is lower than that obtained for TPDMT (-0.2 eV) which is in agreement with the change
in the position of the HOMO determined by UPS66 (∼-0.18 eV).
However, the change in the WF can not alone give a full picture of the transport properties
of such monolayers. Indeed, impedance spectroscopy measurements on pristine and irradiated
TPDMT showed a two-fold increase in the interfacial resistance.131 TPDMT and PPPn SAMs
being similar, we expect a similar behaviour. Impedance spectroscopy measurements should be
carried out to confirm this hypothesis.
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Figure 5.17: Electron irradiation-induced processes in PPP1 films.

5.2.5 Summary

We have studied the effects of low energy electron irradiation (50 eV) onto PPP1 films using
IRRAS, HRXPS, NEXAFS spectroscopy and Kelvin probe measurements. The films exhibit a
range of behaviours typical of terphenyl thiols such as moderate loss of molecular orientation and
damage to the SAM-substrate interface as well as a lack of molecular desorption upon irradiation.
In addition, PPP1 was found to undergo irradiation-induced processes that, to the best of our
knowledge, have not been reported so far. In particular, close examination of the N1s HRXPS
spectra revealed, in addition to crosslinking, the formation of reduced pyridine species such as
1,4-dihydropyridine upon electron irradiation (figure 5.17). The rate of change was rapid with
the saturation behaviour being reached at about 25 mC/cm2, much sooner than the biphenyl or
TPDMT system.26,65,202 The terminal nitrogen was found to survive the irradiation treatment
and as such CL-PPP1 films, in contrast to CL-TPDMT films,26,27 provide a high density of sites
for metal film nucleation. The extent of crosslinking was also estimated from N1s HRXPS data
to be 70-80 % (20-30 % of non-crosslinked pyridine). However, the relatively high fraction of
non-crosslinked molecules (20-30%) could have a deleterious effect on the metal permeability of
the CL-PPPn films (n = 1-3). The e-beam deposition of nickel on CL-PPPn (n = 1,3) will be
presented in section 6.3.

In addition, we have measured the changed in work function upon electron-irradiation. The
WF was found to only slightly decrease at a dose of 35 mC/cm2, in accordance with data for
the reference TPDMT system.66 This is an important first step toward using PPPn SAMs as
dielectrics for the fabrication of nanoelectronic devices and further investigation of the transport
properties of these films should be carried out.
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5.3 Electron irradiation of FTPn films

Note: this section largely based on a published scientific journal article: Chesneau, F.; Hamoudi,
H.; Schuepbach, B.; Terfort, A. and Zharnikov, M. J. Phys. Chem. C 2011, 115, 4773. The
differences between the two systems in the above study (FTP2/Au and FTP3/Au) being minimal
with respect to electron-induced damage, only data about the FTP3/Au system will be presented
below with reference to the FTP2 system when appropriate. The full data set for the FTP2/Au
system can be found in the article.

5.3.1 Introduction

An important advantage of the FTPn SAMs relative to the analogous hydrocarbon films with
regard to electron irradiation, is the possibility to monitor the behaviour of the fluorine atoms
which are analogues of the hydrogen atoms in the latter systems. For the hydrocarbon films,
only desorption of hydrogen and the branching of the desorbed hydrocarbon fragments could be
monitored by electron- and photon-stimulated desorption spectroscopy.181 As for the residual
film, no information about the hydrogen content or hydrogen destiny could be obtained, even
though possible structural motifs have been proposed on the basis of spectroscopic data and
theoretical simulations.?? In contrast, in the case of FTPn SAMs, the fluorine content of the
film can be directly probed by XPS and NEXAFS spectroscopy. Furthermore, we expect that
treating FTPn/Au monolayers with electrons would allow us to easily and precisely modify their
transport properties, a crucial parameter for the fabrication of Metal-SAM-Metal nanojunctions.

5.3.2 Irradiation-induced chemical changes in FTP3 films

5.3.2.1 The destiny of fluorine

Following fluorine by XPS C 1s and F 1s XPS spectra of FTP3/Au acquired in the course
of exposure of this film to electrons (ex-situ) are shown in the left and right panels of figure
5.18. The individual components of the C 1s spectrum behave differently over the course of
the irradiation treatment. The emission related to the carbon atoms directly bonded to fluorine
(C-F) decreases in intensity while the intensities of the emissions assigned to the residual carbon
atoms in the FTP moiety (C-C) and aliphatic linker (C-H) increase. This suggests a partial
cleavage of the C-F bonds in the FTP moiety with subsequent desorption of the released fluorine,
presumably in atomic or ionic form.203 The additional peaks observed at 288.2 eV and 290.1
eV at high doses (> 10 mC/cm2) are associated with the attachment of the released fluorine
atoms to the rings, leading to the formation of CF2 groups in the FTP matrix. The 290.1 eV
peak can be assigned to CF2 species themselves while the 288.2 eV can be ascribed to the C-F
carbon adjacent to it. The above assignments are supported by the fact that these peaks were
also observed in in-situ XPS spectra of the extensively irradiated FTPn films (data not shown).
The positions of these features agree well with those of the analogous species produced during
the electron irradiation and plasma deposition of hexafluorobenzene films.204–206 Note that the
CF2 related peaks are weak (< 10 %), suggesting that fluorine reattachment plays a minor role.
Note also that whereas no oxygen was observed for in-situ measurements of FTPn films, the O
1s ex-situ spectra of these systems (data not shown) showed a slight trace of oxygen related to
its uptake upon exposure of the samples to ambient. Therefore, a contribution from C-O species
for the peak at 290.1 eV can not be ruled out. Finally, the F 1s spectra of FTP3/Au (figure 5.18)
exhibit a progressive decrease in intensity over the course of irradiation, mimicking the behaviour
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Figure 5.18: C 1s (left panel) and F 1s (right panel) XPS spectra of FTP3/Au acquired over
the course of exposure of this film to electrons (open circles) along with the corresponding fits by
several components (solid lines; see text for details). The individual components are assigned.
The irradiation doses are indicated at the respective curves.

of the C 1s (C-F) emission, thus supporting our conclusion that the C-F bond is cleaved with
subsequent desorption of the released fluorine atom. The relative intensities of the C 1s (C-F)
and F 1s emissions for the FTP3 films are depicted in figure 5.19 as functions of irradiation dose,
along with the data for a reference system, F10H2/Au. Both C 1s (C-F) and F 1s curves mimic
each other qualitatively as well as quantitatively, exhibiting an intensity decrease of ∼31 % at a
dose of 31 mC/cm2.

Fluorine loss followed by NEXAFS spectroscopy In addition to information about the
electronic structure (section ??), information about the chemical composition of the probed
monomolecular films can be gained from NEXAFS spectroscopy. As seen in figure 5.20, the
intensity of the C-F π∗2 resonance (section ??) decreased significantly over the course of irradiation
(about 40 % decrease at a dose of 31 mC/cm2), whereas that of the π∗1 (1) resonance remained
almost constant as shown in the left panel of figure 5.23. Since the intensity of the π∗2 resonance
can be considered as a measure of intact C-F bonds, its decrease over the course of irradiation
suggests, in agreement with the XPS data (section 5.3.2), cleavage of these bonds. At the same
time, the amount of cleaved and disturbed C-F bonds (e.g. ca. 40 % at 31 mC/cm2) is somewhat
higher than the respective decrease in the C 1s (C-F) and F 1s XPS intensities (e.g. ca. 31 %
at a dose of 31 mC/cm2). This can partly be related to the formation of CF2 species. Another
relevant effect is the self-attenuation of the photoemission signals, so that the real loss of fluorine
is somewhat higher than the observed intensity decrease. Note that this effect should be less
pronounced in the case of NEXAFS spectroscopy due to the comparatively high values of the
effective attenuation length for the partial electron yield signal.207
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Figure 5.19: Normalised intensities of the C1s(C-F) and F1s emission for FTP3/Au (open and
solid circles) and F10H2/Au (solid triangles) as functions of the irradiation dose. The intensities
are normalized to the respective values for the pristine films.

Figure 5.20: Normalised intensities of the π∗2 resonance in the carbon K-edge NEXAFS spectra
of FTP3/Au (solid circles) as functions of irradiation dose. The intensities are normalised to the
respective values for the pristine films.
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Figure 5.21: Upper panel: normalised total C1s intensities for FTP3/Au (solid circles) and
TP2/Au (open up triangles) as functions of irradiation dose. Bottom panel: normalised thickness
of FTP3/Au (solid circles), TP2/Au (open up triangles), and F10H2/Au (solid squares) as
functions of the irradiation dose. The intensities and thicknesses are normalised to the respective
values for the pristine films.

5.3.3 Extensive crosslinking of FTP3 SAMs

5.3.3.1 Chemical evidence

The total C 1s intensity for FTP2/Au and FTP3/Au, shown in the top panel of figure 5.21
remains constant over the course of the irradiation treatment, indicating that fluorine atoms/ions
are the only species released from the film. Similarly, the effective thickness of the FTP3 SAMs
(figure 5.21, bottom panel) exhibits only a slight reduction (< 5 %) even at high doses. This
reduction can be attributed to the desorption of fluorine atoms/ions released after the cleavage
of C-F bonds. No or almost no desorption of carbon-containing fragments occurred which can
be explained by the stability of the aromatic skeleton. This conclusion is supported by the
similar behaviour of the analogous aromatic hydrocarbon system - TP3/Au (figure 5.21). The
behaviour of FTPn systems contrasts strongly with that of semifluorinated aliphatic films such
as F10H2/Au which, similarly to C12/Au (figure 5.5, page 57), exhibits a significant decrease
in thickness over the course of irradiation (figure 5.21, bottom panel). This decrease, especially
at the early stages, can be mainly attributed to the desorption of fluorocarbon fragments208 as
well as, to a minor extent, of entire molecules.203,209 The desorption of fluorocarbon fragments
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Figure 5.22: S 2p XPS spectra of pristine and irradiated FTP2/Au (left panel) and FTP3/Au
(right panel) (open circles), along with the corresponding fits by the doublets related to the
pristine thiolate (solid black line) and irradiation-induced sulfur-containing species (solid gray
line) moieties. The background of the individual spectra is shown by the horizontal dashed lines.
The irradiation doses are indicated at the respective curves.

represents an additional channel of fluorine atom release in F10H2/Au relative to FTP3/Au and
occurs in parallel to the desorption of fluorine atoms/ions due to the cleavage of C-F bonds,
the latter becoming more prominent at higher doses. This results in a higher rate and extent of
fluorine release in F10H2/Au as compared to FTP3 SAMs (figure 5.18). Note that the release
of CFx fragments from F10H2/Au occurs mainly during the initial stages of irradiation (< 10
mC/cm2). When the film is sufficiently cross-linked, the fluorine release occurs mainly via C-
F bond cleavage203,209 similarly to the FTPn/Au films. The cleavage of C-F bonds in FTPn
SAMs causes the appearance of chemically active sites and free radicals which can combine to
form cross-links with the neighbouring FTP moieties (figure 5.28, page 82). As a result, the
SAM constituents cannot be released or move individually leading to a heightened stability of
the thiolate-substrate interface, typical of aromatic hydrocarbon SAMs.64,70,208 Even if the S-Au
bond is cleaved, it can reform quickly since the released molecules do not desorb or move to a
noticeable extent from the bond cleavage site as seen in the S2p spectra of FTPn/Au (figure
6.31).

This is in stark contrast with aliphatic hydrocarbons where damage to the S-Au interface,
as evidenced by the appearance of a dialkylsulfide feature at ∼163.5 eV, is a major effect of
electron-irradiation (section 5.1).

5.3.3.2 A new electronic structure

An indirect fingerprint of the cross-linking process is an additional resonance (CL∗, 284.6 eV)
appearing and progressively increasing in intensity at the low photon energy side of the π∗1 feature
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Figure 5.23: Carbon K-edge NEXAFS spectra of pristine and irradiated FTP3/Au acquired
at an X-ray incident angle of 55◦ (left panel), along with the difference between the spectra
acquired at X-ray incident angles of 90◦ and 20◦ (right panel). The irradiation doses are given
at the respective curves. The characteristic absorption resonances π∗1 and π∗2 are indicated by 1
and 2 respectively; CL denotes the resonance from the cross-linked species. The dashed lines in
the right panel correspond to zero.

in the NEXAFS spectra of irradiated FTPn SAMs (figure 5.23, left panelc). The position of this
resonance is analogous to the position of one of the most pronounced characteristic resonances
of anthracene166 which is a fused aromatic moiety representing one of the possible cross-linking
motifs.202 Note that time-of-flight secondary ion mass spectroscopy measurements on plasma-
deposited benzene and hexafluorobenzene films suggest the formation of similar moieties includ-
ing anthracene and perfluoroanthracene.205 Note also that films of benzene and perfluorobenzene
prepared by plasma treatment or via electron/UV irradiation show similar spectral envelopes in
XPS spectra suggesting analogous structural elements.206

5.3.4 Modification of the molecular conformation upon electron irradiation

The modification of the chemical composition of the FTPn films upon irradiation leads to a mod-
ification of their structure. NEXAFS difference spectra (section 2.4) of pristine and irradiated
FTP3 SAMs are presented in the right panel of figure 5.23. The spectra of the pristine films
exhibit pronounced difference peaks at the positions of the characteristic absorption resonances.
These peaks are most prominent for the π∗1 and π∗2 features. The observed positive sign of the
difference peaks for the π∗ resonances suggests the expected21 upright orientation of the FTP
moieties in the FTP3 SAMs. The amplitudes of the π∗1 and π∗2 peaks in the difference spectra

cFor an analysis of the pristine spectrum see section 4.3.3
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Figure 5.24: Average tilt angle of the π∗ orbitals in FTP2/Au (top panel) and FTP3/Au
(bottom panel). The insert in the top panel shows the region of small doses.

of FTP3/Au decreased monotonously over the course of irradiation suggesting a progressive dis-
ordering of the film. As a fingerprint parameter the average tilt angle (section 2.4) of the π∗2
orbital was used (figure 5.24). As seen in figure 5.24, the average tilt angle of the π∗2 orbital
decreased monotonously over the course of irradiation approaching an angle of ∼60◦ at a dose of
31 mC/cm2 for both FTP2/Au and FTP3/Au with only the kinetics differing between those two
systems. The tilt angle for the strongly irradiated systems is close to the value characteristic of a
fully disordered system (55◦)102 which suggests that the FTPn SAMs become almost completely
disordered at 31 mC/cm2. It should be noted that FTP2/Au films show a slight increase in the
tilt angle of the π∗2 typical for the relaxation of the kinetically trapped monolayer structure.21,22

5.3.5 Chemistry of the SAM-ambient interface

The observed changes in chemical composition (loss of fluorine) as well as conformation of the
single molecules (loss of orientation) should lead to a change in the SAM/air interface. Such
changes are best probed using water contact angles (WCAs, figure 5.25). Except for a small
increase at a dose of ∼0.2 mC/cm2, both θadv and θrec decrease continuously over the course
of the irradiation treatment to a value of ∼78◦ at a dose of 30 mC/cm2. This indicates the
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Figure 5.25: Top panel: advancing (circles) and receding (squares) water contact angles for
pristine and irradiated FTP3/Au. Bottom panel: difference between the advancing and receding
contact angles (θadv - θrec) for pristine and irradiated FTP3/Au. Insets in both panels: the
contact angle data at low irradiation doses (< 1 mC/cm2).

continuous desorption of fluorine from the SAM-ambient interface following the cleavage of C-
F bonds. The lack of saturation behaviour at high irradiation doses suggests that a certain
amount of fluorine is still present at the interface. A small increase of θadv and θrec at a dose
of ∼0.2 mC/cm2 corresponds to the irradiation-induced structural reorganization of the SAMs
(section 5.3.4). Interestingly, it is accompanied by an abrupt change in the WCA hysteresis. A
change in the domain structure of the film could explain the observed reduced WCA hysteresis.
Significantly, WCA hysteresis exhibited a saturation behaviour at higher doses suggesting that
the subsequent changes in the morphology of the SAM-ambient interface have only a minor
influence and that the changes in θadv and θrec are mostly related to the progressive removal of
fluorine from the interface.

5.3.6 FTPn as templates for molecular electronics

To be useful for molecular electronic applications or device fabrication in general, FTPn SAMs
should act as resists. As for non-fluorinated bi- and terphenyl SAMs,70,208 the irradiation-induced
cross-linking of the FTP moieties should increase the resistance of the irradiated areas towards
etching agents as compared to the unexposed regions. To test this hypothesis, an FTP3/Au
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Figure 5.26: SEM images of an etched FTP3/Au template (10 min in cyanate solution) prelim-
inary patterned by electrons in proximity printing geometry using a metal mesh as a mask. The
scaling bars in the images correspond to 100 µm

template was patterned by electrons (10 eV; 30 mC/cm2) in proximity printing geometry using
a metal mesh as a mask. Subsequently, the patterned template was etched and imaged by
SEM (figure 5.26). As seen in these images, the underlying gold substrate within the irradiated
areas (bright squares) was mostly non-affected by the etching process whereas the non-irradiated
regions (dark areas) were strongly etched. Thus, FTPn SAMs act as negative electron resists for
lithographic applications, mimicking the typical behaviour of aromatic hydrocarbon SAMs.70,208

This behaviour contrasts with that of the aliphatic monolayers where electron-induced damage
dominates over cross-linking.

5.3.7 Modification of the transport properties of FTPn SAMs

The results of Kelvin probe measurements of the work function of irradiated FTP3 SAM are
presented in figure 5.27 along with the loss of fluorine from the film. At low doses (< 0.5
mC/cm2), the work function increases slightly. This behaviour indicates a reorientation of the
molecular dipoles toward the surface normal and is consistent with the NEXAFS and contact
angle data.
After the initial increase, the work function decreases monotonously to reach a relative value
of -0.4 eV with respect to the pristine value (Φpristine = 5.8 eV) at 30 mC/cm2. Although the
kinetics are different, the decrease in the work function correlates with the loss of fluorine from
the film. Interestingly, no saturation behaviour was observed. Consequently, the work function
of FTPn films could be tuned further if the films were subjected to higher doses. Indeed, up to
∼80 % of the fluorine was lost from FTPn/Au SAMs at a dose of 180 mC/cm2 (data not shown).
By extrapolating the exponential fit, a value of about -0.6 eV for the change in work function at
180 mC/cm2 is obtained.
Although multiple component approaches to the modification of the work function have been
successful at controlling the work function of aliphatic fluorinated SAMs, the results reported
in this section are, to the best of our knowledge, the first example of fine-tuning of the work
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Figure 5.27: Variation of the work function of FTP films (hollow circles) and fluorine content
(filled circles) of an FTP3/Au film as a function of irradiation dose.

Figure 5.28: Schematic representation of electron-induced modification of FTPn/Au.

function of single-component fluorinated SAMs. The ability to precisely tune the work function
of a SAM-covered metal surface simply by electron irradiation confers a definite advantage to
FTPn monolayers for nanoelectronic applications.

5.3.8 Summary

The FTPn films mimic the typical behaviour of aromatic hydrocarbon SAMs under ionising
radiation, i.e. these systems exhibit a clear dominance of cross-linking between the individual
molecular species over their decomposition which makes these monolayers negative resists for
lithographic applications. The cross-linking follows the cleavage of the primary C-F bonds in the
FTP moieties, which, along with the comparably rapid loss of orientational and conformational
order, is the dominant irradiation-induced process in the FTPn SAMs (figure 5.28). C-F bond
cleavage, followed by the desorption of fluorine in atomic or ionic form, represents an exclusive
pathway of fluorine release in the FTPn films in striking contrast to fluorocarbon aliphatic mono-
layers where the major channel for such a release is the desorption of fluorocarbon fragments. In
addition to desorption, a small fraction of the fluorine atoms released from the cleavage of C-F
bonds remain trapped in the matrix as CF2 species. Both FTPn films studied (n = 2,3) react
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similarly towards ionising radiation, the only differences being a lower stability of the headgroup-
substrate interface in the less densely packed FTP2 SAMs and the faster loss of orientational
and conformational order in FTP2/Au as compared to FTP3/Au.110

Furthermore, the work function of the FTPn modified gold surface could be tuned by more
than 0.4 eV by electron irradiation. This is, to the best of our knowledge, the first example of
fine-tuning of the work function of single-component fluorinated SAMs. The ability to precisely
tune the work function of a SAM-covered metal surface simply by electron irradiation confers a
definite advantage to FTPn monolayers for nanoelectronic applications.



Chapter 6

Metal deposition on SAMs

6.1 Introduction to metal deposition on SAMs

6.1.1 The Metal-SAM-Metal system

In order to be able to use SAMs for nanoelectronic devices, it is essential that electrical con-
tact between the SAMs themselves and the macroscopic world is established. Among other
means, this can be accomplished by depositing a thin metal layer at the SAM-ambient inter-
face, yielding a metal-SAM-metal system (MSM, figure 6.1).32,52 Tunnel junctions, junctions
between two materials (e.g. metals) through which electrons travel via quantum tunnelling, are
an example of such MSM junctions. They are found, for example, as magnetic tunnel junctions
used for spintronic applications. Such devices can be fabricated using a variety of techniques
such as under potential deposition,210–217 electroless deposition218–220 or chemical or physical
vapour deposition.26,27,53,221 The fabrication of the monolayer-substrate interface is well estab-
lished.20,21,35,44,222–224 Similarly, the fabrication of stable metal films of gold and silver on top
of SAMs has been achieved.54–56 However, fabricating stable top ferromagnetic contacts (e.g.
Ni, Co, Fe) at the SAM-ambient interface remains a major challenge.52,58 Solving this problem
would bring us one step closer to a working SAM-based spintronic device.

6.1.2 Top contact formation and metal penetration

The main problem when depositing a metallic contact on top of a self-assembled monolayer is
metal penetration into and through the SAM.56,225 The penetration of the metal is driven by
the high affinity of metals for each other.a This is especially true if the top and bottom contact
are made of the same metal. Penetration occurs because, even though SAM systems are well or-
dered, they are not free from defects.35 There are two main types of defects: static and dynamic
defects.
Static defects are present in the SAM before metal evaporation (e.g. by physical vapour de-
position (PVD)) and provide channels for metal penetration.210,226 The proportion of this type
of defects can be reduced by changing the preparation conditions, e.g. preparing SAMs on flat
substrates or at higher temperatures. Dynamic defects on the other hand, occur upon metal
evaporation and their formation depends on the SAM system,56 the metal deposition process
itself26,227 and the nature of the metal.52 At sub-monolayer coverages, individual molecules in

aFor a more in depth look at the issue discussed in this section please see works by Herdt225 and Jung56

84
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Figure 6.1: Schematic view of a Metal-SAM-Metal system. The substrate is shown in black,
the top metal contact in red and the SAM in green.

the SAM reorganise upon adsorption of metal atoms, opening up channels for metal penetration
(figure 6.2).58,228 Even if metal penetration into and through the SAM can be prevented, the
formation of structural defects upon metal evaporation is a critical issue for the fabrication of
SAM-based nanoelectronic devices since the charge-transfer behaviour in such thin films is dom-
inated by these defects.30,226 Metal penetration can be avoided if the metal is deposited from
solution.59,60,62,63,229 This method forms the basis of the results presented in section 6.4. How-
ever, such metal films are often limited to sub-monolayer coverages, thus making an incomplete
top contact.60,62

It should be noted that, in the case of PVD, the extent of metal penetration into and through
the monolayer strongly depends upon the metal being deposited. FT-IR studies have shown that
whereas gold, a largely inert metal, does not penetrate through a TPDMT monolayer, titanium
does.52 Similarly, gold does not penetrate through a p-terphenyl-methylthiol monolayer whereas
aluminum, a reactive metal, does.52 This becomes significant since we chose to use nickel, a metal
which is reactive toward carbon matrices,230–232 as deposition metal. It was chosen for its fer-
romagnetic properties and could therefore be useful in spintronic applications such as computer
memory and data storage.

6.1.3 Preventing metal penetration at the SAM level

As explained in section 6.1.2, the fate of the metal deposited on a SAM is partly governed by
the stability of the latter throughout the metal evaporation process. In addition to allowing
the modification of the transport properties of a metal surface (section 4.4), the terminal group
(SAM-ambient interface) and spacer unit of the SAM constituents play crucial roles in preventing
metal penetration.
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Figure 6.2: Channel creation upon metal evaporation on SAMs. (a) pristine SAM. (b) deposition
of the first metal atoms disrupts the film. (c) and (d) upon further evaporation, the metal
penetrates through the SAM and down to the substrate. (e) At large metal thickness the SAM
can be fully covered with metal.

6.1.3.1 Reactive terminal groups

Previous approaches have focused mainly on the SAM-ambient interface.26,32,225 In this ap-
proach, the reactivity of the terminal group toward the evaporated metal is utilised to stop
metal penetration through the SAM.56,225 Despite being useful to minimise metal penetration,
this approach is rarely sufficient and further modification of the SAM is necessary to fully pre-
vent metal penetration.26,27 This approach will be presented throughout this chapter with special
emphasis on a novel solution deposition technique where a solution-deposited metal is used to
seed the top metal layer (section 6.4).

6.1.3.2 Closing the space - modification of the spacer

By linking the individual SAM components together, thus forming a quasi-polymeric layer,69,72,202

one can expect to minimise metal penetration26,27 (figure 6.3). In this approach, the formation
of dynamic defects upon metal deposition (section 6.1.2) is minimised. This approach will be
explored in sections 6.2, 6.3 and 6.5.3.

6.1.3.3 Reactive spacers - a novel approach

Although the two previous approaches have been well studied,26,27,52,54,131 little attention has
been paid to the reactivity of the spacer unit itself. It is well known that the deposition of a
reactive metal such as titanium or nickel on an unreactive SAM leads to metal penetration.52

Conversely, by carefully crafting the spacer of the SAM monomers, one can expect to stop metal
penetration through these films (figure 6.4). However, only the terminal group is usually made
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Figure 6.3: Difference in metal penetration upon crosslinking. (a) pristine SAM, (b) crosslinked
SAM.

Figure 6.4: Using the spacer unit to stop metal penetration. (a) pristine SAM. (b) SAM with
small amount of metal on top. (c) the metal reacts with the matrix to form bonds between the
individual matrix components. (d) metal penetration is prevented and a stable metal film is
formed on top of the SAM.
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Figure 6.5: Structures of the F10H2 (left) and FTP3 (right) molecules

reactive,26,52 leaving the possibilities offered by the spacer unit largely unexplored. The field
of organic chemistry provides us with many examples of metal insertion in either C-H233–241

or C-F bonds,230–233,242–248 the two main types of bonds, along with the C-C bond, found in
most spacer units. Metal insertion in the C-H or C-F bonds, yielding C-M-H and C-M-F species
respectively, is the basis for many C-C bond formation reactions.232,242 One can expect that,
owing to the close proximity of the SAM constituents, that C-M-C and C-C bond formation upon
metal evaporation will occur if the proper spacer is chosen. As a test case, the FTP3 molecule
(figure 6.5 and sections 4.3 and 5.3) was chosen as test system. An F10H2 reference (figure 6.5)
was also chosen to separate the matrix effects. The results of this study will be presented in
section 6.5.
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6.2 Metal evaporation on TPDMT SAMs

For the purpose of this discussion, the amount of deposited nickel will be referred to as nickel
dose or metal dose. The formation of a stable metal layer on top of electron irradiated TPDMT
monolayers (CL-TPDMT) has been previously demonstrated in our group26,27 and will be used
as a benchmark for our studies. Our efforts at depositing nickel on CL-TPDMT SAMs are
presented below.

6.2.1 Change in the carbon matrix upon metal evaporation

Upon evaporation of 1.2 nm nickel (∼6 monolayers), a feature at ∼283.5 eV appears in the
C1s HRXPS spectrum of CL-TPDMT (figure 6.6, top panel). This peak was attributed to the
interaction of nickel with the benzene rings of TPDMT..249 A similar feature, albeit at a slightly
different energy, is observed in the 55◦ C K-edge NEXAFS spectrum (figure 6.6, bottom panel).
The presence of the feature at 283.5 eV in the C1s spectrum is a clear indication of metal
penetration into the SAM. However, the extent of penetration can not be determined from the
data presented above. An estimate will be given in section 6.2.4.

6.2.2 Change in molecular order of CL-TPDMT SAMs upon metal evapora-
tion

The molecular order of the CL-TPDMT SAMs was probed by NEXAFS spectroscopy. The
difference spectra (I90-I20) of CL-TPDMT before and after nickel evaporation are presented in
the top panel of figure 6.7. The strong reduction of the intensity of the difference peak at 285 eV
indicates that the molecular order of the CL-TPDMT films was severely disrupted upon nickel
deposition. The average tilt angle of the molecules, a marker of molecular order, was found to
decrease by 5-10◦ to 35◦, close to that of a fully disordered system (38◦ in our experiments).
Nickel penetration through the SAM was confirmed by the increase of the ratio of the XPS
intensities of carbon and goldb (figure 6.7, bottom panel). This is in stark contrast with the
results previously obtained in our laboratory where no nickel penetration was observed.26,27

Nickel penetration was also observed by angle-resolved XPS at nickel doses as low as 0.1 nm
for similarly crosslinked TPDMT monolayers (figure 6.8) and is therefore not related to the
relatively high dose deposited in this study (6 monolayers) or a dose discrepancy between the
present and previous studies. In an effort to explain the discrepancy between our results and the
results previously obtained in our laboratory, the preparation conditions of our TPDMT films
(temperature, solvent (THF, ethanol and Toluene+AcOH), rinsing conditions, electron dose) as
well as the substrate (30-100 nm Au/Si, 300 nm Au/Mica, Ultra flat gold) were varied. No
significant differences were observed and, despite our best efforts, metal penetration through
crosslinked TPDMT films could not be prevented.

6.2.3 Changes to the SAM-ambient and SAM-substrate interfaces

6.2.3.1 Changes to the sulphur environment upon nickel evaporation

As can be seen in figure 6.9, the S2p XPS spectrum of CL-TPDMT is dramatically modified
upon nickel deposition. First, the intensity of the SH feature, corresponding to the free terminal

bNote that this is valid for a system whose constituents are not desorbed upon metal evaporation. This is
largely the case for the present system. However, for systems such as C6/Au, significant desorption occurs and
the C/Au ratio is actually reduced with increasing metal dose.
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Figure 6.6: C1s HRXPS (top panel) and C K-edge NEXAFS (bottom panel) spectra of CL-
TPDMT SAMs before and after deposition of 1.2 nm nickel. The irradiation dose used was 64
mC/cm2 at an electron energy of 50 eV.

thiol, was strongly reduced (from 75 to 8 % of the total S2p intensity) indicating a change in
the chemistry of the terminal sulphur. Second, a feature consistent with the interaction of nickel
and sulphur (S-Ni) appears at 162.6 eV(∼ 10 % of the total S2p intensity).250,251 Third, the S2
feature, characteristic of thiolates (SAM/substrate interface), is shifted to lower binding energies
(-0.2 eV), consistent with the formation of a nickel-sulphur bond.39–41 However, due to the
symmetry of the TPDMT molecule, it was not possible to distinguish between the SAM-ambient
and the SAM-substrate interfaces solely on the basis of the S2 peak. Finally, the S1 peak,
characteristic of species formed at the S-Au interface, vanishes upon nickel desorption indicating
either the formation of a nickel layer atop the SAM/substrate interface or nickel penetration
through the SAM.
The full width at half maximum of the S2p peak increases from 0.8 to 1.0 eV, indicating an
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Figure 6.7: C K-edge NEXAFS difference spectra (top panel) and HRXPS carbon to gold ratio
(bottom panel) of CL-TPDMT SAMs before and after deposition of 1.2 nm of nickel. The
irradiation dose used was 64 mC/cm2 at an electron energy of 50 eV.

increased inhomogeneity of the sulphur after metal deposition. Furthermore, the reduction of
the total sulphur intensity indicates partial immobilisation of nickel on top of CL-TPDMT SAMs.
An estimate of the nickel thickness on top of the CL-TPDMT SAMs was obtained.

6.2.4 Estimate of the top nickel thickness

The evaporated nickel thickness was estimated using the Au4f data acquired at hν = 350 and
580 eV. Using standard equations,81,115 the deposited nickel thickness was found to be 1.3 ± 0.1
nm, in good agreement with the expected value from our quartz crystal microbalance calibration
(1.2 nm). Using the intensity data of the S2p HRXPS spectra collected at hν = 350 eV, one
can in a similar way estimate the top nickel thickness. As seen previously, it is not possible to
distinguish between the contributions of the head and terminal groups for CL-TPDMT. However,
the contribution of the head group (SAM-substrate interface) is expected to be small compared to
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Figure 6.8: ARXPS (C1s, Ni2p) of a CL-TPDMT film after deposition of 0.1 nm nickel. The
emission angle is the angle between the substrate’s surface and the analyser. The irradiation
dose used was 45 mC/cm2 at an electron energy of 10 eV.
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Figure 6.9: HRXPS S2p spectra of CL-TPDMT SAMs before (top spectrum) and after (bottom
spectrum) deposition of 1.2 nm of nickel. The irradiation dose used was 64 mC/cm2 at an electron
energy of 50 eV.
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that of the terminal group. With these assumptions, the thickness of nickel on top of CL-TPDMT
is expected to be 0.4 ± 0.1 nm or 31 % of the total nickel thickness. The low nickel thickness on
top of CL-TPDMT definitely confirms that extensive penetration occurs when depositing nickel
on CL-TPDMT SAMs.

6.2.5 Summary

We have evaporated nickel on crosslinked TPDMT monolayers on various gold substrates. De-
spite our best efforts, nickel penetration was found to dominate in all cases, even at low nickel
doses (∼0.1 nm), with only ∼31 % of the total deposited nickel immobilised on top of CL-
TPDMT films. Along with metal penetration, the electronic structure of the carbon matrix was
modified due to the insertion of nickel. Furthermore, the HRXPS S2p spectra revealed that
new sulphur species were formed when nickel was evaporated on CL-TPDMT, notably a peak
at 162.6 eV corresponding to S-Ni species appears. In addition, the thiolate peak (S2) is shifted
to lower binding energies (-0.2 eV) compared to thiolates on gold. These two facts can be used
as markers for nickel penetration for the other mercaptan molecules in this study. The observed
nickel penetration through CL-TPDMT/Au is in stark contrast with data collected previously
in our laboratory.26,27 It is not clear to us at this time why such a discrepancy should occur and
careful re-evaluation of both datasets is under way. We surmise that we were unable to control
subtle parameters in the preparation procedure that were unknown to us.
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6.3 Metal evaporation on PPPn films

Unlike TPDMT, the end groups of PPPn monolayers are largely preserved after electron irra-
diation (section 5.2), giving PPPn SAMs a significant advantage for metal immobilisation on
top of the films. Furthermore, PPPn films are based on the terphenyl unit and are thus poten-
tially useful as dielectrics for metal-SAM-metal systems. In this section we present data on the
evaporation of nickel on electron irradiated PPP1 and PPP3 SAMs (CL-PPP1 and CL-PPP3
respectively) as appropriate. In all cases, the data presented for one system is valid for the other.

6.3.1 Change in the carbon matrix upon metal evaporation

Similarly to CL-TPDMT (section 6.2), a feature appears at ∼283.5 eV in the C1s HRXPS
spectrum of CL-PPP1 (figure 6.10, top panel) upon evaporation of 1.2 nm nickel. This peak
is attributed to the interaction of nickel with the benzene rings of PPP1.249 A similar feature,
albeit at a slightly higher energy, is observed in the 55◦ C K-edge NEXAFS spectrum (figure
6.10, bottom panel). Furthermore, unlike CL-TPDMT, the C=C and C=N peaks shift to higher
binding energy upon nickel deposition (+0.2 eV). A similar shift (+0.18 eV) was observed for
the deposition of nickel on C6/Au (data not shown). This shift likely results from a change in
the hole screening within the organometallic matrix. Like CL-TPDMT, the C1s HRXPS and
NEXAFS data suggest, at the given metal dose, partial penetration of nickel into the CL-PPP1
film. However, the extent of penetration could not be determined solely from the data presented
above. An estimate will be given in section 6.3.4.

6.3.2 Change in molecular order of CL-PPPn SAMs upon metal evaporation

The molecular order of the CL-PPP1 SAMs was probed by NEXAFS spectroscopy. The difference
spectra (I90-I20) of CL-PPP1 before and after nickel evaporation are presented in the top panel
of figure 6.11. The resonance at 285 eV vanishes upon metal evaporation, indicating that the
molecular order of the CL-PPP1 films was severely disrupted upon nickel deposition. The tilt
angle was found to decrease by 5-7◦ to 37◦, close to that of a fully disordered system (38◦ in
our experiments). Nickel penetration was confirmed by the increase of the ratio of the XPS
intensities of carbon and gold for CL-PPP3 (figure 6.11, bottom panel). These results go against
our hypothesis that preserving the terminal groups after irradiation increases the probability of
stopping metal penetration. However, it is possible that the interaction between the incoming
nickel atoms and the pyridine moieties is too weak to efficiently nucleate metal films on top of
SAMs. Indeed, after immersion of PPP3 monolayers in nickel chloride solution for 7 minutes, only
a small amount of nickel could be detected by XPS (figure 6.12) suggesting that the interaction
between nickel and the surface-immobilised pyridine is very weak. A control experiment carried
out with TPDMT showed significant immobilisation of nickel on the TPDMT film (figure 6.12,
top spectrum).

6.3.3 Changes to the SAM-ambient and SAM-substrate interfaces

Unlike CL-TPDMT, CL-PPP1 films have different terminal (pyridine) and head groups (sulphur),
allowing us to a better understanding of the fate of both the SAM-ambient and the SAM-
substrate interface.
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Figure 6.10: C1s HRXPS (top panel) and C K-edge NEXAFS (bottom panel) spectra of CL-
PPP1 SAMs before and after deposition of 1.2 nm nickel. The irradiation dose used was 64
mC/cm2 at an electron energy of 50 eV.

6.3.3.1 The SAM-ambient interface

Upon adsorption of nickel on CL-PPP1, a large proportion of the free pyridines (∼40 %) binds
to nickel (figure 6.13, top panel) upon metal evaporation (N-Ni, 387.8 eV) as determined by
HRXPS. This suggests island growth of the nickel film. Indeed, since nickel atoms are only
coordinated to pyridine, they are free to move across the surface. This is consistent with the
growth of nickel films on graphite.252 Furthermore, the nitrogen signal is more attenuated than
the corresponding sulphur signal in Ni/CL-TPDMT thus suggesting that more nickel is retained
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Figure 6.11: C K-edge NEXAFS difference spectra and XPS carbon to gold ratio of CL-PPP1
and CL-PPP3 SAMs before and after deposition of nickel. The irradiation dose used was ∼62
mC/cm2 at an electron energy of either 10 or 50 eV (PPP3 and PPP1 respectively).

on top of the filmc. An estimate will be given in section 6.3.4.

6.3.3.2 The SAM-substrate interface

Unlike TPDMT, in CL-PPP1, sulphur is only found at the SAM-substrate interface. Thus, S2p
HRXPS spectra can be used to probed the CL-PPP1-Au interface (figure 6.13, bottom panel).
Similarly to CL-TPDMT, the thiolate peak (S2) is shifted to lower binding energy and the S1
peak disappears upon nickel evaporation. Furthermore, the S-Ni peak at 162.4 eV is present
after metal evaporation. This suggests nickel penetration to the S-Au interface and is consistent
with NEXAFS, N1s, Au4f and C1s XPS data. A similar shift of the S2 peak to lower binding

cExperiments on CL-PPP1 and CL-TPDMT samples were carried out simultaneously, i.e. both samples were
placed on the same sample holder.
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Figure 6.12: Ni2p XPS spectra of TPDMT and PPP3 SAMs after adsorption of nickel chloride.
The incubation time was 7 min in both cases. Samples were rinsed with water and ethanol after
incubation in a millimolar aqueous solution of nickel chloride.

energy was observed for C6/Au, a system for which strong metal penetration occurs (data not
shown).

6.3.4 Estimate of the top nickel thickness

The evaporated nickel thickness was estimated by evaluating the Au4f data at hν = 580 eV.
Using standard equations,81,115 the total nickel thickness was determined to be 1.4 ± 0.1 nm.
This is in good agreement with the expected value from quartz crystal microbalance calibration
(1.2 nm). By evaluating the N1s HRXPS data collected at hν = 580 eV, one can in a similar way
estimate the top nickel thickness. The thickness of nickel on top of CL-PPP1 is estimated to be
0.6 ± 0.1 nm or 43 % of the total nickel thickness, slightly higher than for Ni/CL-TPDMT (∼31
%). This result supports our hypothesis that increasing the density of surviving terminal groups
after irradiation decreases the probability of metal penetration. The seeming contradiction with
the nickel chloride adsorption experiments can be resolved by noting that whereas the e-beam
evaporation of nickel on CL-PPP1 and subsequent measurements were carried out in-situ, the
sample exposed to nickel chloride was rinsed before measurement, therefore, it is likely that most
of the NiCl2 was washed away. Thus, whereas nickel can be lost before measurement in the case
of nickel chloride adsorption, this does not occur for the in-situ deposition of nickel metal.

6.3.5 Summary

We have evaporated nickel on crosslinked PPPn monolayers on various gold substrates. Despite
our best efforts, nickel penetration was found to dominate in all cases although to a lesser
extent than CL-TPDMT films (43 % of Ni on top for CL-PPPn vs 31 % for CL-TPDMT) thus
validating our hypothesis that the survival of the terminal groups after irradiation could help
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Figure 6.13: N1s (top panel) and S2p (bottom panel) HRXPS spectra of CL-PPP1 SAMs before
and after deposition of 1.2 nm nickel.

reduce metal penetration through SAMs. Along with metal penetration, the electronic structure
of the carbon matrix was modified due to the insertion of nickel, forming a new organometallic
film. Furthermore, similarly to CL-TPDMT, the HRXPS S2p spectra revealed that new sulphur
species were formed upon nickel evaporation on CL-PPPn, notably a peak around 162.4 eV
attributed to S-Ni species appears and the thiolate peak (S2) is shifted to lower binding energies
(-0.4 eV) compared to thiolates on gold.
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6.4 Solution-deposited metal overlayers on SAMs

The evaporation of nickel on plain TPDMT and PPP3 SAMs (crosslinked and non-crosslinked)
did not yield the expected metal-SAM-metal assemblies. Even though irradiated SAMs proved
more resistant to metal penetration than their pristine counterparts, nickel could not be pre-
vented from reaching the SAM-substrate interface. In an effort to solve this problem, we turned
our attention to solution-deposited metals. In this section we propose to use metal ions as seeds
for the nucleation and growth of nickel films on top of self-assembled monolayers. Palladium was
chosen as seed metal since it forms ferromagnetic alloys with nickel,253,254 making PdNi films
potentially useful for spintronics applications. The immobilisation of palladium at the SAM-
ambient interface of pyridine terminated SAMs is well known.60,62,218,219 However, palladium is
only coordinated to the pyridine. While this might be appropriate for electrochemical and elec-
troless deposition of metals,219,255 we surmise that the lack of chemical bond between palladium
and the SAM’s terminal group could prove disadvantageous during e-beam evaporation, the tech-
nique used here. Palladium being known to form strong covalent bonds with sulphur,127,128,256

we chose to investigate palladium on pristine TPDMT as well. In all cases the samples were
incubated in an ethanolic solution of commercial grade PdCl2 for 4 minutes and then rinsed
thoroughly with ethanol.

6.4.1 Palladium on self-assembled monolayers

6.4.1.1 Changes to the SAM-ambient interface

Upon adsorption of palladium, the SAM-ambient interface (-N for PPP3 and -SH for TPDMT)
was profoundly modified (figure 6.14). In the case of CL-PPP3 (figure 6.14, top panel), the
nitrogen peak for the free pyridine at ∼399.2 eV was split into two major resonances at ∼399.2
eV and ∼400.2 eV corresponding to the free and palladium-bound pyridine respectively. Fur-
thermore, a broad peak was observed at the lower binding energy side of the pyridine nitrogen
peak. This peak was ascribed to the nitrogen-palldium interaction.257 Similarly, a shift of the
terminal SH peak from 163.8 eV to 162.9 eV was observed for TPDMT, indicating the formation
of palladium-sulphur bonds.128 The coverage of palladium chloride was estimated using the ratio
of the palladium-induced peak to the total peak intensity of either the N1s (CL-PPP3) or S2p
(TPDMT) line. In the case of TPDMT, 92 % of all terminal thiols were bound to a palladium
atom whereas only 65 % of all nitrogen atoms were coordinated to palladium at the CL-PPP3-Pd
interface. It is not clear at present why such a discrepancy occurs since the packing density of
both molecules is expected to be similar.

6.4.1.2 Thickness of the palladium chloride layer

The thickness of the palladium chloride layer was estimated using the gold 4f intensity before and
after deposition of palladium chloride. Since no attenuation length value is known for palladium
chloride, we evaluated its lambda using the formula for compounds by Tanuma et al.115,258 This
formula gives an inelastic mean free path of 2.36 nm at hν = 1254 eV and 0.825 nm at hν =
350 eV. With this data in hand, the thickness of the palladium chloride layer was calculated
to be 0.6±0.1 nm on TPDMT and 0.7±0.2 nm on PPP3. Palldium choride exists in two main
forms, the metastable α-form,259 which is polymeric chain of PdCl2 units with bridging chlorine
atoms, and the β-form,259,260 a Pd6Cl12 cluster stable at room temperature. However, the form
of commercial palladium chloride is not known.261,262 Assuming that palladium chloride is found
in its β-form, the calculated thickness corresponds to ∼1.2±0.2 ML of palladium chloride.
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Figure 6.14: HRXPS N1s (top panel) and S2p (bottom panel) spectra of CL-PPP3 and TPDMT
monolayers before (top spectrum) and after (bottom spectrum) palladium adsorption.

6.4.1.3 Changes in the molecular order of CL-PPP3 and TPDMT films upon ad-
sorption of PdCl2

The adsorption of palladium does not induce a significant disordering of the monolayers as shown
by the NEXAFS difference spectra of CL-PPP3 and TPDMT (figure 6.15). The polar angle of
the backbone resonance (285 eV) was estimated to be reduced by less than 2◦ upon adsorption
of palladium, well within the error of our experiments. These results indicate that palladium did
not penetrate to a significant extent through the SAMs used in this study, and forms a stable
layer atop the films. This was confirmed by ARXPS (data not shown). With this data in hand,
we turn our attention to the evaporation of nickel on the newly formed Pd/SAM systems.
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Figure 6.15: NEXAFS difference spectra of CL-PPP3 (top panel) and TPDMT (bottom panel)
monolayers before (black) and after (blue) palladium adsorption.

6.4.2 Evaporation of nickel on Pd/SAM films

6.4.2.1 Reaction of nickel with palladium

In both cases, the Pd-Cl peak in the Pd3d HRXPS spectrum (figure 6.16) of Pd/CL-PPP3 and
Pd/TPDMT, 338.1 and 337.5 eV respectively, vanishes upon deposition of nickel. At the same
time, a single new feature characteristic of the PdNi alloy263,264 appears at a lower binding energy
(335.7 eV). Furthermore, the intensity of the palladium signal is strongly reduced, indicating that
a significant portion of the evaporated nickel resides above the palladium layer. These results
support our hypothesis that palladium ions can act as seeds for metal evaporation.

6.4.2.2 Changes to the SAM-ambient interface - the SAM-nickel interface

The SAM-ambient interface of both Pd/CL-PPP3 and Pd/TPDMT was strongly affected by
the formation of the palldium-nickel alloy as evidenced in figure 6.17. In both cases, the SAM-
palladium bond vanishes. This is especially clear for Pd/TPDMT films (figure 6.17, bottom
panel). Upon evaporation of nickel on Pd/TPDMT, the Pd-S peak at 163 eV vanishes and a
single peak, S2 , is observed at 162.1 eV, a value typical for the adsorption of alkanethiols on
nickel.39–41 In addition, the S1 feature does not vanish upon nickel evaporation and no feature
at 162.4 eV is visible, a clear departure from what is observed for SAM systems where nickel
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Figure 6.16: HRXPS Pd3d spectra of Pd/CL-PPP3 (top panel) and Pd/TPDMT (bottom
panel) monolayers before (top spectrum) and after (bottom spectrum) nickel evaporation.

penetration does occur. Furthermore, assuming a nickel on top model (i.e. no penetration into
the carbon matrix), the thickness of the nickel overlayer was calculated, from XPS data, to be
0.65 ± 0.05 nm in both cases, in very good agreement with the thickness value calibrated by
quartz crystal microbalance (0.6 nm). This suggests that nickel does not penetrate significantly
through the SAMs.

6.4.2.3 Changes in the molecular order of Pd/CL-PPP3 and Pd/TPDMT films
upon evaporation of nickel

Compared to monolayers without palladium, the Pd/SAM assemblies exhibit more molecular
order after nickel deposition (figure 6.18) thus supporting our conclusions from XPS data (see
previous section). A direct measure of the order in monolayers is the polar angle for a given
orbital. The angle does not change in systems for which no metal penetration occurs. As can
be seen in table 6.1, in accordance with figure 6.18, the polar angle hardly varies at a nickel
dose of 0.6 nm for the Pd/SAMs whereas it sharply drops for the films without palladium.
Our data, backed up by ARXPS data (data not shown), shows that the shortcomings of the
pristine monolayers27 with respect to metal deposition can be overcome by a simple dipping
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Figure 6.17: HRXPS N1s and S2p spectra of Pd/CL-PPP3 (top panel) and Pd/TPDMT (bot-
tom panel) monolayers before (top spectrum) and after (bottom spectrum) nickel evaporation

TPDMT CL-PPP3

no Pd 66.1◦ 60.5◦

no Pd + 0.6 nm Ni 55.6◦ 53.2◦

Pd 65.3◦ 59◦

Pd + 0.6 nm Ni 63.1◦ 58.9◦

Table 6.1: Values of the polar angle for the resonance at 285 eV for TPDMT and CL-PPP3 films
with and without palladium. Note: the values given for the TPDMT SAMs without palladium
are for crosslinked monolayers. An angle of ∼51◦ corresponds to a fully disordered system.
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Figure 6.18: NEXAFS difference spectra of Pd/CL-PPP3 (top panel) and Pd/TPDMT (bot-
tom panel) monolayers before and after nickel evaporation. The difference spectra of similar
crosslinked films without palladium on top are given in black for comparison. The nickel dose is
similar in all cases.

procedure. Upon adsorption of palladium chloride, the permeable (to metal) pristine SAMs
become impermeable. This has clear technological implications since the lengthy crosslinking
procedure can be replaced by a simple, short (≤ 4 min) bench-top procedure.

6.4.2.4 The mechanism of nickel deposition on Pd/SAM assemblies

We have tested SAMs that form two different types of bonds to palladium; coordination in the
case of CL-PPP3 and covalent bond for TPDMT. We hypothesised that the difference in bonding
to palladium might result in a difference in the SAMs’ resistance to metal penetration. However,
since no significant change in molecular orientation in both SAMs was observed and since the
thickness of the top nickel layer for both CL-PPP3/Au and TPDMT/Au SAMs is similar, we
conclude that the nature of the bond to palladium is not important for the persistance of a top
metal layer. Thus, the adsorbed palladium chloride alone is responsible for the persistence of
nickel on top of the monolayers. In an effort to further elucidate the mechanism of PdNi film
formation, we turned our attention to the Cl2p and Ni2p XPS data of Ni/Pd/TPDMT (figure
6.19). The Pd-Cl peaks at 197.7 (S-Pd-Cl ) and 198.6 eV (Pd-Cl) simplify to a single peak at
198.4 eV corresponding to nickel chloride.265 The presence of nickel chloride was also observed
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Figure 6.19: XPS Cl2p (bottom panel) and Ni2p (top panel) spectra of Pd/TPDMT monolayers.
For clarity, the Ni2p spectrum presented is for 0.1 nm nickel. In the bottom panel, the Cl2p
spectra before (top spectrum) and after (bottom spectrum) nickel evaporation are shown.

in the Ni2p spectra (figure 6.19, top panel). Whereas the intensity of the Pd3d line is strongly
attenuated upon deposition of nickel, the intensity of chlorine, after an initial drop of 20-30 %,
does not change significantly over the course of metal evaporation (figure 6.20). Furthermore, the
intensity of the NiCl peak in the Ni2p XPS spectra remains largely unchanged at all metal doses
while the intensity of the Ni0 peak increases sharply (figure 6.21). With this data in hand we
propose the following model, pictured in figure 6.22, for the growth of a nickel film on palladium
chloride:

• palladium stays bound to sulphur and alloys with nickel

• chlorine atoms are transferred from palladium to nickel. This is supported by the respective
bond strength (DPd−Cl ∼200 kJ/mol,259 DNi−Cl ∼372 kJ/mol? )

• chlorine remains bound to the top layer of nickel throughout deposition (DPd−S ∼457
kJ/mol,266 DNi−S ∼464 kJ/mol267)
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Figure 6.20: Variation of the Pd3d (top panel) and Cl2p (bottom panel) XPS intensity of
Ni/Pd/TPDMT monolayers with nickel doses. The theoretical intensity decay for the nickel-
on-top model is shown in red.

6.4.3 Summary

We have demonstrated the use of pyridine and thiol terminated terphenyl SAMs (CL-PPP3/Au
and TPDMT/Au respectively) as substrates for the immobilisation of palladium on self-assembled
monolayers. Palladium, deposited as palladium chloride from an ethanolic solution, was found to
reside at the top of the monolayer without significantly penetrating through the SAMs. Further-
more, we have used these systems as substrate for e-beam metal evaporation. Upon evaporation,
a stable metal layer is formed at the SAM-ambient interface with palladium atoms acting as
seeds, regardless of the nature of the bond between palladium and the monolayer (covalent or
coordinated). Thus, palladium chloride was able to fully stop metal penetration into ultrathin
organic films (≤3 nm), a critical step toward the fabrication of SAM-based nanoelectronic de-
vices. Most importantly, using TPDMT, we have shown that pristine monolayers could be used
for e-beam evaporation thus eliminating the time-consuming crosslinking step usually required
to stop metal penetration through thin films,26,27 and opening the door to the use of the many
commercially available amine thiol and dithiol molecules, in particular the aliphatic ones which
are readily and cheaply available. Furthermore, this method could be used in conjunction with
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Figure 6.21: XPS Ni2p normalised intensities of the NiCl (filled circles, black line) and Ni0

peaks (open circles, gray line) of Ni/Pd/TPDMT at various nickel doses

Figure 6.22: Model for the deposition of nickel on Pd/TPDMT SAMs. Colour code: sulphur:
yellow circles, palladium: gray circles, nickel: red circles, chlorine: green circles.

the electron beam chemical lithography22 and UV-Vis chemical lithography23 methods devel-
oped in our laboratory to rapidly and cheaply pattern nano-circuits onto gold wafers. So far we
have only investigated the effect of the terminal group on metal penetration. In the next section
we will look at a novel way to stop metal penetration: reactive linkers. FTP3 (see section 4.3)
was used as test system and nickel as test metal.
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Peak Binding energy (eV) Assignment

C-F 287.2 C-F21

1 286.6 -H2C-CF2- in polymer270

2 285.7 -H2C-CHF- in polymer270

C-C 285.2 interring C-C21

3 284.6 conjugated carbon motif269

C-H 284.0 C-H,21 C-Ni269

4 283.3 C-Ni272–275

Table 6.2: Assignment of the C 1s HRXPS peaks of Ni/FTP3/Au

6.5 Metal evaporation on FTP3 SAMs

Nickel metal is known to react with fluoro- and hydrocarbons.231,232,247 In addition, its magnetic
and electric properties268 make it the ideal model metal for the metallisation of fluorinated thin
films for use in nanoelectronic devices. The results of the deposition of nickel on pristine and
crosslinked FTP3 SAMs test systems is presented below

6.5.1 Reaction of nickel with the FTP matrix

6.5.1.1 Changes to the carbon matrix

Figure 6.24 shows the C 1s HRXPS spectra of FTP3/Au at various nickel doses. The spectral
envelope of the C 1s spectra changes significantly over the course of irradiation, suggesting
extensive modification of the fluorocarbon matrix. The peak associated with the C-F bonds
(∼287.5 eV) decreases in intensity with increasing nickel dose, implying cleavage of the C-F
bonds upon metal deposition. Furthermore, the peaks due to the C-C and C-H bonds (∼285.5
eV and ∼284.4 eV respectively) show no visible decrease in intensity, save for that brought
about by the attenuation of the C1s signal by nickel, indicating that the deposition does not
induce significant decomposition or loss of molecules. This is emphasised by the stability of the
IC1s/IAu4f ratio presented in the bottom panel of figure 6.29 (page 115). In striking contrast to
the C-F signal, the peak at ∼284.0 eV increases in intensity with increasing nickel dose. This
is consistent with the formation of C-Ni bounds. A similar peak is observed for the deposition
of nickel on graphite.269 In addition, new features, labelled 1 to 4, appear and grow in intensity
with increasing metal dose. These features point toward extensive polymerisation270 (1 and 2)
and conjugation269,271 (3) of the FTP3 film during metal evaporation, consistent with nickel-
catalysed carbon-carbon bond formation.232 The feature at ∼283.3 eV (4) is best ascribed to
C-Ni bonds.272 The various peaks observed in the C 1s HRXPS spectra of Ni/FTP3 SAMs and
their assignment are summarised in table 6.2.

6.5.1.2 Modification of the electronic structure

The changes observed in the C1s HRXPS spectra (figure 6.24) indicate that the electronic struc-
ture of the monolayer changes dramatically upon metal evaporation. Figure 6.24 shows the 55◦

C K-edge NEXAFS spectra of FTP3 films at various metal doses. The spectral envelope exhibit
a continuous change with increasing metal dose. The intensity of both the C1sC−F → 1π∗ and
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Figure 6.23: C 1s HRXPS spectra of FTP3 SAMs at various metal doses. The spectral decon-
volutions are shown. The peaks associated with the pristine film are shown in black.

C1sC−F → 1σ∗ resonances diminishes sharply at 0.6 nm Ni, its intensity being reduced by ∼50
%, and then more slowly after that, losing only ∼10 % of its intensity. This supports our conclu-
sions about C-F bond cleavage from XPS data. Furthermore, consistent with HRXPS results,
several resonances appear at the lower energy side of the C1sC−C → 1π∗ resonance (< 285.6
eV) and grow in intensity over the course of deposition (figure 6.25). These are assigned to an
increase in conjugation throughout the SAM (table 6.3). Indeed, NEXAFS data of polyacene
molecules show a clear shift of the C1sC−C → π∗ peak to lower photon energies with increasing
conjugation; from 285 eV for benzene to 284.1 eV for pentacene.185 In addition, many common
polymers exhibit a C1s → π∗ transition in the 284.4 to 284.9 eV region.186 Furthermore, on
the basis of quantum mechanical calculations at the ZINDO/S level, Ti-C NEXAFS data,276

and our C 1s HRXPS data, the two low lying transitions were assigned to the C1sC−Ni → 1π∗

transitions.
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Figure 6.24: C K edge NEXAFS spectra of Ni/FTP3 at the magic angle (55◦).

Figure 6.25: Deconvolution of the C K edge NEXAFS π∗ region of Ni/FTP3 at the magic angle
(55◦). The peaks corresponding to the pristine film are shown in black.
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Photon energy (eV) Assignment

287.6 C1sC−F → 1π∗ ?

286.7 C1s → 1π∗

285.6 C1sC−C → 1π∗ ?

285.0 C1sC−C → 1π∗ 185

284.6 C1sC−C → 1π∗ 185

284.2 C1sC−Ni → 1π∗ 269

283.6 C1sC−Ni → 1π∗ 276

Table 6.3: Assignment of the C K-edge NEXAFS π∗ transitions of Ni/FTP3/Au.

Does the metal penetrate the FTP3 films? As can be seen from the data presented
above, both the chemical composition and the electronic structure of the carbon matrix are
heavily modified upon nickel deposition. Indicating that nickel penetrates into the FTPn/Au
film to some extent. Furthermore, simultaneously to the cleavage of C-F bonds, new C-Ni bonds
are formed leading to a new organometallic thin film. So far, we have not looked at the SAM-
substrate interface.

6.5.1.3 The nickel film

The data from C 1s HRXPS suggest the formation of C-Ni bonds which are also observed at
∼855.2 eV in the Ni2p spectra of FTP3 films at low nickel coverage (figure 6.26). For C-Ni bonds
to form, nickel must insert into the carbon fluorine bond231,232,247 leading to the formation of
either C-Ni-F or C-Ni-C and NiFx compounds. The proportion of NiF calculated from Ni2p
XPS data is small at all metal doses when compared to the analogous aliphatic F10H2 SAMs
(data not shown) for which metal penetration is expected to dominate. The vast majority of the
evaporated nickel remains in the metallic (Ni0) state. This suggests either heterogeneous growth
of the nickel film, or sealing of the FTP3 monolayer, thus preventing further reaction of nickel
down the SAM. Furthermore, the shift of the Ni2p line toward lower binding energies (853.4 eV
at 0.1 nm to 853 eV at 0.6 nm) and the reduction in the full width at half maximum from 2.1
eV at 0.1 nm to 1.6 eV at 0.6 nm, suggest the formation of a continuous nickel film. However,
the growth mode and growth kinetics of nickel films on SAMs can not be established solely by
XPS. They should be investigated using other techniques such as scanning tunnelling microscopy
(STM), however, such work is beyond the scope of this thesis.

6.5.1.4 The fate of fluorine

Is nickel fluoride a minor byproduct? Along with the breaking of carbon-fluorine bonds,
one can expect the formation of either F-F or Ni-F bonds. The formation of the former is thought
unlikely since its bond energy is low and its reactivity high.110 Nickel fluoride (section 6.5.1.3)
is therefore expected to be the main fluorine by-product. However, the F1s and Ni2p spectra
of Ni/FTP3 monolayers reveal only traces of nickel fluoride (figure 6.27, top panel and figure
6.26 respectively). This is in striking contrast to the corresponding fluoroalkane system F10H2
for which the F1s nickel fluoride signal increases sharply in intensity with increasing metal dose
(figure 6.27, bottom panel), consistent with the behaviour observed for the deposition of iron
on similar fluoroalkane thin films.277 This suggests that either, unlike the F10H2 system, FTP3
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Figure 6.26: Ni2p XPS spectra of Ni/FTP3 at low nickel coverage (< 3ML). The NiF, NiC and
Ni0 peaks are shown.

Figure 6.27: F1s XPS spectra of Ni/FTP3 and Ni/F10H2 at various nickel doses.
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dNi (nm) FTP3 F10H2

experiment 0.15 0.15
0.5 (2.5 ML) theory 0.81 0.50
1.6 (8 ML) experiment 0.3 0.65

theory 1 1

Table 6.4: Theoretical and experimental fluorine loss. A ratio of 1 means the loss of all fluorine
atoms in the corresponding molecule. The number of monolayers is indicated in parentheses.
For the theoretical calculations, a 100% efficiency of C-F bond cleavage by nickel was assumed
for both systems. The experimental values given are the normalised ICF /IC ratio. For the pur-
pose of these calculations one monolayer of nickel corresponds to 1.6×1015 atoms/cm2 (value
extracted from the work of Roesch et al.280). One monolayer of FTP3 corresponds to 4.94×1015

fluorine/cm2 and a monolayer of F10H2 corresponds to 7.98×1015 fluorine/cm2. For theoreti-
cal calculations, a 100% efficiency for Ni-F bond formation was assumed. The values for the
number of fluorine atoms in FTP3 and F10H2 were extracted on the basis of previous STM
measurements.21

SAMs prevent deep penetration of the evaporated metal, that nickel fluoride is located at the
SAM-substrate interface, or that nickel fluoride is not a major product in the reaction of nickel
with FTP moieties. These hypotheses will be addressed further in this section. However, nickel
fluoride, represents only 11 % of the total fluorine F 1s signal in the case of FTP3 and 39 % in
the case of F10H2 films, much lower than the total loss of fluorine determined from C 1s XPS
(∼30% and ∼65% respectively). This suggests that fluorine is released from the film, probably
as F2 (to some extent), F− or, HF after reaction of a fluorine radical with H2.

d

Are matrix effects responsible for the relative low fluorine loss in FTP3 films? The
difference between the FTP3 and F10H2 systems can not be explained purely on the basis of
thermodynamics since the energy carried by the metal atoms is the same in both cases (KE ∼0.2
eV). Furthermore, the difference in bond strength (5.33 eV for F10H2278 vs 6.51 eV in the case
of FTP3279) is too low to explain the large differences, a factor of 3.5, observed in the F 1s XPS
spectra (figure 6.27).
The differences between FTP3 and F10H2 are better revealed when considering the experimental
and theoretical losses of fluorine on a per-bond basis (table 6.4). As seen in table 6.4, the relative
loss of fluorine is comparatively much lower in the FTP films at higher doses, strongly suggesting
that the nature of the matrix rather than the bond strength or the number of C-F bonds per
molecule is the major factor influencing fluorine loss. However, the depth-distribution of nickel
through the FTP3 monolayer can not be assessed solely on the basis of the XPS data presented
so far. If these films are to be useful as dielectric layers in molecular electronic devices, the
question of metal penetration into and through FTPn SAMs must be settled.

dH2 is always present to some extent in UHV chambers.
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Figure 6.28: C K edge NEXAFS difference spectra (I90-I20) of FTP3 at different nickel doses.

6.5.2 Distribution of nickel through FTP3 SAMs

6.5.2.1 Change in average molecular order in FTP3 SAMs upon metal evaporation

The loss of average molecular order in a thin film can be used as a fingerprint of metal penetration
since the molecular order of a SAM will be disrupted upon metal penetration.27,52 We have
probed the change in molecular order as a function of the metal dose by NEXAFS difference
curves (figure 6.28). As can be seen in figure 6.28, both the C1sC−C → 1π∗ and C1sC−F → 1π∗

resonances decrease sharply in intensity upon metal evaporation, indicating a loss in molecular
order. Note that due to the cleavage of the C-F bonds upon metal deposition, the decrease in
the intensity of the C1sC−F → 1π∗ resonance is larger than that of the C1sC−C → 1π∗ resonance
and can not be used as a reliable marker for molecular order. However, even at high nickel
doses a slight dichroism can be seen and the dichroism at 0.6 nm Ni is still significant. This is
in stark contrast with the PPPn systems for which all dichroism is lost, for crosslinked SAMs,
upon metal evaporation (section 6.3, page 94). The reduced dichroism indicates that nickel
penetrates, at least partly, into the SAM. However, it is known that reactive metals (e.g. Ni, Ti)
disrupt the molecular order of self-assembled monolayers.52 In addition, the high temperature of
the impinging metal (nickel melts at 1728 K at atmospheric pressure) is expected to have some
effect as well (see the discussion about the S-Au interface on page 116). Consequently, in the
present case, we can not rely on NEXAFS spectroscopy alone to determine if nickel penetrates
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Figure 6.29: Variation of the C 1s XPS intensity as a function of the nickel dose at two different
excitation energies. The C-F/C ratio at 350 and 1254 eV (top panel) and the C/Au ratio (bottom
panel) are shown.

through the monolayer.

6.5.2.2 Distribution of nickel throughout FTP3 SAMs probed by XPS

The FTP moiety. Although the NEXAFS data shows that metal penetration occurs, it can
not precisely quantify and/or locate it. However, by using different excitation energies depth
distribution information can be retrieved from XPS data (figure 6.29). The variation of the
fluorine signal, extracted from XPS carbon data, is presented in the top panel of figure 6.29. We
chose to use the ratio of the CF peak to the total carbon signal as a measure of fluorine loss in
the films. This approach allows us to avoid problems related to the variation of λ (due to the
changing matrix) and changing overlayer thickness throughout the experiment. No difference in
the decay of the C-F signal is observed up to 0.6 nm. However, above 0.6 nm the behaviour at
1254 eV diverges strongly from that at 350 eV, indicating that most of the chemistry occurs at
the topmost part of the film. Consequently, we expect nickel to be found mostly at the top of the
film. Indeed, unlike its hydrocarbon analogue TP3, a significant portion of the evaporated metal
is found at the SAM-ambient interface as evidenced by ion scattering spectroscopy (ISS, figure
6.30). Finally, the bottom panel of figure 6.29 shows that the carbon to gold ratio of FTP3 SAMs
does not vary significantly over the course of metal evaporation. This is characteristic of the
deposition of metal on top of a monolayer and indicates no, or almost no, metal penetration.26,27
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Figure 6.30: ISS spectra of Ni/FTP3 (top trace) and Ni/TP3 (lower trace) at an incident helium
ion energy of 1000 eV.

The sulfur-gold interface The S2p HRXPS spectra of various Ni/FTP3 and Ni/F10H2 films
are presented in figure 6.31. The intensity of the S2p peak increases with increasing nickel dose
in the case of the F10H2/Au system, supporting a model where metal penetrates to the S-Au
interface and intercalates itself between the substrate and the head group. In addition, the fwhm
of the peaks increases from 0.7 to ∼1 eV indicating strong disordering of the F10H2 monolayer
upon nickel deposition. Significantly, the binding energy of the thiolate peak (S2) is shifted to
lower binding energies by ∼0.25 eV indicating a change in the environment of the thiolate. This
is consitent with the formation of a nickel overlayer on golde. In addition, the S1 peak at ∼161
eV vanishes after deposition of just 0.6 nm of nickel. This peak has previously be ascribed to
either a ”differently bound” thiolate or atomic sulphur (section 4.3). The presence of the S3
peak at ∼163.2 eV indicates the formation of dialkylsulfide species as observed for the electron
irradiation of thiol-based SAMs on gold (section 5.1). Finally, a new peak, S4, is observed at
∼162.8 eV. This peak can be ascribed to various Ni-S species251,281,282 strongly suggesting that
the S-Au interface of the F10H2/Au system is extensively modified upon evaporation of nickel
and that nickel penetrates to the S-Au interface and reacts with sulphur.
Whereas the S-Au interface of the F10H2/Au system is extensively damaged upon evaporation of
nickel, it remains mainly intact in the case of FTP3/Au. Indeed, only a small fraction of the S3
peak and no S4 peak are observed. Furthermore, the binding energy of the thiolate peak did not
change throughout the deposition of nickel on FTP3/Au. However, the fwhm of the S2p peak also
increased from 0.7 to ∼1 eV indicating strong disordering of the FTP3 monolayer in agreement
with NEXAFS data (section 6.5.2.1). Furthermore, whereas the total sulphur intensity increases
with increasing nickel dose in the case of F10H2/Au, it decreases for FTP3/Au, indicating the
formation of a nickel layer on top of the S-Au interface. Since the proportion of the S3 peak at

eThe evaporation of a 0.9 nm thick nickel film on gold leads to a lowering of the work function by ∼0.15 eV.
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Figure 6.31: S2p HRXPS spectra of Ni/FTP3/Au (top panel) and Ni/F10H2/Au (bottom
panel). The various peaks are labelled.

high metal dose and the variation in the fwhm are similar for both FTP3/Au and F10H2/Au,
we surmise that the damage to the S-Au interface in FTP3/Au is mainly thermal in nature, i.e.
it is mainly caused by the local increase in temperature due to the adsorption of nickel onto the
SAMs from the gas phase.283

6.5.3 The effect of crosslinking on metal penetration in FTP3 SAMs

We have demonstrated above that a pristine FTP3 monolayer on gold was capable of stopping
metal penetration through the SAM. Since crosslinking enhances the overall strength of the
intermolecular interactions in the SAM by chemically binding the molecules together,27,65,66 we
expect crosslinked films of FTP3/Au to perform better than their pristine counterparts.

6.5.3.1 Fluorine loss upon metal evaporation as a function of irradiaton dose

A major advantage of the FTP3 films with respect to their hydrocarbon counterparts, from a
spectroscopic point of view, is the ability to monitor the destiny of fluorine. The more crosslinked
the film, the less metal penetrates through the film (figure 6.32). Upon extensive crosslinking
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Figure 6.32: Variation of the CF peak intensity with nickel dose for various crosslinked films.
Black squares: pristine film; Hollow circles: 30 mC/cm2; Black triangles: 60 mC/cm2

(60 mC/cm2), the loss of fluorine drops from 30 to 20 % at high nickel doses (2 nm or 10 ML)
indicating an improved metal stopping efficiency for the crosslinked films. Therefore, crosslinking
of the FTP3 films clearly hinders metal penetration.

6.5.3.2 Distribution of nickel in irradiated FTP3 SAMs probed by ARXPS

The angle resolved XPS data for the deposition of nickel on a 30 mC/cm2 film (referred to as CL-
FTP3 in the rest of this discussion) is shown in figure 6.33. Unlike our reference CL-TPDMT
system (section 6.2, page 89), the Ni/C ratio increased with decreasing emission angle at all
doses, suggesting deposition of nickel atop the CL-FTP3 SAM, even at sub-monolayer coverage.
Furthermore, the change in the nickel to carbon ratio became more rapid as the metal dose
increased, indicating the accumulation of nickel on top of the CL-FTP3/Ni assembly. It should
be noted that the nickel intensity did not vary significantly with the emission angle as expected
for a stable film on top of a SAM.26

6.5.4 Rough estimate of the penetration depth of nickel in FTP3 SAMs

We attempted to provide a rough estimate of the nickel penetration depth of nickel into FTP3
SAMs by evaluating the fluorine loss. Assuming that nickel atoms insert into the first carbon-
fluorine bond they encounter with a 100 % yield, and taking into account the loss of fluorine
at high metal doses (table 6.5), we were able to give a rough estimate of the penetration depth
of nickel into FTP3 SAMs. The values given in table 6.5 are only rough estimations since
other factors (e.g. local increase in temperature283) can be responsible for the loss of fluorine.
Therefore, the penetration depth could be smaller than the values indicated above. However,
these correlate well with the value derived from energy-resolved XPS data of pristine FTP3 film
(0.6 nm, figure 6.29, page 115).
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Figure 6.33: ARXPS data (INi2p/IC1s) of a 30 mC/cm2 film at various nickel doses

e- dose (mC/cm2) % F loss # F lost Max. penetr. depth (nm)

0 32 4 0.7
30 28 2.5 0.7-0.8
60 19 1.2 0.4-0.7

Table 6.5: Estimation of the maximum penetration depth of nickel through various FTP3 films.
Values are only rough estimates.

6.5.5 Summary of nickel deposition on FTP SAMs

We have demonstrated that FTP3 monolayers can advantageously prevent nickel penetration via
insertion of the nickel atoms into carbon-fluorine bonds. The attachment of nickel was found
to take place primarily at the top of the monolayer (figure 6.34). At low metal dosesf (< 0.6
nm (3 ML)), the FTPn SAMs still showed significant order as seen by NEXAFS spectroscopy.
However, at high metal doses, the molecular order was significantly reduced. It should be noted
that similar results were obtained for a substrate incubation time (in FTP3 solution) of two
hours.g FTP3’s alkyl counterpart, F10H2, did not efficiently prevent metal penetration leading
to extensive damage to the SAM-substrate interface. Similarly, TP3, a hydrocarbon analogue
to FTP3 did not significantly prevent metal penetration and, unlike FTP3, only traces of metal
could be detected at the SAM-ambient interface. Metal-SAM-metal (MSM) assemblies with a

fNote that due to time constraints we could not investigate fully the 0.6-1.8 nm region. However, this should
be investigated in detail since it would yield the maximum metal dose achievable without major loss of orientation.
We suspect that the limit will be found around 1 nm.

gThe standard incubation time was 24 hours.
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Figure 6.34: Schematic representation of the deposition of nickel on FTP3 thin films.

maximum top metal thickness of 1.8 nm were successfully fabricated, as evidenced by X-ray
spectroscopy. Critically, this could be achieved without electron irradiation. Using the FTP3
molecule, an MSM device could be assembled in under half a day at room temperature and
using cheap gold on silicon wafers. By comparison, a similar system based on TPDMT would
require one to two days of preparation. In addition, FTP3 irradiated with various electron doses
(30 and 60 mC/cm2) were found to prevent metal penetration to a greater extent than pristine
SAMs. This, combined with the ability to modify the transport properties of the FTPn films
by electron irradiation (section 5.3, page 5.3) makes FTPn films attractive for the fabrication of
tailored nanoelectronic devices, e.g. as nanojunctions in spintronic devices. Furthermore, since
the metal layer is chemically bound to the FTP3 dielectric layer, we expect the metal film to
be stable with time. However, time-dependant investigation are still needed to ascertain the
durability of these devices. Preliminary work on the electronic characterisation of these systems
will be shown in section 7.1 along with the formation of a SAM atop the metal film in section
7.3.



Chapter 7

Side subjects and perspectives

The work presented in this thesis stands as the ground work to the fabrication and extensive
investigation of metal-SAM-metal (MSM) systems based on ferromagnetic metals. Owing to the
difficulty in characterisation, these systems have been studied relatively little.131 Most studies on
nanojunctions (Metal-SAM-metal) have been carried out with the top contact being in physical
rather than chemical contact with the SAM, i.e. the top electrical contact was not bound to the
SAM.30,31 In section 7.1, we show preliminary work function measurements of MSM systems.
We then turn our attention to the immobilisation of nanoparticles on electron-irradiated SAMs
as a way to form the top metal contact (section 7.2). Finally, the formation of a SAM onto the
top metal contact will be discussed (section 7.3).

7.1 Work function and band gap of Metal-SAM-Metal systems

7.1.1 Modifying the work function of metal electrodes with SAMs

As seen in section 4.4, the work function (Φ) of a gold surface can be dramatically altered by
self-assembled monolayers. While fluorinated SAMs increase the work function of gold (+0.6 eV
for FTP3), hydrocarbon monolayers decrease it (-0.8 eV in the case of TP3). This is due to
the fact that the sign of the molecular dipoles are inverted for non-fluorinated and fluorinated
molecules (figure 7.1).50,51,54,130,138,284–289

The relative changes in work function are mirrored by the relative changes in the energy
of the highest occupied molecular orbital (see figure 4.18, page 48). Furthermore, in the case
of oligophenyl SAMs, the presence of a linker between the head group and the oligophenyl
moiety also modifies the work function by acting as an insulator, thus decoupling the aromatic
backbone from the metal surface (section 4.4). It should also be noted that the degree of
conjugation between the aromatic rings influences the energy of the highest occupied molecular
orbital (HOMO) and, consequently, the work function of the modified gold surface (table 7.1).
Calculations on TP3 at the B3LYP/631∗-G level show that the enrergy of the HOMO is increased
by as much as 0.25 eV on going from an out-of-plane (θ ∼38◦) to an in-plane (θ ∼0◦) configuration
of the terphenyl moiety (figure 7.2).b By contrast, the fluorine atoms in the FTP moiety forbid
such a transition. Calculations show that the HOMO-LUMO gap of FTP3 is identical to that of
an out of plane TP3 molecule at 4.8 eV supporting UPS and inverse photo emission data which
show a gap of 4.86 ±0.4 eV for FTP3 and 4.76 ±0.4 eV for TP3 (section 4.4).

bθ is the absolute value of the angle between the central and outer rings of the terphenyl units.

121
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Figure 7.1: Molecular dipole of TP3 (left) and FTP3 (right) on a gold surface. If the dipole
points toward the surface (left), the work function decreases. Conversely, if the dipole points
toward the molecule (right), the work function increases.

7.1.2 Change in work function upon metal deposition

The deposition of metal on self-assembled monolayers is expected to result in a change in their
work function (Φ).290 We expect the amount of change to depend on the work function of the
deposited metal. For instance, potassium has a low work function (∼2 eV) and therefore induces
dramatic changes in the work function of alkanethiols on gold.290 By contrast, nickel, the metal
used in our studies, has a work function close to that of gold (4.9-5.0 vs 5.1-5.2 eV for gold).
This should result in a lower rate of change compared to potassium.

7.1.2.1 Change in the work function of F-SAMs upon nickel deposition

The work function of FTP3/Au and F10H2/Au as a function of the thickness of deposited nickel
is shown in figure 7.3. Since both films contain fluorine, their molecular dipoles point away
from the surface, therefore, F-SAM modified substrates exhibit a higher work function than the
substrate itself (e.g. Au, Ni). We therefore expect that the work function of the total systems
(Metal-SAM-Metal) would decrease upon nickel deposition. If nickel fully covers the surface of
the SAM, a value of Φ close to that of nickel is expected.
The work function of F10H2 films, shown in the bottom panel of figure 7.3, exhibit a slow,
monotonous decay with increasing nickel dose. This behaviour can be attributed to the pene-
tration of nickel through the SAM accompanied by defluorination of the molecules (section 6.5).
This is confirmed by sputtering the film with argon (figure 7.4, bottom panel). The work function
drops dramatically within the first minute of sputtering to the value typical of a clean nickel film
(∼5 eV) followed by a slow rise up to the value for a clean gold surface (set as 5.1 eV throughout
our experiments).
As can be seen in the in the top panel of figure 7.3, the behaviour of the FTP3 films is radically
different. First, the work function drops by 0.5 eV after deposition of ∼1 Å nickel (compared to
a drop of just 0.1 eV for F10H2 films). Then, it stabilises around 5 eV (the value for a clean
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Figure 7.2: In plane and out of plane configurations of TP3
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Figure 7.3: Variation of the work function of fluorinated SAMs as a function of nickel thickness.
The absolute value of the work function was calculated as explained in section 4.4.4.
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HOMO (theory) HOMO (expt.) ∆Φ

FTP3 -6.97 -3.5 +0.6
ip-TP3 -5.41 -1.9 -0.8

oop-TP3 -5.66 -1.9 -0.8
TPT -5.28 -1.6 -1.0
AnT3 -5.14 -1.3 -1.0

Table 7.1: Comparison of the change in work function and HOMO for various aryl SAMs. The
work function (∆Φ) was measured using a Kelvin probe and is given with respect to gold. The
theoretical HOMO values were calculated at the B3LYP/631∗-G level of theory using the Orca
2.8 software package (F. Neese, TU Bonn). The experimental values were obtained from UPS
measurements carried out by the group of Pr. Dowbena. Note that the difference between
calculated (gas phase) and experimental (on Au) values is constant at 3.6 ±0.1 eV. This is
consistent with previous calculations.65,66 All values are in eV.

nickel surface) after deposition of ∼4 Å. This result can be interpreted in two ways.
First, as for K/C12/Au, pinning of the energy levels occurs. The initial drop is less important

for Ni/FTP3/Au than that for the K/C12/Au system at similar metal doses290 reflecting the dif-
ferences in work function between nickel (5.0 eV) and potassium (2.0 eV). However, the levelling
off behaviour occurs at the same metal dose for both systems (∼2×1014 atoms/cm2). It is our
opinion that the agreement between the K/C12/Au and Ni/FTP3/Au data is fortuitous. Indeed,
measurements on the F10H2 system, a fluorinated analogue to C12, do not show this good of
an agreement. Second, the drop in work function is due to the formation of a top nickel layer.
This interpretation is supported by our own spectroscopic data presented in section 6.5 as well
as literature data.53 Further evidence is brought by the change in work function as a function of
sputtering time (figure 7.4). Whereas sputtering of a Ni/F10H2/Au system yields a clean nickel
surface within the first minute of sputtering (figure 7.4, bottom panel), the work function of
Ni/FTP3/Au hardly changes over the first minute of sputtering figure 7.4, top panel), suggest-
ing the formation of a stable metal film several monolayers thick on top of the FTP3 monolayer,
consistent with XPS data (section 6.5).

7.1.2.2 Summary

The deposition of nickel on FTP3/Au and F10H2/Au modifies, as expected, the work function
of the films. The behaviour of the alkyl F10H2 and the aromatic FTP3 monolayers are radically
different. We have shown that while the work function of F10H2/Au changes monotonously with
metal dose, in the case of FTP3/Au it drops sharply at low coverages (< 1 monolayers) and levels
off at high coverages (from 2 to 6 monolayers). This, together with sputtering and XPS data
(section 6.5) suggests the formation of a few monolayer thick metal film on top of the pristine
FTP3 SAMs. By contrast, penetration of nickel to the SAM-substrate interface predominates
for the alkyl F10H2/Au film. Further investigation of these systems is under way.
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Figure 7.4: Variation of the work function of the Ni/FSAM/Au system as a function of sput-
tering time. The films were sputtered using 6 keV Ar+ ions. The absolute value of the work
function was calculated as explained in section 3.9.

7.2 Nanoparticles on crosslinked SAMs

7.2.1 Introduction

Pristine and crosslinked self-assembled monolayers can be used to immobilise nanoparticles
(NPs)291–293 thus forming a NP/SAM/Au assembly which could be used either as-is for nanoelec-
tronics or, our original idea, as seeds for the fabrication of metal films on top of self-assembled
monolayers. We hypothesise that, given a close-packed arrangement of the particles, a single
monolayer of NPs could efficiently stop metal penetration through the SAM. The drawback of
this method would be that the thickness of the metal film would be governed by the diameter of
the nanoparticles. SAMs should be stiff enough to prevent penetration of the nanoparticles to
the SAM-substrate interface.
Here we propose to use pyridine and thiol terminated self-assembled monolayers for nanoparticle
immobilisation. We will focus on the effect of the pre-treatment of the SAMs with electrons
on the immobilisation of NPs. Cobalt nanoparticles were used as test system since they have a
narrow particle size distribution and their magnetic properties make them potentially useful for
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Figure 7.5: AFM images of cobalt nanoparticles on PPP3 and CL-PPP3. (a) PPP3, no nanopar-
ticles, (b) cobalt nanoparticles on pristine PPP3, (c) cobalt nanoparticles on crosslinked PPP3
(30 mC/cm2, 10 eV), (d) height profiles for the PPP3 and CL-PPP3 samples. The lines for
the height profiles are marked in red in panels (b) and (c) respectively. Incubation time in the
nanoparticle solution: 2.25 h at room temperature in all cases.

spintronic applications.c Furthermore, pyridine and thiols are good ligands for cobalt.

7.2.2 Pyridine terminated monolayers for nanoparticle immobilisation

Figures 7.5 and 7.6 show AFM and SEM images of the immobilisation of cobalt nanoparticles
(CoNPs) onto PPP3 and CL-PPP3 (30 mC/cm2). Cobalt nanoparticles adsorb readily on both
PPP3 and CL-PPP3 albeit with some differences. As can be seen from panels (c) and (d) in
figure 7.6, the packing density of the particles is slightly higher for the crosslinked SAMs. This
has been confirmed by UV/Vis measurements of the various CoNP covered PPP3/Au surfaces
(data not shown). We surmise that this stems from the marked difference in the packing of the
nanoparticles as seen in panels (b) and (c) of figure 7.5 and panels (a) and (b) of figure 7.6. The
particles aggregate to form mainly large hexagonally packed domains on the pristine films, owing
to the weak Co-N interaction, whereas on the crosslinked SAMs, chain-like superstructures are
formed, seemingly following a path. It is not clear at this point what causes this behaviour
and further studies would be required to fully understand the mechanism behind this process.
However, since the SAM-ambient interface of PPPn monolayers are not significantly modified
upon irradiation (section 5.2), i.e. the top nitrogen is retained, we do not expect this effect to be
related to a change in the surface chemistry. Furthermore, we would expect any change in surface
chemistry to be random and not directed as they appear in our case. As seen in the AFM images

cCobalt nanoparticles courtesy of Dr. Jianli Zhao.
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Figure 7.6: SEM images of cobalt nanoparticles on PPP3 and CL-PPP3. (a) and (c) cobalt
nanoparticles on pristine PPP3, (b) and (d) cobalt nanoparticles on crosslinked PPP3 (30
mC/cm2, 10 eV). Incubation time in the nanoparticle solution: 2.25 h at room temperature
in all cases.

(figure 7.5), the particles form mainly monolayers with only a small portion of aggregates. This is
significant for technological applications since such aggregates are expected to significantly alter
the performance of any potential device. It should be noted that this experiment was repeated
with different samples and the same results were obtained.

7.2.3 Thiol terminated monolayers for nanoparticle immobilisation

TPDMT monolayers were used to investigate the immobilisation of cobalt nanoparticles on thiol-
terminated SAMs (figure 7.7). The mechanism of attachment to TPDMT is expected to be
different from that of PPP3 since, unlike pyridine, covalent bonds are easily formed between
cobalt and sulphur. It is therefore reasonable to assume that CoNPs will settle on the TPDMT
surface and lose their mobility. The distribution of particles should then be more random and
large, well-packed domains, as seen for PPP3 SAMs, are not expected. This is shown in figure
7.7(a) where only small domains can be seen and the particles are mainly randomly arranged.
Even though about half of the binding sites are lost upon electron irradiation,26 the density
of particles, as for the PPP3 system, seems slightly improved after the irradiation treatment.
This can partly be explained by comparing the size of the particles with that of a TPDMT
molecule. Although one in two thiol is lost, the particles are big enough (∼20 nm in diameter
whereas the thiol-thiol distance is about 0.5 nm) to fill the void and therefore the loss of thiol is
inconsequential for the packing of nanoparticles on SAMs. Note that unlike CL-PPP3 films, no
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Figure 7.7: SEM images of cobalt nanoparticles on TPDMT and CL-TPDMT. (a) and (c) cobalt
nanoparticles on pristine TPDMT, (b) and (d) cobalt nanoparticles on crosslinked TPDMT (30
mC/cm2, 10 eV). Incubation time in nanoparticle solution: 2.25 h at room temperature in all
cases.

change in the preferred adsorption sites of the particles is observed for CL-TPDMT monolayers,
as expected for a random modification of the TPDMT monolayer by electrons.

7.2.4 Nanoparticles as seeds for metal films on top of self-assembled mono-
layers

Preliminary experiments on the use of nanoparticles to stop metal penetration through SAMs
were conducted. Nanoparticles could be used as seeds for metal film deposition. The Ni/NPs/SAM
assemblies were characterised by XPS (data not shown). The adsorption of nanoparticles results
in a rough surface which influences the XPS results.294,295 It is not clear to us at this point
what the effect is and how to account for it. Therefore, we are not able to reliably interpret
the XPS data at this time. A better method may be to use NEXAFS spectroscopy and monitor
the change in molecular orientation.26 However, the cobalt nanoparticles are covered by long
aliphatic chains that complicate the interpretation of the data by obscuring the C1s→ π∗ transi-
tion characteristic of the terphenyl units. More experiments would be required to ascertain the
validity of this method.

7.2.5 Summary

Cobalt nanoparticles, which could be important for magnetic applications, can be adsorbed on
pyridine and thiol terminated SAMs. For both systems, the pristine and crosslinked films are



7.3. SAM-METAL-SAM-METAL ASSEMBLIES 129

suitable. The crosslinked films induced a slight improvement in the particle packing density.
Only one monolayer of particles was adsorbed with only small amounts of aggregates in all cases.
Improved preparation procedures such as changing the substrate should yield better nanoparticle
films making them useful for potential electronic and sensor applications. Unfortunately, the
stability of metal films evaporated on CoNPs/SAM/Au assemblies could not be reliably tested.

7.3 SAM-Metal-SAM-Metal assemblies

7.3.1 Introduction

As seen previously, SAMs afford unique opportunities to tune a metal’s work function. At the
same time, SAMs can be used to protect the metal from oxidation. In addition, the ability to
form a well-packed self-assembled monolayer on top of a Metal-SAM-Metal (MSM) assembly
is essential for the fabrication of multilayer devices. In this section we will present our first
attempt at fabricating a SAM-Metal-SAM-Metal (SMSM) assembly. The system was based on
FTPn monolayers.

7.3.2 SMSM systems based on FTP3 and nickel.

The systems were constructed as follows:

• bottom contact: 100 nm gold on silicon wafer

• dielectric: FTP3 monolayer, 30mC/cm2 at 10 eV

• top contact: nickel, 1.2 nm deposited by e-beam evaporation

• SAM: FTP2, 24 h in THF (not degassed)

The C1s XPS spectra of the different steps in the preparation of the SMSM assembly are shown in
the top panel of figure 7.8 along with the C1s spectra at various sputtering times (bottom panel).
The immobilisation of FTP2 on nickel is evidenced by the overall rise in the carbon intensity in
general and the sharp rise in the CF peak intensity in particular. Further evidence is provided
by collecting XPS spectra during the course of a sputtering treatment (1 keV He+). Comparing
these spectra to that of Ni/CL-FTP3/Au, one can see that the top monolayer is sputtered away
after about 20 minutes under our conditions. This is in line with ion scattering spectroscopy
data acquired for alkanethiols on gold.225 It should be noted that well-ordered terphenyl-based
monolayers are sputtered away much less rapidly than their alkanethiol counterparts (a factor of
2-3 times slower is typically observed)26,225 indicating that the top SAM in our SMSM assembly
is not well-ordered. This was confirmed by extrapolating the XPS spectrum for FTP2/Ni and
comparing it with that of a pristine FTP2/Au monolayer (figure 7.9). The lower CF/CC ratio
for FTP2/Ni and the difference in the shape of the spectra at the lower binding energy side are
clear evidence of a disordered SAM. Note that increasing the incubation time past 24 h did not
afford a better monolayer leading us to believe that the nickel film might have oxidised during
adsorption of the SAM. This was confirmed by XPS (data not shown). The XPS results were
supported by contact angle goniometry data. As can be seen from figure 7.10, the deposition of
nickel lead to a dramatic decrease in the water contact angle (WCA) from ∼80◦ down to ∼30◦.
Upon adsorption of FTP2, the water contact angle dramatically increased to ∼74◦, indicating
the formation of a hydrophoic monolayer on top of nickel. However, the WCA of a well-ordered
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Figure 7.8: XPS C1s spectra of the different stages of the fabrication of an SMSM assembly.
Top panel: Assembly of the SAM-Metal-SAM-metal system. Bottom panel: XPS C1s spectra
of the SMSM assembly after various sputtering times. The system was sputtered with 1000 eV
He+ ions. The pressure in the measurement chamber was 10−8 mbar during sputtering. The
extractor current was 3.5 µA. All spectra were normalised at 285.55 eV.

FTP2 monolayer on gold is about 110◦ implying, in accordance with our C 1s XPS data, that
the SAM on the top nickel contact is disordered. We have no doubt that improving on the
preparation conditions (e.g. SAM formation under inert atmosphere) should yield better SAMs.

7.3.3 Summary

We have shown, using CL-FTP3 as bottom SAM, nickel as top metal contact and FTP2 as the
top SAM, that the fabrication of SMSM is possible. Provided that care in taken during the
preparation, such SAM-metal-SAM-metal assemblies could find use in a variety of applications
such as spintronic devices.
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Figure 7.9: Extrapolation of the FTP2/Ni XPS C1s spectrum. The extrapolated spectrum was
obtained by subtracting the XPS C1s spectrum of Ni/CL-FTP3/Au (middle spectrum) from
that of the SMSM assembly (top spectrum). The spectrum of a pristine FTP2/Au film is shown
as a black solid line for comparison.

Figure 7.10: Water contact angles at different stages of the fabrication of an SMSM assembly.
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Conclusion

Using a combination of X-ray Photoelectron Spectroscopy (XPS), Near-Edge X-ray Absorp-
tion Fine Structure (NEXAFS) spectroscopy, Ultraviolet Photoelectron Spectroscopy (UPS),
Inverse Photoelectron Spectroscopy (IPES), InfraRed Reflection Absorption Spectroscopy (IR-
RAS) and Kelvin-probe (KP) measurements, we have studied two new series of molecules, namely
(4’-(pyridin-4-yl)biphenyl-4-yl)alkanethiol (PPPn, n = 1,3) and perfluoroterphenyl-substituted
alkanethiols (FTPn, n = 2,3), for use as dielectric layers in Metal-Insulator-Metal (MIM) assem-
blies. [1,1’:4’,1”-terphenyl]-4,4”-dimethanethiol (TPDMT) SAMs26,27,65 were used as reference.
All molecules were found to form well packed, highly ordered monolayers, a pre-requisite for use
in nano electronic devices. In addition, the electronic structure of a series of well-defined SAMs
with p-terphenyl and anthracene backbones was studied. The width of the HOMO-LUMO gap
was found to depend on the identity of the aromatic backbone, being smallest for the strongly
conjugated anthracene moiety and widest for the perfluorinated terphenyl unit. In contrast, the
offset of this gap, and especially the position of the HOMO orbital, correlated well with the inter-
facial dipole which could be monitored by WF measurements. In the case of the perfluorinated
terphenyl (FTP3), which is characterised by a comparatively large upward molecular dipole,
this resulted in a significant downward shift of the occupied electronic states with respect to the
Fermi level (chemical potential), so that the film became more n-type than the corresponding
non-fluorinated systems. Comparison of the DFT calculations of the gas-phase molecules with
experimental UPS-IPES data suggested that the small aliphatic linker found in all but one of
the systems studied acted as an insulator, effectively decoupling the aromatic core’s electronic
system from the surface.
Monolayers of PPPn and FTPn on gold (PPPn/Au and FTPn/Au respectively) were treated
with electrons. We have shown, using SAMs of hexanethiol (C6) and dodecanethiol (C12) as
examples, that irradiation of SAMs with electrons results in a variety of complex and interrelated
processes. The branching of these processes was found to be dependant upon the chain length of
the molecules with desorption of molecular fragments dominating for short chain alkanethiols and
bond scission dominating for long chain alkanethiols. Importantly, most bond breaking events
were found to occur at the topmost part of the film. These results have potential implication for
the use of alkanethiols as resists for electron beam lithography.
Whereas loss of carbon fragments dominates in the case of alkanethiols during electron irra-
diation, terphenyl-based molecules are crosslinked, forming 2D quasi-polymeric films (denoted
with the prefix CL-). In particular, we have studied the electron irradiation of PPPn/Au and
FTPn/Au SAMs.
The effects of low energy electron irradiation (50 eV) on PPP1/Au films were studied using

132
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IRRAS, XPS and NEXAFS spectroscopy. The films exhibited a range of behaviours typical
of terphenyl thiols such as moderate loss of molecular orientation and damage to the SAM-
substrate interface as well as a lack of molecular desorption upon irradiation. In addition, PPP1
was found to undergo irradiation-induced processes that, to the best of our knowledge, have so
far not been reported. In particular, close examination of the N1s XPS spectra revealed, in addi-
tion to crosslinking, the formation of reduced pyridine species such as 1,4-dihydropyridine upon
electron irradiation. The rate of change was rapid with the saturation behaviour being reached at
about 25 mC/cm2, much lower than the biphenyl and terphenyl systems (45-50 mC/cm2).26,202

This was presumably due to the increased electron affinity of pyridine compared to benzene and
could lead to reduced device fabrication times. The terminal nitrogen was found to survive the
irradiation treatment and as such CL-PPP1/Au films, in contrast to CL-TPDMT films, provide
a high density of sites for the nucleation of metal thin films. The extent of crosslinking was also
estimated from the N1s XPS data to be 70-80 % (20-30 % of non-crosslinked pyridine).
Similarly to PPPn/Au monolayers, the FTPn films mimic the typical behaviour of aromatic
hydrocarbon SAMs under ionising radiation, i.e. these systems exhibit a clear dominance of
cross-linking between the individual molecular species over their decomposition making them
negative resists for lithographic applications. The cross-linking process follows the cleavage of
the primary C-F bonds in the FTP moieties, which, along with the comparably rapid loss of
orientational and conformational order of the individal molecules, is the dominant irradiation-
induced process in the FTPn SAMs. C-F bond cleavage, followed by the desorption of fluorine
in atomic or ionic form, represents an exclusive pathway of fluorine release in the FTPn films, in
striking contrast to fluorocarbon aliphatic monolayers (F10H2) where the major channel for such
a release is the desorption of fluorocarbon fragments. In addition to desorption, a small fraction
of the fluorine atoms released from the cleavage of C-F bonds remain trapped in the matrix as
CF2 species. Both FTPn films studied (n = 2,3) react similarly towards ionising radiation, the
only differences being a lower stability of the headgroup-substrate interface in the less densely
packed FTP2 SAMs and the faster loss of orientational and conformational order in FTP2/Au
film as compared to FTP3/Au monolayers.110

Nickel was evaporated onto electron irradiated PPPn, FTPn and TPDMT as well as on pris-
tine FTPn. The organometallic films were investigated using XPS and NEXAFS spectroscopy.
Despite our best efforts, nickel penetration into and through the SAMs was found to prevail
for the CL-PPPn/Au and CL-TPDMT/Au systems, even at low nickel doses (∼0.1 nm), with
only ∼35 and 45 % of the total deposited nickel immobilised on top of CL-TPDMT/Au and
CL-PPPn/Au respectively. Along with metal penetration, the electronic structure of the carbon
matrix was modified by the insertion of nickel in the matrix. Furthermore, the HRXPS S2p
spectra of Ni/CL-TPDMT/Au and Ni/CL-PPPn/Au revealed a shift of the thiolate peak to
lower binding energies compared to thiolates on gold (-0.26 and -0.4 eV respectively). This was
used as a marker for nickel penetration for the other mercaptan molecules in this study. The ob-
served nickel penetration through CL-TPDMT/Au was in stark contrast with the data collected
previously in our laboratory.26,27 It is not clear to us at this time why such a discrepancy should
occur and careful re-evaluation of both datasets is under way.
In addition, pyridine and thiol terminated terphenyl SAMs (CL-PPP3 and TPDMT respectively)
were used as substrates for the immobilisation of palladium on self-assembled monolayers. Pal-
ladium was found, by XPS and NEXAFS spectroscopy, to reside at the top of the monolayer
without significantly penetrating through the SAMs. Furthermore, these systems were used as
substrates for e-beam metal evaporation. Upon evaporation, a stable metal layer was formed at
the SAM-ambient interface with palladium atoms acting as seeds, regardless of the nature of the
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bond between palladium and the monolayer (covalent (TPDMT) or coordinated (CL-PPP3)).
Thus, palladium chloride was able to fully stop the penetration of ferromagnetic metals (nickel in
our case) into and through ultrathin organic films (≤3 nm), a critical step toward the fabrication
of SAM-based nanoelectronic devices. Most importantly, using TPDMT, pristine monolayers
could be used for e-beam evaporation thus eliminating the time-consuming crosslinking step
usually required to stop metal penetration through such thin films.26,27 This opens the door
to the use of the many commercially available dithiol molecules for use as dielectric layers in
SAM-based nanojunctions, in particular the aliphatic ones which are readily and cheaply avail-
able from commercial sources. Furthermore, this method could be used in conjunction with the
electron beam chemical lithography22 and UV-Vis chemical lithography23 methods developed in
our laboratory to rapidly and cheaply pattern nano-circuits onto gold wafers.
Finally, using XPS and NEXAFS spectroscopy, we have demonstrated that FTP3 monolayers
can prevent nickel penetration via insertion of the nickel atoms into carbon-fluorine bonds. The
attachment of nickel was found to take place primarily at the top of the monolayer (figure 6.34).
Similar results were obtained for a substrate incubation time (in FTP3 solution) of two hours.
FTP3’s alkyl counterpart, F10H2, did not efficiently prevent metal penetration leading to ex-
tensive damage to the SAM-substrate interface. Similarly, TP3, a hydrocarbon analogue of
FTP3 did not significantly prevent metal penetration and, unlike FTP3, only traces of metal
could be detected at the SAM-ambient interface. Metal-SAM-metal (MSM) assemblies with a
top metal thickness of up to 1.8 nm were successfully fabricated, as evidenced by X-ray spec-
troscopy. Critically, this could be achieved without electron irradiation. In addition, FTP3/Au
SAMs irradiated with various electron doses (30 and 60 mC/cm2) were found to prevent metal
penetration to a higher degree than their pristine counterparts. This, combined with the ability
to fine-tune the transport properties of the FTPn films by electron irradiation makes FTPn/Au
films attractive for the fabrication of tailored nanoelectronic devices, e.g. as nanojunctions in
spintronic devices.
It is my opinion that the two new techniques developed during the course of this doctoral work,
namely palladium-ferromagnetic metal alloying and reaction of ferromagnetic metals with aro-
matic fluorocarbons, could be powerful new tools for the fabrication of SAM-based nanojunctions
for spintronic devices, especially if combined with the e-beam and/or UV-Visible lithography
techniques (e.g. using alkanethiol resists) developed in our institute.
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Abbreviation Definition

Molecules

C6 hexadecanethiol
C12 dodecanethiol
DDT dodecanethiol
TP3 p-terphenylpropanethiol
PPP1 (4’-(pyridin-4-yl)biphenyl-4-yl)methanethiol
PPP3 3-(4’-(pyridin-4-yl)biphenyl-4-yl)propane-1-thiol
TPDMT [1,1’:4’,1”-terphenyl]-4,4”-dimethanethiol
FTP2 2-(Perfluoroterphenyl-4-yl)ethane-1-thiol
FTP3 3-(Perfluoroterphenyl-4-yl)propane-1-thiol
F10H2 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-henicosafluorododecane-1-thiol
CL-PPP1 electron irradiated PPP1
CL-PPP3 electron irradiated PPP3
CL-TPDMT electron irradiated TPDMT
CL-FTP2 electron irradiated FTP2
CL-FTP3 electron irradiated FTP3
THF Tetrahydrofuran
AcOH Acetic acid

Techniques

XPS X-ray Photoelectron Spectroscopy
HRXPS High Resolution XPS
ARXPS Angle-Resolved XPS
ERXPS Energy-Resolved XPS
NEXAFS Near Edge X-ray Absorption Fine Structure
UPS Ultraviolet Photoelectron Spectroscopy
IPES Inverse PhotoElectron Spectroscopy
IRRAS InfraRed Reflection Absorption Spectroscopy
FT-IR Fourier Transform InfraRed
STM Scanning Tunnelling Microscopy
ISS Ion Scattering Spectroscopy
KP Kelvin Probe
QCM Quartz Crystal Microbalance
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Abbreviation Definition

Miscellaneous

SAM Self-Assembled Monolayer
AT Alkanethiol
ML MonoLayer
UHV Ultra High Vacuum
Φ Work function
WF Work function
IP Ionisation potential
eV electron volt
BE Binding Energy
KE Kinetic Energy
CRR Constant Retardation Ratio
DFT Density Functional Theory
HOMO Highest Occupied Molecular Orbital
LUMO Lowest Occupied Molecular Orbital
DOS Density of State
EF Fermi level
UV Ultraviolet
UV/Vis Ultraviolet/Visible
PVD Physical Vapour Deposition
TPD Temperature Programmed Desorption
WCA Water Contact Angle
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