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Abstract

The major goals of the thesis are design and characterization of functional self-assembled
monolayers (SAMs) in context of electrostatic interfacial engineering and molecular
electronics as well as a study of their thermal stability. The issue of electrostatic
engineering can be addressed using custom-designed SAMs with either terminal dipolar
groups or dipolar groups embedded into the molecular backbone.

As for the first task, the novel concept of embedded dipole was successfully applied to the
oxide substrates, which are highly important for photovoltaic applications. A variation of
the work function of indium tin oxide (ITO) by [10.5 eV as compared to the reference non-
polar functionalization was achieved at the invariable character of the SAM-ambient
interface, allowing, thus, to decouple electrostatic engineering from the interface
chemistry. The extremely low work function value for one of the tested monolayers
expands a rather limited selection of SAMs capable of significantly lowering the work
function of ITO.

As a further task, electrostatic effects in charge transport across monomolecular films were
studied, which is currently one of the most intensely discussed topics in molecular
electronics. The tuning of the electrostatic properties was achieved by the fabrication of
binary SAMs of biphenylthiolates (BPT) on Au(111), namely by mixing of BPT with
fluorine-substituted-BPT  (F-BPT) and 4-methyl-4-BPT (CH3-BPT) with 4-
trifluoromethyl-4'-BPT (CF3-BPT). The charge tunneling rate across the binary SAMs was
found to vary progressively with their composition between the values for the single-
component monolayers, and could, consequently, be fine-tuned and correlated with the
work function. The observed behavior was tentatively explained by the appearance of an
internal electrostatic field in the SAMs, leading to a change of the energy-level alignments
within the junction upon contact of the SAMs to the top eutectic Galn electrode.

The height of the respective injection barrier is, however, unaffected by such a field,
corresponding to the values of the transition voltage, which do not change notably with the
SAM composition. Analysis of the presented and literature data suggests that the position
of a dipolar group in SAM-forming molecules has significant impact on the charge
transport behavior of the respective SAMs in the context of molecular electronics.

As the next sub-project in the latter context, custom-designed SAMs of
ferrocene/ruthenocene-substituted biphenylthiolates and fluorenethiolates on Au(111)
were studied. The novel element of these SAMs was the fully conjugated molecular
backbone, in contrast to the previous studies utilizing alkyl linkers as elements of molecular
diodes. The designed SAMs exhibited a highly exceptional charge transport behavior
showing conductance switching triggered by the applied bias. The extent of this switching,
described by a maximum rectification ratio (RR) higher than 1000, was comparable to the
best performing molecular diodes but in contrast to these “devices” was maintained at very
low bias, close to zero volts. The observed behavior could be tentatively explained by a
non-reversible redox process affecting the electronic structure of the molecules and their
coupling to the top electrode. The above results are particularly promising to create novel
molecular devices for potential applications in electronic circuits, molecular memory, or
as an electrochemical sensor.



Finally, the issue of thermal stability of functional SAMs on coinage metal and oxide
substrates was addressed. This issue is of a crucial importance for applications, defining
the temperature range of SAM-based devices and framing the preparation routes involving
high temperature steps. Several representative SAMs with thiol anchoring group on
Au(111) substrates and phosphonic acid (PA) anchoring group on Al>O3 substrates were
studied by high resolution X-ray photoelectron spectroscopy chosen as the most suitable
experimental tool. The range of the thermal stability and the degradation pathways were
found to depend on the chemical composition of the SAM-forming molecules and the
character of the substrates, with such crucial parameters as the strength of substrate-
anchoring group bond and the presence of a backbone-specific “weak links”. In general,
PA monolayers on oxide substrates were found to have higher robustness and better
thermal stability compared to thiolates SAMs on coinage metal substrates. My results
show, however, that is always advisable to test thermal stability of a specifically designed
functional SAM in context of possible “weak links™ as far as this stability is important for
a particular application.
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Zusammenfassung

Die Hauptziele der Dissertation waren das Design und die Charakterisierung von
funktionellen, selbst-aggregierenden Monolagen (SAMs) im Bezug auf der
elektrostatischen Grenzflichentechnik und der molekularen Elektronik sowie die
Untersuchung der thermischen Stabilitdt der SAMs. Das Konzept der Elektrostatik in
SAMs konnte durch speziell angefertigte Molecules mit entweder einer terminalen
dipolaren Gruppe oder dipolaren Gruppe, die in das molekulare Gerlist eingebettet ist,
studiert werden.

Als erste Aufgabe, das neuartige Konzept des eingebetteten Dipols wurde auf
Oxidsubstrate erfolgreich angewandt. Oxidsubstrate sind sehr wichtig fiir
Photovoltaikanwendungen. Eine Variation der Austrittsarbeit von Indium-Zinn-Oxid
(ITO) um £0.5 eV im Vergleich zur unpolaren Referenzfunktionalisierung wurde am
unverdanderlichen Charakter der SAM-Umgebungsgrenzfliche erreicht, wodurch die
Elektrostatik von den einflussen der chemischen Grenzfldche entkoppelt werden konnte.
Der extrem niedrige Austrittsarbeit einer getesteten Monolagen erweitert die bislang eher
begrenzte Auswahl von SAMs, die Austrittsarbeit von ITO senken kdnnen.

Weiterhin  wurden die elektrostatische Effekte beim Ladungstransport durch
monomolekulare Filme untersucht, cines derzeit der bedeutendsten Themen der
molekularen Elektronik ist. Die Abstimmung der elektrostatischen Eigenschaften wurde
durch die Herstellung bindrer SAMs von Biphenylthiolaten (BPT) auf Au(111) erreicht,
im speziellen waren diese Mischungen von H-BPT mit F-BPT und CH3-BPT mit CF3-BPT.
Es wurde festgestellt, dass die Ladungstunnelrate iiber die bindren SAMs hinweg
progressiv mit ihrer Zusammensetzung zwischen den Werten fiir die reinen SAMs variiert
und folglich fein abgestimmt und mit der Austrittsarbeit korreliert werden konnte. Das
beobachtete Verhalten wurde vorldufig durch das Auftreten eines internen
elektrostatischen Feldes in den SAMs erklirt, dass zu einer Anderung der Energieniveau-
Ausrichtungen innerhalb des Ubergangs beim Kontakt der SAMs mit der oberen
eutektischen Galn-Elektrode fiihrte. Die Hohe der jeweiligen Injektionsbarriere wird
jedoch von einem solchen Feld nicht beeinflusst, dies ergibt sich aus den Werten der
Ubergangsspannung, die sich mit der SAM-Zusammensetzung nicht merklich &ndern. Die
in dieser Arbeit prisentierten Ergebnisse sowie der Literaturdaten legt nahe, dass die
Position einer dipolaren Gruppe in SAM-bildenden Molekiilen einen signifikanten Einfluss
auf das Ladungstransportverhalten durch die jeweilige SAM im Kontext der molekularen
Elektronik hat.

Weiterhin wurden speziell angefertigte SAMs von Ferrocen/Ruthenocen-substituierten
Biphenylthiolaten und Fluorenthiolaten auf Au(111) untersucht. Das neuartige Element
dieser SAMs war das vollstindig konjugierte molekulare Geriist, im Gegensatz zu den
fritheren Studien, die sich mit molekularen Dioden unter Verwendung von Alkan-
Monolagen beschiftigten. Die entworfenen SAMs besalen ein auBergewohnliches
Ladungstransportverhalten und zeigten, dass die Anderung der Leitfihigkeit durch die
angelegte Vorspannung ausgelost wurde. Das Ausmal} dieses Schaltens, die durch ein
maximales Gleichrichtungsverhéltnis von mehr als 1000 geschrieben wurde, war
vergleichbar mit den leistungsstarksten molekularen Dioden, wurde jedoch im Gegensatz
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zu unseren Dioden bei sehr niedriger Vorspannung nahe Null Volt erreicht. Das
beobachtete Verhalten konnte versuchsweise durch einen nicht reversiblen Redoxprozess
erklért werden, der die elektronische Struktur der Molekiile und ihre Kopplung an die obere
Elektrode beeinflusst. Die Ergebnisse sind besonders vielversprechend um eine neuartige
molekulare Vorrichtung fiir potenzielle Anwendungen in elektronischen Schaltungen,
molekularen Speichern oder als elektrochemischer Sensor zu realisieren.

SchlieBlich wurde die Frage der thermischen Stabilitit funktionaler SAMs auf
Miinzmetall- und Oxidsubstraten behandelt. Dieses Thema ist von entscheidender
Bedeutung fiir Anwendungen, die den Temperaturbereich von SAM-basierten Geriten
definieren und die Herstellungsverfahren mit Hochtemperaturbehandlung festlegen.
Mehrere repriasentative SAMs mit Thiol-Ankergruppe auf Au-Substraten und
Phosphonsédure (PA)-Ankergruppe auf Al,Os-Substraten wurden untersucht, wobei
hochauflosende Rontgenphotoelektronenspektroskopie als experimentelles Werkzeug
diente. Es wurde festgestellt, dass der Bereich der thermischen Stabilitit und die
Abbauwege von der chemischen Zusammensetzung der SAM-bildenden Molekiile,
insbesondere der SAM-Andockgruppe und der Riickgrat-spezifischen “schwache
Bindungen® abhingig sind. PA- Monolagen weisen im Vergleich zu Thiol-SAMs auf
Miinzmetallsubstraten eine hohere Robustheit und bessere thermische Stabilitét auf. Es ist
jedoch ratsam, die thermische Stabilitdt eines speziell entwickelten funktionalen SAM im
Kontext moglicher “schwache Bindungen® zu testen, sofern dies fiir die entsprechende
Anwendung von Bedeutung ist.
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1. Introduction

As part of the advent of organic and molecular electronics, design and optimization of the
involved interfaces and functional molecular films become increasingly important. Self-
assembled monolayers (SAMs) of tailored organic molecules are highly relevant in this
context for precise adjustment of surface and interfacial properties, as well as for
performing specific functions in electronic devices.! SAMs are defined as two-dimensional
assembles of rod-like molecules, which are chemically anchored to a substrate. In
particular, SAMs have been used as charge-carrier injection layers,?™ as templates for the
directed growth of semiconductor layers,®’ and as ultrathin insulating layers.®® For the
smallest SAM-based electronic devices, so-called SAMFETs (self-assembled monolayer
field-effect transistors), the molecules even contain parts fulfilling several different roles,
e.g., carrying simultaneously a semi-conducting tail-group for the formation of the charge-
transport channel and aliphatic part to act as gate insulator.'®'?

The most attractive property of SAMs is the flexibility of their design, allowing a
combination of different functional moieties within a SAM precursor, consisting usually
of a suitable anchoring group providing bonding to the specific substrate, rod-like
molecular backbone (spacer) mediating the self-assembly, and a terminal tail group
redefining the identity of a particular substrate or an interface. The chemical, physical, and
biological properties of surfaces and interfaces can thus be controlled and readjusted in a
desired way by SAM assembly.1>!5_ One of these tasks is tuning of the work function of
the substrate, described also as its electrostatic engineering.

Tuning of substrate work function is a crucial task in organic electronics and photovoltaics,
particularly to adjust injection barriers and to improve energy-level alignments between
the adjacent layers.'®!” SAMs can be used for this purpose, viz. suitable dipolar SAMs,
specifically adjusted to a particular substrate or an interface.'*?? The adjustment is
achieved by selecting a proper anchoring group, providing the bonding to the substrate in
a predefined orientation.”*An example would be thiolates in the case of gold, which is a
popular electrode material especially for transistors. The backbones of the SAM
constituents have then a nearly upright orientation, exposing their terminal groups to the
SAM-ambient interface. The molecular alignment resulting from such an architecture leads
to an upright orientation of polar functional groups incorporated into the molecules.
Depending on the exact orientation of these polar groups, their density, and dipole moment,
the work function of the resulting interface can be adjusted to specific requirements.

In most cases, polar moieties are introduced as terminal tail groups, changing
simultaneously the electronic and chemical character of the SAM-ambient interface.
Frequently used moieties are —F, —CF3, —CN, —NH2, -NO2, and —CH3 groups.!?**2¢
This strategy has, however, several potential drawbacks, such as strong influence of the
nature of SAMs polar tail group on organic semiconductor (OSC) film growth on the
SAMs-covered substrate and the risk of modification of the chemical structure of SAMs
tail groups due to interaction with the deposited OSC.? Alternatively, a polar moiety can
be incorporated into the molecular backbone, such that a layer with buried dipole moments
is created.?’ This strategy allows work function engineering without changing the chemical



character of the SAM-substrate and SAM-ambient interfaces.>?’° In this way, the
electrostatic and chemical properties of a SAM can be decoupled.

Of particular interest in this context are SAMs with embedded pyrimidine group, which
depending on the orientation of the dipoles are able to change the work functions of
Au(111) and Ag(111) substrates over a range of ~1 and ~0.85 eV, respectively.>?"-303!
Examples of SAMs with embedded pyrimidine group, derived from biphenyl thiol
molecule, are shown in Figure 1.1a and Figure 1.1b.%? Petritz et al used these SAMs to
minimize contact resistances in p-type and n-type organic thin film transistors and
distinctly improved the performance of more complex electronic circuits on flexible
substrates.>* Work function tuning properties of pyrimidine groups can be improved by
including more than one such unit into a single molecule, with the simplest structural unit
being bipyrimidine.*>~¢ . Additionally, SAMs can also affect the morphology of the OSC
layer, reduce the leakage current and diminish the density of the charge-trapping states.
Again, embedded dipole SAMs can then be particularly useful in this regard since they
allow to tune the work function and morphology of the deposited layer independently,
detangling the dipole engineering and chemistry at the SAM surface.

\
N |‘\| N N
N N N N
| |
SH SH PO(OH), PO(OH),
a b c d

Figure 1.1: Structures of the (a) pyrimidine-phenyl-up-thiol, (b) and phenyl-pyrimidine-
down-thiol, (¢) pyrimidine-phenyl-up-phosphonic-acid, and (d) phenyl-pyrimidine-down-
phosphonic-acid. The direction of dipole moments associated with the pyrimidine units
and defined with respect to the substrate is indicated by an arrow and included into the
compound name.

Based on the previous results regarding the pyrimidine-embedded SAMs on Au and
Ag, 232730313638 T started my PhD project by implementing the same concept to oxide
substrates, using indium tin oxide (ITO) as representative example, which is described in
subchapter 4.1.3°* Oxide substrates are widely used in organic electronics and organic
photovoltaic devices, serving, e.g., as gate dielectrics in organic transistors as well as
transparent electrodes and electron/hole transport layers in organic and perovskite solar
cells and organic light-emitting devices (OLEDs).*” These devices will strongly benefit
from optimal energy-level alignment, as facilitated by suitable dipolar SAMs. Two
different SAMs containing pyrimidine polar group and phosphonic acid anchoring group
were used, as shown in Figure 1.1c and Figure 1.1d. The phosphonic acid anchoring group
allows chemical bonding to an oxide substrate. Once SAMs were successfully assembled
on ITO substrates, the samples were characterized by a variety of several complementary
surface characterization techniques to study the structure and electrostatic properties of the
monolayers.



A continuous adjustment of substrate work function can be achieved by using a mixture of
two different polar molecules in a binary SAMs.*2 This strategy was implemented in this
thesis by using 2 pairs of substituted/unsubstituted biphenyl thiol (BPT) SAMs, namely H-
BPT combined with F-BPT (Figure 1.2a and Figure 1.2b),>* and CH3-BPT combined with
CF;.-BPT (Figure 1.2c and Figure 1.2d).>* Note that these SAMs only differ by the terminal
atom or group, so that homogeneous mixed SAMs can be potentially formed.?*=!5% This
continuous electrostatic engineering opened an opportunity to correlate charge transport
behavior of the SAM systems with their electrostatic properties, represented by the work
function. Note that in the case of the single-component SAMs, halogen atom substitution
has been shown to have profound influence on tunneling current density across molecular
junctions,”®> with distinctly different result between the SAMs with aromatic and
aliphatic backbone. For SAMs with aromatic backbone, F substitution of the terminal
hydrogen atom causes a decrease of the tunneling rate by about an order of magnitude,
similar to other halogen (F, Br, Cl, or I) .>”* In contrast, for SAM with aliphatic backbone,
F substitution provides little difference in comparison to H-terminated SAMs, while other
halogen substitution results in a progressive increase of the tunneling rate by up to three
orders of magnitude and at the same time a progressive decrease of tunneling decay
coefficient B from 0.75 to 0.25 A™1.360 The tunneling rate, thus, exhibits no correlation
with the work function of the monolayers, varying progressively and strongly (for the work
function) on going from I to F.°” This behavior was tentatively explained by the strong
confinement of the electrostatic field associated with the terminal atom and by the
compensation of the Au—SAM bond dipole and the terminal group dipole in the molecular
junction, affecting the energy-level alignment between the SAMs and the top electrode,
provided by a tip of eutectic Galn (EGaln) alloy.’” In this context, continuous variation of
the work function by mixing the respective molecules in binary monolayers, following an
established approach, could probably shed some light on the effect of the halogen
substitution.!-%2

H F CH: CFy

SH SH SH SH

a b c d

Figure 1.2: Structure and dipole moment (marked by the arrows) of the (a) H-BPT and (b)
F-BPT, as well as (¢) CH3-BPT, and (d) CF3-BPT.

The results for the binary H-BPT/F-BPT and CH3-BPT/CF3-BPT SAMs are presented in
subchapters 4.2 and 4.3, underlining a strong effect of the terminal fluorine atom/atoms on
the charge transport properties of the entire SAMs network. These results demonstrate the
possibility to tune charge transport via single atom engineering. This idea was pursued
further by exploring the charge transport properties of aromatic SAMs with ferrocene or



ruthenocene substitution, targeting specifically possible implementations of these systems
as molecular diode.®*** Note that molecular diodes with rectification ratio (RR) varying
from 10! to 10° have been successfully demonstrated using alkanethiolates SAM with 1 or
2 ferrocene substitution (Figure 1.3a).8! Ruthenocene was also recently used for
molecular diode with an RR of more than 1000.32%4

An aromatic SAM is more attractive for diode application, due to inherent higher
conductivity in this type of backbone in comparison to alkane. However, recent molecular
diode realizations using ferrocene-based SAMs with partially aromatic backbone (shown
in Figure 1.3b) are rather discouraging, due to relatively low RR varying from 23-77.70-8
In contrast, in my experiments, fully conjugated SAMs with ferrocene substitution (shown
in Figure 1.3¢) were found to exhibit consistent diode behavior with a maximal RR = of
1033 at an extremely low voltage, close to zero. A very similar rectification behavior was
also obtained for the SAMs with ruthenocene substitution. These novel molecular diodes
are described in subchapter 4.4.
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Figure 1.3: Molecular sructure of the SAMs with ferrocene substitution and (a) (CH2)11
alkane,”*%*8 (b) C,-DPA-C with n between 0 and 3 and m between 0 and 1,7%% or (c)
biphebyl ethynyl backbone.®

The ability of SAMs to modify physical and
chemical properties of surfaces and interfaces or even to
redefine them completely are well known as mentioned above, !->11:13:17-23.27.28.36,53.54.89-108
Apart from a specific function of a particular SAM, the knowledge of its thermal stability
is important for practical purposes, for example if the preparation procedure for the SAM
itself includes annealing at an elevated temperature, the assembly of a particular device
requires a high temperature step, or a device could be heated during its exploitation. This
issue is also important scientifically  to provide insights into
the energetics of the molecular films.'” In this context, I studied two representative SAM
systems with a moderate and strong bonding to the substrate, namely archetypical thiolate
SAMs on Au(111) and phosphonic acid-bound SAMs on Al>Os3, putting the emphasis on
three essential questions. First, what are most important temperature-induced processes in
the SAMs, defining their thermal stability? Second, what is the characteristic range of this
stability, defined by maintenance of the primary identity and chemical homogeneity of the



SAMs? Third, to what extent the character and length of the molecular backbone affect the
thermal stability?

As an experimental tool, high-resolution x-ray photoelectron spectroscopy was used to
provide a non-local system-representative information, and allows to monitor and to
understand temperature-induced processes in very detail. The results of the thermal
stability experiments are presented in the subchapters 0 and 4.6, for the thiolate and
phosphonic acid SAMs, respectively.



2. Basics and Background

2.1 Self-assembled Monolayers

Self-assembled monolayers are highly oriented arrangement of molecules on a
substrate/surface, which form spontaneously, due to a favorable and specific interaction
between substrate/surface and one end of the molecules.!!'%!"! SAMs formation has been
achieved on a variety of substrate, for example gold,>>33498.99.102,112-118 jjyep 112,115,119-121
copper,'?*12* indium tin oxide,**°”1?>1?7 zinc oxide,'?*!** and diamond."*'"'* Gold is
highly favored for SAM formation due to its inertness and it can be handled without
exhaustive precautions.** Moreover most contaminants on gold surface are readily
displaced during SAM formation.
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Figure 2.1: Illustration of SAM with (a)aliphatic and (b)aromatic backbone. SAM
components are explained on the right side.

SAMs consist of three major parts: the anchor/head group, the backbone, and the tail group,
as illustrated in Figure 2.1. SAMS anchor group is very crucial, since it binds chemically
with substrate, and hence connects between substrate and SAM molecules. Thiol moiety is
one of the most common example of SAMs anchor group, which generates chemical
bonding with metal, like gold, silver, or copper.'*>1*7 SAM itself consists mostly of carbon
atom, which construct SAM backbone. 2 major motives of SAM backbone are aliphatic
and aromatic as illustrated in Figure 2.1a and b, respectively. The third part of SAM is tail
group, which interacts with atmosphere, and therefore determines SAMs interfacial
properties. 134138

SAM growth has been achieved using a variety of techniques, like from solution, gas phase,
or Langmuir-Blodgettmethods.!'"!1** In this thesis, only solution-based SAM growth
method is used. In this method, typically freshly prepared substrates are immersed in
suitable SAM precursor solutions in ethanol, tetrahydrofuran, or others. The selection of
solvents depend on SAM solubility and substrate.!!’ To achieve a high quality SAM



sample, normally fresh substrates are incubated in precursor solution for not less than 24
hours.
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Figure 2.2: Illustration of SAM formation taken from ref . (a)after gold immersion in
solution, adsorbate molecules in solution approach substrate. Gold is already coated with
solvent molecules. The solvent molecules surrounding adsorbate molecules are omitted for
clarity. (b)adsorbate molecules displace solvent molecules to form either lying-down
domains (1) or upright domains (2). (c)Additional adsorbate molecules are incorporated
into the lying-down domains and initiate a transition to an upright domain (3).
Alternatively, adsorbate molecules can impinge on the surface (4), within the boundaries
(5), or at the boundaries (6) of upright domains and incorporate into the domains. (d)The
upright domains formed from either the lying-down phase (7) or direct adsorption (8)
continue to grow until maximum coverage attained.

After incubation, substrates are removed from solution and then washed intensively with
ethanol or a combination of solvent to remove unbound thiol, and then immediately dried
with nitrogen or argon gas. Afterward SAM can be immediately measured or stored in a
sealed container with argon atmosphere.

2.2 X-Ray photoelectron spectroscopy (XPS)

XPS is a well-known technique to measure chemical composition and chemical state of a
surface. This technique is based on detection of photoelectrons, which are the outcomes of
an irradiation of sample of interest with X-ray photons.'*® This method is based on
photoelectric phenomenon, which was found by Einstein and illustrated in Figure 2.3a. In
case of interaction between atomic orbital electrons and X-ray photons, the following 3
possibilities might occur: !4

1. Photons propagate through atom without significant interaction with nucleus and

orbital electron
2. Photons are scattered by atomic orbital electron and lose a portion of its energy.
3. Photons interact with orbital electrons and exchange energy
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Figure 2.3: (a) Interaction between an 1s orbital electron with binding energy EB and X-
ray photon with energy hv, taken from ref '*’. Due to this interaction, the electron is
photoemitted with kinetic energy EK = hv — BE. (b)Energy level diagram of basic XPS,
taken from ref '*!. The diagram also includes X-ray photon energy (/4v), electron binding
energy (BE), kinetic energy of measured photoelectron (KEmeasured), and work function of
both sample(®sampie), and spectrometer(Dspectrometer).-

The third possibility is the basic process of XPS. In case energy of X-ray photon Av is larger
than atomic orbital binding energy EB, photoelectron is ejected with kinetic energy KE:

KE = hv — BE 2.1

h is Planck’s constant and v is X-ray frequency. In an XPS measurement, photoelectron
energy is measured by referring to sample Fermi energy.'*! Taking work function of
spectrometer QOspecrromerer INt0 account, as illustrated in Figure 2.3b, electron binding energy
can be found with the following formula:

BE = hv — KE — (pspectrometer 22

Because photoemission process is extremely rapid (107'°-10"* seconds), core level
electrons are assumed frozen during the process and no relaxation occurs in the sample
after X-ray photon absorption. For that reason, XPS measurement is a good representation
of sample in initial states before X-ray bombardment.'*’

Many chemical information of a sample can be obtained by measuring emitted
photoelectron in an XPS measurement. Despite X-ray photon typically has penetration
depth a few pm, most of generated photoelectrons experience many inelastic collision and
lose energy before escaping from the sample to the detector.'*! Intensity of photoelectrons,
which escape from a sample, is governed by the Beer’s law as the following:

I = Iyexp(—dA) 2.3

The term A is attenuation length of a photoelectron, which depends of its energy and
propagation medium. \an Attenuation length describes the length scale, which
photoelectrons can travel, before experiencing elastic and inelastic scattering.'*! Despite
attenuation length of photoelectron depends on its kinetic energy, which vary for elements,



10 nm is typical sampling depth of XPS, since at this depth 95% of photoelectron can
escape samples.'*!

Essential components for an XPS measurement are illustrated in Figure 2.4. An X-ray
source needs to produce high intensity of photons with sufficient energy and narrow line
width.'*? Mg Ko and Al Ko are the most commonly used X-ray sources. To separate
photoelectrons according to their energies and convert them into spectrum, an energy
analyzer is very important. This part determines XPS measurement sensitivity and
resolution.!*? However, the current, which reach the end of analyzer, tends to be in the
range 10716-101* A, which is too low to be measured with conventional techniques.'*? For
this reason, electron multiplier is used before spectrum is sent to computer interface.

The counts of measured photoelectron per second (intensity) for each pixel (kinetic
energy/binding energy) is plotted with respect to binding energy (BE), as shown in Figure
2.5 for the case of C16 thiol SAM on top of Au substrate. All chemical components of
SAM are visible in the spectra, including carbon and thiol/sulfur. Please note, that peaks
due to thiol photoelectrons are typically too weak to be visible at a wide electron binding
energy range, as in Figure 2.5. However, by using a higher resolution scan photoelectron
signal of thiol can be detected, as shown in Figure 2.6. For reference, XPS peak due to
substrate is used. For example, in Figure 2.5 it will be gold peaks, which the most intense
one is found at 84 eV for Au 4f7; orbital.

W-ray Source “‘
Energy
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Chart Recorder Computer

Figure 2.4: Illustration of XPS setup.'*? The incidence of X-ray photons Av on sample
produces photoelectron emission es’, which is directed by energy analyzer into electron
detector to be measured. He data is delivered to chart recorder and computer through
electronics.

Binding energy of core level electron is highly sensitive to chemical environment variation,
oxidation state, lattice site, or others.!*!"!** An example of chemical shift, detected by XPS,
is shown in Figure 2.6 for C16 SAM on Au substrate. A pristine C16/Au sample appears
to be bonded chemically with Au substrate, since only S2p doublet at 162 .0 ¢V is shown
in Figure 2.6. Due to electron irradiation, this bonding transforms into physisadsorbed



thiol, since S2p doublet centered at 163.5 eV is observed. Additionally, the intensity of S2p
doublet at 162.0 eV decreases after electron irradiation.!!'?

XPS is also very reliable to determine atomic concentration, film thickness, and relative
concentration of molecules on a surface with precision between 1 and 15%.'*! Due to
attenuation length of photoelectron, XPS is only suitable to characterize the surface of a
sample and it is usually assumed, that the sample is homogenous over depth and area.'*! A
quantitative analysis of XPS data is usually done by first calculating XPS peaks area
through fitting and background subtraction. For a subtraction of background signal,
typically linear, Touggard, or Shirley background are used.!'%!3%141.143-145 The shape of
peaks is calculated using mixed Gaussian-Lorentzian or Voigt function.'4® After the area
of XPS peaks is calculated, atomic concentration can be calculated with the following
formula: 139141142, 144

I
(*/s,)

C, = ——>— 2.4
I
» /s,

In equation 2.4, Cis atomic concentration of element, /is area of an XPS peak, and S is
sensitivity factor. A sensitivity factor determines the brightness of photoelectron emission
of an element. Sensitivity factor also varies slightly for different XPS vendor. This
parameter does not vary with different chemical environment. It is only necessary to
consider sensitivity factor in comparing different concentration of different atomic species,
for example C and O atoms.'*!

XPS: C16/Au
hv = 1254 eV

Intensity (arb. units)

1000 . 800 . 600 400 . 200 . 0
Binding Energy (eV)

Figure 2.5: Wide scan spectrum of C16 thiol SAM on Au(l11), recorded with the
MAX200 XPS-setup using MgKa X-ray source. The corresponding core levels electron
are depicted in the figure. All Au peaks come from the substrate, while the C 1s peak come
from SAM.

XPS is commonly used to determine the thickness of an overlayer “A” d4 on top of
substrate “B” using the following formula;'4!-142:144,147-149
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_ d
IA = IA (1 — exp (_ A/AA(EA) cos a)) 2.5

o d
ls =1Ip (exp (_ A//'lA(EB) cos a)) 2.6

In equation 2.5 and 2.6, /4 and I are the XPS peak intensities from the overlayer A and
substrate B, respectively, and 1, and /3™ are the intensities from uncovered A and pure B.
The term 44(E.4) is the attenuation length of electrons traveling through A originating from
overlayer A, while A4(E)) is the attenuation length of electrons traveling through A
originating from substrate B. The term o is the angle of photoelectron emission in
measurements with respect to normal. These calculations require measurements from pure
A or B."*! A determination of overlayer A thickness can also be done using reference
sample with known thickness, for example C16 SAM on Au. The equation 2.5 and 2.6 can
be rearranged as the following, in which then d4 can be calculated from a comparison of
XPS peak intensities 14/I5:'*°

d
Iy 1—exp(— A//lA(EA)cosa)

Iy d
g exp (_ A/AA(EB) cosa)

2.7

HRXPS: S 2p
hv=1253.6 eV
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Figure 2.6: XPS spectrum of S2p orbital of C16 SAM on Au before and after electron
irradiation with dose 3 mC/cm?.
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Another useful quantity, which is usually calculated from an XPS measurement, is
stoichiometric composition between 2 elements, for example element C and D. Provided
the attenuation length of electrons A and cross section ¢ for both elements are known, the
stoichiometric composition can also be found using the following formula:!3~153

Ng Ig Ay 0p ‘

2.3 Ultraviolet photoelectron spectroscopy (UPS)

In XPS spectrum, spectra at binding energy lower than 30 eV, or called valence region,
gives information of HOMO (Highest Occupied Molecular Orbital) energy level. Analysis
of HOMO level can reveal many information regarding surface states, surface dipole, and
vacuum level shift across surface/interface. While this regime is important, it is difficult to
observe in XPS, due to relatively poorer photoelectric cross-section at these levels in
comparison to core orbitals.!#%!144154157 Tq allow a reliable observation of valence shell
photoelectron, an ultraviolet source, commonly a He-1 source with energy 21.2 eV or He-
2 with energy 40.8 eV, is used to allow ultraviolet photoelectron spectroscopy (UPS)
measurement. 417158 Dye to its low energy and small line width, only valence electron
shells are ionized in experiment and a high resolution measurement (< 0.1 eV) can be
performed.'>® On the other hand, only the top 2-3 nm of sample is characterized by UPS,
which makes the technique is even more sensitive to sample contamination.'*!
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Figure 2.7: The figures are taken from ref '*!. (a) UPS spectrum of Au with the Fermi
energy (Eremi) and the secondary electron cutoff (Ecuwofr) indicated in the figure. (b)
Ilustration how UPS spectrum relates with density of filled states and work function (D).

An example of UPS spectrum is shown in Figure 2.7a for bare Au substrate. As illustrated
in Figure 2.7b, UPS essentially shows electronic states below Fermi level(Eremi in Figure
2.7), including the highest occupied molecular orbital (HOMO).!*! At a certain regime
(around 16 eV in Figure 2.7a), UPS intensity decreases significantly. This regime is called
secondary electron cutoff (Ecuwofr). Photoelectron energy at this regime has low kinetic
energy, which corresponds to high binding energy in the spectra (around 16 eV in Figure
2.7a), and difficult to be measured by analyzer due to inelastic interactions. For this reason
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in UPS experiment, samples are normally put under bias.'*>1%° As illustrated in Figure 2.7b,
a relation between Erermi, Ecutoft, and ultraviolet source excitation energy can be used to
calculate sample work function (®) with the following formula:!4!-160

¢ =hv-— (Ecutoff = Erermi) 29

2.4 Synchrotron-based techniques

For XPS and UPS experiment, as an alternative to Mg, Al, or ultraviolet source,
synchrotron radiation is a very popular option due to its high intensity, well defined
polarisation, broad tunability from infrared to hard X-rays, and consequently higher
photoemission cross section.!”>!%! Experiments involving synchrotron radiation are
performed in particle beam accelerator or synchrotron facility, such as Electron Storage
Ring BESSY 1II in Berlin. Synchrotron radiation is produced by moving high energy
charged particles (usually electrons or positrons with kinetic energy ~2-8 GeV ) ata curved
path, which can be achieved using strong magnetic fields, as illustrated in Figure 2.8.'%°
The quality of produced radiation is defined by brilliance quantity. Brilliance is defined as
the number of photons, which is emitted in one second from a source area of 1 mm? into a
cone defined by 1 mrad?, normalized to a spectral band width of 0.1%.!> The advantages
of synchrotron radiation in comparison to X-ray anode are generally in term of energy
tunability and brilliance, despite each synchrotron facility offers different characteristic of
radiation.'*
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Figure 2.8:Schematic picture of radiation generation in a synchrotron, taken from ref 162,

By using synchrotron radiation, X-ray photoelectron spectra can be collected with higher
resolution. Additionally, experiments, which require a continuous variation of excitation
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energy, such as near-edge X-ray absorption fine structure (NEXAFS), can only be
accomplished.!3>13%1! These methods are described in the following subchapters.

2.4.1 High resolution x-ray photoelectron spectroscopy

As previously described, synchrotron radiation offers several advantages over Mg or Al
radiation in term of intensity and energy tunability. This difference is demonstrated in
Figure 2.9 for measurement of S 2p XPS of C12 SAM on Au substrate. The distance
between both Sulphur peaks and the intensity comparison match with the theory. However,
the peaks are better distinguished in synchrotron measurement (Figure 2.9c) than lab
measurement (Figure 2.9b). Aside from X-ray intensity difference between laboratory and
synchrotron, S 2p photoelectron is generated at higher intensity using X-ray energy 350 eV
than 1254 eV, because x-ray cross section at this energy is higher, hence allowing a
measurement with better resolution. In general, high resolution XPS (HRXPS) setup in a
synchrotron offers more ability to distinguish different chemical species, in comparison to
laboratory XPS.
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Figure 2.9: (a) [llustration of C12 SAM with thiol termination (b)S 2p XP spectra of C12
SAM on Au substrate, taken from laboratory XPS setup using Mg Ka source with energy
1254 eV (c) XP spectra of the same sample with Figure 2.9b, taken from XPS setup in
Bessy using synchrotron X-ray with energy 350 eV.

2.4.2 Near edge x-ray absorption fine structure spectroscopy

Aside from photoelectron emission, absorption of X-ray photon can also be used for
surface characterisation. This technique is often called near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy, or X-ray absorption near edge structure (XANES).
Absorption of soft X-rays excites core electrons into the vacuum level or an unoccupied
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molecular orbital, if this orbital is lower or at vacuum level.'®*71% The excitation only
occurs, if X-ray photons have suitable energy and the transition is electric dipole allowed.
A NEXAFS spectrum reflects the dependence of the photoabsorption cross section on the
photon energy for values from just below the core level ionization threshold up to around
50 eV.!%® For a simplified case of an electron at core level and the absence of any other
unoccupied states, absorption of photon only occurs for photon energy above the
photoionization threshold, which will excite core electrons into continuum final states. '
Based on this argument, NEXAFS spectrum for an electron at core level should follow a
step function at photon energy equals to ionization potential, as shown by dashed line in
Figure 2.10.
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Figure 2.10: The dashed line represents a dependence of photon absorption cross section

with photon energy for the case of an electron at core level (single bound state) without
any other empty electronic states. The solid line represents measured NEXAFS spectra.!®¢
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Figure 2.11: Schematic potential for (a) isolated atom, and (b) diatomic molecular system
which show Rydberg, continuum states, and unfilled molecular orbitals, which can be
found in NEXAFS spectra.'®

However, the measured NEXAFS spectra, even for a case of single atom system, is more
complicated, as shown by solid line in Figure 2.10. Due to the electrostatic potential of
atom, originating from its nucleus, electronic states are found below (bound states) and
above photoionization threshold (unbound states).!® The bound states can be roughly

15



divided into valence state (n* or lowest unoccupied molecular orbital LUMO) localized in
the proximity of the core and Rydberg states with binding energies, converging to the
ionization threshold. The energy level illustration of single electron case is illustrated more
clearly in Figure 2.11a.

For the case of diatomic molecule present molecular orbitals are shown in Figure 2.11b.
Around the ionization threshold, step-like absorption edges are shown, in contrast to the
single electron case in Figure 2.11s. Empty molecular orbitals are labelled as ¢* and *
orbital.!®® For neutral molecules, o*-orbitals are typically found above the vacuum level.
X-ray absorption is commonly measured indirectly as a decay of excited states.!®> Due to
photoabsorption process, a photoelectron and a core hole are created. A hole is
subsequently filled by another electron, which the corresponding energy excess is
dissipated either radiatively by the emission of a fluorescent photon, or non-radiatively by
the emission of an Auger electron. These processes, which are illustrated in Figure 2.12,
can be used to determine the absorption cross section.!®® For low-Z elements (C, N, O)
Auger electron yield is much higher than fluorescence yield (FY), hence an electron yield
channel is better suited for low-Z molecules.!*®!®” Moreover, electron detection provides a
higher surface sensitivity and is preferred by the majority of published studies.'®® The
reason for a higher surface sensitivity is the relatively low kinetic energy of the electrons
and the corresponding mean free path in solid matter, which is typically less than 1 nm for
energies between 250 eV and 600 eV. This sensitivity is be further enhanced by applying
a retarding voltage to suppress lower kinetic energy electrons. Thereby, only those
electrons that emerge from the outermost surface region (3 nm) are detected. For the
investigation of adsorbates on surfaces, this so-called partial electron yield (PEY) detection
has a better signal-to-background ratio than total electron yield (TEY') detection, where all
electrons that emerge from the surface are detected. !¢

Photoelectron Auger electron

A
Vacuum level

o

Fluorescence

X-ray photon photon

~" Core level

Figure 2.12: The process following X-ray absorption, including photoelectron emission,
Auger electron emission, and fluorecescence.'®

The measured width of a resonance is determined by the resolution of the instrument, the
lifetime of the excited state, and the vibrational motion of the molecule.'®® A broadening
due to the lifetime of a w*-resonance is generally very small, on the order of a about 100
meV for a transition between Cls and n* orbital in benzene. The final state lifetime is
determined by the re-filling, or the decay of the core-hole pair, either by the excited electron
falling back or by an Auger-transition. Transitions into unoccupied orbitals of o-symmetry
are considerably broader, indicating strongly reduced lifetimes for such cases. The reason
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for this is a large overlap of these states with continuum states, which strongly decrease the
lifetime of these states.

In comparison to XPS, NEXAFS is more sensitive toward chemical nature of
intramolecular bond. The absorption spectra of organic molecule are strongly influenced
by the local chemical environment and bonding structure. As an example, the difference in
binding energy between carbon atoms in fully saturated hydrocarbon and aromatic
compounds is only around 0.1 eV, as measured by XPS, which is often below the resolution
of available electron energy analyzer.'® In contrast, NEXAFS is also sensitive to the
position of the excited state, allowing energy difference several eVs. This chemical
specificity of NEXAFS is also shown in Figure 2.13 for 5 different polymers.'%*

Another advantage of NEXAFS is its ability to determine the orientation of a molecule
relative to the substrate surface. Bonds and the corresponding molecular orbitals are highly
directional, and therefore the transition intensities between core level and unoccupied
molecular orbitals depend on the orientation of the electric field vector of incoming photon
relative to the orientation of the molecule. Taking advantage of the polarization
characteristics of synchrotron radiation, the orientation of a molecular orbital can be found
by determining the intensity of the corresponding resonance as a function of the incidence
angle of the photons, 0. The quantum mechanical description of the excitation process for
a single electron in the dipole approximation leads to equation 2.10 relating the initial state
W; and the final state Wr to the photoabsorption cross section oy.!%

o o< [<tgle - ply; >0 (E) 2.10

with e being the unit electric field vector, p the dipole transition operator, and p«(E) the
density of final states. In the case of linearly polarized light, the expression < ¢ |e.p|y; >
can be simplified into < ¢|p|p; >, which is known as transition dipole moment
(TDM).!%® | In the case of K-edge NEXAFS, the initial state 1s-level is uniform in all
directions, hence transition intensities only depend on an overlap between the photon
polarization and the final state orbital.'>'"*!"! The matrix element < 1)¢|e.plip; >* only
depends on an overlap between the photon polarization and the final state orbital. The
transition intensity becomes

I |e <yrlply; >I? « |e- 0]? « cos?§ 2.11

with 6 being the angle between the electric field vector E and the TDM direction. From the
equation 2.11, it can be understood that the intensity of a resonance is the largest when the
electric field vector E lies along the direction of the final state orbital O (or the TDM
direction), as illustrated in Figure 2.14. Please note that o*-orbitals have a maximum orbital
amplitude along the bond axis while m*-orbitals have maximum amplitude normal to the
bond direction.'®®

In general, the TDM direction can be described through a polar angle o and an azimuthal
angle ¢. It means for the determination of the molecule orientation it is necessary to
measure at least two series of NEXAFS spectra at two different azimuthal sample
orientations. Fortunately, the azimuthal dependence is eliminated in many cases by the
symmetry of the surface. The surface symmetry established several equivalent in-plane
chemisorption geometries which lead to the formation of adsorbate domains.!®® Thus for
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molecules adsorbed on a surface with an at least three-fold symmetry, there is an averaging
over the azimuthal angle ¢ and the NEXAFS resonance intensities can be expressed as:

1
I < Pcos?0(cos?a + ﬁtanzﬁsinza) 212

where P denotes the degree of polarization of the incident X-ray light.

From the equation 2.12, it can be seen, that at the incidence angle 8 = tan™! V2P,
absorption intensity does not depend on molecule orientation. Assuming that P = 1, this
angle 0 is about 55° and it is known as “magic angle”.!%® The absorption intensity measured
at this angle is independent on molecular orientation and very useful for data analysis.
Another useful consequence of equation 2.12 is a presentation of the difference of
intensities measured at normal (90°) and gracing (20°) incidence. Taking in to account that
cos 90° = 0 and cos 20° = 1, he following equation is obtained:

1(90°) — 1(20°)~ (; sin(a) — 1) 2.13

a is the angle between the electric field vector E and the TDM direction averaged over
azimuthal angles ¢. This difference spectra is known also as a linear dichroism and is
negative for small a and positive at a > 55°."% According to Figure 2.14, if molecule have
double/triple bonds in its molecular plane, a negative dichroic signal of m* -resonances
corresponded to a flat orientation of the molecule and positive one to upright-oriented
molecules. Since o* - and 7* -orbitals are normal to each other, the dichroic signal of o* -
resonances has the opposite sign than for m* -resonances.

Optical Density (a.u.)

2| W

0
282 284 286 288 280 262 294

Photon Energy (eV)

Figure 2.13: Carbon C K-edge NEXAFS spectra of several different polymers.!®
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Figure 2.14: Illustration of angle dependence of NEXAFS resonances for a m-bonded
diatomic molecule adsorbed with its molecular axis normal to the surface. NEXAFS
resonance increases with overlapping between electric filed vector of incoming X-ray

excitation E with the direction of the final state orbitals O. (a) The o -resonance is
maximized at grazing incidence, while (b) The m-resonance is maximized at normal
incidence.!%¢

It is important to note, that NEXAFS techniques probe all molecules, even those
misoriented or disordered molecules that may exist at grain boundaries or at interfaces.'®
Unlike XPS, NEXAFS is not suitable for quantitative analysis, such as a direct
determination of the sample stoichiometry or the relative ratio of 6- and m-bonded C
atoms.'% For that reason a combination of XPS and NEXAFS is recommended. Please note
that in NEXAFS experiment, final states of molecules are neutral in excited state. Which
in contrast to positive ion in XPS experiment.!®> As the consequence, binding energy of
core level electrons, as measured in XPS, cannot be directly compared with photon energy
of absorption peaks, as measured in NEXAFS.

2.5Kelvin probe

Work function @ is defined as the amount of required energy to move an electron from
metal to vacuum level.!”> Work function measurement is very useful to study adsorption
of molecules or to provide evidence for nanoscopic structural and chemical state on a
surface.!”® The measurement is achieved by using reference electrode with known work
function, or so called Kelvin probe, normally in ultra-high vacuum condition.

The schematic of Kelvin probe setup is shown in Figure 2.15. A probe (material 1) and a
sample (material 2) form a parallel plate capacitor, which the distance between sample and
probe is much lower than lateral dimension of capacitor plates. When both materials are in
electrical contact, due to a difference in work functions, electrons will flow from material
with a lower work function to the one with higher work function to establish equilibrium
and Fermi alignment. This will create a bias across capacitor, referred as contact potential
difference (CPD), and electric field across the system. This electric field is easily
detected.!”® By applying external bias Vc until the electric field is compensated, CPD can
be measured. Since the work function of reference electrode is known, the work function
of sample of interest is also known.

A more recent improvement in Kelvin probe technique utilizes periodically vibrating
reference electrode. Due to vibration, the distance between probe and sample and
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capacitance of the system change. This variation is capacitance induces alternating current,
which is formulated as the following:!7*!7

i(t) = CPTwAC cos wt 2.14

where o is frequency of vibration and AC is the change in capacitance. This alternating
current is easily detected. By scanning external bias V¢ to nullify both electric field and

alternating current, work function difference between sample and reference electrode can
be found.

Vacuum Vacuum

—— —— ——— 3
. \ qCPD ¢
® £ 2 i \{ £
i b
.3
g — £ —— = —— £ ——
L] ‘ y - (] I

V.=CPD
a b C

Figure 2.15: Schematic diagram of Kelvin probe physics taken from ref !”3. (a) 2 different
materials 1 and 2 with each work functions ¢1 and ¢2, respectively, are present. (b) When
material 1 is in contact with material 2, electrons flow from material 2 into 1, which aligns
energy level between both materials, resulting in contact potential difference CPD. Due to
the charges present in both materials, electric field E and electron charge q appear in the
system. (c) Electric field is removed by applying external bias V., which equals to CPD.

2.6 Measurement of charge transport through SAM

Charge tunneling through SAM is usually described using Simmons model:'*

] =J,ehd 2.15

In equation 2.15, J is current density, d is molecular length, Jy is bias-dependent pre-
exponential factor, which depends on interface between SAM and Ga>O3/EGaln electrode,
and f3 is tunneling decay constant.'”> Simmons model does not consider SAM thickness
variation and SAM defects, which are often found in experiments.
Reus et al classify defects in a SAM/Ga>O3/EGaln junction into 2 classes: '7°
1) Defects that maintain the basic of intended substrate/SAM/Ga>O3/EGaln junction,
while changing d, and hence can be described by equation 2.15. This type of defects
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includes domain boundary, pinholes, disordered region, and physisadsorbed
contaminants
2) Defects that invalidate the structure of junction. This includes a direct contact
between Ga,03/EGaln and substrate and regions of EGaln without GaO.
Charge transport in the second class of defects can strongly deviate from tunneling, which
is assumed in equation 2.15, and hence will give noninformative data. A reliable analysis
of charge transport data, particularly using EGaln technique, but also in other methods,
needs to take the second type of defects into consideration. There are 2 different
approaches, which can be used:!”
1) To use statistical model to distinguish between informative and noninformative
data

2) To assume informative data, predominate over noninformative data and use
statistical analysis that is weakly influenced by a small number of extreme
values.

adsorbed organic contaminants
/

e

Figure 2.16: Schematic of substrate/SAM/Ga,O3/EGaln junction, modified from ref !”>. A
junction is formed by lowering a Ga,O3/EGaln tip into contact with SAM sample. Substrate
is grounded. The junction can contain defects, such as contaminants, substrate
nonuniformity, Ga;03/EGaln nonuniformity, or defects in molecules. These defects can
cause variation in junction thickness.

A statistical model was developed from equation 2.15 by assuming constant 3 and Jy, and
normally distributed d in an informative junction. Because of these assumptions, according
to equation 2.15 J should follow log-normal distribution. This statistical distribution can
be used to distinguish informative and noninformative data from a measurement, as shown
in Figure 2.17a. While the majority of histogram in Figure 2.17a can be fitted with normal
distribution equation, some deviations can be noted, which is considered noninformative
and excluded from analysis. This approach is referred as Gaussian method or Gaussian
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mean in this thesis.!”>. From Gaussian method, Gaussian mean (pg) and standard deviation
(oc) are calculated to determine location and dispersion of log(J), respectively.!”®
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Figure 2.17: (a)Histogram of logarithmic current density at bias = +0.5 V for biphenyl
thiol SAM on template-striped gold substrate. The normal distribution fitting of the
histogram is shown. A long tail, defined as a group of data, which lie inside the x-range of
the main peak, but with the height/intensity higher than the main peak, is found at the right
side of the histogram. No outlier, defined as a group data, which lie outside the x-range of
the main peak, is visible in the histogram. 3 different statistical analysis were used to
estimate logarithmic current density at bias +0.5 V, which are shown in the figure.
Arithmetic mean appears to be more influenced by the presence of long tail at the right side
of histogram. (b) Median and Gaussian average were used to estimate the current-voltage
relation of the SAM.

Table 2.1: The result of statistical analysis using Gaussian and median methods for
logarithmic of current density at bias +0.5 V for SAM sample in Figure 2.17

log(|J(+0.5 V)|) for BPT/Aurs Gaussian method Median method
Estimated location -1.73 -1.86
Data dispersion 1.12 1.18
Confidential interval CI 95% 0.19 0.82
Confidential interval CI 99% 0.25 0.92
Confidential interval CI 99.5% 0.32 1.00

The accuracy of Gaussian analysis is in general very trustworthy.>”*>175177:178 However, in
case equation 2.15 is considered invalid, it will consequently invalidate the whole Gaussian
analysis. Another alternative statistical method is median, since it doesn’t require equation
2.15 to be valid or log (J) to be normally distributed. This method assumes the majority of
data to be informative and is weakly affected by outliers or long tail. The accuracy of
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median for statistical analysis is illustrated in Figure 2.17a. In comparison to arithmetic
mean, median is less affected by noninformative data.!'” For median method, both
interquartile range (IQR) and adjusted median absolute deviation (om) can be used to
describe dispersion of log (J).!7

The relation between logarithmic current density and applied bias is derived by
implementing statistical analysis, either Gaussian method or median, for each applied bias.
An example for H-BPT SAM on Au substrate can be found in Figure 2.17b, which the
result of both Gaussian method or median are shown, and in Table 2.1, which the result of
statistical analysis for log(J(+0.5 V)) is shown. According to Figure 2.17b, Gaussian
method and median method agrees one another to analyze logarithmic current density-
applied bias relation of H-BPT SAM on Au substrate. Please note, that data dispersions
from both statistical methods are not suitable to quantify the precision of statistical
analysis, since it is also affected by the number of data taken into consideration for the
statistical analysis. Confidential interval (CI) quantity is more suitable to express the
certainty of statistical estimation (CI).!”> Common CI in literatures include CI 95%, 99%,
and 99.9 %, which have been calculated for the case of H-BPT SAM on Au at bias =0.5 V
in Table 2.1.!7° These quantities tell respectively, the interval of 95%, 99%, or 99.9% of
collected data surrounding estimated location. The detail of procedure to calculate
confidence interval has been described elsewhere.!”>17%-181

2.7 Transition voltage spectroscopy

Transition voltage spectroscopy (TVS) was first demonstrated by Beebe et al.!®? In this
method, I-V relation of a molecular junction is plotted as In(I/'V?) versus I/V, as shown in
Figure 2.18a. A minimum in current at certain //V is found, which V, or called transition
voltage (Vians) correlates well with HOMO values from UPS measurement. By considering
rectangular barrier for carriers transport, as illustrated in Figure 2.18b-Figure 2.18d, Beebe
et al argued, that Viuns is a direct representation of effective barrier for charge transport.'52,
However, several theoretical investigation of TVS raise doubt of this original
interpretation. 87186, Huisman et al pointed out inconsistency of rectangular barriers
consideration with experiment, and showed, that TVS gives direct information of
molecular level instead in the framework of coherent molecular transport model.!83 It has
been pointed out, that Vimin does not occur at the transition between direct tunnelling and
FN tunnelling, but when a certain amount of the tail of the broadened resonant level comes
within the bias window.!8%1%¢187 Regardless of disagreement in literatures regarding
interpretation of TVS, it still allows a direct observation of HOMO or LUMO fingerprint
in a transport experiment.
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Figure 2.18: The figures are taken from ref 82, (a)a Fowler—Nordheim (FN) plot of IV
data (shown in inset). The dashed line represents required voltage to change both current
dependence on applied bias (Vapp) and carriers transport from tunneling to FN tunneling.
(b) Schematic illustration of a tunneling barrier between 2 electrodes, when applied bias
Vapp 18 0. The barrier height ¢ is determined by the offset between molecular orbital and
fermi level, while the barrier width is determined by the length of molecule in junction.'®?
(c) At low Vapp (Vapp < Vians), the rectangular barrier becomes trapezoidal. Carriers
transport occurs through tunneling. (d) At high Vapp (Vapp > Virans), the rectangular barrier
becomes triangular. Carriers transport occurs  through Fowler-Nordheim (FN)
tunneling.'®3
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3. Methods

3.1 Materials & Preparation Procedures

3.1.1 Substrates

For most of the experiments, the SAMs were prepared on gold substrates purchased from
Georg Albert PVD-Beschichtungen (Silz, Germany). These substrates were prepared by
thermal evaporation of 30 nm of gold (99.99% purity) onto polished single-crystal silicon
(100) wafers (Silicon Sense) that had been precoated with a 9 nm titanium adhesion layer.
The films were polycrystalline, with predominant (111) orientation of individual
crystallites and an RMS roughness value of 0.8 nm (5 x5 pm? scan area).

The ITO coated glass slides with surface resistivity of 8-12 Q/sq were purchased from
Sigma-Aldrich (product number 703192). The RMS roughness of these substrates,
measured over the 10 pm x 10 pum scan area, was estimated at 1.4-1.65 nm.”’” The
measurements were performed with a Solver NEXT atomic force microscope (NT-MDT)
in the tapping mode. Note, however, that there can be certain batch-to batch variations in
the properties of commercial ITO, even when acquired from the same vendor.*® A
significant effect on the parameters and quality of the SAMs should not, however, be
expected, since the basic surface chemistry is unchanged.

2-3nm Substrate Al

1.5-2 nm Interlayer SO,

“s250m 5i (100)

Figure 3.1: Scheme of Al,Os substrate, which were used to prepare some SAM samples
in this thesis.

The AlbO3 substrates were prepared by deposition of a thin Al>O3 layer on top of a boron-
doped, double side polished 6 inches silicon wafer (625 um thickness, (100) orientation,
0.001-0.005 Q cm resistivity, prime grade). Native silicon oxide was removed directly
prior to deposition by a dip in diluted, aqueous hydrofluoric acid (1 v%, DI water) for 1
minute at room temperature. The Al,O3 layer was deposited using Savannah S300 setup
(Cambrigde Nanotech ALD) by cycling TMA/water. The thickness of this layer was
estimated at 2—3 nm by spectroscopic ellipsometry; it is presumably separated by a
“mixed” AlSiOx interlayer from the silicon substrate (Figure 3.1). The wafer was diced into
8 x 8 mm coupons, which were cleaned by RF-O;-plasma treatment (p < 0.3 mbar, 150 W,
1 min) directly before SAM deposition.

25



3.1.2 SAM precursors, substrate cleaning, and SAM Preparation

The SAM precursors were either purchased from Sigma Aldrich or custom-synthesized by
our partner groups, according to the literature recipes. All relevant precursors and
description of solution preparation can be found in section 4.1.1, 4.2.1, 4.3.1, 4.4.1, and
4.5.1 and 4.6.1. Other chemical and solvents were purchased from Sigma Aldrich and used
as received.

The Au substrates were cleaned by ultraviolet light for 30 minutes and subsequently
ultrasonicated in ethanol for 10 minutes. Afterwards, Au substrates were washed with
ethanol and blown dry with argon, before immersed in SAM precursor solution for 24
hours. After 24 hours, samples were cleaned to remove physisadsorbed thiol by first
ultrasonication in SAM precursor solution for 10 minutes. Subsequently, samples were
washed with pure ethanol, if respective SAM precursor solution was made with ethanol,
then blown dry with argon flow before stored in sealed container with inert gas. In case
precursor solution was made with solvents other than ethanol, samples were washed 2
times after ultrasonication, first with pure solvent, which was used to make respective
precursor SAM solution, and then with ethanol.

ITO substrates were cleaned by first ultrasonic treatment in ethanol for 3-5 minutes, then
ultraviolet light cleaning for 15 minutes, followed by a second ultrasonic treatment in
ethanol for 3-5 minutes, before samples were immersed in precursor solution. After
immersion, samples were annealed for 2 hours at 200°C in atmosphere, before intensively
washed with ethanol. Finally, samples were stored in sealed container in inert gas.

3.2 Characterization & Analysis

3.2.1 XPS & HRXPS

XPS measurements were performed at 2 different places. The laboratory XPS
measurements were performed in Physikalisch-Chemisches Institut, Universitit
Heidelberg. This setup uses MAX200 (Leybold-Heraeus) spectrometer equipped with a
non-monochromatized Mg Ko X-ray source (200 W) and a hemispherical analyzer. This
XPS setup uses normal emission geometry. The recorded spectra were normalized by
spectrometer transmission. The binding energy (BE) scale was referenced to the Au 47
emission at 84.0 eV.!%®

The synchrotron-based high resolution XPS (HRXPS) measurements were carried out at
the HE-SGM beamline (bending magnet) of the synchrotron storage ring BESSY II in
Berlin using a custom-designed experimental station.'®® Synchrotron light served as the
primary X-ray source. The spectra were measured with a Scienta R3000 electron energy
analyzer in normal emission geometry. The photon energy (EP) was set to either 350, 580,
or 750 eV, depending on the acquisition range. The energy resolution was ~0.3, ~0.6 eV,
and ~0.8 eV at a PEs of 350, 580, and 750 eV, respectively. The binding energy (BE) scale
was referenced to the substrate, either In 3d5/2peak at 444.3 eV for ITO substrate, 3519
Au 4f at 84.0 eV for gold substrate,'® or Al 2p at 74.0 eV for Al,Os substrate.!®® Some
of the spectra were fitted by symmetric Voigt functions and either a linear or Shirley
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background, as far as this was necessary for the numerical evaluation of the XPS data. To
fit the S 2pss.12and P 2p3.1/2 doublets, 2 such peaks were used with standard parameter. '8
The XPS data were used for the evaluation of the effective thickness and packing density
of the monolayers on the basis of the C 1s/ Au 4172 and S 2p3.2, 12/Au 4f72 intensity ratios,
respectively.!**!°! The standard, exponential attenuation of the photoemission signal was
assumed'*® and the literature values for the attenuation lengths of the photoelectrons in
densely packed SAMs were taken.!>® The spectrometer-specific constants were determined
using a reference C16 SAM on Au(111), with a well-defined thickness (18.9 A)!°? and
packing density (4.63 x 10'* molecules per cm?).!%?

3.2.2 NEXAFS spectroscopy

The NEXAFS measurements were conducted the same beamline as the HRXPS ones. The
spectra were measured at the carbon and nitrogen K-edges, corresponding to the excitation
of the C 1s and N 1s core-level electrons into the unoccupied molecular states. The spectra
were collected in the partial electron yield (PEY) acquisition mode with retarding voltages
of =150 V (C K-edge) and =300 V (N K-edge). The polarization factor of the synchrotron
light was estimated at ~90% (linear polarization). The incidence angle of the light was
varied in steps between the normal and grazing geometry, set to 90, 55, 30 (C K-edge only),
and 20° with respect to the sample surface, to monitor the linear dichroism effects
associated with molecular orientation and orientational order in the SAMs.!”!'The energy
resolution was~0.3 eV at the C K-edge and~0.45 eV at the N K-edge. The photon energy
scale was referenced to the pronounced n* resonance of highly oriented pyrolytic graphite
at 285.38 eV.!

3.2.3 Kelvin Probe Measurements

Work function measurements were carried out using a UHV Kelvin Probe 2001 system
(KP technology Ltd., UK). The pressure in the UHV chamber was ~10"® mbar. The work
function values were referenced to that of a C16 SAM on Au(111), viz. 4.3 eV.?’ The latter
value was additionally verified by comparison to the work function (WF) of freshly
sputtered gold at 5.2 eV.%

3.2.4 UPS

The UV light (He I radiation; 21.22 e¢V) was provided by a UVS 40A3 source (Prevac,
Poland), and the spectra were recorded with an EA 15 analyzer (Prevac, Poland) in normal
emission geometry. The pass energy was set at 10 eV; the samples were biased by ca. 27
eV to record the secondary electron cutoff providing information about the WF of the
samples.
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3.2.5 Electrical Conductance Measurements

Ga,0;

OE JL/\ /
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Figure 3.2: Illustration of electrical conductance measurement of SAM sample with
eutectic gallium indium setup.

Charge tunneling rate measurements were performed with a custom-made two-terminal
molecular junction setup, based on the Keithley 2635A source meter.'** The reliability of
the setup has been confirmed by previous experiments.>>*!**> The gold substrate and a sharp
tip of eutectic Galn (EGaln), covered by a ultrathin GaOx film (ca. 0.7 nm thick),!”>1%
served as the bottom and top electrodes, respectively (see a schematic drawing in Figure
3.2). Tunneling junctions were formed by contacting grounded SAM/Au samples with the
EGaln tips and applying a potential. The formation of EGaln tip is shown in detail in Figure
3.3. The voltage was varied either between —0.5 V and +0.5 V or between —1.0 V and +1.0
Vin 0.01 V steps. At least 20-25 -V curves, measured at several different places and for
several different samples, were recorded for each sample type, with a yield of reliable data
of 55-95%. Average values of the current density were calculated with standard statistical
analysis relying on either Gaussian mean and standard deviation or median with the
adjusted interquartile range for expressing the dispersion of the samples.!”> Both
procedures resulted in nearly identical values of the current density. In case, more than 70
I-V curves are collected per sample, confidential interval (CI) 95% is used to express
samples dispersion.!” Similar analysis was also performed for the transition voltage, on
the basis of the /- curves represented as Fowler—Nordheim plots.

sacrificial
20mere  SUbstrate 200 micro. 4 200 micro

Figure 3.3: EGaln junction is formed as the following (a) Microneedle is contacted with
EGaln droplet on a sacrificial substrate. (b) The microneedle is lifted by a manipulator,
which stretches EGaln droplet, by making it narrower in the middle part. (¢) EGaln tip is
formed by lifting the microneedle further and breaking the EGaln droplet. (d) The EGaln
tip is contacted with SAM sample of interest to measure current-voltage relation.
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3.2.6 Thermal stability measurements

The experiments were performed at the HE SGM beamline (bending magnet) of the
synchrotron storage ring BESSY II in Berlin, Germany, using a custom-designed
experimental station.!®® The samples were mounted on the commercial sample holders with
e-beam heating (Prevac, Poland). The temperature of the samples was measured by a Ni-
CrNi thermoelement fixed at the sample surface by a metal stripe and controlled by the
HEAT-2 unit (Prevac, Poland). The samples were mounted on the commercial sample
holders with e-beam heating (Prevac, Poland). The temperature of the samples was
measured by a Ni-CrNi thermoelement fixed at the sample surface by a metal stripe and
controlled by the HEAT-2 unit (Prevac, Poland).

The temperature was varied with certain step size, starting from the room one (ca. 300 K).
The heating rate did not exceed 1 K/sec and was even further reduced (manually) to the
extent necessary upon the approaching the specific annealing temperature, to avoid its
exceedance by more than 0.2-0.3° during the temperature adjustment. The samples were
kept at this temperature for 2-5 minutes. Afterwards, the heating was switched off and the
samples were cooled down.

The temperature-induced degradation of the SAMs was monitored by HRXPS, which was
also used to characterize the sample in their pristine state (i.e., at room temperature). The
experiments were conducted under UHV conditions, with a base pressure of ~5 x 10710
mbar, which became worse to some extent as far as the samples were kept at high
temperatures. The spectra acquisition was carried out in normal emission geometry with a
Scienta R3000 electron energy analyzer.
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4. Results & Discussion

4.1 Electrostatic Engineering of ITO

The concept of embedding dipolar groups into the molecular backbone of the SAM-
forming molecules has been successfully demonstrated for a variety of SAMs taking gold
and silver substrate.*?"2>!1%7 The concept was adapted for the oxide substrates, taking as
such in this subchapter substrate indium tin oxide (ITO) - a frequently used and application-
relevant test material, prone to SAM engineering.’**

. PP-PA
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HO-F~oH HO-F~oH HO-F~oH
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PmP-PA-up PPm-PA-down

Figure 4.1: Molecular structures of SAM-forming molecules with their acronyms (P =
phenyl, Pm = pyrimidyl, PA - phosphonic acid, and up/down - direction of the dipole
moment (red arrows) with respect to the anchoring group and, consequently, to the
substrate). The molecules were synthesized by the group of Prof. Terfort.”’

The SAM-forming molecules selected for the present study are shown in Figure 4.1, along
with their acronyms. Apart from the phosphonic acid (PA) anchoring group, their structure
intentionally mimics the analogous molecules with a thiol anchor, viz. PmP-SH-up, PP-
SH, and PPm-SH-down, which were optimized to achieve a high conductance while
allowing work function adjustment of gold (5.2-5.3 eV) to 4.07£0.1 eV, 4.46%0.1 eV, and
4.83%0.1 eV, respectively, with a work function difference of 0.8-0.9 eV between the "up"
and "down" engineered substrate 2325198

The PA anchoring group (Figure 4.1) was selected because of its binding capability for a
broad variety of oxide substrates, such as ALOs, ITO, ZnO, glass, etc.’*!%>2% The robust
and reliable character of PA SAMs is generally accepted, along with the relatively simple
fabrication as compared to alternative anchoring groups (trichlorosilanes, carboxilic acids,
etc.), suitable to oxide substrates,!%47:19%.201.202
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4.1.1 SAM Preparation

The ITO substrates were purchased from Sigma-Aldrich. The SAM precursors were
synthesized by our partners. Before the SAM preparation the substrates were cleaned using
standard cleaning procedure for ITO substrate, as described in subchapter 3.1.2. The SAMs
were prepared by immersion of the substrates into 1 mM solution of the SAM-forming
molecules in ethanol for 24-72 h at room temperature. Only minor dependence of the SAM
properties on the immersion time, within the above range, was observed, but, for the PmP-
PA-up monolayers, slightly lower values of the work function were recorded at a prolonged
immersion. Consequently, the results presented here correspond to 24 h immersion for the
PPm-PA-down and PP-PA SAMs and to 48 h immersion for the PmP-PA-up monolayer.
After the immersion, the samples were dried with Ar and annealed at 200 °C for 2 h under
ambient conditions, which is a standard post-treatment step promoting conversion of the
surface-adsorbed phosphonic acid to surface-bound phosphonate,*’ while the annealing
temperature was selected based on literature data?>2%, Finally, the samples were washed
again with ethanol to remove physisadsorbed residues and dried with Ar.
Note that even though the post-annealing temperature is relatively high, it is well below
the thermal stability limit for PA SAMs, which is 350-440°C for ITO, ca. 300°C for ZnO,
and 500-600°C for alumina.'®-2%2%2 The reliability of the post-annealing procedure with
respect to the integrity of the molecules was evidenced by the entire bulk of the
experimental data for the fabricated SAMs, as described below. Note also that several
series of the samples were prepared for the different experiments, some of which were
repeated several times. The results were generally well reproducible.

4.1.2 XPS

In 3d, P 2p, C 1Is, N 1s and O 1s XP spectra of the PmP-PA-up, PPm-PA-down, and PP-
PA SAMs are shown in Figure 4.2. The total intensities of the In 3d (Figure 4.2a), P 2p
(Figure 4.2b) and C 1s (Figure 4.2c) signals for the "up" and "down" SAMs are close to
each other but are either higher (In 3d) or lower (P 2p and C 1s) than those for the PP-PA
monolayer (the intensities were calculated within the spectra fitting procedure).Such
intensity relations suggest similar packing densities of the "up" and "down" SAMs and a
somewhat higher packing density for the PP-PA monolayer.

The In 3d spectra of all SAMs in Figure 4.2a exhibit an In 3ds.,32 doublet, comprised of
the symmetric In 3ds, and In 3d3 peaks, splitted by ~7.5 eV, in good agreement with the
literature data (7.54 eV).!3® These peaks correspond to the bulk ITO. Neither side lines nor
high BE shoulders, observed sometimes for ITO samples,?°?%7 are perceptible.

The P 2p spectra of all SAMs in Figure 4.2b exhibit an asymmetric peak, which can
be precisely reproduced by a single P 2p3/,12 doublets at BE of 132.8-132.9 eV (P 2p3n),
with a standard branching of 2:1 (P 2ps/2: P 2p3p2), a spin-orbit splitting of ca. 0.9 eV,?*82%
and both components merged together. This feature corresponds to the PA groups bound
to the substrate,*%2% most likely in the bidentate adsorption mode.?” The absence of
other doublets as well as the similarity of the BE positions and the entire peak shapes for
all three monolayers suggest a similar bonding configuration for all molecules in the films,
underlining their SAM character.
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Figure 4.2: (a) In 3d, (b) P 2p, (c) C 1s, (d) N 1s, and (e) O 1s XP spectra of the PmP-PA-
up ("up"), PPm-PA-down ("down"), and PP-PA SAMs on ITO. The spectra were acquired
at photon energies of 350 eV (b, c¢) and 580 eV (a, d, e). The P 2p spectra are decomposed
by the individual P 2p3/2 and P 2p1» components (see text for details). The C 1s spectra of
the "up" and "down" SAMs can be both reproduced as a combination of two peaks (marked
as 1 and 2), with the BE positions traced by the vertical red and blue dashed lines, but such
a decomposition can only be considered as formal, since these spectra result from a
complex combination of the chemical and electrostatic effects (see text for details). The
positions of the N 1s peaks are also marked by the vertical red dashed lines.

The C 1s spectrum of the PP-PA SAM in the Figure 4.2¢ represents, as expected,’'? a single
peak at a BE of 284.2 eV, corresponding to the biphenyl backbone. The BE position of this
peak is nearly identical to that of the well-defined biphenylthiolate SAM on Au(111).%21°
The spectra of the "up" and "down" SAMs, containing the pyrimidine unit (see Figure 4.1)
are, as expected®'!, more complex, representing merged contributions of phenyl (a single
peak; see the spectrum of the PP-PA SAM) and pyrimidine (a combination of three peaks
with a larger spectral weight at the low BE side).?!! However, what is even more important,
these spectra are distinctly different from one another, in spite of the identical chemical
compositions of the SAM-forming molecules (see Figure 4.1). Such a difference, observed
also for the analogous "up" and "down" thiolate SAMs on Au(111) (PmP-S-up and PPm-
S-down; [JSH transforms to thiolate upon the adsorption),> can only be explained by
collective electrostatic effects provided by the dipolar pyrimidine groups. Arranged in a
parallel fashion within the SAM, these dipoles create a potential discontinuity inside the
monolayer, electrostatically shifting the core level energies in the regions above the dipoles
relative to those below the discontinuity (upwards for "up" and downwards for
"down").2”3* Consequently, in accordance with the direction of the embedded dipole, the
contributions associated with the top ring either shift to higher energies ("up"), resulting in
an entire two-peak-like structure with characteristic BEs of 284.6 eV (1) and 286.1 eV (2),
or to lower BE ("down"), merging to a single peak at 284.15 eV (1) with a small shoulder
at 285.7 eV (2). Specifically, within simplified assignments, for the "up" SAM, peak 1
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stems from the C atoms in the phenyl ring and C5 atom in the pyrimidine ring while peak
2 is associated with the C2, C4, and C6 atoms in the pyrimidine ring.? Analogously, for the
"down" SAM, peak 1 stems from the C atoms in the phenyl ring while the shoulder 2 is
associated with the carbon atoms in the pyrimidine ring, with major contribution provided
by C2 (see Figure 4.1 for the assignments of the carbon atoms).? The relative contributions
of individual atoms are weighted by attenuation of the respective photoelectron signals, in
accordance with their locations with respect to the SAM-ambient interface.

The N 1s spectrum of the reference PP-PA monolayer doesn't exhibit any signal, in
accordance with the molecular composition (see Figure 4.1). In contrast, the spectra of the
"up" and "down" SAMs in Figure 4.2d show a clear signal, viz. a single peak assigned to
the nitrogen atoms in the pyrimidine rings of PmP-PA-up and PPm-PA-down (see Figure
4.1). The occurrence of a single peak only suggests a nearly identical chemical state for all
pyrimidine moieties in the particular monolayer, once more underlining homogeneous and
well-defined character of the PmP-PA-up of PPm-PA-down SAMs. Significantly, the BE
position of the N 1s peak for the "up" SAMs, 399.15 eV, is noticeably higher than that for
the "down" SAM, 398.45 eV, mimicking the behavior of the C 1s spectra. In the similar
fashion as in the C 1s case, this shift correlates with the direction of the embedded dipole
and arises from a discontinuity of the electrostatic potential inside the monolayer.

Apart from the peak position, the N 1s spectra were used for numerical evaluation of the
packing density of the SAMs, using a well-defined PPmP-S-down monolayer on Au(111)
with a packing density of 4.3x10'* molecules/cm? as a reference (the PPm part of PPmP-
S-down is identical to the backbone of PPm-PA-down).?” Accordingly, with a correction
for the different attenuation of the N 1s signal for "up" and "down" positions of the nitrogen
atoms, the packing density of the PmP-PA-up and PPm-PA-down SAMs could be
estimated at 4.6x10'* and 4.3x10'* molecules/cm?, respectively, with an accuracy of +5-
6%. These values are very close to the packing densities of the analogous SAMs with the
thiolate anchoring group on Au(111), viz. 4.5x10'* molecules/cm.?* Note that the packing
density values refer to the surface plane and don't take into account the surface roughness.
The O 1s spectra of all SAMs in Figure 4.2¢ exhibit similar spectral shape, indicating a
similar binding motif, most likely in bidentate manner.*’ The observed peaks are slightly
asymmetric and are comprised of contributions from both the ITO substrate and the ITO-
SAM interface. One can decompose these spectra in individual contributions,*0:47:49:209212
which, however, in our opinion, can hardly be performed in a non-equivocal fashion
without reliable reference data or dedicated theoretical simulations. Consequently, I refrain
from this procedure, mentioning just that there is no signal at 533.7 eV, characteristic of
unreacted PA groups.®’

Summarizing, the XPS data suggest the formation of well-defined PmP-PA-up, PP-PA,
and PPm-PA-down SAMs exhibiting similar anchoring chemistry, high packing densities,
and pronounced electrostatic effects, associated with the embedded dipolar pyrimidine
groups, forming a 2D array of the oriented dipoles within the monolayers.

4.1.3 NEXAFS Spectroscopy
The carbon and nitrogen K-edge NEXAFS spectra of the PmPPA-up, PPm-PA-down, and

PP-PA SAMs are compiled in Figure 4.3 and Figure 4.4, respectively. Two kinds of spectra
are presented, viz. those acquired at an X-ray incidence angle of 55° and those
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corresponding to the difference between the spectra collected under the normal (90°) and
grazing (20°) incidence geometry. The choice of these particular spectra is intentional. The
55° spectra are nearly exclusively representative of the electronic structure of the SAMs in
question and are hardly affected by orientational effects.!” In a complementary fashion,
the difference spectra are primarily representative of the molecular orientation. The
presence of difference peaks at the positions of characteristic absorption resonances reveals
orientational order in the system in question.
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Figure 4.3: C K-edge NEXAFS spectra of the PmP-PA-up, PPm-PA-down, and PP-PA
SAMs on ITO acquired at an X-ray incidence angle of 55° (black lines), along with the
respective difference between the spectra collected under the normal (90°) and grazing
(20°) incidence geometry (gray lines). Individual absorption resonances are marked by
numbers and letters (see text for the assignments). The horizontal dashed lines correspond
to zero.

Let us first consider the 55° spectra, starting with the C K-edge ones. The spectrum of the
PP-PA SAM in Figure 4.3 exhibits a typical resonance pattern of phenyl groups,'’!*!3
observed also for oligophenyl monolayers, including those with a biphenyl backbone.?!
216 The spectrum is dominated by the strong 7 * resonance at ~285.0 eV (a), accompanied
by C—H* resonance at ~287.2 eV (b), m2* resonance at ~288.9 eV (c), and several broader
o*-type resonances at 293.5 eV (c1%; d), 300.2 eV (c2*; €), and ~304 eV (f).!71213:217

4
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Figure 4.4: N K-edge NEXAFS spectra of the PmP-PA-up, PPm-PA-down, and PP-PA
SAMs on ITO acquired at an X-ray incidence angle of 55° (black lines), along with the
respective difference between the spectra collected under the normal (90°) and grazing
(20°) incidence geometry (gray lines). Individual absorption resonances are marked by
numbers (see text for the assignments). The horizontal dashed lines correspond to zero.

In contrast to the C K-edge spectra, the N K-edge ones originate exclusively from the
pyrimidine moieties. Indeed, the 55° spectrum in Figure 4.4 exhibits a typical pattern of
pyrimidine,>!"?!%2%iz. a strong m1*-resonance at 398.55 eV (1); a m2*-resonance at 402.8
eV (2); a resonance at ~404.5 eV (3) alternatively assigned to a Rydberg orbital,?!'®
admixture of the valence and Rydberg-type transitions,??° or double excitations,*' ! and
a resonance at ~408.3 eV (4) assigned to excitations to the 6* orbitals,?!!*!” once more
underlining the chemical identity of the monolayers. In contrast, the N K-edge spectrum of
the PP-PA SAM doesn't exhibit any features, as is expected since this monolayer doesn't
contain nitrogen. In addition, this spectrum represents an evidence that the ITO substrates
did not contain any nitrogen contamination.

The 55° spectra of the "up" and "down" SAMs in Figure 4.3 should represent, within the
generally accepted building block model,'”! a superposition of the contributions linked to
the molecular building blocks, viz. phenyl and pyrimidine. The contribution of phenyl is
adequately reproduced by the spectrum of the PP-PA SAM. The contribution of pyrimidine
should, according to the literature data?''*!® be comprised of a rather complex and
comparably intense m*-type feature at 285-286.5 eV and a variety of much weaker
resonances at higher excitation energies. In its turn, the n*-type feature is comprised of
three resonances, at 284.8-285.0 eV (comparably weak), ~285.4 eV (strong), and 285.9-
286.2 eV (moderately weak), associated with the specific carbon atoms within the
pyrimidine ring, viz. C5, C4/C6, and C2, respectively (see Figure 4.1). Such a three-
resonance-structure is indeed observed in the 55° spectra of the "up" and "down" SAMs in
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Figure 4.3, with individual resonances at 284.8 eV (1), 285.5 ¢V (2), and 286.2 ¢V (3). The
resonance 1 is additionally "amplified" by merging with the resonance a of the phenyl ring
and the entire m*-resonance pattern is modulated by the different attenuation of the PEY
signal for the different carbon atoms within the molecular backbone.??! Consequently, the
merged resonance 1+a is comparably stronger for the "down" SAM, where the contribution
of the phenyl ring, located at the SAM-ambient interface, is stronger than in the "up" case.
As to the further resonances in the spectra of the "up" and "down" SAMs, they represent a
superposition of the resonances of phenyl and pyrimidine rings, with 4 being presumably
identical to b, 5 being identical to ¢, etc.

Interestingly, the "fine structure" of the joint m*-resonance (1-3) is pronounced much better
in the given case than for the analogous SAMs on Au(111),> which can be tentatively
explained by the coupling of the excited states with a pool of conductance electrons in the
metal substrate, resulting in a broadening of the resonances and, consequently, in the
smearing of the observed "fine structure". The extent of this coupling can vary with the
separation of a particular atom from the substrate, modifying the intensities of the
resonances, which, probably, can explain the differences in the exact shape of the joint *-
type feature (1-3) for the pyrimidine SAMs on ITO (this work) and Au.’ In addition, the
influence of the matrix effects, associated with the exact packing structure of the SAMs,
which can be different for Au and ITO, cannot be completely excluded.

Table 4.1. Average tilt angles of the n* orbitals in the PmP-PA-up, PPm-PA-down, and
PP-PA SAMs calculated on the basis of the C K-edge and N K-edge NEXAFS data. The
accuracy of the values is £3°.

Monolayer Tilt angle () Tilt angle (o) from Average value
from the N K-edge data
the C K-edge data
PmP-PA-up 60° 60° 60°
PPm-PA-down 62° 63.5° 62.5°
PP-PA 65° - -

The 90°-20° difference spectra at both C and N K-edge exhibit pronounced peaks at the
positions of the characteristic resonances. These peaks are positive for the n* resonances
and negative for the o* ones, suggesting, in view of the orientation of the respective
molecular orbitals (perpendicular and parallel to the molecular backbone for the n* and o*
states, respectively), an upright molecular orientation in all SAMs studied. Apart from this
qualitative finding, numerical evaluation of the entire sets of the NEXAFS spectra was
performed, based on the standard theoretical framework.!”!

Within the evaluation procedure the intensity of a particular absorption resonance is plotted
as a function of the X-ray incidence angle and fitted by the suitable theoretical curve with
the tilt angle of the respective molecular orbital relative to the surface normal, a, as the
parameter. In the present case, the m* resonances were selected (1-2; joint intensity), as
representative of the vector-type n* orbitals and most pronounced ones in the spectra. The
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derived values of the average tilt angles for the respective m* orbitals are compiled in Table
4.1. Significantly, for the "up" and "down" SAMs, the C K-edge and N K-edge derived
values are quite close to each other, suggesting that the phenyl and pyrimidine rings are
only slightly twisted with respect to one another or even lie in the same plane, as can be
expected for densely packed molecular assemblies. Such a behavior agrees also with the
crystallographic data for the analogous compounds with the thiol anchoring group, where,
for the respective 3D crystals, planar molecular conformation was recorded.?

main molecular axis

Figure 4.5: Schematic illustration of PmP-PA-up in a coordinate system along with P(tilt
angle of the main molecular axis with respect to the surface normal, represented by the z-
axis), y (molecular twist angle), and a (tilt angle of the n* orbitals with respect to the surface
normal). The phenyl and pyrimidine rings are considered to be coplanar. The * orbitals
of these rings are perpendicular to the backbone plane; the respective transition dipole
moment, TDMis.x*, is shown as a blue arrow.

Based on the derived tilt angles of the ©* orbitals (o), average molecular tilt angles (i.e.,
deviation of the main molecular axis with respect to the surface normal,), 3, can be
calculated using a relation, cos o = sin 3 x cos v, where y is so-called twist angle describing
rotation of the molecular backbone around the molecular axis with respect to the tilt plane
(see Figure 4.5).22? It is defined such that it is zero when the tilt occurs perpendicular to the
backbone plane. The latter angle cannot be determined from the NEXAFS data (except for
a specially derivatized molecules).??® Thus, it is usually derived from bulk structures, IR
data, or from simulations,>?”-*?* which all is regretfully not available in the present case.
Assuming the twist angle equal to zero and plane molecular confirmation,?® I get the
average molecular tilt angle of ~30° for the "up" and "down" SAMs and ~25° for the PP-
PA monolayer. A more realistic value for the twist angle is that for the bulk biphenyl
(32°),2267228 correlating coarsely with the values obtained for oligophenyl-like SAMs by IR
spectroscopy?’ and NEXAFS spectroscopy.??® Within this assumption I get the average
molecular tilt angle of 33-36° for the "up" and "down" SAMs and ~30° for the PP-PA
monolayer. These angles are more realistic than for y = 0 but should, nevertheless, be
considered as coarse estimates only since the real values of the molecular twist can differ
to some extent and be somewhat different for the different SAMs. The latter can in

37



particular be the reason that the o value for "up" SAM is slightly smaller than that for the
"down" monolayer, in spite of the denser molecular packing.

Summarizing, the NEXAFS spectra correlate precisely with the identities of the SAM
forming molecules and don't show any unexpected features, which implies a chemically
well-defined and contamination-free character of the monolayers in question. The
molecules in these monolayers have an upright orientation, typical of well-defined SAMs.

4.1.4 Work Function

The presence of the pronounced electrostatic effects in the C 1s XP spectra of the "up" and
"down" SAMs (see Section 4.1.2) suggests their expected dipolar character, which should
also be reflected in the work function behavior. This is indeed the case, as demonstrated in
Figure 4.6, where the work function values for these SAMs as well as for the PP-PA
monolayer are shown.

The value for the PP-PA SAM with the non-polar biphenyl backbone, viz. 4.4 eV, is nearly
identical to the literature values for PA monolayer with phenyl backbone on the same
substrate, viz. 4.51 eV* and 4.42 eV* ; such values are also typical for non-polar alkyl PA
SAMs on ITO (4.5-4.6 eV).**4

Note that the work function values for the pretreated ITO substrate was 4.68 eV and for
the UHV-sputtered and in situ measured ITO substrate ~4.2 eV. The true reference value
lies presumably somewhere between, since the pretreated substrate was contaminated to
some extent (which could not be completely avoided) while the sputtered substrate is clean
but probably modified by sputtering. It is also not clear to what extent the process of self-
cleaning upon the SAM formation, typical, e.g., for thiolate SAMs on Au(111),% occurs
for the PA monolayers on ITO.

5.0
2 48f TET
c 4.6
s 0
g44r ] 0.95 eV
342}
K4
= 38f 1
3.6

PP-PA "up”  "down"

Figure 4.6: Work function values for the PmP-PA-up ("up"), PPm-PA-down ("down"),
and PP-PA SAMs on ITO. The work function difference between the PPm-PA-down and
PmP-PA-up case is additionally highlighted.

Anyway, since all SAMs of the present study are bound to the substrate in a similar fashion
(see Section 4.1.2), the PP-PA monolayer with the non-polar biphenyl backbone represents
a suitable reference for the PmP-PA-up and PPm-PA-down SAMs with the polar PmP and
PPm backbones. The dipole moment of the PmP moiety could be estimated at 1.44 -1.74
D, with the exact value depending on the specific calculation methodology.? The projection
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of this dipole moment onto the surface normal is directed either to or from the substrate for
the PmP-PA-down and PPm-PA-up SAMs, respectively, shifting the work function.
Indeed, as shown in Figure 4.6, the work function of the "up" monolayer is ~3.9 eV while
the work function of the "down" SAM is ~4.85 eV, which correspond to the —0.5 eV and
+0.45 eV shifts with respect to the reference value (~4.4 eV; PP-PA), respectively. The
larger shift for the "up" SAM is presumably related to the somewhat higher packing density
(see Section 4.1.2), since the inclination of the SAM-forming molecules is similar for the
"up" and "down" monolayers (see Section 4.1.3).

The above changes in the work function as compared to the PP-PA case, AD, can be
compared to a coarse theoretical estimate according to the formula: *®

AD = psam - Upm - €0S (B) / €sam €0 4.1

where pSAM is the packing density of the SAMs (from the XPS data; see Section 4.1.2);
upm the dipole moment of the pyrimidine moiety, set to 1.59 D (the average of the 1.44 -
1.74 D range); B is the molecular tilt (from the NEXAFS data, within a reasonable
assumption for the twist angle; see Section 4.1.3); esam the dielectric constant of the SAM,
set to 3.9,%%?% and g the vacuum permittivity. Accordingly, the expected values of A® for
the "up" and "down" SAMs were estimated at —0.56 eV and +0.52 eV, respectively, in
reasonable agreement with the measured work function values. A small overestimate is
presumably related to the ultimate value for the molecular tilt assumed by us (see Section
4.1.3) and the ambiguity in the exact values of the other parameters. Overall, the work
function values of the PmP-PA-up, PP-PA, and PPm-PA-down SAMs cover the 3.9 - 4.85
eV range, corresponding to the work function variation within the 0.95 eV range at the
chemically neutral and persistent composition of the SAM-ambient interface. Note that
apart from the single-component SAMs, mixed "up"/"down" monolayers can be prepared,
e.g. by co-adsorption of the both components, similar to the thiolate case on gold and silver
substrates,>*31:23% which will allow continuous tuning of the work function between the
ultimate values of 3.9 and 4.85 eV. In addition, the value of 3.9 eV for the "up" SAM is of
importance on its own, since, according to the most recent review*’ and our own literature
survey, PA compounds, being quite successful in increasing the work function of ITO,
have not yet been very successful in lowering its work function except for just few recent
publications. In particular, just very recently, a value of 3.7 eV has been reported for a
dimethylamine-terminated SAM.*® Our value is higher by 0.2 eV but still low enough,
while the SAM-ambient interface is less hydrophilic and more robust.

4.1.5 Conclusions

The formation of SAMs with PA anchoring group on ITO substrate was reported. The
backbones of these molecules, PmP-PA-up and PPm-PA-down, are comprised of phenyl
and pyrimidine rings, with the latter moiety oriented such that its dipole moment is directed
either to or away from the anchoring group. For the reference, nonpolar biphenyl-PA
monolayer was also formed on ITO substrates. According to the detailed spectroscopic
analysis, these SAMs are characterized by a uniform molecular configuration and dense
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molecular packing, with the packing density in the (4.3—4.6) x10'* molecules/ cm? range.
The molecules in the SAMs are bound to the substrate over the PA group and oriented
upright, even though with a noticeable inclination, represented by an average tilt angle of
~30°with respect to the surface normal.

Most importantly, the pyrimidine-containing SAMs exhibit pronounced electrostatic
effects, reflected by the shifts of the characteristic peaks in the C 1s XP spectra and by the
work function values of the SAM-modified ITO substrate. Depending on the upward or
downward orientation of the pyrimidine ring within the molecular backbone, the work
function is shifted by —0.5 and +0.45 eV with respect to the nonpolar PP- PA SAM.
Accordingly, the work function of ITO can be varied in the 3.9—4.85 eV range without
modifying the SAM— ambient interface. Consequently, the presented SAMs can serve as a
valuable model system to monitor dipole engineering effects in a variety of device
assembles, decoupling these effects from the surface chemistry, potentially affecting the
morphology of the adjacent, deposited layer (organic semiconductor, etc.). A further
important point is the comparably low work function value for the PmP-PA-up SAM, 3.9
eV, which extends a rather limited variety of PA-anchored compounds capable of lowering
the work function of ITO and can, thus, be useful for a variety of applications. Note that
even a smaller work function value can probably be achieved with a distributed up dipole,
comprised of two pyrimidine groups.

Finally, the observation of electrostatic effects in photo- emission for dipolar SAMs on
oxide substrates, in addition to metal substrates as demonstrated in the previous
works,»?72?% underlines the general character of these effects and establishes XPS as a
useful tool to monitor these effects and SAM morphology>° for different types of substrate
materials.

4.2 Electrostatic effects in charge transport by the example of H-
BPT and F-BPT

In the present study a binary system is addressed, build by biphenylthiolates (BPT) and
BPT with fluorine substitution. The respective molecules, abbreviated as H-BTP and F-
BPT, are shown in Figure 4.7a. They differ only by the terminal atom, either H or F, and,
otherwise, have the identical biphenyl backbones and thiol anchoring groups, suitable to
the coinage metal and some semiconductor substrates, including gold support chosen for
the present study.”® It can then be consequently expected that the identity of the tail group
will be of minor importance for the molecular assembly and homogeneously mixed SAMs
will be formed.*!>> A further argument for intermolecular mixture is the dipole moment of
the electronegative fluorine atom in F-BPT. The neighboring dipoles will tend to repel each
other, providing additional drive for dispersion of F-BPT in the H-BPT matrix.
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Figure 4.7. (a) SAM-forming molecules used in this project along with their acronyms.
Note that H-BTP is usually abbreviated as BPT>*3! but I prefer to use H-BTP in the present
case, to underline the difference to F-BTP. H-BPT molecules were purchased
commercially, while F-BPT molecules were provided by Prof. A. Ulman. (b) Two-terminal
junction containing a binary H-BTP/F-BPT monolayer.

Beyond the expected homogeneous surface character, my interest in the H-BTP/F-BPT
system is twofold. The first issue is the electrostatic properties of the H-BTP/F-BPT SAMs
which can be reflected in both the work function behavior and X-ray photoemission. The
electrostatic properties of binary monolayers represent an important issue®**->** which,
recently, became a subject of particular interest in context of electrostatic interfacial
engineering and organic electronics.?%3%31230.231 The second, rather controversial issue, is
the effect of halogen substitution on the electric transport properties of SAMs, described
frequently as tunneling rate, in view of the dominant transport mechanism.*” In the case of
aliphatic backbone, halogen substitution of the terminal hydrogen atom (F, Br, Cl, or I)
results in a progressive increase of the tunneling rate by up to three orders of magnitude,
with only exception being F, providing no increase at all.®® In contrast, in the case of
aromatic backbone, halogen substitution of the terminal hydrogen atom (F, Br, CI, or I)
causes a decrease of the tunneling rate by about an order of magnitude, with the extent of
this effect being independent of the identity of the halogen atom.>’® The tunneling rate,
thus, exhibits no correlation with the work function and polarizability of the monolayers,
varying progressively and strongly (for the work function) at going from I to F.>’ This
behavior was tentatively explained by the strong confinement of the electrostatic field
associated with the terminal halogen atom and by the compensation of the Au-SAM bond
dipole and the terminal group dipole in the molecular junction.’’ In this context, the
tunneling rate across the binary SAMs, comprised by a mixture of non-substituted and
fluorine-substituted conjugated molecules can be of particular interest, shedding probably
some light on the effect of the halogen substitution. In the present study, the respective
measurements were performed with a two-terminal molecular junction which is
schematically shown in Figure 4.7b.

The biphenylthiol-based SAMs were selected for the experiments since they can be reliably
fabricated in high quality>!-*7:214231235 and since the respective results can be directly
compared with those for the analogous, halogen-substituted single-component monolayers,
studied recently in context of the tunneling rate.>’
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4.2.1 SAM Preparation

H-BPT was purchased from Sigma-Aldrich and used as received. The F-BPT precursors
were synthesized by our partners.?*® The single-component H-BPT and F-BPT SAMs were
formed using standard procedure. The concentrations of H-BPT and F-BPT were 1 mM
and 10 pM, respectively, to achieve a high quality, according to the literature recipes®'*!
and our preliminary experiments. The binary SAMs were prepared by coadsorption of both
precursors; with their relative portions in solution (ethanol) being varied as 1:3, 1:1 and 3:1
and the joint concentration set at either 20 or 40 uM.
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Figure 4.8. (a) Au 4f72, (b) C 1s, (c) S 2p, and (d) F 1s XP spectra of the single-component
and mixed H-BPT and F-BPT SAMs. The spectra were acquired at photon energies of 350
eV (a- c¢) and 750 eV (d). The spectra of the mixed SAMs are marked with the portions of
F-BPT in the solutions from which these SAMs were formed. Individual peaks in the C 1s

spectra are marked; the positions of these and F 1s peaks are traced by inclined red and
blue dashed lines (see text for details).
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The Au 4f72, C 1s, S 2p, and F 1s XP spectra of the single-component and mixed H-BPT
and F-BPT SAMs are presented in Figure 4.8. The Au 472 spectra in Figure 4.8a exhibits
similar intensity over the entire series, along with the analogous laboratory XP spectra and
the synchrotron-based XP spectra acquired at the primary photon energies of 580 eV and
750 eV (not shown). This suggests a similar effective thickness for all SAMs studied,
which was additionally supported by a quantitative evaluation of this parameter (see
below).

The S 2p spectra of all monolayers in Figure 4.8b exhibit a single doublet at ~162.0 eV (S
2p3n), representative of the thiolate species bound to noble metal substrates,!® underlying
the SAM character of both single-component and binary films. The position of this doublet
does not vary over the series, suggesting, in accordance with the literature,’' that the
electronegative substitution at the 4'-position does not affect the electronic state of the
thiolate group. The intensity of this doublet is similar for all SAMs studied, suggesting, in
accordance with the Au 4f data (see above), a similar molecular packing density over the
series, which was verified by the quantitative evaluation of this parameter (see below).
The C 1s spectrum of the H-BPT SAM in Figure 4.8c exhibits a single, nearly symmetric
peak at ~284.2 eV, associated with the biphenyl backbone.>!*!4?3! The analogous spectrum
of the F-BPT SAM shows a similar, slightly asymmetric peak at ~284.15 eV (CLC),
accompanied by a low intensity peak at 286.4 eV (C-F). These features stem from the
aromatic backbone and the carbon atom bound to fluorine, respectively. The spectra of the
mixed films exhibit a continuous variation at going from the H-BPT to F-BPT case, with
appearance and progressive increase in the intensity of the C-F peak and a change in the
shape of the CLI1C peak. The positions of the peaks vary in the systematic way as well but
the respective variation is quite small, as illustrated in Figure 4.9a and Figure 4.9b.
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Figure 4.9. The BE positions of the (a) C-C and (b) C-F peaks in the C 1s XP spectra of
the single-component and binary H-BPT and F-BPT SAMs as well as BE positions of the
(c) F Is peak in the spectra of these monolayers. The binary SAMs are labeled by the
portions of F-BPT in the solutions from which they were formed.
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The F 1s spectrum of the F-BPT SAM in Figure 4.8d exhibits a single peak at 686.8 eV
corresponding to the terminal fluorine atom. This peak is also perceptible in the spectra of
the binary films, exhibiting, as expected, a progressive decrease in intensity with
decreasing content of F-BPT. This decrease is accompanied by continuous variation of the
BE position of the peak, as illustrated in Figure 4.9c.

Along with the above analysis of the XP spectra, their quantitative evaluation in context of
the effective thickness and packing density was performed. The derived values are
compiled in Table 4.2. Accordingly, the effective thickness varied from 11.5+0.2 A to
9.8010.2 A at going from the H-BPT to F-BPT SAM, with the H-BPT value correlating
well with the literature data (11.7-12.1 A)3!57214231 and the F-BPT value being somewhat
lower (11.9-12.1 A).>7 The packing density varied from 4.6x10'* molecules/cm? to
4.1010' molecules/cm? at going from the H-BPT to F-BPT SAM, with the H-BPT value
correlating well with the literature data (~4.6x10'%)*>7 and the F-BPT value for being
somewhat lower (4.57x10'%).57 But, in any case, both single-component and binary H-BPT
and F-BPT SAMs were densely packed and well-defined. It should also be noted that the
O 1s spectra of all SAMs did not exhibit any perceptible signal, once again underlining the
quality and well-defined character of the monolayers.

Table 4.2. Parameters of the single component and binary H-BPT and F-BPT SAMs
derived from the XPS and NEXAFS data: effective thickness, packing density (+5%),
average tilt angle of the w* orbitals, and average molecular tilt angle. The mixed SAMs are
listed according to the portions of F-BPT in the solutions from which they were formed.

H-BPT 11.5+0.2 4.6x10" 82 +£3° 10 +3°
25% 11.2+0.2 4.4x10" 80.5 £3° 11 +3°
50% 10.2 0.2 4.4x10" 77.5 £3° 15 +3°
75% 10.2 +0.2 4.3x10' 72.5 £3° 21 £3°
F-BPT 9.8 0.2 4.1x10' 68.5 £3° 25.5 £3°

4.2.3 NEXAFS Spectroscopy

Representative C K-edge NEXAFS data for the single-component and mixed H-BPT and
F-BPT SAMs are compiled in Figure 4.10. The spectra in Figure 4.10a corresponds to the
so-called magic angle of X-ray incidence (55°) and are exclusively representative of the
electronic structure of the monolayers.!”! Complementary, the difference spectra in Figure
4.10b represent fingerprints of orientational order in the systems, emphasized by the
presence of peaks at the positions of the characteristic absorption resonances.'”!

The 55° spectrum of the H-BPT SAM in Figure 4.10a exhibits the characteristic absorption
structure of oligophenyl-based monolayers including the strong m1* resonance at ~285.0
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eV (1), a R*/C-S*resonance at ~287.0 eV (2), m* resonance at ~288.8 eV (4), and several
broader 6* resonances (5-7) at higher excitation energies.'”!2!3214217 The 55° spectrum of
the F-BPT SAMs mimics generally the above resonance structure, except for the splitting
of the 1 * resonance into the miv* (1a) and miv* (1b) features, driven by the electronegative
4'-substituent.’! The dominant 1,* resonance at ~285.15 eV is slightly shifted with respect
to the m1* one, while the comparably weak m,* resonance at ~287.2 eV overlaps with the
R*/C-S* feature. The 55° spectra of the mixed SAMs are similar to those of the H-BPT
and F-BPT monolayers, exhibiting a continuous but hardly perceptible variation with the
relative composition.

90°-20°

Intensity (arb. units)

280 290 300 310

I280 290 300 316”
Photon energy (eV)

Figure 4.10. C K-edge NEXAFS spectra of the single-component and mixed H-BPT and
F-BPT SAMs: (a) the spectra acquired at an X-ray incidence angle of 55°; (b) the difference
between the spectra collected under the normal (90°) and grazing (20°) incidence
geometry. The spectra of the mixed SAMs are marked by the portions of F-BPT in the
solutions from which they were formed. Individual absorption resonances are marked by
numbers and letters (see text for the assignments). The horizontal gray dashed lines in the
panel b correspond to zero.

The difference spectra of both single-component and binary SAMs in Figure 4.10b exhibit
pronounced positive peaks at the positions of the n* resonances and negative peaks at the
positions of the 6* resonances. In view of the orientation of the respective transition dipole
moments, viz. perpendicular and parallel to the ring plane, respectively, this behavior
suggests the expected upright molecular orientation with respect to the substrate over the
entire series. The evaluation of the entire sets of the NEXAFS spectra within the standard
formalism for a vector-like orbital'”!"?!> (the mi*/mi.* one in our case) resulted in the
average tilt angles of these orbitals with respect to the surface normal compiled in Table
4.2. Accordingly, the average tilt angle varied gradually from 82.5° to 68.5° at going from
the H-BPT to F-BPT SAM.



Based on the average tilt angles of the mi*/mi.* orbitals, a, average molecular tilt angles
with respect to the surface normal, B, can be calculated using cos o = sin B x cos y, where
v is the molecular twist angle describing rotation of the molecular backbone around the
molecular axis with respect to the tilt plane.??? Itis defined such that it is zero when the tilt
occurs perpendicular to the backbone plane. The latter angle cannot be determined from
the NEXAFS data (except for a specially derivatized molecules)*** and is usually derived
from bulk structures, IR data, or from simulations. In the present case, I will rely on the
value for the bulk biphenyl (32°),22228 following the approach of refs 3114215 The resulted
average molecular tilt angles (with respect to the surface normal) for the single-component
and binary SAMs are compiled in Table 4.2. The value for the H-BPT SAM is noticeably
smaller than the literature ones (~23°)°!'4 while the value for F-BPT monolayer is close
to the literature value (21.3°).°! Note, however, that the real twist angle in the SAMs can
differ from that of the bulk biphenyl and, additionally, depend on the SAM composition,
so that the average molecular tilt angles in Table 4.2 should only be considered as tentative
values.

4.2.4 UPS
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Figure 4.11. UP spectra of the single-component and mixed H-BPT and F-BPT SAMs in
the secondary (a) electron cutoff and (b) valence band ranges. The spectra of the mixed
SAMs are marked with the portions of F-BPT in the solutions from which they were
formed. The positions of the secondary electron cutotf and the onsets of HOMO (AEnomo)
are marked by vertical black solid lines in panel a and b, respectively. The horizontal gray
dashed lines correspond to the zero level of the signal.

UP spectra of the single-component and mixed H-BPT and F-BPT SAMs in the secondary
electron cutoff and valence band ranges are shown in Figure 4.11a and Figure 4.11b,
respectively. The valence band spectra in Figure 4.11b is, above all, of importance in
context of the energy offset of the highly occupied molecular orbital (HOMO) with respect
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to the Fermi level (Er), [1Enomo. In the molecular junction experiments, this offset defines
the barrier height for the charge transfer from the bottom gold electrode into the SAM.>’ In
agreement with the literature data,’’ the data in Figure 4.11b suggest that the single-
component H-BPT and F-BPT SAMs are characterized by similar AEnomo, which seems
to be the case for the binary films as well.

In contrast, again in full agreement with the literature data,>’ the positions of the secondary
electron cutoff in the single-componen H-BPT and F-BPT SAMs are distinctly different.
The respective values, defining the work function of the SAM-modified substrate, are
depicted in Figure 4.12a. These values agree well with the literature ones, viz. 4.15-4.35
eV for the H-BPT SAM and 5.2 eV for the F-BPT monolayer.>*” As to the binary SAMs,
the position of the secondary electron cuttof (Figure 4.11a) and, consequently, the values
of the work function (Figure 4.12a) are intermediate with respect to those of the single-
component monolayers, showing a gradual variation with the relative SAM composition.

54 g

j: ups{_ - o
4.6:— 417

4.4 -

4.2 '-’—T—‘
4.0 [ 1 1 1 1 1

54 b
52 Kelvin probe _I_
5.0 |
48|
4.6
4.4

WW AL

H-BPT 25% 50% 75% F-BPT
System

Work function (eV)

Figure 4.12. Work function values for the single-component and binary H-BPT and F-BPT
SAMs derived from the (a) UPS and (b) Kelvin probe (b) data. The binary SAMs are
labeled by the portions of F-BPT in the solutions from which they were formed.

4.2.5 Kelvin Probe

The work function values for the single-component and binary H-BPT and F-BPT SAMs
derived from the Kelvin probe data are presented in Figure 4.12b. Whereas the absolute
values of the work function differ to some extent from the UPS-derived ones (by 0.1-0.2
eV), the general behavior over the series is well reproduced. The work function is the
lowest in the case of the single-component H-BPT SAM, increasing gradually upon the
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admixture of F-BPT (binary monolayers) and achieving finally the maximum value for the
single-component F-BPT SAM.

4.2.6 Tunnelling Rate across the Molecular Framework

] . | . L . F-BPT
-0.4 -0.2 0.0 0.2 0.4

Voltage (V)

Figure 4.13. Semilogarithmic current-density versus voltage (bias) plots for the
Au/SAM//EGaln junctions with the single-component and binary H-BPT and F-BPT
SAMs. The legend is given in the plot; the mixed SAMs are labeled by the portions of F-
BPT in the solutions from which they were formed.

The log J vs. V plots for the Au/SAM//EGaln junction with the single-component and
binary H-BPT and F-BPT SAMs are presented in Figure 4.13. "/" indicates the SAM-
substrate interface with a covalent-like coupling provided by the thiolate anchor (see
section 3.1), while "//" represents the "weak coupling" interface between the SAMs and the
top EGaln electrode, covered by an ultrathin GaOx film (see Figure 4.7b). The
corresponding histograms for log |J| at representative bias -0.5 V and +0.5 V can be found
in Figure A.1 in the supplementary data section. The plots for the single-component films
agree well with the literature data®’ exhibiting noticeably higher current density values for
the H-BPT SAM than for the F-BPT monolayer for the entire range of the voltage variation.
Significantly, the observed difference (by about an order of magnitude) and even the
absolute values of the current density correlate well the literature ones,’’ which, on the one
hand, underlines the reliability of the presented experimental data, acquired with the
distinctly different setup (see section 3.2.5) and, on the other hand, evidences the reliability
of the effect of the halogen substitution in general, observed not only for the biphenyl-
based SAM:s but for the monolayers with a shorter aromatic backbone as well.*

Significantly, the log J vs. V plots for the junctions containing the binary SAMs are located
between those for the single-component monolayers, with the values varying gradually
with the SAM composition at every particular bias. This behavior is additionally
emphasized by Figure 4.14 where the values of log|J| at the selected positive (Figure 4.14a)
and negative (Figure 4.14b) bias values are presented. Accordingly, the log|J|values for the
binary SAMs vary in a close-to-linear fashion between those for the single-component
monolayers. Note that the difference between the log|J| values corresponding to the positive
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and negative bias values is small but perceptible, so that I presented these values separately
in Figure 4.14a and Figure 4.14b.

log|J| (Alcm?)
sh
o

35 toTe

H-BPT 25% 50% 75% F-BPT
System

Figure 4.14. Values of log|J| at selected (a) positive and (b) negative bias values for the
Au/SAM//EGaln junctions with the single-component and binary H-BPT and F-BPT
SAMs. The legend is given in the plots; the mixed SAMs are labeled by the portions of F-
BPT in the solutions from which they were formed. In panel (a) the results of the model
calculations for the charge transport mediated by superposition of independent molecular
wires are presented (solid green lines); see section 4.3 for details.

4.2.7 Discussion

SAM Composition. The composition of the binary SAMs was determined on the basis of
both laboratory and synchrotron-based XPS data and the work function data, taking the
values for the single-component monolayers as the references. In the case of the XPS data,
I mostly relied on the F s intensity and, in the case of synchrotron, could also use the
intensity of the C[JF peak in the C 1s spectra (see Figure 4.8c). In the case of the work
function, I considered its values as a fingerprint of the composition. The resulting relation
between the relative composition of the binary SAMs and the portion of F-BPT in the
solutions is presented in Figure 4.15. Accordingly, the composition of the SAMs nearly
mimicked that in the solution, even though certain deviations are observed. Note that the
data represent several different series of the samples, so that the reproducibility of the
relative SAM composition was good enough.

Generally, deviations of the composition of binary SAM from that in solution are well

possible, especially in case of preferential adsorption of one of the components?*® or
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minimization of dipole-dipole interaction between the SAM constituents.>*%23¢ In the
present case, the structures of H-BPT and F-BPT are identical, except for the terminal atom
(see Figure 4.7a), so that no preferable adsorption of one of these molecules can be
expected. Also, the dipole moment associated with the electronegative terminal fluorine
atom of F-BPT is most likely of no importance for the SAM composition since its
contribution is presumably small as compared to the other structure-building interactions,
mediated by the thiolate-gold bonds and biphenyl backbones. Similar situation occurs, e.g.,
for the binary mid-ester substituted alkanethiolate SAMs (opposite orientations of the
dipole moments for the SAM constituents),”>" in contrast to the analogous binary
pyrimidine-substituted aromatic monolayers, where the contribution of the dipole-dipole
interaction is of larger importance, favoring the 50%:50% composition.*® In the present
case, the presence of the electronegative terminal fluorine atom of F-BPT represents rather
a positive factor in context of the quality of the mixed SAMs, promoting a maximal
separation of the F-BPT molecules in the SAM matrix and, consequently, favoring
molecular intermixing and preventing phase separation. Note that, according to the XPS
and NEXAFS spectroscopy data, the parameters of the binary SAMs, such as the effective
thickness, packing density, and molecular inclination, varied to some extent over the series
(see Table 4.2) but this variation was rather small.
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Figure 4.15. The portions of F-BPT in the single-component and binary H-BPT and F-
BPT SAMs vs. the portions of F-BPT in the solutions from which these SAMs were
formed. The legend is given in the plots (see text for details). The gray dashed line
represents a linear dependence with a slope of 1, as a guide for the eyes.

Electrostatic Properties. The most pronounced electrostatic effect is the variation of the
work function of the substrate upon the SAM formation. Whereas the work function of the
clean Au(111) substrate is about 5.2-5.3 eV, %1% it decreases to ~4.3 eV upon the formation
of the non-polar H-BPT SAM (see Figure 4.12). The reason for this behavior is the
AulJSAM bond dipole, directed upwards from the substrate and associated with a charge
redistribution at the substrate-SAM interface.?>?*” In the case of the F-BPT monolayer,
similar to other fluorinated SAMs,?*?*8 there is an additional dipole, associated with the
terminal, electronegative fluorine atom and directed to the substrate. The resulting work
function is ~5.2 eV, differing by 0.9-1.0 eV from that of the H-BPT SAM. The work
function of the binary monolayers can be precisely tuned within this range by varying their
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relative composition (see Figure 4.12), which can be potentially of interest for applications
requiring precise adjustment of the work function.

Along with the work function, electrostatic effects can also be expected in
photoemission.**%?* This is indeed the case, as illustrated by Figure 4.9, but the extent of
these effects is quite small, especially in relation to the biphenyl backbone. The binding
energy of the C 1s (CIC) peak varies by just ~0.1 eV over the series (Figure 4.9a),
mediated by the charge transfer from the terminal fluorine atom®! or/and by the respective
dipole. In contrast, the binding energy of the C 1s (CJF) peak varies by ~0.15 eV and that
of F 1s peak by ~0.6 eV upon just 50% admixture of H-BPT into F-BPT matrix (Figure
4.9b and Figure 4.9c). Interestingly, the above binding energy shift of the F 1s peak
correlates well with the respective work function change, viz. 0.4-0.5 eV (see Figure 4.12).
This is understandable since both these effects have the same origin, viz. the presence of
the dipolar "sheet" at the SAM-ambient interface. This two-dimensional "sheet" is strongly
confined at the interface®® providing maximal effect onto the "inner" fluorine atoms and
successively lesser effect onto the adjacent carbon atom and the entire biphenyl backbone.
The different directions of the work function and binding energy changes upon variation
of the SAM composition are also typical for binary monolayers and were observed in other
systems in which the electrostatic potential was varied.!

Charge Tunneling Rates. The charge tunneling rates across the molecular framework in
the Au/SAM/EGaln junctions represent the most interesting and controversial issue of the
present study. The results for the single-component H-BPT and F-BPT SAMs agree well
with the literature data,’’*® suggesting much higher tunneling rate in the H-BPT case.
Moreover, referring to the biphenyl-based SAMs only, not only qualitative but also
quantitative agreement with the literature data®’ is achieved. The new element are the data
for the binary SAMs, with the current density values turned out to vary gradually with the
relative SAM composition between those for the single-component monolayers (see Figure
4.13 and Figure 4.14). On the one hand, this observation means that the tunneling rate can
be precisely tuned by mixing the non-substituted and halogen-substituted aromatic
molecules in the binary SAMs, which most likely can be extended to other types of SAM-
forming molecules. On the other hand, this observation can probably shed some light on
the reasons behind the behavior of the halogen-substituted SAMs in context of the charge
tunneling rate. The tunneling rate across halogenated aromatic monolayer junctions are
noticeably lower than in the non-substituted case (H-BPT here) but is independent of the
identity of the halogen atom, such as F, Cl, Br, or 1.°7*® The tunneling rate has, thus,
correlation, neither with the polarizability of the SAMs, nor with the dielectric constant [,
varying from 2.3 (F-BPT) to 3.2 (I-BPT), nor with the respective work function varied
from ~5.2 eV (F-BPT) to ~4.5 eV (I-BPT), nor with the van der Waals radius of halogen
varied from 1.47 A (F) to 1.98 A (I).>” The only relevant parameter which hardly changes
over the F, CI, Br, or I series and for the H-BPT SAM as well is the position of the HOMO
with respect to the Fermi energy, defining the injection barrier for the charge transfer from
the substrate®’. The respective molecular orbital in all X-BPT SAMs (X = H, F, CI, Br, and
I) is delocalized along the entire molecular backbone, including the anchoring group and
the terminal atom, representing, thus, an efficient pathway for the tunneling.’’ This
probably explains the constancy of the tunneling rates for X = F, Cl, Br, and I but does not
accounts for the difference of these rates from that for the H-BPT SAM. The latter could
be, however, explained by a theoretic model suggesting the appearance of a significant
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compensation dipole, induced along the backbone of H-BPT to equalize the binding dipole
upon the contact to the top electrode.’’* In contrast, such an induced dipole is small for a
halogen substitution since the binding dipole is initially compensated by the interfacial one,
associated with the halogen substitution. This results in the different injection barriers for
the SAM//EGaln interface in the H-BPT and X-BPT (X = halogen) cases and,
consequently, in the different tunneling rates.”” Whereas this explanation can only be
considered as a tentative one, the importance of the aromatic backbone is undisputed since
the analogous halogenated aliphatic monomolecular junctions exhibit a distinctly different
behavior, with no difference between the H and F substitutions and four orders of
magnitude difference between the F and I substitutions.®

The results of the present study also suggest the nearly identical offsets in energy of the
HOMO to Er for the H-BPT and F-BPT SAMs, which also turned out to be the case for the
binary monolayers. Thus, there is no correlation between the respective unchanging
injection barrier and the tunneling rate, varying by about order of magnitude over the series.
This variation is accompanied by the variation of the work function (see Figure 4.12) and
e (from 2.5 for the H-BPT SAM to 2.3 for the F-BPT monolayer)** but this correlation is
most likely just a coincidental one, in view of the literature data for the X-BPT SAMs (X
=H, F, Cl, Br, and I) discussed above.

An important question to answer is whether the charge transport in the binary X-BPT/F-
BPT SAMs is predominantly mediated by the SAM as a whole, relying on build-in fields,
or by individual molecules within the SAM, acting as independent molecular wires. In the
former case, taking into account the conclusions of ref 7 (see above) and relevant
considerations of ref 2*’, one can assume that the dipole induced upon contact of a top
electrode depends on the composition of the binary SAMs, changing accordingly the
tunneling conditions and, consequently, the tunneling rate across the monolayers. One can
then likely expect a nearly linear variation of the transfer with the nearly same efficiency
(tunneling rate) as in the respective single-component films and that these molecules
mediate the charge transfer in parallel fashion. The system can then be modeled as an array
of independent molecular wires connected to the bottom and top electrodes in parallel and
having the resistances attenuation factor with the film composition and, consequently,
analogous variation of the log[1J[J for the series, which is close to the behavior observed
for the binary SAMs of this study, as shown in Figure 4.14. In the case of tunneling
mediated by superposition of independent molecular wires, one can assume that both H-
BPT and F-BPT species participate in the charge differing by an order of magnitude,
mimicking those in the single-component H-BPT and F-BPT SAMs. The resulting curves,
normalized to the positive bias log[1J[] values for the single-component monolayers, are
shown in Figure 4.14a. These curves are distinctly non-linear in the given semilogarithmic
plot, whereas the experimental points exhibit a close-to-linear trend as seen in Figure 4.14.
Consequently, the observed behavior of the tunneling rate can be rather ascribed to
collective effect of the F-BPT and H-BPT molecules in the binary SAMs, following the
mechanism suggested in ref >’ (see above).

At the same time, the model involving a superposition of independent molecular wires
cannot be completely excluded since the respective curves lie within the error bars of the
experimental points, even though exhibiting a distinct non-linear character. It is also
possible that the charge transfer efficiency of the H-BPT and F-BPT "wires" in the binary
SAMs will be different from that in the single-component films. In particular, the
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difference in the dimensions of the terminal fluorine and hydrogen atoms, viz. 1.1 A and
1.47 A, respectively, can hinder to some extent the efficient coupling of the H-BPT
molecules, "buried" between the F-BPT ones in the binary SAMs, to the EGaln electrode.
Finally, a certain intermolecular "cross-talk" upon the charge transport is possible as well,
as was demonstrated for strongly interacting molecular assembles.?*!->#?

4.2.8 Conclusions

In the present work we have studied the structure, composition, electrostatic properties,
and charge tunneling rates in molecular junctions for a series of single-component and
binary SAMs composed of H-BPT and F-BPT on Au(111) substrates. Both single-
component and binary SAMs were found to be well-defined and densely packed, with all
molecules bound to the substrate by the thiolate anchor and having an upright orientation
with respect to the substrate. The exact structural parameters varied to some extent over
the series but this variation was systematic and comparatively small. The relative
composition of the binary SAMs was found to be very close to the relative contents of both
molecules in the solutions from which these SAMs were formed. In view of the nearly
identical molecular structure, differing by the terminal atom only, a homogeneous mixture
of SAM-forming molecules in the binary monolayers was assumed, in contrast to the
generally possible phase separation.

The mixing of H-BPT and F-BPT in the binary SAMs allows the work function of the
functionalized substrate to be varied in a gradual and controlled fashion between the
ultimate values for the single-component films, viz. ~4.3 eV and ~5.2 eV, respectively.
The extent of the electrostatic effects in photoemission was rather small, affecting
predominantly the apparent binding energy of the terminal fluorine atoms and, to an even
lesser extent, the binding energy of the adjacent carbon atoms. The reason for this behavior
is the strong spatial confinement of the step in the electrostatic potential associated with
the terminal fluorine atoms.

The charge tunneling rate across the molecular framework was found to be noticeably (by
about an order of magnitude) higher for the H-BPT SAM than for the F-BPT monolayer,
in qualitative and quantitative agreement with the literature data. Significantly, the
tunneling rates for the mixed SAM turned out to be intermediate to those of the single-
component monolayers, varying in a gradual fashion with the relative SAM composition
between the respective ultimate values. This means that the tunneling rate in a molecular
junction can be generally controlled by mixing molecules with different charge transfer
abilities in a binary SAM. The analysis of the experimental data for the systems of the
present study and available literature data for the SAMs with different halogen
substitutions led us to the conclusions that the charge transport in the binary SAMs is most
likely mediated by the SAM as a whole, defined by the composition-dependent dipole
induced upon contact of the SAM to a top electrode. Nevertheless, the scenario of charge
transfer mediated by super- position of independent molecular wires cannot be completely
excluded in view of the complexity of the systems and a variety of the factors affecting
their behavior.
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4.3 Electrostatic effects in charge transport by the example of
CH;3-BPT and CF3-BPT

CH, CF,
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Figure 4.16: (a)SAM-forming molecules used in this study along with their acronyms (at
the left). The molecules were synthesized by the group of Prof. Terfort.>* (b) A schematic
of a two-terminal junction, with the bottom Au electrode (substrate) and top EGaln
electrode, containing a binary CH3-BPT/CF3-BPT monolayer, Au/SAM//Ga>O3/EGaln (at
the right). Note that "/" indicates either the SAM-substrate interface (covalent bonding) or
the interface between Ga;Os; and EGaln, while "//" indicates a non-covalent contact
between the tail groups of the SAMs and Ga;0Os. The directions of the dipole moments,
associated with the tail groups of CH3-BPT and CF3-BPT, are shown by the blue arrows.

The substantial difference between the tunnelling rate for the non-substituted and halogen-
substituted aromatic SAMs led to the idea that this parameter can be tuned by mixing the
respective molecules in binary monolayers, which was indeed demonstrated by the
example of the CsHs-CsHs-SH (H-BPT) and F-CeHs-CsHs-SH (F-BPT) films in the
previous section.”> The analysis of this variation supported the ideas about collective
electrostatic effects in halogen-substituted SAMs in their relation to the tunnelling rate,’’
even though non-equivocal conclusions could not be derived.>

In this context, I decided to look at a related system, viz. the single-component and binary
SAM of methyl- (CH3-BPT) and trifluoromethyl-substituted biphenylthiols (CF3-BPT) on
Au(111) (Figure 4.16a). Note that, generally, mixed SAMs of CH3- and CFs-terminated
thiols represent a useful and widely used model system, e.g., for continuous WF variation,
adjustment of the frictional properties,®® etc. The single-component and binary CH3-
BTP/CF3-BPT SAM were studied as well, e.g., to find a correlation between the
composition of the binary SAMs and the parameters of the preparation procedure, such as
the dielectric constant of solvent, to monitor band shifts in infrared spectra, etc.’*?** In the
present work, we put the emphasis on the charge tunnelling rate in these films measured
with the established EGaln setup (Figure 4.16b), monitoring at the same time another
important parameter - the transition voltage, V'7.** This parameter is believed to represent
an approximate measure of the tunneling barrier height, providing the difference between
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the energy of the accessible frontier orbital of a molecule and the Fermi level of the
electrode in an assembled junction.?**>*¢ Even though the precise physical meaning of V7
is still under debate,3”-183:187:247.248 the possibility to gain such information is quite useful,
since there are no alternative ways to look inside the tunneling junction, except of
theoretical simulations, suffering frequently from a variety of approximations.

4.3.1 SAM Preparation

The binary SAMs were prepared by coadsorption of CH3-BPT and CF3-BPT, with their
relative portions in solution (ethanol) being varied as 1:3, 1:1 and 3:1 and the joint
concentration set at 1| mM. The CH3-BPT and CF3-BPT precursors were synthesized by
our partners.?*> For the different experiments several sets of the samples were prepared,
with good reproducibility and consistency of the results. The quality and composition of
the SAMs were verified by XPS, synchrotron-based XPS, infrared spectroscopy (IR),
NEXAFS spectroscopy, and STM.

4.3.2 XPS

The quality and composition of the SAMs were verified by XPS. Representative C 1s and
F 1s XP spectra of the single-component and mixed CH3-BPT and CF3-BPT SAMs are
compiled in Figure 4.17; respective Au 4f72 and S 2p spectra can be found in the
supplementary data section (Figure A.2a and Figure A.2b). The C 1s spectrum of the
single-component CH3-BPT SAM in Figure 4.17a exhibits a single peak at ~284.1 eV (and
a small shoulder at ~285 eV) representing a joint contribution of the biphenyl backbone
and the terminal methyl group.?*’ The analogous spectrum of the single-component CF3-
BPT SAM is dominated by the intense peak at ~284.3 eV, stemming from the biphenyl
backbone (C[IC), and a low intensity peak at ~292.0 eV, associated with the terminal
trifluoromethyl group (CJCF3).2%° The spectra of the binary SAMs exhibit these two peaks
as well, but the intensity of the [JCF3 feature decreases progressively with decreasing
portions of CF3-BPT in the solutions from which the SAMs were formed. The F 1s XP
spectra in Figure 4.17b exhibits similar behavior. They show only one peak at 687.3 - 687.7
eV, which, as expected, has a maximum intensity for the single-component CF3;-BPT SAM
and lower intensities for the binary SAMs, correlating with the portions of CF3-BPT in the
solutions from which these monolayers were formed.

The intensities of the C 1s (-CF3) and F 1s peaks represent a measure of the relative CF3-
BPT content in the binary SAMs, as far as they are normalized to the values for the single-
component CF3-BPT monolayer. The respective data, including also the F s intensities
measured with the laboratory XPS setup, are presented in Figure 4.18. Accordingly, the
relative compositions of the binary SAMs mimic coarsely those of the solutions from which
these SAMs were formed, but a certain scattering of the values and a slight deviation from
the strictly linear, one-to-one relation could not be completely avoided. In particular, on
the average, the CF3-BPT content in the 25% samples was slightly underestimated based
on the solution composition and, for the 75% samples, slightly overestimated. Such an S-
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shape behavior can be a consequence of a slight preference of the 50%-50% composition,
allowing to minimize the dipole-dipole interactions between the -CH3 and -CF3 substituted
molecules within the SAMs.3! Apart from the composition issue, the molecular mixture of
both components can be assumed for the binary CF3-BPT/CH3-BPT monolayers as
opposed to phase segregation.> First, a molecular mixture of both components is favorable
in context of the dipole-dipole interaction at the SAM-ambient interface. Second, such a
mixture is favorable in view of the steric considerations, since it allows for a dense
molecular packing, evidenced for all the SAMs in the present study (see below), by
dispersing the bulkier CF3-BPT moieties in the CH3-BPT "matrix". In addition to the
intrinsic rigidity of the CF3-BPT and CH3-BPT molecules, excluding generally possible
conformational defects, the molecular mixture character of the binary CF3-BPT/CH3-BPT
SAMs allows to avoid specific complications related to surface morphology and interfacial
defects.?!

XPS: C 1s c;c a||F1s b
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Figure 4.17: C 1s (a) and F 1s (b) XP spectra of the single-component and mixed CH3-
BPT and CF3-BPT SAMs. The spectra were acquired at the synchrotron, at photon energies
of 350 eV (a) and 750 eV (b). The spectra of the binary SAMs are marked with the portions
of CF3-BPT in the solutions from which these SAMs were formed. Individual peaks in the
C 1s spectra are marked (see text for details). Red dashed lines trace the binding energy
positions of the characteristic peaks.

Information about the molecular packing is provided by the C 1s,Au 4f, and S 2p XP data

(Figure 4.17a, and Figure A.2 in the Appendix A). These data allowed to calculate the
effective thickness and packing density of the SAMs, on the basis of the C 1s/Au4fand S
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2p (thiolate)/Au 4f intensity ratios, respectively, using the standard approach,'*>"°! the
literature values for the attenuation lengths,'> and C16/Au as the reference.”®> The
effective thicknesses were estimated at 13.9-14.5 A - characteristic of substituted biphenyl
SAMs>? and varying only slightly over the series. The packing densities were estimated at
(4.0-4.2)[110'"* molecules/cm?, varying, once again, only slightly over the series. These
values are smaller than those for alkanethiolates on Au(111) (4.63x10'%)?2 but correspond
to a dense molecular packing (see also STM data in the Appendix B). Note that the S 2p
spectra of some monolayers do not only exhibit the spectral signature of thiolate, at ~162.0
eV for S 2psn, characteristic of fully homogeneous, thiolate-anchored SAMs,? but also a
certain signal of unbound sulfur (thiol), at 163.5-163.6 eV for S 2p32.2!° If we suggest that
this signal stems exclusively from the physisadsorbed molecules, "caught" at the SAM-
ambient interface, their relative amount is quite small since the respective signal, opposite
to that of thiolate, is not attenuated and, therefore, strongly exaggerated as compared to the
signal of thiolate.
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Figure 4.18: The portions of CF3-BPT in the CF3-BPT/CH3-BPT SAMs vs. the portions
of CF3-BPT in the solutions from which these SAMs were formed. The values were derived
from the XPS/NEXAFS data (see text for details); legend is given in the plot. The gray
dashed line represents the ideal relation - a linear dependence with a slope of 1, as a guide
for the eyes.

Note that the statement regarding the dense molecular packing in the CF3-BPT/CH3-BPT
SAMs was fully supported by the STM data (see the Appendix B; Figure B.1-Figure B.3),
which also provided information regarding the exact molecular packing, with the average
values of the packing density close to those derived from the XPS data.
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4.3.3 NEXAFS spectroscopy

NEXAFS: C K-edge al|
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Figure 4.19: C K-edge NEXAFS spectra of the single-component and binary CHs-
BPT/CF5;-BPT SAMs: (a) the spectra acquired at an X-ray incidence angle of 55°; (b) the
difference between the spectra collected under normal (90°) and grazing (20°) incidence
geometry. The spectra of the binary SAMs are marked by the portions of CF3-BPT in the
solutions from which they were formed. Individual absorption resonances are marked by
numbers (see text for details). The horizontal gray dashed lines in panel b correspond to
Zero.

Complementary information on the quality of the SAMs is provided by NEXAFS
spectroscopy. The respective data are presented in Figure 4.19. The spectra in Figure 4.19a,
acquired at the so-called magic angle of X-ray incidence (~55°), are exclusively
representative of the electronic structure of the SAMs (unoccupied molecular orbitals),
opposite to molecular orientation.!”! The spectra of both single-component and binary
SAMs exhibit a characteristic resonance pattern of phenyl,!”*?!3217 typical of SAMs with
biphenyl backbone as well.2!4215253 This pattern includes the dominant 7;* resonance at
~285.0 eV (1), a R*/C-S* resonance at ~287.0 eV (2), m>* resonance at ~288.8 eV (3), and
several o* resonances (4-6) at higher excitation energies. The spectrum of the single-
component CF3-BPT SAM exhibits an additional resonance structure at 294.0 - 296.0 eV
(7), characteristic of the —CF; group,>* perceptible also in the spectra of the binary
monolayers.

The difference NEXAFS spectra in Figure 4.19b are characteristic of molecular orientation
and orientational order in the SAMs, emphasized by the peaks at the positions of the
specific absorption resonances.!”! These peaks are quite distinct in all spectra of the CH3-
BPT/CF;-BPT SAMs being, at the same time, positive for the m*-like resonances and
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negative for the o*-like ones. In view of the orientation of these orbitals with respect to the
molecular backbone (perpendicular and within, respectively), such a dichroism implies an
upright molecular orientation, as expected for SAMs. Numerical evaluation of the
NEXAFS spectra within the standard theoretical framework,!”! specifically adapted to
SAMs, 214215 gives the average tilt angle of the 7;* orbitals at 76-80°, varying slightly and
non-systematically across the series. Considering possible twist of the molecules upon their
tilt,”?* and taken the value of the twist angle from the bulk biphenyl data (32°),”""7* the
average molecular tilt angle in the single-component and binary CH3-BPT/CF3;-BPT SAMs
could be estimated at 12-17°. Similar to the bulk biphenyl,*2*-*?® a nearly planar molecular
conformation can be assumed, since the dihedral rotation, typical of the molecular state of
this molecule, is (nearly) lifted in densely packed molecular assemblies, including
SAMSs.?® This is certainly applicable to the densely packed SAM of the present study, with
the packing density varying only slightly over the series (see above).

Summarizing, the XPS data demonstrate that the single-component and binary CHs-
BPT/CF3-BPT SAMs are predominantly comprised of the molecules bound to the substrate
over the thiolate anchor. The spectroscopic and microscopic data consistently show that
these SAMs exhibit a high packing density and a high degree of the orientational order,
with the molecules tilted just slightly with respect to the surface normal. The compositions
of the binary SAMs mimic those of the solutions from which they were prepared, even
though a certain scattering and slight deviations from the one-to-one relation were
recorded. No hints for phase separation could be found, supporting the concept of a truly
homogeneous molecular mixture.

4.3.4 UPS and Kelvin probe

Valence structure and electrostatic properties of the SAMs were monitored by UPS and
Kelvin Probe measurements. The UP spectra of the SAMs are presented in Figure 4.20, in
the secondary electron cutoff (SECO) (Figure 4.20a) and valence band (Figure 4.20b)
ranges, respectively. The valence band spectra exhibit a continuous evolution at going from
CF3-BPT to CH3-BPT but the onset of the HOMO-derived state with respect to the Fermi
level of the Au substrate exhibits only minor changes across the series. The position of this
state agrees well with the calculations of the projected density of states (PDOS) in the given
type of monomolecular films.*? Significantly, according to the data in Figure 4.20b, this
electronic state, crucially relevant in context of charge transport,®! is nearly isoenergetic
for all SAMs of the present study. Moreover, similar to the H-BPT/F-BPT case,’’ one can
assume that the respective molecular orbital (HOMO) is delocalized along the entire
molecular backbone, allowing efficient tunneling of the charge carriers. Also the energy
barrier, associated with the tunneling into this orbital at the Au/SAM interface, is
presumably the same for the CF3-BPT and CH3-BPT SAMs.>?
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Figure 4.20: UP spectra of the single-component and binary CH3-BPT/CF3-BPT SAMs in
the secondary electron cutoff (a) and valence band (b) ranges. The spectra of the binary
SAMs are marked with the portions of CF3-BPT in the solutions from which they were
formed. The positions of SEGO and the onsets of HOMO are marked by vertical black
solid lines in panels a and b, respectively. The horizontal gray dashed lines correspond to
the zero level of the signal.

The SECO spectra in Figure 4.20a exhibit a continuous change in the position of SECO for
the different SAMs, emphasizing a WF variation. The respective WF values are presented
in Figure 4.21, along with the analogous values derived from the Kelvin probe (KP)
experiments. The UPS- and KP-derived values in Figure 4.21a and Figure 4.21b,
respectively, agree well with each other and show that the WF of the SAMs increases
continuously from ~4.45 eV to ~5.5 eV at going from the CH3-BPT monolayer to the CF3-
BPT one, over the entire composition range of the binary films. This behavior reflects a
variation of the electrostatic potential at the SAM-ambient interface resulting from
collective effects of the —CH3 and —CF3 tail groups. Due to the 2D arrangements of the
molecules in the SAMs, the respective potential step is spatially confined in the region of
the interface.?>237-2%

Note that the same electrostatic effects are responsible for the shifts in the positions of the
characteristic peaks in the XP spectra, presented in Figure 4.17. The exact information on
these shifts is provided in the Appendix A(Figure A.3). A detailed discussion of this
phenomenon can be found in ref *.
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Figure 4.21. Work function values for the single-component and binary CH3-BPT/CF3-
BPT SAMs derived from the UPS (a) and KP (b) data. The binary SAMs are labeled by
the portions of CF3-BPT in the solutions from which they were formed.

4.3.5 Charge Transport Properties of the SAMs

Semilogarithmic current-density versus voltage (bias) plots for the Au/SAM//Ga>O3/EGaln
junctions with the single-component and binary CH3-BPT/CF3-BPT monolayers are
presented in Figure 4.22 for the bias range from —1.0 V to +1.0 V. The values of log | J | at
selected positive and negative bias values are presented in Figure 4.22a and Figure 4.22b,
respectively, while the respective log 7] histograms can be found in the Appendix A
(Figure A.4).

According to the data, the tunneling rate across the single-component CH3;-BPT SAM is
by 1.5-2 orders of magnitude higher than that in the CF3-BPT case. The behavior of these
SAMs is thus similar to that of the H-BPT and F-BPT monolayers (section 4.2),>*, but
the extent of difference between the SAMs without and with terminal fluorine atom/atoms
is even larger, with only an order of magnitude difference in the H-BPT/F-BPT case.>**’
Interestingly, as follows from comparison in the Figure 4.14 and Figure 4.23, the absolute
values of the current density for the CF3-BPT and F-BPT SAMs are close to each other,
whereas those for the CH3-BPT monolayer are much higher than those for the H-BPT case
(by an order of magnitude). The values of the current density exhibit, thus, no correlation,
with the values of the molecular dipole, represented by the WF, since the difference
between the WFs of the CH3-BPT and H-BPT (~4.3 eV)>> SAMs is even less than that
between the WFs of the CF3-BPT and F-BPT (~5.2 eV)> monolayers (~0.2 and ~0.3 eV,
respectively).
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Figure 4.22. Semilogarithmic current-density versus voltage (bias) plots for the
Au/SAM//Ga;03/EGaln junctions with the single-component and binary CH3-BPT/CF3-
BPT SAMSs. The legend is given in the plot; the behavior (average values) is highlighted
by thin black lines; the data for the binary SAMs are labeled by the portions of CF3-BPT
in the solutions from which they were formed. The error bars represent the standard
deviations.

The tunneling rate across the binary CH3-BPT/CF3-BPT SAMs varies continuously
between the values for the single-component SAMs (Figure 4.22 and Figure 4.23),
exhibiting a close-to- linear dependence on the SAM composition in semilogarithmic
representation (Figure 4.23). For most of the curves in Figure 4.23, this dependence has,
however, a weakly pronounced S-shape character, which, most likely, is a consequence of
a slight underestimation of the CF3-BPT portion in the 25% samples and its slight
overestimation in the 75% samples. A slight shift of the 25% and 75% points to the left
and right, respectively, will nearly eliminate the S-shape.

Apart from the direct information regarding the charge tunneling rate, -V curves allow
determining the transition voltage, which is considered as an important parameter in
context of charge transfer (see section 2.7).2424¢ For this purpose, these curves should be
measured over a broader bias range and represented as a Fowler—Nordheim plot, In(I/V?)
versus 1/V!83255 The latter plots for the CH3-BPT/CF3-BPT SAMs are presented in
supplementary data section (Figure A.5). The transition voltages corresponding to either
positive or negative bias, V1" and V1, respectively, could be extracted from the minima of
these plots. The respective values are presented in Figure 4.24. Whereas the absolute values
of V1" (Figure 4.24a) and V1~ (Figure 4.24b) for any particular sample are very close to
each other, they change slightly over the series between the ultimate values for the single-
component films, viz. 0.64 £ 0.08 eV and 0.57 £ 0.05 eV for the CH3-BPT and CF3-BPT
SAMs, respectively (a difference of ~0.07 eV). Similar to the log | 7] values (Figure 4.23),
the variation of V1" and |VT‘| occurs in a nearly linear fashion, with slight S-shape
modulation.
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Figure 4.24: Transition voltage at the positive (a) and negative (b) bias for the single-
component and binary CH3-BPT/CF3-BPT SAMs embedded into Au/SAM//Ga>O3/EGaln
junctions. The data for the binary SAMs are labeled by the portions of CF3-BPT in the
solutions from which they were formed.
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Another parameter, which can be derived from the I-V curves acquired over an extended
bias range, is the rectification ratio, RR. This ratio is generally defined as an average over
the |J(+V) | / |J(—V) | values for a particular sample and is usually reported for V = 1.0
V.67:256 Consequently, we calculated RR in the similar fashion and compiled the values in
Table 4.3. Accordingly, the rectification ratio for all CH3-BPT/CF3;-BPT SAMs, except for
the 75% monolayer, is very close to 1.0, so that nearly no rectification takes place, showing
also no dependence on the molecular dipole. The r" value for the 75% sample is also not
particular high and can be probably considered as just a slight outlier.

Table 4.3. Rectification ratio for the single-component and binary CH3-BPT/CF3-BPT
SAMs at V = 1.0 V. The mixed SAMs are labeled by the portions of CF3-BPT in the
solutions from which they were formed.

RR 1.2+0.74 1.3+0.81 1.1+£0.67 2.7+£0.78 1.4+ 1.88

4.3.6 Discussion

As mentioned in section 4.3.1-4.3.3, the identity, composition, and orientational order of
the single-component and binary CH3-BPT/CF3-BPT SAMs have been verified by the
spectroscopic tools, demonstrating, in particular, the thiolate-mediated anchoring to the
substrate, high packing density, and a high degree of the orientational order, typical of well-
defined thiolate SAMs. The high packing density suggests a nearly planar molecular
conformation in all the SAMs studied, so that this parameter, generally affecting the charge
transport properties of monomolecular films,?*”?*® was defined and did not vary over the
series. Also, the other parameters of the SAMs, mentioned above, vary only slightly over
the series, so that this series is well suitable to monitor the effect of the composition on the
charge transport properties. The composition of the binary SAMs could be varied in a
reliable fashion. Generally, it mimicked that of the solution from which a particular binary
SAM was prepared, even though a certain scattering and slight deviations from the one-to-
one relation were recorded.

In accordance with the SAM composition, the WF of the binary SAMs changes
continuously between the ultimate values for the single-component CH3-BPT and CFs-
BPT monolayers, viz. ~4.45 eV and ~5.5 eV, respectively. At the same time, the HOMO-
derived state, which is assumed to be crucially relevant in context of charge transport,®’
was found to be nearly isoenergetic for all SAMs. Analogously to the H-BPT/F-BPT case,’’
one can assume that the respective molecular orbital is delocalized along the entire
molecular backbone, allowing efficient tunneling of the charge carriers, with the energy
barrier at the Au/SAM interface being similar for all the SAMs studied. >

In spite of the above similarities, the charge tunneling rate across the single-component
CH;3-BPT SAM was found to be higher by 1.5-2 orders of magnitude than that in the CFs3-
BPT case, mimicking qualitatively the behavior of the H-BPT/F-BPT system and
establishing, thus, the generality of the observed effects. The most likely reasons for this
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effects are (i) the difference in the PDOS in the region of the terminal tail groups®>**® and
(i) the appearance of an internal electrostatic field within the SAMs, emerging upon their
contact to the top electrode.’’-**

The difference in the PDOS in the region of the terminal tail groups between the CH3-BPT
and CF3;-BPT SAMs follows from the DFT calculations for the model Au/SAM//Au
junctions.’>?*° Accordingly, the PDOS in proximity of the Fermi energy for the —CHj
termination is noticeably larger than that for the —CF; tail group. As a consequence of this
difference, the tunneling current for the CH3-BPT monolayer was found to be noticeably
higher (by a factor of ~5) than that in the CF3-BPT case.>? Note that a similar behavior was
also calculated for the aliphatic SAMs with the —CH3 and —CF3 termination,*? in good
agreement with the experiment.?*

As to internal electrostatic field, termed also as built-in field, it represents the only means
to achieve thermodynamic equilibrium in a two-terminal molecular junction, leading to a
renormalization of the relative energy level alignments for individual elements within the
molecular backbone as well as to changes in the positions of these energy levels with
respect to the joint Fermi level.>** The exact profile of the internal field depends on the
character of the molecules and the characteristics of both electrodes. In the present case we
deal with an asymmetric junction, characterized by WF of ~5.3 eV and ~4.3 eV for the
bottom (Au) and top (EGaln) electrodes, respectively,'’” and a covalent and non-covalent
coupling of the SAM-forming molecules to these electrodes.

One way to understand the character of the built-in field is to consider the compensation
of different dipoles within the junction, which include the binding dipole at the Au/SAM
interface and the "C-X" dipole at the SAM-ambient interface, associated with the dipolar
tail groups.>” Whereas the binding dipoles are nearly identical for CH3-BPT and CF3-BPT
SAMs,>>?% the "C-X" contributions are noticeably different in view of much stronger and
opposite directed dipole of the —CF; "sheet" compared to the —CHj3 one. Thus, the dipoles
induced upon the contact to the top electrode will be distinctly different for these
monolayers, affecting the exact profile of the internal electrostatic field and, consequently,
the charge transport rate in the junction.®’

Another way to look at the situation is to take into account that the WF of the EGaln
electrode (~4.3 eV) is close to that of the CH3-BPT SAM (see Figure 4.21), which likely
results in a limited disturbance of the molecular energy landscape upon the contact to the
top electrode. The situation is, however, different for the CF3-BPT monolayer, which has
a much higher WF (see Figure 4.21), stemming from a strongly confined dipolar —CF;
"sheet" at the SAM-ambient interface. The contact of this sheet to the top electrode will
thus result in a strong, pushback-like effect, causing a significant disturbance of the
electronic density, which, in its turn, affects the tunneling rate across the junction.
Interestingly, as soon as the equilibrium in the junction is established, the contact resistance
at the SAM//Ga>Os3 interface is most likely invariant to the character of the tail group,
similar to the H-BPT/F-BPT system.?! Presumably, this is also true for the tunneling barrier
at this interface as far as one can rely on the transition voltage as a fingerprint of this
barrier.375526! Indeed, both V1" and | V1| of the CH3-BPT and CFs-BPT SAMs differ by
just 0.07-0.08 eV, with a slightly higher value for the former system (Figure 4.24).

The absence of correlation between the molecular dipole and transition voltage is a specific
feature of the CH3-BPT/CF3-BPT systems, differing distinctly from the aromatic SAMs
with a dipolar group embedded into the molecular backbone which are, thus, decoupled
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from the top electrode.?®®> For the latter monolayers, a clear correlation between the
molecular dipole and transition voltage, varying by ~0.4 eV upon a WF variation of ~1 eV,
was observed, while the charge tunneling rate values were mostly unaffected by the dipole.
As shown here, the situation is exactly opposite for the SAMs with a dipolar tail group,
with hardly varying transition voltage but strongly varying tunneling rate. This comparison
underlines the importance of the dipolar group position on the performance of molecular
systems in context of molecular electronics, as, e.g., was recently demonstrated for dipole-
induced rectification in aliphatic SAMs.?*® Note that according to a recent report*s3
interface dipoles associated with the terminal group can affect the coupling between the
molecular film and the top electrode. Our data do not support this statement but cannot
exclude such a behavior completely, to a certain extent.

Apart from the behavior of the single-component SAMs, that of the mixed monolayers is
of primary interest as well. As follows from the data (Figure 4.22), the tunneling rate across
the binary CH3-BPT/CF3-BPT SAMs varies gradually with their composition, between the
ultimate values for the single-component monolayers. Specifically, the log | 7] values ata
particular bias exhibit nearly linear variation as functions of the film composition (Figure
4.23). This behavior is similar to that of the H-BPT/F-BPT system (Figure 4.14 in the
section 4.2) and can be interpreted as characteristic of collective response of the entire
SAMs, opposite to charge transport mediated by superposition of individual molecular
wires connected to the bottom and top electrodes in a parallel fashion.*? Following the
tentative explanation for the behavior of the single-component SAMs, we propose that the
varying tunneling rate in the binary CH3-BPT/CF3-BPT SAMs stems from the
progressively varying PDOS in combination with a progressively varying built-in field
causing a redistribution of the charge density and energy level alignments within the
molecular junction. The extent of this redistribution should depend on the electrostatic
properties of the tail group/top electrode interface (varying with the SAM composition),
affecting progressively the tunneling rate.

The exact character of the internal field, triggered by the contact to the top electrode, should
depend on the identity of the molecular backbone and be different for aliphatic and
aromatic chains, which differ significantly in their ability to screen intermolecular
electrostatic fields. Generally, the appearance of the internal field is accompanied by
emergence of a polarization field across the monolayer, due to the dielectric screening
mediating by the polarizable molecules.!® The resulting field, responsible for the charge
redistribution and the level alignment in the junction will then strongly depend on the
molecular polarizability.

A further difference between the aromatic and aliphatic systems is the different positioning
of the frontier molecular orbitals, with much smaller HOMO-LUMO gap and a special
importance of HOMO for the charge transport in the former case. The above differences
affect in particular the interpretation of the transition voltage, which may be dominated by
the energy difference between the WF of the bottom electrode (Au) and the bands of the
top electrode (GaO3) for aliphatic SAMs but be representative of the difference between
the Fermi level of the junction and frontier molecular orbital, responsible for the charge
transport, for aromatic monolayers.?¢! For the halogen-substituted SAMs considered in this
and previous work,>7386% these differences explain probably the distinctly different
charge tunneling rate behavior of the aliphatic®® and aromatic®*>"*® monolayers. In this
context, theoretical simulations could be extremely useful. Such simulations, specifically
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addressing the effect of the top electrode on the energy landscape in a molecular junction,
are meanwhile available, dealing however mostly with symmetric electrodes.®’-*#26* An
extension of these simulations to asymmetric electrode junctions, especially
Au/SAM//Ga,03/EGaln and Ag/SAM//GaO3/EGaln is highly desirable.”

4.3.7 Conclusions

Charge tunnelling rate across the single-component and binary CH3-BPT and CF3-BPT
SAMs on Au(l111) was studied by assembling two-terminal Au/SAM//Ga203/EGaln
junctions. The quality, basic parameters, and composition of these SAMs were monitored
by a combination of several complementary spectroscopic and microscopic techniques. In
accordance with the composition and the dipole moments of the SAM-forming molecules,
the work function of the SAMs could be gradually tuned between ~4.45 eV (CH3-BPT)
and ~5.5 eV (CF3-BPT).

The tunnelling rate across the single-component CH3-BPT SAM was found to be higher
by 1.5-2 orders of magnitude compared to the CF3-BPT monolayer, while the tunnelling
rate across the binary SAMs, representing most likely the molecular mixtures of both the
components, varied progressively with their composition, between the values for the
single- component monolayers. This behavior mimicked that of the analogous H-BPT/F-
BPT films, suggesting a general character of the observed effects, which can be used for
fine-tuning of the molecular conductance, underlying the importance of mixed molecular
electronics.®! At the same time, the energy position of the frontier molecular orbital
responsible for the charge transport in the SAMs, derived from the UPS data, and the
energy offset between this orbital and the Fermi level of the assembled junction, given
tentatively by the transition voltage, were either nearly unchanged or varied only slightly
with the SAM composition, providing, thus, no explanation for the observed charge
tunnelling rate behavior.

This behavior was tentatively explained by the difference in the PDOS for the SAMs with
the different terminations and by the appearance of a built-in field within the SAM matrix,
emerging upon contact of the SAMs to the top, EGaln electrode. This field leads to a
renormalization of the relative energy-level alignments for individual elements within the
molecular backbone as well to changes in the positions of these energy levels with respect
to the joint Fermi level of the assembled junction.

The observed absence of correlation between the transition voltage and the dipole moment
of the SAM-forming molecules suggests, in view of the relevant literature data, that the
position of a dipolar group within the molecular backbone represents an important factor
for the performance of the respective system in the context of molecular electronics.

4.4 Metallocene-Based Molecular Junctions

The continuous demand for a miniaturization of electronic devices calls for new
approaches for their design and fabrication. A promising strategy in this context is provided
by molecular electronics, employing individual molecules and their assemblies as
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functional units of circuitry, which perform specific electronic and sensing functions.%%2%5

267 Molecular rectifiers represent an important element for such a strategy, being potentially
capable to become an alternative to current Si-based devices, carrying out a variety of
functions in electronic circuits, such as signal processing, logical operations, and data
storage. Generally, the design of molecular rectifier requires some sort of asymmetry in the
junction, realized either by distinctly different couplings of the molecule or molecular film
to the two connecting electrodes and/or by an asymmetric molecular structure. A promising
strategy for realizing such a situation is based on combining ferrocenyl (Fc) with aliphatic
or hybrid aliphatic-aromatic backbones, resulting a family of molecular rectifies with high
rectification ratios (RRs). The first example of a ferrocene-based rectifier relied on self-
assembled monolayers (SAMs) of 11-(ferrocenyl)-1-undecanethiol on Ag, embedded into
a two-terminal junction with a eutectic Galn (EGaln) tip as top electrode. This allowed
RRs of 90-180,”* with the rectification explained by negative biases modifying the
electronic level alignment such that beyond a certain voltage the highest occupied
molecular orbital (HOMO) on the ferrocenyl enters into the conduction window. As a
consequence, one observes distinctly higher currents for applied negative compared to
positive bias voltages.®”’* Further studies revealed a strong dependence of the rectification
behavior on the substrate type,®>%2%® on the character of the top electrode,®® on the
structure of the molecular backbone,?%® on the exact position of Fc in this backbone,® on
the orientation of Fc,?%® and on the SAM quality.”® Further improvements could be realized
by enhancing the molecular asymmetry when combining two Fc units.®®° For a Fc-based
SAM on Ag at 1 eV bias in these studies a RR of 1.1x10° was recorded,®® which is
comparable to the best molecular rectifiers relying on different designs and functional
groups.”®?’® Even RRs exceeding 10° were reported for Fc-based monolayers on Pt, but
these extremely high values were observed only at a comparably high bias voltage of 3V.5¢
In contrast, the junctions comprising ferrocenyl-decorated molecules on Au yielded
noticeably lower RRs, varying between 0.5 and 89 for a bias voltage of 1 eV, with the exact
value depending on the details of the molecular structure and the quality of the SAM. This
was explained by variations of the orientation of the terminal Fc moiety relative to the top
EGaln electrode as a function of the length of the aliphatic linker and by leakage currents
flowing across defective parts in the monolayers.’*2%

The above results were obtained for SAMs consisting of molecules in which the Fc’s were
either combined with an aliphatic backbone or in which the aromatic part of the backbone
was decoupled from the Fc by an aliphatic linker.”>** Notably, fully conjugated backbones
directly linked to ferrocenes to the best of our knowledge have not yet been studied as
molecular rectifiers. This is changed in the present study, where we investigate transport
through monolayers of a family of metallocenyl-substituted biphenyl and fluorene ethynyl
thiols (Figure 4.25a). In the past, such monolayers have been studied in the context of self-
assembly and electrochemical properties,®>**?’! but, to the best of our knowledge, their
charge transport properties are unknown. In view of the extensive literature on ferrocenyl-
containing junctions, we focused on Fc-based SAMs, but also studied analogous
ruthenocenyl- (Ru) based systems, as also ruthenium complexes have been reported to have
promising molecular rectification properties.’>?7?
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4.4.1 SAM Preparation

The SAMs were formed by immersion of the substrates into 1 mM solutions of the SAM
precursors in DMF for 24 h, under ambient conditions and at room temperature, following
the established procedures.®***?’! The SAM precursors were synthesized by our
partners.®>%+271 After immersion, the samples were ultrasonicated in DMF (to remove
possible physisorbed material), rinsed with DMF first and then with ethanol, and afterward
blown dry with a stream of nitrogen or Ar. Multiple sets of the samples were prepared for
the repeated measurements (for the sake of statistic) and different experiments, with good
reproducibility and consistency of the results. The reference BPT SAM was prepared
according to the literature procedure, using the immersion procedure with ethanol as the
solvent.>

4.4.2 Charge Transport Properties of the SAMs
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Figure 4.25: SAM-forming molecules, illustration of the junctions, and their electrical
characteristics. (a) SAM-forming molecules used in this study along with their acronyms.
The molecules were synthesized by the group of Prof. Lang.%*2"! (b) Illustration of the
Au/SAM//Ga;03/EGaln junctions with the bottom Au electrode and top EGaln electrode,
with /” corresponding to thiolate-Au bond and the interface between Ga,0O3; and EGaln and
"/I” indicating noncovalent contact between the Fc/Rc group of the SAM and the top
electrode. (c) Semilogarithmic current density versus voltage (bias) plots and the
corresponding RR versus voltage (bias) plots for the Au/SAM//Ga>O3/EGaln junctions
featuring the Fc-BPT and Rc-FluT SAMs. (d) Semilogarithmic current density versus
voltage (bias) plot for the reference Au/BPT//Ga;O3/EGaln junction and molecular
structure of BPT. For measuring the current density vs. voltage plots, either positive or
negative bias sweeps were repeatedly applied and the final characteristics are the outcomes
of a statistical analysis of a large number of scans.
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For the following investigations, the molecules were assembled as SAMs on Au(111)
substrates, which also served as bottom electrodes. The top electrodes were formed by
EGaln tips, stabilized by a ~0.7 nm thick Ga,Os overlayer?’* (Figure 4.25b). The bias was
varied from O to either =1 V or to +1 V. The log | J | vs V plots for the Fc-BPT and Rc-
FluT SAMs are shown in Figure 4.25¢, together with the calculated rectification ratios
defined as RR = |J(—V)| / 1J(#V)|; the analogous data for the Rc-BPT and Fc-FluT
monolayers are shown in the supplementary data section (Figure A.6) and reveal a virtually
identical behavior of these SAMs. At this stage it is important to stress that the values in
the plots represent statistical averages over a large number of scans after the exclusion of
curves showing a strongly deviated behavior (see Figure A.7, Figure A.8, and Table A.1-
Table A.4 in the supplementary information section), which is the standard way to measure
and to process I-V data for molecular junctions. As a consequence, the displayed averages
represent the situation of a junction that has been repeatedly subjected to positive (or
negative) voltages of up to 1V (-1V), an aspect that will become relevant later, when
discussing the conductivity switching.

For all studied SAMs, the log |7]vs Vv plots show significantly higher current density
values at negative than at positive bias, with a "discontinuity” at 0 V. The respective log
RR values vary from ~2.3 at 0.05 V to a maximum value of ~3.3 at a bias of 0.2-0.25 V.
The observation that the exceptional behavior regarding both J and RR values is essentially
the same for all studied SAMs can be tentatively rationalized by the similar structures of
the SAM-forming molecules (Figure 4.25a) and similar charge transport properties of
biphenyl and fluorene backbones.?*’

To ensure that the observed behavior stems from the presence of the Fc and Rc units, the
charge transport characteristics of the Fc/Ru-substituted SAMs are directly compared to
that of a biphenylthiolate (BPT) monolayer (Figure 4.25d), as the non-substituted analogue
of the Fc-BPT and Rc-BPT SAMs. As expected,”’ the BPT SAM does not exhibit a
noticeable rectification or any discontinuities of the log | J | vs V curves around zero bias
((see also Figure A.9 in the supplementary data section). Interestingly, the absolute values
of log | J | for the Au/Fc-BPT//GaxO3/EGaln and Au/BPT//Ga>O3/EGaln junctions in the
negative bias range are very close to each other, which means that the Fc-ethynyl moieties
in the Fc-BPT SAM are nearly “transparent” to the carriers at the given conditions. In
particular, the curves for the Fc-BPT and BPT monolayers have nearly identical shapes
between 0 and —0.5 V, a value corresponding to transition voltage of the Fc-BPT SAM,
indicative of a change in the charge transport regime (see Figure A.10 and Table A.5 in the
supplementary data section). For higher negative biases, the curve for the Fc-BPT case
increases more steeply with progressing bias, resulting in even higher log | J | values
compared to the BPT case. In line with the rectification effects discussed above, for
positive biases, the log | 7| values for the Fc-BPT SAM are noticeably lower than those of
the reference BPT monolayer.

A further in-depth analysis reveals that the low log | 7| values at positive biases for the Fc
and Rc containing SAMs represent the averages over a large number of scans (see above),
but do not reflect the initial states of the junctions. This is illustrated in Figure 4.26a for
the example of a series of subsequent J vs V scans for an Fc-FluT SAM, which is
characteristic for the entire series of molecules (see Figure A.11 in the supplementary data
section). At very low biases, the first scan starts with the same log | 7| values as for very
low negative biases but, with increasing positive bias, the current first saturates and then
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even decreases. The second scan starts from much lower J values than the first one even
for low biases and is already rather similar to the averaged log | 7] vs V curve for the Fe-
BPT SAM in Figure 4.25c. The current values then drop even further for successive scans
until they fully stabilize after 6-7 scans.
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Figure 4.26: Dynamic effects in the junctions. (a) Semilogarithmic current density versus
voltage (bias) plots for the Au/Fc-FluT//Ga>O3/EGaln junction. Ten successive individual
scans with the bias variation from 0 to +1 V (marked by the arrow) are shown. (b)
Semilogarithmic current density versus voltage (bias) plots for the Au/Fc-
FluT//Ga;03/EGaln  and Au/Rc-FluT//GaxO3/EGaln  junctions. For each curve
(representing an average over a large number of scans) the bias was varied from +0.01 to
the value indicated in the plot. (c) logio | J | at V =+0.01 V measured at the bias variation
from +0.01 V to the maximum value shown at the x-axis for the Au/Fc-FluT//Ga;O3/EGaln
and Au/Rc-FluT//Ga;03/EGaln junctions. The horizontal lines within the dark cyan boxes
represent the medians of the distributions; the boxes denote interquartile ranges (IQRs);
the error bars correspond to the values furthest from the boxes, up to a distance of 1.5 times
the IRQ; and the points lying beyond these intervals are considered as outliers. d.
Semilogarithmic current density versus voltage (bias) plots for the Au/Rc-
FluT//Ga>O3/EGaln junction. Twenty successive individual scans with the bias variation
from 0 to —1.05 V are shown. The sample was in the low conductance state before the
scanning.

To understand, which positive bias is necessary to trigger the switching, we varied the bias
only within a limited range and monitored the J vs. V behavior. This bias range was then
increased in several steps. The respective data for the Fc-FIuT and Rc-FluT SAMs are
presented in Figure 4.26b and Figure 4.26c, c, also Figure A.12 and Figure A.13 in the
supplementary data section. According to these data, the bias variation up to +0.55 V for
the Fc-FIuT SAM and up to a slightly lower value for the Rc-FluT monolayer does not
result in any bias-mediated switching of the electrical conductance (in the Rc-FluT case,
some of the +0.55 V curves show the original behavior while the other show lower current
values). In contrast, an increase of the bias beyond these ranges leads to a decrease of the
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current values in the averaged characteristics. This decrease occurs in a successive fashion:
the higher the maximum applied bias, the lower the current values become, until final
values, similar to those in Figure 4.25c and Figure A.6 in the supplementary data section
are reached for the +0.01 V to +1.05 V scans.

To check whether the bias-induced switching is the consequence of some irreversible
degradation of the SAMs, we studied to what extent the low conductance state can be
converted back to the initial high conductance state by (several successive) scans at
negative bias. The respective data for the Rc-FluT SAM (as a representative example for
the entire series) are presented in Figure 4.26d. For these experiments, the sample was first
brought into the low conductance state by scanning at the positive bias. Then it was scanned
at negative bias from 0 to —1.05 V, with the data for successive individual scans displayed
in the plot. The current remained low during the first few scans (i.e., initially the SAM was
in a low-conductivity state also for negative biases with currents at least roughly similar to
the positive bias case). Upon further scanning the bias, the current sometimes changed in
a step-like fashion. After approximately ten subsequent scans at negative bias, the high
conductance state was, however, restored nearly completely. In contrast, when no scanning
in the negative bias range was performed, the SAMs remained in the low-conductance
state, as verified by measurements on the same Au/Rc-FluT//Ga>O3/EGaln junction (see
Figure A.14 in the supplementary data section).

4.4.3 Discussion

The data in Figure 4.26c and Figure 4.26d are relevant, as they show that the asymmetry
of the curves in Figure 4.25¢ and the reported rectification ratio is not due to an intrinsic
current-anisotropy of the switched SAM. Figure 4.25¢ rather shows the characteristics of
the junction for stable positive and stable negative bias operation, i.e., it is representative
of the two (meta)stable states that occur in the junction for the considered bias ranges. In
that sense, the bias-triggered rectification observed here differs fundamentally from the
behavior reported for the analogous aliphatic and hybrid Fc-substituted monolayers, where
the observed rectification is not associated with any type of switching such that fixed
current values for specific biases are obtained.%6-:67:6%-7480.8586.268 Nforegver, in contrast to
the data in Figure 4.25c, the traditional Fc-substituted monolayer junctions do not display
any discontinuity in the semi-logarithmic I-V plot at zero bias. The observation of such a
discontinuity in the present junctions shows that the switching-induced rectification is
apparently operative at already very small biases.

This leaves the question which mechanisms causes the peculiar behavior of the SAMs
studied here. One conceivable explanation would be some bias-induced modifications of
the SAM structures, like, for example, a change in the molecular arrangements and tilt
angles. This, however, appears rather unlikely, considering that the measured parameters
of the present SAMs are typical of densely packed molecular assemblies. This has been
reported in previous spectroscopic and electrochemical studies®*’*’* and is additionally
verified here by cyclic voltammetry (not shown) and work function measurements (see
Figure A.15 and Table A.6 in the supplementary data section). In particular, the packing
density of the SAMs, calculated on the basis of the CV data, is estimated at 3.4-4.0 x 10"
molecules/cm?, with the lower values for the bulkier fluorene backbone. The molecular tilt

72



angle, reported previously for the Fc-BPT and Rc-BPT SAMs,%+?7* is ca 35-37°, which
gives a similar orientation of the Fc/Rc moieties with respect to the top EGaln electrode as
in the Fc-substituted AT SAMs on Au and Ag.?%® Again, the dense packing does not leave
much space for massive, bias-induced molecular rearrangements and the rigidity of the
molecular backbones prevents a bias-induced changes of the conformation of the individual
molecules. Moreover, such reorientation effects would typically not result in changes of
the current density exceeding an order of magnitude, as shown by a dedicated study of odd-
even effects in molecular diodes.?®® Finally, the electronic properties of the as prepared
SAMs are inconspicuous: the position of HOMO, calculated on the basis of the CV data,
varies only slightly from system to system between —5.21 and —5.29 V, which is very close
to the analogous parameter of ferrocene (5.0 eV).*”74#%¢ Also the work function of the
SAMs is determined to be 4.4 eV, which is identical to that of BPT/Au (4.4 eV as well),
emphasizing a non-polar character of the Fc and Rc moieties.

These data prompt us to suggest an alternative scenario as the most likely explanation for
the unusual charge transport behavior of the Fc/Rc-substituted biphenyl/fluorene ethynyl
thiol SAMs of the present study: considering the well-known redox character of
metallocenyls, we speculate that at least part of the molecules in the SAMs are quasi-
irreversibly oxidized as a consequence of applying a large enough positive bias. A
metastable cation state would be stabilized by the coupling to the conjugated BPT/Flu
backbones via the ethenyl linker. The ionization potential of Fc-BPT is further reduced by
dielectric screening within the SAM and by the metal electrodes. Counter-charges, e.g.,
trapped in the GaOx or as mirror charges in the electrodes further reduce the energetic cost
of cation formation and considering that the ionization of part of the metallocenyls would
also be favored by entropy, a (meta)stable situation with some of the metallocenes ionized
does not appear entirely unlikely.

This raises the question, how cation formation would diminish charge transport, eventually
causing the low-conductivity state. One aspect worthwhile considering is, how cation
formation impacts the nature of the frontier orbitals. Of particular relevance in this context
is the highest occupied molecular orbital (the HOMO), which for thiol-bonded SAMs is
typically responsible for charge transport.®” In the neutral state, simulations by our partners
show that the HOMO is fully delocalized between the conjugated backbone and the
ferrocenyl. This situation changes fundamentally when the molecule becomes positively
charged, as shown in Figure 4.27a for Fc-BPT: the HOMOs of both spin channels become
largely localized on the biphenyl part of the molecule (see Figure 4.27a and Figure B.4 in
the Supplementary Data by Our Partners section). For the lowest unoccupied orbital
(LUMO) a similar situation is observed, with the main difference that in the cation the
LUMO becomes largely localized on the ferrocenyl (see Figure B.4 in the Supplementary
Data by Our Partners section). The localization of the frontier orbitals in the cation is
consistent with the localization of the excess charge, which for the cation is primarily found
on the ferrocenyl, as confirmed in Figure 4.27b.

Such a charging-induced localization of the frontier orbitals (partly) interrupts the transport
channel through the SAM between the two electrodes, but to be fully effective, the
localization (and, thus, cation formation) would have to affect the majority of the molecules
in the junction. But even if this was not the case, the existence of a positive space charge
layer within the junction would give rise to the formation of a sizable potential barrier for
holes passing the junction. In this context it is worthwhile noting that the holes are expected
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to remain the dominant charge carriers even in the switched junction, considering that
thiolate SAMs typically are in a Fermi/HOMO-level pinning situation (as can be inferred
from the data shown in refs 2’27 and as has been explicitly discussed, for example, by
Rodriguez-Gonzalez et al.>”’). The height of the electrostatic barrier should be sizable also
for moderate ionization rates. For a semi-quantitative estimate, a simple electrostatic model
was developed by our partner, as described in detail in the Figure 4.27¢c. The ionization of
11% of the metallocenyls results in an inter-ion distance that becomes similar to the length
of the molecules. This somewhat reduces the barrier in certain regions, as illustrated in
Figure 4.27c. But even then, the estimated minimum barrier for the junction remains higher
than 1.2 eV. The actual height of that minimum barrier, of course, depends on the choice
of the various parameters of the simple electrostatic model, but these considerations
suggest that, if a fraction of the metallocenyls remained in a (meta)stable cationic state,
this would pose a sizable obstruction to hole transport through the junction.

neutral

charge density

b . change !

Figure 4.27: DFT calculation impact of cation formation in Fc-BPT and electrostatic
potential distribution for ionized metallocenyls in the SAM, performed by our
partner. (a) Shapes of the HOMO orbitals in the neutral and cation states; isovalue 0.009.
(b) Isodensity plot of the change in charge density between the cation and the neutral
molecule (in the neutral equilibrium geometry). Blue (red) regions correspond to electron
removal (addition). (c¢) Potential barrier due to the ionization of a fraction of the
metallocenyl units assuming a square arrangement of the charges with a distance of 15A
between the point charges (i.e., assuming an ionization of every third molecule in x- and
y-directions and yielding an overall ionization rate of 11%). The plane of ionized molecules
is separated from the electrodes by two dielectric layers (the conjugated backbone and the
GaOx), whose dielectric constant is assumed to be 2. The displayed cross-section is chosen
such that it cuts through one of the lines of charges in x-direction to best illustrate the
situation. The minimum potential barrier in that plane amounts to 1.46 V, while the overall
minimum barrier amounts to 1.23 V and is located in the center of the square found by four
neighboring point charges. The potential has been calculated from point charge arrays
including mirror charge effects to second order.
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4.4.4 Conclusions

We have experimentally studied charge transport properties of a series of fully conjugated
metallocenyl (Fc and Rc) substituted biphenyl- and fluorenethiols, assembling the
molecules on Au(l1l) and placing the respective monolayers within the
Au/SAM//Ga;03/EGaln junctions. In contrast to the previous reports on Fc-substituted
aliphatic and hybrid SAMs, the systems described in the present study exhibit two
distinctly different conduction states, such that current densities similar to those measured
for related aromatic thiolate-SAMs (in particular biphenylthiolate) are observed when
applying negative biases. The situation changes fundamentally for positive biases, for
which the observed current densities are by orders of magnitude smaller. This results in a
rectification ratio of 10 at a bias voltage of ~0.25 V and of 10>° at bias voltages close to
0 V. Especially at low biases these parameters are superior to most molecular rectifiers
reported so far, making the present systems interesting for various applications.
Interestingly, the appearance of the low-conductivity state is triggered by sufficiently high
positive bias voltages. This switching of the junction can be reversed through a negative
bias.

The observed behavior is tentatively explained by the switching a fraction of the SAM-
forming molecules into a (meta)stable cation state, triggered by the sufficiently high
positive bias. This hypothesis is indirectly supported by DFT simulations performed for
the individual molecules. The simulations also suggest that the frontier electronic states in
the ionized molecules become spatially localized, which might be one of the reasons for
the massively decreased conductivity in the switched SAM. Another, potentially even
dominating effect is that ionized molecules within the junction with charges primarily
localized on the metallocenyls would give rise to a significant potential barrier for hole
transport. In the future, such a mechanism could be specifically targeted in advanced,
custom-designed systems, in this way opening new perspectives for molecular electronics.

4.5 Thermal Stability of Alkanethiolates and Aromatic Thiolate
SAM on Au(111)

Thermal stability of functional SAMs is an important issue for SAMs application in modern
nanotechnology.!'!?389-94103.109.117.192.278 [y this section, thermal stability of the most basic
thiolate SAMs on Au(111) was addressed using synchrotron-based HRXPS, as described
in detail in section 3.2.6. The SAMs in consideration include two non-substituted aliphatic
systems and two non-substituted aromatic systems with different lengths of the molecular
backbone (Figure 4.28). Note that according to the literature data, with most of the reports
dealing with alkanethiolates (AT) SAMs on Au(111), the thermal stability of these systems
is predominantly limited by the energetics of the thiolate-gold bond,?*! which is generally
considered as a weak covalent bond.?”>*** As shown by X-ray diffraction studies,'** the
typical c¢(4 x 2) lattice of alkanethiols is persistent until 363-373 K, with either melting or
formation of incommensurate phase at higher temperatures. The latter processes are
accompanied by molecular desorption and decomposition.’’®?8! Other reports give
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however a much higher temperature, such as 423 K, for noticeable temperature-induced
changes.?®? The stability of aromatic thiolate SAMs as well as hybrid aliphatic-aromatic
monolayers is supposed to be higher than that of AT SAMs,*>2?%2 but some of the reported
values, such as a characteristic degradation temperature of 453 K for terphenyl-based
SAMs on Au(111),%%? seems to be overestimated to some extent.
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Figure 4.28: SAM-forming molecules used in the present study along with the respective
acronyms. TPT molecules were synthesized by the group of Prof. Terfort, while other 3
molecules were purchased commercially.

4.5.1 SAM Preparation

The SAMs were assembled by immersing freshly fabricated substrates into solutions of the
precursors (Figure 4.28) in either ethanol (C12, C16, BPT; 1 mmol) or dimethylformamide
(TPT; 0.5 mmol) at room temperature and under ambient conditions. After immersion (24
h), the samples were carefully rinsed with pure solvent and blown dry with argon.
Afterward, the samples were placed in containers filled with argon for their transportation
to the synchrotron.

4.5.2 HRXPS analysis

The derived intensities of the characteristic XPS peaks and doublets were used for the
evaluation of the effective thickness of the monolayers and density of the specific sulfur-
derived species located at the SAM-substrate interface. The effective thickness was
calculated from the Au 4f intensity, on the basis of the equation 2.6, as the following
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Lyyay = lo—pyar X €Xp (_ SAM/AAuALf) 2

where 74.4r and ly.4u4r are the intensities of the Au 4f signal for the SAM-covered and blank
substrate, respectively, dsav i1s the SAM thickness, and A44 is the attenuation length
corresponding to the kinetic energy of the Au 4f photoelectrons (~260 eV), viz. ~10.5 A.!>°
The value of ly.4u4r was not directly measured but determined using the well-known
thickness of the pristine C12, C16, BPT, and TPT SAMs, viz. 15.0 A, 18.9 A, 11.5 A, and
15.2 A, respectively.?!4?31:283 The resulting equation was

I
Asam = dsam—pr — Aavag—pr X In ( Au4f/] 4.3

Au4f—pr>

where dsampr and Lqurpr are the thickness of the given pristine SAM (at RT) and the
intensity of the Au 4f signal for this sample, respectively.

Alternatively, as an additional proof, the effective thickness of the SAMs could also be
evaluated from the intensity of the C 1s signal, on the basis of the equation 2.5), as the
following:

less = locas % [1 = exp (/)] 4.4

where Ic;is and Iy.cis are the intensities of the Cls signal for the real and very thick SAMs,
respectively, dc is the thickness of the hydrocarbon overlayer, and Acis is the attenuation
length corresponding to the kinetic energy of the C 1s photoelectrons (60-65 eV), viz. ~6.3
A0 The value of Iy.cis was not directly measured but determined using the well-known
thickness of the pristine SAMs corrected for the effective thickness of the S—Au interface,
ds, viz. ~2.4 A 28425 The resulting equation was

where dc.,r and Icis-prare the thickness of the hydrocarbon overlayer for the given pristine
SAM (at RT) and the intensity of the C 1s signal for this sample, respectively.

The density of the specific sulfur-derived species located at the SAM-substrate interface,
ns, was calculated from the intensity of the species-specific S 2p doublets, /s2,, on the basis
of the equation!*%!14°

Isp = A X exp (— dc//lszp> 4.6

where A4 is a general factor and Asz, is the attenuation length corresponding to the kinetic
energy of the S 2p photoelectrons (~183 eV), viz. ~8.6 A.!>" The value of 4 was not directly
measured but determined using the well-known packing density of the thiolate species in
the pristine C12, C16, BPT, and TPT SAMSs, ns,, estimated at ~4.6 x 10
molecules/cm?.!%%286287 The resulting equation was

ns = Isap / Iszp-pr X nspr x exp [—(dcpr —dc) /Aszp) 4.7
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where Is2,-pr-1s the intensity of the thiolate-specific S 2p doublet for the given pristine SAM
(at RT).

4.5.3 Alkanethiolates SAMs

The Au 4f7n, C 1s, and S 2p XP spectra of the C16 SAM successively annealed at
temperatures of 300-413 K are presented in Figure 4.29a, Figure 4.29b, and Figure 4.29c,
respectively. Intensities of the characteristic signals, derived from the spectra, are shown
in Figure 4.30. The analogous data set for the C12 SAM is presented in Figure A.16 and
Figure A.17 in the supplementary data section.

The C 1s and S 2p spectra of the pristine C12 and C16 monolayers (302 K) exhibit the
characteristic peak at either ~284.75 eV (C12) or ~284.85 eV (C16) assigned to the alkyl
backbone?®* and S 2p doublet at 162.0 eV (S 2ps12), representative of the thiolate anchoring
groups bound to gold.?'” No other features are observed, underlying the chemically
homogeneous and contamination-free character of the samples.

According to the data in Figure 4.29 and the intensity values in Figure 4.30, the character
of the Au 4f, C 1s, and S 2p spectra do not change noticeably up to 373 K, accompanied
by only slight variation in the intensity of the characteristic peaks and doublets. The
intensity of the Au 4f signal increases to some extent, while the intensity of the C 1s signal
decreases slightly, manifesting, most likely, a slowly progressing molecular desorption,
likely from the defect sites and the edges of individual domains. The intensity of the S 2p
thiolate signal in the S 2p spectra increases slightly reflecting a smaller attenuation by the
somewhat thinner hydrocarbon overlayer (the assembly of the molecular chains represents
an overlayer with respect to the thiolate and atomically adsorbed sulfur species located at
the substrate-SAM interface). The spectra, however, change drastically at 383 K, with
some of the changes being traceable already at 373 K. These changes include a step-like
increase in the intensity of the Au 4f signal and a radical change in the character of the C
Is and S 2p spectra. The C 1s spectra exhibit a noticeable downward shift of the
photoemission peak, which becomes slightly asymmetric, representing most likely two
different adsorption modes (see section 4.5.5 below), and considerably lower in intensity.
A similar, drastic decrease in intensity occurs also for the thiolate signal in the S 2p spectra,
accompanied by the emergence of two new doublets at ~161.1 eV (S 2p3) and 163.4 eV
(S 2ps3r2) assigned to atomically adsorbed sulfur and disulfide/weakly bound/unbound
sulfur, respectively.?!%28! The first of these doublets, perceptible already at 373 K, becomes
the dominant feature, whereas the second is comparably weak, representing less than 10%
of the entire S 2p signal.

Note that the assignment of the ~161.1 eV doublet relies primarily on the literature data for
the strongly annealed (490 K) AT SAMs on Au(111): whereas the C 1s signal disappeared
completely, the S 2p signal was still well perceptible, at ~161.1 eV (S 2p312).28! Since sulfur
was the only chemical element present on the Au(111) surface, the assignment of the
respective signal to atomically adsorbed sulfur bound to Au seems to be unequivocal. In
addition, the binding energy of 161.1 eV manifests a noticeably stronger involvement of
sulfur into the bonding with gold, correlating well with the atomically adsorbed sulfur
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model. Alternative assignments, which can be found in literature, such as differently bound
and laying-down molecules,’®*%2% appear less realistic to us.

Au4f,, a||C1s b

>0 413K L
o
o 2

-
KL

@ ° 393K

Q

Intensity (arb. units)

85 84 83 288 286 284 166 164 162 160
Binding energy (eV)

Figure 4.29: The Au 4f;» (a), C 1s (b), and S 2p (c) XP spectra of the C16 SAM
successively annealed in UHV at temperatures of 300-413 K as marked (open circles). The
positions of the C Is peak before and after the temperature-induced shift are traced by
vertical dashed lines in (b). Individual components of the S 2p spectra, corresponding to
the thiolate anchoring groups, atomically adsorbed sulfur, and disulfide/weakly
bound/unbound sulfur are shown in (¢) by the red, blue, and green solid lines, respectively.

The further changes of the Au 4f, C 1s, and S 2p spectra, occurring at the higher
temperatures are only marginal as compared to the spectra at 383 K, with probably the
major effect involving the asymmetry and intensity of the C Is peak, which becomes
symmetric and even lower in intensity (~20% of the original value) starting from 393 K.
Above this temperature, the character of the spectra and the intensities of individual peaks
and doublets do not change much, reflecting the stabilization of the system in a new state,
distinctly different from the pristine one.
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The behaviour of the C12 SAM at the temperature variation is similar to that of the C16
monolayer, with the persistence of the characteristic spectra shape up to 373 K and their
drastic change at the higher temperatures (see Figure A.16 and Figure A.17 in the
supplementary data section). The only difference is somewhat less abrupt character of this
change, reflecting by the smaller intensity decrease in the C 1s spectrum at going from 373
K to 383 K and the smaller intensity of the atomically adsorbed sulphur feature in the S 2p
spectrum at 383 K. A further temperature increase, to 393 K and higher, results, however,
in the S 2p spectra, which are very similar to those of C16/Au.
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Figure 4.30: The normalized intensities of the characteristic photoemission peaks and
doublets in the XP spectra of the C16 SAM as functions of the annealing temperature. The
legend is given in the panel. The C 1s intensity is normalized to the value at 302 K, the S
2p intensities — to the intensity of the thiolate signal at 302 K, and the Au 4f7, intensity —
to the value at 413 K.

Note that the observed evolution of the XP spectra for the C12 and C16 SAMs agrees well
with the literature data for 1-decanethiol (C10) SAM on Au(111) single crystal — to the
best of our knowledge, the only synchrotron-based HRXRS study of the thermal stability
of AT SAMs reported so far.?®! This study, presenting results for few temperatures only,
reports very similar changes of the spectra, which start at ~380 K and involve strong
decrease in intensity and downward shift of the C 1s peak as well as strong decrease in
intensity of the thiolate doublet and the emergence of the atomically adsorbed sulphur
doublet. Qualitatively similar spectra evolution could also be observed in an XPS study of
1-octadecanethiolate (C18) SAM on evaporated Au(111),2’® even though the spectra
measured with a laboratory setup do not allow to monitor temperature-induced changes
with the same precision as those measured with a high resolution at a synchrotron.
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4.5.4 Aromatic Thiolate SAMs

The Au 4f7n, C 1s, and S 2p XP spectra of the TPT SAM successively annealed at
temperatures of 300-433 K are presented in Figure 4.31a, Figure 4.31b, and Figure 4.31c,
respectively. Intensities of the characteristic signals, derived from the spectra, are shown
in Figure 4.32. The analogous data set for the BPT SAM is presented in Figure A.18 and
Figure A.19 in the supplementary data section.
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Figure 4.31: The Au 4f;» (a), C 1s (b), and S 2p (c) XP spectra of the TPT SAM
successively annealed in UHV at temperatures of 300-433 K as marked (open circles). The
position of the C 1s peak for the pristine TPT monolayer is traced by the vertical dark
yellow dashed line in (b); it changes slightly at 423-433 K. Individual components of the
S 2p spectra, corresponding to the thiolate anchoring groups and atomically adsorbed sulfur
are shown in (c) by the solid red and blue lines, respectively.

The C 1Is and S 2p spectra of the pristine TPT and BPT films (302 K) exhibit the
characteristic peak at ~284.2 eV (TPT) or ~284.1 eV (BPT) assigned to the oligophenyl
backbone*'*?3! and S 2ps» doublet at 162.0 eV (S 2ps312) assigned to the thiolate anchoring
groups bound to gold.?!’ No other features are observed, apart from a very small trace of
atomically adsorbed sulphur in the S 2p spectrum of the BPT SAM. Apart from this minor
contamination, the BPT and TPT samples are contamination-free and chemically
homogeneous.
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According to the data in Figure 4.31, the character of the Au 4f, and C 1s, and S 2p spectra
do not change noticeably up to 383 K, accompanied by only slight variation in the intensity
of the characteristic peaks and doublets. The intensity of the Au 4f signal increases to some
extent (see also Figure 4.32), while the intensity of the C 1s signal decreases slightly,
manifesting, most likely, a slowly progressing molecular desorption from defect sites and
domain borders. The intensity of the S 2p thiolate signal in the S 2p spectra is nearly
constant, exhibiting only a very slight increase. Noticeable changes start first at 393 K,
manifested by a pronounced intensity change of the Au 4f and C Is signals and the
appearance of the initially very weak signal of the atomically adsorbed sulfur in the S 2p
spectra. These changes evolve even stronger at the higher temperatures with a further
pronounced increase in the intensity of the Au 4f signal and decrease in the intensity of the
C Is signal occurring up to 403-413 K and levelling off at the higher temperatures. The C
Is peak shifts to the lower binding energy (~284.0 eV) but this shift is much less
pronounced than that for the aliphatic SAMs (see Figure 4.29) since the energy of the C 1s
peak in the pristine TPT SAM (RT) is comparably low (~284.2 eV, see above). The most
essential variation is however exhibited by the S 2p spectra, which change their character
completely at the temperature increase from 393 K to 433 K. The contribution of the
atomically adsorbed sulfur, which is hardly perceptible at 393 K, increases in intensity and
becomes the dominant feature, whereas the contribution of thiolate becomes progressively
smaller.
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Figure 4.32: The normalized intensities of the characteristic photoemission peaks and
doublets in the XP spectra of the TPT SAM as functions of the annealing temperature. The
C Is intensity is normalized to the value at 302 K, the S 2p intensities — to the intensity of
the thiolate signal at 302 K, and the Au 4f7,; intensity — to the value at 413 K.

The behaviour of the BPT SAM at the temperature variation is similar to that of the TPT
monolayer, with the persistence of the characteristic spectra shape up to 383-393 K and
their pronounced change at the higher temperatures (see Figure A.18 and Figure A.19 in
the supplementary data section).
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4.5.5 Discussion
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Figure 4.33: Effective thicknesses of the C12 (a), C16 (b), BPT (c), and TPT (d) SAMs
(filled dark yellow circles) as functions of temperature. The values were calculated on the
basis of the Au 4f intensities, according to equation 4.3. The solid lines trace the observed
behavior. The temperature ranges corresponding to pronounced changes in the SAM
composition are highlighted.

The spectra of the SAMs presented in Figure 4.29 and Figure 4.31 as well as in the
supplementary data section (Figure A.16 and Figure A.18) give a good insight into the
temperature-mediated processes, which include molecular adsorption, molecular
fragmentation, and chemical transformations in the films. Additional information is
provided by the intensity plots in Figure 4.30 and Figure 4.32 as well as in Figure A.17 and
Figure A.19. However, whereas these intensities represent useful fingerprints of the
temperature-induced processes, they do not adequately reflect quantitative changes in the
SAM thickness and composition, because of the attenuation effects in photoemission,
which have specific extents for individual species.!>® These effects can, however, be
corrected for, as discussed in detail in section 4.5.2.

As the first quantitative parameter, the effective thickness of the SAMs was evaluated on
the basis of the Au 4f and C 1s intensities, in accordance with equations 4.3 and 4.5,
respectively. The results are presented in Figure 4.33 and Figure A.20. The values
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calculated by the different methods correlate well with each other, which verifies their
reliability. According to these values, the aliphatic SAMs are less stable than the aromatic
ones, with the noticeable and comparably stronger thickness reduction starting at ~373 K
and finishing at ~393 K. In the aromatic monolayers, the analogous process starts first at
383-393 K and is less extensive and slower progressing (in relation to the temperature
increase). There is hardly any dependence on the chain length, with the very similar curves
for the C12 and C16 SAMs and qualitatively similar curves for BPT and TPT.
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Figure 4.34: Effective thicknesses of the hydrocarbon part in the C12 (a), C16 (b), BPT
(c), and TPT (d) SAMs (filled dark yellow circles) as well as packing densities of the sulfur
species in these SAMs (e, f, g, and h, respectively) as functions of temperature. The legend
for (e-h) is given in panel (e). The solid lines trace the observed behavior. The temperature
ranges corresponding to the pronounced changes in the SAM composition are highlighted.

Further information can be obtained by quantitative monitoring of the SAM composition.
For this purpose, we calculated the effective thickness of the hydrocarbon part of the SAMs
by equation 4.5 (with a correction for ds) and the densities of the thiolate and atomically
adsorbed sulfur at the SAM-substrate interface by equation 4.7. The respective data are
shown in Figure 4.34. The effective thickness of the hydrocarbon part (Figure 4.34a-d)
represents a measure of the carbon content while the sum of the thiolate and atomically
adsorbed sulfur densities represents coarsely the total sulfur content. As seen in the spectra
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of the SAMs (Figure 4.29 and Figure 4.31 as well as Figure A.16 and Figure A.18, some
of the samples exhibit a signature of physisorbed/unbound/disulfide sulfur at the elevated
temperatures. The intensity of the respective signal is however comparably low and the
location of the respective species in the residual films is not defined in contrast to the
thiolate and atomically adsorbed sulfur moieties, which are located at the SAM-substrate
interface. Consequently, the signal of physisorbed/unbound/disulfide sulfur can experience
a distinctly different attenuation or no attenuation at all (if these species are located at the
film-ambient interface), so that one cannot handle it in the same way as the signals of
thiolate and atomically adsorbed sulfur. In view of this limitation, we only took into
accounts the latter signals at the calculation of the total packing density of the sulfur
species, shown in Figure 4.34e-h.

The effective thicknesses of the hydrocarbon part, dc, in Figure 4.34a-d mimic the
analogous curves for the effective thicknesses of the SAMs (Figure 4.33 and Figure A.20),
apart from the contribution related to ds. The difference in the onsets of the noticeable
thickness reduction for the aliphatic and aromatic SAMs is well pronounced. The
difference in the carbon content of the residual films is even more drastic than the
analogous difference in ds4u. In contrast to the very low values of dc observed for the AT
SAMs at 393-313 K (~10% of the initial value), such values for the aromatic SAMs are
still high enough at 413-433 K (30-35% of the initial value). This suggests a nearly
complete desorption of the aliphatic chains (as a part of the molecules or their fragment)
and their fragments in the former case, in contrast to a noticeable amount of the residual
material in the latter case.

The behavior of dc correlates nicely with that of the sulfur species, with the different onsets
for the noticeable changes in their composition for the aliphatic and aromatic SAMs, as
shown in Figure 4.34e-h. Starting from 373 K in the C12/C16 case and from 383-393 K in
the BPT/TPT case, the density of the thiolate species, nmioiare, decreases significantly,
accompanied by the emergence and density increase of atomically adsorbed sulfur, n4s,
and, to a noticeably lesser extent, by the emergence of physisorbed/unbound/disulfide
sulfur (see Figure 4.29 and Figure 4.31 as well as Figure A.16 and Figure A.18. The
reduction of nmioiare 18 noticeably stronger for the C12/C16 case, accompanied by just a
moderate increase of n4s and a noticeable reduction of the total amount of sulfur, with all
these processes levelling off at 383-393 K. In contrast, the total density of sulfur, nr,
changes only slightly (if at all) in the BPT/TPT case, accompanied by progressing changes
N Nmiolare and nys occurring in a nearly symmetrical way.

Rationalizing the above tendencies and the evolution of the XP spectra, specific scenarios
of the temperature-induced processes in aliphatic and aromatic thiolate SAMs on Au(111),
represented here by the C12, C16, BPT, and TPT monolayers, can be derived, illustrated
in Figure 4.35. In the C12/C16 case, the SAMs retain their identity up to ~373 K, even
though with a slight reduction of the molecular density. At the higher temperature,
pronounced molecular desorption takes place, as follows from the strong simultaneous
decrease of dc and nmioiare. This process is accompanied by molecular decomposition,
mediated by the cleavage of C—S bond and resulting in the desorption of the alkyl chains
and emergence of atomically adsorbed sulfur. Thus, the latter bond, complementary to the
thiolate-substrate one (Au-S), represents so-called “weak link” for the temperature-
induced SAM degradation. Such a weak link, defined predominantly by the molecular
structure and the character of the substrate, has been reported for a variety of different
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SAMs, playing leading role in the thermal stability of these systems.!'%?!2%2 After the
extensive desorption, occurring in the 373-383 K range, the residual films stabilizes at the
higher temperature. Most likely, they represent a combination of the lying-down
molecules, as also proposed in literature,>?> and atomically adsorbed sulfur. The
transformation from the upright orientation of the backbones, decoupled electronically
from the substrate, to the lying-down geometry is manifested by the pronounced downward
shift of the C 1s peak (see Figure 4.29 and Figure A.16). This shift can be rationalized as a
consequence of efficient electronic coupling of the backbone to the substrate for the lying-
down phase, resulting in particular in much more efficient screening of the photoemission
hole by the conduction electrons in the substrate. Note, however, that the lying-down phase
has also a limited thermal stability, since the carbon signal disappears at the sufficiently
high temperatures (490 K) and only the signal of atomically adsorbed sulfur can be
recorded.?®! Note also that whereas dc correlates nicely with nmioie at 393-413 K, being
both comparably small with respect to the values at RT (~10% for both dc and nsmiotate), nat
is noticeably larger (30-40% of the initial value). Consequently, the respective species
cannot be related to the residual aliphatic chains (the laying-down phase), which is one
more evidence for their assignment to atomically adsorbed sulfur.

The BPT and TPT SAMs retain their identity up to 383-393 K, even though with some
reduction of the molecular density (more pronounced in the BPT case). At 393-413 K,
pronounced loss of hydrocarbon material takes place, accompanied by the transformation
of thiolate into atomically adsorbed sulfur, with 7. decreasing only slightly. A suitable
scenario corresponding to this behavior is the cleavage of S—C bonds, followed by
desorption of either biphenyl (BPT) or terphenyl (TPT) moieties. In contrast to the
C12/C16 case, such a cleavage seems to be the dominant temperature-induced degradation
process for the BPT and TPT monolayers, with S—C bond representing the “weakest link”
in these films. At the same time, the values of dc and nmioiae at 413-433 K correlate nicely
with one another if compared with the values at RT (~35% for both dc and nmiolaze), so that
the residual films represent most likely a superposition of the intact molecules and
atomically adsorbed sulfur. The residual intact molecules can have both laying-down and
standing-up geometry, arranging both in ordered and disordered patches. Note that in the
case of BPT, the area per molecule of the standing-up phase (21.6 A?)?*? corresponds to
ca. 27% of that for the laying-down structure (57.7 A2),26 which is not far away from the
residual molecular density in the strongly annealed BPT SAMs (~35%). Consequently, the
laying-down phase is most likely the dominant one in the BPT case and is presumably
available in the residual TPT films as well (with a larger area per molecule), coexisting
with the standing-up phase, comprised, most likely, by the strongly inclined molecules.
Note that polymorphism is typical of aromatic thiolate SAMs, even at RT,?":?*? so that a
superposition of different structural phases can be expected at the elevated temperatures as
well.
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Figure 4.35: Schematic illustration of the temperature-induced modification of the AT and
ArT SAMs; hydrogen atoms and the minor physisorbed/unbound/disulfide sulfur species
are not shown for the sake of clarity. The molecular desorption event, dominating in the
AT case, 1s marked by green arrows, whereas the C-S bond scission events, dominating in
the ArT case, are marked by the dark red arrows.

The comparably higher thermal stability of aromatic thiolate (ArT) SAMs agrees
qualitatively with the literature data.>> The character of the molecular backbone is
obviously of importance, defining,?®! along with the redistribution of the electron density
within the substrate—S—C joint, the strength of S—C bond. Note that, generally, the bonding
of the molecules to the substrate over S—Au bond results in a withdrawing of the electron
density from the adjacent S—C bond, resulting in its weakening. A further relevant aspect
is the intermolecular interaction, which is supposed to be stronger in the ArT case as
compared to AT SAMs.?** In addition to the van-der-Waals interaction, typical of AT
species, molecules in the ArT monolayers feature n-c interaction, characteristic of the
proposed herring-bone packing motif in these films.?>

An interesting aspect is the identity of the moieties emerging after the cleavage of S—C
bonds, which are most likely primary carbocations and/or radicals. In the AT case, these
species can subsequently undergo a rearrangement by migration of the beta-hydrogen to
the electron deficient alpha carbon.?®® The result is an energetically stable tertiary
carbocation, which is encountered frequently during organic electrophilic rearrangements.
In sharp contrast, aryl carbocations (ArT radical/cations in our case) are believed to be
energetically higher owing to both repulsive orbital interactions and geometry factors.?%®
The electronegative sp? orbitals on B-C destabilize the positively charged ArT cation center
and stereochemical distortion of the phenyl ring cannot be disregarded. Consequently, the
situation in the ArT SAMs is more complicated and probably deems further investigation.
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Few words should also be said about the disulfide/weakly bound/unbound sulfur species
appearing upon the pronounced molecular desorption and decomposition in most of the
SAMs studied (Figure 4.29 and Figure 4.31 as well as Figure A.16 and Figure A.18.). The
respective minor species represent most likely disulfides or alkylsulfides caught in the
residual matrix. An alternative assignment would be dialkylsulfide, appearing as a result
of chemical reaction between the released alkyl-S™ and biphenyl-S™ species and molecular
backbones.?”’

Note that this is of importance that the doublet at 163.4 eV is not perceptible at
temperatures below 383 K (C12/Au and C16/Au) and even 413 K (BPT/Au), since, along
with the signature of the specific sulfur-derived species, this feature represents a fingerprint
of X-ray induced damage in the monolayers.?!'%*7 Consequently, such a damage did not
take place at the low and moderate temperatures and had only a small extent (if at all) at
the temperatures corresponding to the SAM desorption and decomposition. We have taken
special care to avoid X-ray damage effects, which indeed can be a problem for XPS and
HRXPS studies of thiolate SAMs, specially at an elevated temperature.?*>?*° It should also
be emphasized that the doublet at 161.1 eV (S 2p32) — the major emerging spectroscopic
feature at the elevated temperatures — has no relation to the X-ray damage effects?!? and is
therefore exclusively representative of the temperature-induced effects.

4.5.6 Conclusions

Thermal stability of AT and ArT SAMs on Au(111) was studied by synchrotron-based
HRXPS, taking the C12, C16, BPT, and TPT monolayers as representative test systems.
As the substrates we used evaporated, grain-structured Au(111), which does not have the
structural perfection of a single crystal but is a typical support for applications, possessing
in this regard larger practical relevance. The samples were kept at an elevated temperature
for a fixed time (2 min), with the temperature varying in excess of that required for SAM
degradation. It was found that AT SAMs maintain their identity and character up to a
temperature of ~373 K, followed by extensive molecular desorption and decomposition,
mediated by the cleavage of S—Au and C—S bonds and occurring in the 373—383 K range.
The residual films represent a superposition of the laying-down phase and atomically
adsorbed sulphur. The ArT SAMs turned out to be somewhat more stable, retaining their
identity and character up to a temperature of ~383—393 K, followed by the extensive loss
of material, mediated mostly by the cleavage of C—S bonds and occurring in the 383—403
K range. The residual films, characterized by ca. 35% of the initial packing density,
represent most likely a superposition of several structural phases (both laying-down and
standing-up) and atomically adsorbed sulphur. A noticeable dependence of the above
behavior on the length of the molecular backbone was not observed, even though certain
differences between C12/Au and C16/Au as well as between BPT/Au and TPT/Au could
be recorded.

Both for AT and ArT SAMs, the C—S bond represents the weak or even weakest link in
context of the thermal stability, once more underlining the importance of this concept for
functional SAMs and stressing the fact that the temperature-induced degradation of SAMs
is not only mediated by molecular desorption. Along with the bond to the substrate (Au—S),
this link governs the stability of the entire system, which can only perform its specific
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function in the defined temperature range. As far as a higher temperature is required, SAMs
with higher thermal stability can be used, such as those of N-heterocyclic carbenes in the
case of Au(111).300:301

Whereas the experiments were performed in UHV, their results should also be relevant for
other environments, such as under ambient conditions or in solution, even though certain
differences can take place. The same is true for differently fabricated gold substrates, since
surface perfection and morphology can influence the packing density and structural
organization of the SAMs?*!!7 thus, affect their thermal stability to some extent.

4.6 Thermal Stability of Phosphonic Acid SAMs on Alumina
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Figure 4.36: The SAM forming molecules of the present study along with the respective
acronyms. DPA — dodecyl-PA; OPA - octadecyl-PA; PFPDPA - 12
pentafluorophenoxydodecyl-PA; and HFDPA - (3,3,4,4,5,5,6,6,7,7,8,8,

9,9,10,10,11,11,12,1,2,12-heneicosafluorododecyl)-PA. These molecules were purchased
from Merck.

In this section, thermal stability of SAMs with phosphonic acid (PA) anchoring group,
covalently bound on Al,Os substrates is considered.*’-?*>3%2 These films rely on the
formation of the quite robust P-O—substrate linkage as a result of the condensation reaction
between the hydroxyl groups of the anchoring moiety and the substrate.’® The exact
binding scheme is still under discussion, with different studies giving a preference to the
bidentate or tridentate modes or their mixture, with dependence on the size of the SAM
forming molecules and specific type of the substrate.*”***=3% But the robust character of
PA SAMs is generally accepted along with the relative easiness of their fabrication as
compared to alternative anchoring groups (trichlorosilanes, etc.) suitable to oxide substrate.
Consequently, PA SAMs are broadely used for different applications, such as optimization
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198 photocurrent generation,*®” modification of

19.201308 engineering of gate
1141

of the buffer layers in organic photovoltaics,
transparent conductive electrodes in optoelectronic devices,
dielectric in organic transistors,’>30%-1017:3940 anq even as active layer in these devices.
In view of the robustness of PA SAMs, the thermal stability and temperature-induced
effects of few typical PA SAMs (Figure 4.36) were investigated. The selected SAMs
feature non-substituted alkyl chain, substituted alkyl chain, and partly fluorinated alkyl
chain as the molecular backbone. The length of the non-substituted alkyl chain was varied
to monitor a possible correlation of this parameter with the thermal stability. The terminal
substitution with pentafluorophenoxy and partial fluorination of the backbone were
intentionally used, mimicking the standard ways to engineer wetting properties and work
function of surfaces and interfaces.'*=21:47-311

Note that, for the best of our knowledge, the literature on the thermal stability of PA SAMs
is quite scarce. A representative example is the study of OPA formation and thermal
stability on an aluminum substrate.>"> Applying water contact-angle goniometry and time-
of-flight secondary ion mass-spectroscopy (TOF-SIMS), the authors of this study showed
that the parameters of OPA SAMs are maintained upon its annealing under air up to 200°C,
even though a small portion of the alkyl chains inside the molecules were oxidized at this
temperature. Interestingly, the oxidation of the alkyl chains turned out to be the dominant
degradation mechanism upon annealing to higher temperatures - in contrast to possible
break-up of the covalent bond between the anchoring group and the substrate or between
the anchoring group and molecular backbone. Further, Kanta et. al. examined the influence
of heat treatment in air on the stability of OPA SAMs on titania under ambient conditions.
This publication deduced the breakage of the aliphatic chain at temperatures of 350°C,
leaving the phosphorus anchoring group attached to the surface up to temperature of over
800°C.>!?* However, this research was also performed at ambient conditions. The only
study dealing with an oxygen-free heating of PA monolayers, is the work by Bhairamadgi
et al. (to the best of our knowledge), who monitored thermal stability of OPA SAMs on
porous aluminium oxide by in situ XPS using the C 1s and Al 2p peaks as fingerprints.*?
These SAMs were found to be stable up to ~500 °C, in contrast to several other monolayers
using different anchoring chemistry and showing much lower thermal stability.?°? The
signal of the anchoring group was however not monitored, which made it difficult to
deduce specific degradation pathways.

In this context, we monitor in the present work the behavior of both the molecular backbone
and the anchoring group upon annealing of the PA SAMs under oxygen-free, ultra-high
vacuum (UHV) conditions. As a major experimental tool synchrotron-based HRXPS was
used, which is an established technique in material science and physical chemistry in
general as well as a useful probe for molecular films and SAMs in particular.!432!% The
temperature-induced changes were monitored in situ, upon SAM annealing in the same
UHV chamber.

4.6.1 SAM sample in the study

N-dodecylphosphonic  acid (DPA), mn-octadecylphosphonic acid (OPA), 12-
pentafluorophenoxydodecylphosphonic ~ acid  (PFPDPA), and 1H,1H,2H,2H-
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perfluorododecylphosphonic acid (PFDPA) were prepared by Merck on thin AlO3 layer
on top of a boron doped, double side polished 6°° silicon wafer (625 pum thickness, (100)
orientation, 0.001 — 0.005 € cm resistivity, prime grade), as illustrated in Figure 3.1.

4.6.2 HRXPS experiment and analysis

Thermal stability of the phosphonic acid-based SAMs was addressed using synchrotron-
based HRXPS, as described in detail in section 3.2.6.%6 The temperature was varied with
50 K step size, starting from the room one (ca. 300 K). Considering the oxide character of
the substrates, charging was possible in principle. It was however not distinctly observed
(since the oxide films were relatively thin) but cannot be excluded completely in some of
the spectra.

The samples turned out to be extremely sensitive to X-ray induced damage, with the extent
and rate that are significantly higher than those for the analogous thiolate-based SAMs on
Au(111).2'° To minimize this damage and to avoid an interference of the respective effects
with the temperature-induced degradation, we kept the spectra acquisition time as short as
possible and varied the spot position on the samples, checking the homogeneity of the SAM
over the probed area in advance. The "frequency" of the spot variation steps was adapted
and optimized during the measurements. Some of the experiments were repeated because
of too strong effect of the X-ray damage but in few cases we let the results as is, as far as
the temperature effects were clear enough.

When necessary, the spectra were fitted by symmetric Voigt functions and either a linear
or Shirley-type background. The effective thicknesses of the SAMs was evaluated using
the standard procedure,'*® on the basis of the Al 2p signal from the substrate, which was
attenuated by the SAM according the equation 2.6

d

where Is4y and Iy are the intensities of the Al 2p signal for the SAM-covered and blank
substrate, respectively, dsiv the SAM thickness, and A4, the attenuation length for the
given kinetic energy of the photoelectrons. Accordingly, the thickness of a SAM is given
by the expression

I
dsam = daizp X ln( O/ISAM) 4.9

The literature data for A4, were used, relying on the measurements of alkanethiolate
SAMs, viz. 10.9 and 16.0 A for kinetic energies of 271 and 501 eV, respectively
(corresponding to PEs of 350 eV and 580 eV, respectively).!>

In contrast to the effective thicknesses, only relative values of the packing density could be
estimated coarsely, on the basis of the P2p/Al2p intensity ratio. Note, however, that the
kinetic energies of the respective photoelectrons are somewhat different (222 eV and 271
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eV, respectively, for a PE of 350 eV), resulting in the different A values (9.6 and 10.9 A,
respectively) and, consequently, in the different, film-thickness-depending attenuation.
Consequently, the relative values of the packing densities should be taken with a grain of
salt.

4.6.3 Pristine SAMs

The C 1s, Al 2p, and P 2p HRXPS spectra of the pristine (T = 300 K) PA SAMs are
presented in Figure 4.37, along with the C 1s and Al 2p spectra of the blank substrate. The
O 1s and F Is spectra were acquired as well and will be discussed later.
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Figure 4.37: The C 1s (a), Al 2p (b), and P 2p (c) HRXPS spectra of the DPA, OPA,
PFPDPA, and HFSPA SAMs as well as C 1s (a) and Al 2p (b) spectra of the blank substrate
(reference) acquired at T = 300 K. Some characteristic peaks are marked by numbers (see
text for details).

The C 1s spectra of the PA SAMs in Figure 4.37 are specific for the respective precursors
and characteristic of high-quality monolayers. This correlates with a noticeable decrease
in the intensity of the substrate signal, as demonstrated in Figure 4.37b by the example of
the Al 2p spectra, and with the appearance of the characteristic P 2p signal of the anchoring
group at 133.3 eV, as demonstrated in Figure 4.37c. The presence of only one P 2p feature
suggests that all PA groups of the adsorbed molecules are in the same chemical state,
providing the anchoring of the molecules to the substrate and corresponding, thus, to the
well-defined SAMs. This feature, which is a P 2p3p,12 doublet in reality, appears as a
somewhat asymmetric peak (in agreement with the branching ratio)'*® but the components,
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separated by ~1 eV (spin-orbit splitting),'®® could not be resolved, which is most likely

related to a certain inhomogeneity of the bonding configuration and geometries for the
anchoring groups. In contrast, the spin-orbit splitting of the Al 2p feature is much smaller!%?
and this doublet appears as a nearly symmetric peak.

The C 1s spectrum of the substrate exhibits a typical signature of contamination, viz. a
broad peak at 284.8 eV (1; C—C and C—H) and a weak feature at 288.5 eV (2; COOH and
C=0). Both these peaks became not perceptible upon the assembly of the SAMs. The
spectra of the DPA and OPA SAM exhibit a single, comparably narrow peak at 286.6 eV
(3 and 4), which is assigned to the alkyl backbone.?!” The intensity of this peak is higher
for the OPA SAM than for the DPA film, in accordance with the molecular composition.
The C 1s spectrum of the PFPDPA SAM exhibits three peaks at 284.5 eV (5), 286.4 eV
(6) and 287.5 eV (7), assigned to the alkyl linker, the carbon atom adjacent to O, and the
carbon atom in the fluorinated ring adjacent to fluorine, respectively.'®! The C 1s spectrum
of the HFDPA SAM exhibits three peaks at 284.9 eV (8), 290.5 eV (9), and 292.7 eV (10),
assigned to the short alkyl linker, fluorinated alkyl chain (—~CF»,-), and the terminal —CF3
moiety, respectively.’!?

The Al 2p and P 2p intensities varied upon the series (Figure 4.37b and Figure 4.37c¢).
Based on these values the effective thicknesses and relative packing densities of the PA
SAMs were estimated (see section 4.6.2 for details). The results are compiled in Table 4.4.
Note that the effective thicknesses represent the lowest estimates, since the blank substrate
was contaminated to some extent (see Figure 4.37a) and the respective intensity, used for
the thickness evaluation (see Eq 4.9), and was therefore somewhat lower than for the
entirely clean support. All the derived values are comparable to the molecular lengths,
evidencing once more a monomolecular assembly. As for the relative packing density, it is
the highest for the OPA SAM, which is understandable in view of the long and compact
molecular backbone, promoting efficient self-assembly. The values for the shorter alkyl
backbone (DPA) and its substitution (PFPDPA) are somewhat lower, which is
understandable. The value for the partially fluorinated backbone is the lowest, in agreement
with the comparably large atomic radius of fluorine and helical conformation of the
fluorinated alkyl chain.3!3314

Table 4.4: Effective thickness and relative packing density with respect to OPA SAMs as
well as the length of the SAM building molecules. The effective thickness values represent
the lowest estimates (see text for details); the relative packing density values are course
estimates only (see section 2). The error of the values is £5%.

Parameter /SAM DPA OPA PFPDPA HFDPA
molecular length, A 18.3 26.0 25.1 17.4
effective thickness 9.0 14.7 11.5 10

(lowest estimate), A

relative packing density 0.68 1 0.71 0.54
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The O 1s spectra of all PA SAMs (partly shown below) exhibit an asymmetric peak at
531.8 eV assigned to the substrate (Al03).3'> The intensity of this peak varies from SAM
to SAM, depending on the coverage and thickness. For the PFPDPA SAM this feature
overlap with an additional symmetric peak at 533.7 eV, assigned - in accordance with the
molecular composition (Figure 4.36) - to the oxygen atom linking the alkyl chain to the
fluorinated phenyl ring (see subchapter 4.6.6).

The F 1s spectra of the PFPDPA and HFDPA monolayers (shown below) exhibit a
pronounced single peak at 687.9-688.1 eV, assigned - in accordance with the molecular
compositions (Figure 4.36) - to the fluorine atoms in the respective SAM building
molecules (see subchapter 4.6.6 and 4.6.7).

Generally, the characterization of the PA SAMs at room temperature, in their pristine state,
suggests their identity and well-defined character, qualifying them, thus, as representative
model systems for the thermal stability experiments.

4.6.4 Temperature effect: DPA
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Figure 4.38: The C 1s (a), Al 2p (b), and P 2p (c) HRXPS spectra of the DPA SAM
successively annealed in UHV at temperatures of 300-773 K. The spectra were acquired at
a PE of 350 eV.



The C 1s, Al 2p, and P 2p spectra of the DPA SAM successively annealed in UHV at
temperatures of 300-773 K are presented in Figure 4.38; the temperature dependence of
the intensities of the characteristic photoemission peaks is compiled in Figure 4.39. The
intensity of the characteristic C 1s peak in Figure 4.38a exhibits only slight decrease upon
the annealing up to 673 K, followed by the abrupt decrease at the higher temperatures. The
intensity of the substrate signal exhibits a reverse behavior, with the slightly increasing
values up to 673 K and abrupt increase at the higher temperatures. The above behavior
suggests a thermal stability of the DPA SAM up to 623 K, start of its degradation at 673
K, and extensive molecular decomposition with the desorption of the released fragments
at the higher temperatures. Interestingly, the intensity of the PA group signal in Figure
4.38c does not behave as the C 1s signal but rather as the substrate intensity, exhibiting an
only slight increase up to 623 K, large increase at 673 K, and an abrupt increase at the
higher temperatures. This means that the vast majority of the PA moieties remain on the
surface upon the temperature-induced desorption of the alkyl backbones and their
fragments.

Considering the data in Figure 4.38 and Figure 4.39, one can conclude that the most likely
temperature-affected weak link in the DPA case is the bond between the PA group and the
molecular backbone. Consequently, the backbones represent the major released fragments.
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Figure 4.39: The normalized intensities of the characteristic photoemission peaks in the
HRXPS spectra of the DPA SAM as functions of annealing temperature. The C s intensity
is normalized to the value at 300 K; the Al 2p and P 2p intensities - to the values at 723 or
773 K. The solid curves are guides for the eyes.
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4.6.5 Temperature effect: OPA
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Figure 4.40: The C 1s (a), Al 2p (b), and P 2p (c) HRXPS spectra of the OPA SAM
successively annealed in UHV at temperatures of 300-923 K. The spectra were acquired at
a PE of 350 eV.
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Figure 4.41: The normalized intensities of the characteristic photoemission peaks in the
HRXPS spectra of the OPA SAM as functions of annealing temperature. The C 1s intensity
is normalized to the value at 300 K; the Al 2p and P 2p intensities — to the values at 923 K.
The solid curves are guides for the eyes.
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The C 1s, Al 2p, and P 2p spectra of the DPA SAM successively annealed in UHV at
temperatures of 300-923 K are presented in Figure 4.40; the intensity’s temperature
dependence of the characteristic photoemission peaks is compiled in Figure 4.41.
Generally, the behavior of the spectra in Figure 4.40 mimics that in Figure 4.38, which is
understandable because of the similarity of the chemical structures of DPA and OPA, with
the only difference being the length of the molecular backbone. The latter parameter seems,
however, to be of importance (as can be expected) since, according to the data in Figure
4.40 and Figure 4.41, the OPA SAM has a higher temperature stability than the DPA
monolayer. Indeed, the intensities of the characteristic peaks in Figure 4.40 vary only
slightly upon annealing up to 773 K and only start changing upon the heating to the higher
temperatures, with a drop in the C Is intensity accompanied by a simultaneous rise of the
Al 2p and P 2p intensities (see Figure 4.41). Similar to the DPA case, this behavior is
characteristic of the temperature-induced break-up of the bond between the PA groups and
the alkyl backbone with subsequent desorption of the released fragments.

4.6.6 Temperature effect:PFPDPA

————————
HRXPS: C1s a|| F1s b|[O1s § ¢

hv = 350 eV 750 eV 580 eVS®
°%

703k PFPDPA it
673K Py e 3

623K

573K

523K§%
 EEAN A
4?§?f"%x§hm
423K W
§ R *
00K
1 1

Intensity (arb. units)

300K J §

o) Soman
1 " MPEFITE P e | M T

290 285 690 685 535 530
Binding energy (eV)

Figure 4.42: The C 1s (a), F 1s (b), and O 1s (¢) HRXPS spectra of the PFPDPA SAM
successively annealed in UHV at temperatures of 300-723 K. The spectra were acquired at
Pes of 350 eV (C 1s), 750 eV (F 1s), and 580 eV (O 1s). The peaks in the C 1s and O 1s
spectra are marked by numbers and signs (see Figure 4.37 and text for details).
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The C 1s, F 1s, and O 1s spectra of the PFPDPA SAM successively annealed in UHV at
temperatures of 300-723 K are presented in Figure 4.42; the intensity’s temperature
dependence of the characteristic photoemission peaks is compiled in Figure 4.43, including
the data for the Al 2p and P 2p spectra (not shown), which, in the terms of the spectral
shape, are similar to the DPA/OPA case.

The F 1s spectrum of the pristine SAM (T =300 K) in Figure 4.42b exhibits a single peak
at 687.9 eV, which can be assigned to the fluorine atoms in the fluorinated phenyl ring.
The O 1s spectrum of the pristine SAM (T =300 K) in Figure 4.42c¢ exhibits a superposition
of two peaks, viz. an asymmetric peak at 531.8 eV (#) and a symmetric peak at 533.7 eV
(*). As mentioned in section 4.6.3, the former feature was observed in the O 1s spectra of
all PA SAMs and is characteristic of the signal from the substrate (Al.O3); it becomes the
only feature at T > 573K. The latter peak was only recorded in the spectra of the PFPDPA
SAM and is therefore specific for this particular monolayer. In accordance with the
molecular composition, it is assigned to the oxygen atom linking the alkyl chain to the
fluorinated phenyl ring.
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Figure 4.43: The normalized intensities of the characteristic photoemission peaks in the
HRXPS spectra of the PFPDPA SAM as functions of annealing temperature: (a) Al 2p, C
Is (C-F), and P 2p for a PE of 350 eV; (b) O 1s (in-chain) and F 1s. The C 1s, O 1s, and F
Is intensities are normalized to the value at 300 K; the Al 2p and P 2p intensities — to the
values at 673 or 723 K. The solid curves are guides for the eyes.

The C 1s spectra in Figure 4.42a exhibit a slight decrease in the intensity of peak 7, assigned
to the carbon atoms bound to fluorine in the fluorinated ring (see section 4.6.3), upto T =
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473 K, followed by a further decrease at T = 523 K, and nearly complete intensity drop at
the higher temperatures. The above behavior is exactly mimicked by the F 1s peak and the
O 1s peak of the in-chain oxygen (2). This is additionally verified in Figure 4.43, where
the intensities of the above peaks are shown as functions of the temperature.

Such a correlation of the C 1s (C-F), F 1s, and O 1s (in-chain) intensities suggests a
temperature-induced break-up of the bond between the linking oxygen atom and the alkyl
chain, with the subsequent desorption of the released fragments. This is accompanied by
the significant increase in the intensity of peak 5, assigned to the alkyl chain (see Figure
4.42a). Such a strong increase can be surprising but one has to consider that the C 1s signal
is in the nearly saturation regime. Indeed, the intensity of this signal, /cys, is given by the
equation 4.4'*® Considering that Acss is quite small at the given kinetic energy of the
photoelectrons (4-6 A),'>° the C 1s intensity does not entirely reflect the amount of carbon.
Consequently, a removal of the topmost part of the SAM (including the fluorine atoms as
well) results in the increase of intensity from the bottom part, without much in the total C
Is intensity.

At the temperatures above 523 K, residual part of the PFPDPA SAM mimics the DPA
monolayer (see subchapter 4.6.4) and exhibits a similar behavior upon the further heating.
The intensity of the respective peak 5 remains nearly constant at 573 K and 623 K, and
then decreased abruptly upon the heating up to 673 K. This decrease is accompanied by a
strong increase of the signal from the substrate, as demonstrated by the O 1s spectra in
Figure 4.42¢ (peak 1) and the intensity of the Al 2p signal in Figure 4.43a.

Similar to the DPA/OPA case, the signal of the PA group (P 2p) shows the inverse behavior
as compared to the C 1s one, mimicking almost exactly the substrate signal (Al 2p).
Consequently, once again, the bond between the PA group and the alkyl chain serves as a
temperature-sensitive weak link, with the subsequent desorption of the released fragments.

4.6.7 Temperature effect: HFDPA

The C 1s, F 1s, and O 1s spectra of the HFDPA SAM successively annealed in UHV at
temperatures of 300-623 K are presented in Figure 4.44; the temperature dependence of
the intensities of the characteristic photoemission peaks is compiled in Figure 4.45,
including the data for the Al 2p and P 2p spectra at a PE of 350 eV (not shown), which, in
the terms of the spectral shape, are similar to the DPA/OPA case. The latter data should
however be taken with a grain of salt since the 350 eV data suffer to some extent from the
X-ray induced damage and the 750 eV data, with a more frequent variation of the
measurement spot, are more reliable in the case of the HFDPA SAM.

The F 1s spectrum of the pristine HFDPA SAM (T = 300 K) in Figure 4.44b exhibits a
single peak at 688.1 eV, which can be assigned to the fluorine atoms in the fluorinated
alkyl chain. The Al 2p spectra in Figure 4.44c, acquired at a PE of 750 eV, are analogous
to the same spectra acquired at a PE of 350 eV, and only differ by a lower energy resolution
and a lesser attenuation of the photoemission signal.
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Figure 4.44: The C 1s (a), F 1s (b), and Al 2p (c) HRXPS spectra of the HFDPA SAM
successively annealed in UHV at temperatures of 300-623 K. The spectra were acquired at
Pes 0of 350 eV (C 1s) and 750 eV (F 1s and Al 2p). The peaks in the C 1s spectra are marked
by numbers (see Figure 4.37 and text for details).
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Figure 4.45: The normalized intensities of the characteristic photoemission peaks in the
HRXPS spectra of the HFDPA SAM as functions of annealing temperature: (a) Al 2p, C
Is (C-F), and P 2p for a PE of 350 eV; (b) Al 2p (a PE of 750 eV) and F 1s. The C 1s, O
Is, and F 1s intensities are normalized to the value at 300 K; the Al 2p and P 2p intensities
— to the values at 673 or 723 K. The solid curves are guides for the eyes.
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The C 1s spectra in Figure 4.44a exhibit a slight decrease in the intensities of the peaks 9
and 10, assigned to the carbon atoms in the fluorinated part of the backbone (—CF,— and
—CFj3, respectively), up to T =473 K, followed by a further decrease at T = 523 K, strong
intensity drop at T = 573 K, and complete intensity drop at T = 623 K (see also Figure
4.45a). The above behavior is mimicked by the F 1s peak (Figure 4.44b and Figure 4.45b),
which shows a nearly constant intensity up to T = 523 K, followed by strong intensity drop
at T = 573 K and nearly complete intensity drop at T = 623 K. The intensity of the Al 2p
peak in Figure 4.44c, Figure 4.45a, and Figure 4.45b show the inverse behavior upon
temperature variation. Similar to the other SAMs of this study, the intensity of the PA
group signal mimics that of the substrate (Figure 4.45a), which suggests that the anchoring
groups of the HFDPA SAM are hardly affected by the annealing.

Interestingly, the intensity drop of the peaks 9 and 10 is accompanied by an increase in
intensity of the peak 8, assigned to the very short, non-fluorinated part of the backbone.
Consequently, the most likely scenario is a temperature-induced break-up of the bond
between the non-fluorinated and fluorinated parts of the backbone, with the subsequent
desorption of the released fragments.

4.6.8 Temporal stability
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Figure 4.46: The C 1s HRXPS spectra of the DPA, OPA, PFPDPA, and HFSPA SAMs
stored under ambient conditions in dark for two months.

Along with the thermal stability, the temporal stability of functional films is of importance.

In this context, we monitored the quality of the PA SAMs after two months storage under
ambient conditions but in dark — to exclude possible photochemistry processes. The
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respective C 1s spectra — as the most representative of the SAMs — are presented in Figure
4.46. The general spectral shapes, characteristic photoemission peaks, and the intensity
relations within the particular spectra and between the spectra of the individual SAMs
mimics those in Figure 4.37a. Thus, it can be concluded that the PA SAMs are generally
stable upon a prolonged storage under ambient conditions.

4.6.9 Discussion

The data suggest a predominant role of the molecular backbone for thermal stability of PA
SAMs on oxide substrates, including alumina in particular. The "weak link" in this context
is either the bond between the PA group and the backbone or a bond within the backbone.
The former is most likely the case for non-substituted alkyl SAMs, such as DPA and OPA
(see subchapter 14.6.4 and 4.6.5), even though a certain extent of temperature-induced
bond breakage within the backbone cannot be completely excluded. The latter seems to be
the case for substituted and partly fluorinated alkyl SAMs, such as PFPDPA and HFDPA.
The HRXPS data for the PFPDPA monolayer (subchapter 4.6.6) suggests a temperature-
induced break-up of the bond between the linking oxygen atom and the alkyl chain ("weak
link"), with the subsequent desorption of the released fragments. This scenario is
additionally verified by the DFT calculations.'” The HRXPS data for the HFDPA
monolayer suggests a temperature-induced break-up of the bond between the non-
fluorinated and fluorinated parts of the backbone ("weak link"), with the subsequent
desorption of the released fragments (subchapter 4.6.7).

The "weak links" in the PFPDPA and HFDPA SAMs, associated with the specific
functional groups, are obviously more sensitive to temperature than the bond between the
PA group and alkyl backbone. Indeed, the DPA and OPA SAMs remain stable up to 673
K and 773 K, respectively, whereas the PFPDPA and HFDPA monolayers are stable up to
523 K only. Also, the bond between the alkyl segment and the PA group in the residual of
the latter SAMs remains preserved after the respective "weak link" bond within the
molecular backbone is cleaved (subchapter 4.6.6 and 4.6.7).

Another interesting correlation between the SAM data is the two-steps character of
temperature-induced decomposition of for the PFPDPA system which can be traced both
in the XPS data for the SAMs (Figure 4.42).

According to the HRXPS data (subchapter 4.6.4 and 4.6.5), an analogous backbone length
effect takes place in the SAMs, with a noticeably better thermal stability of the OPA
monolayer as compared to the DPA films (773 K vs 673 K). On the one hand, a longer
molecular backbone suggests a higher interaction energy in a 2D assembly, which is
additionally "amplified" by a better orientational order. On the other hand, the length of
molecular backbone can affect the exact course of degradation pathways, as observed e.g.
in the case of electron irradiation induced modification of alkanethiolate SAMs on Au.>!'
Whereas in the case of a long-chain SAM, the dominant, irradiation-induced processes
were decomposition of the alkyl chains and capture of the released alkylsulfide moieties in
the aliphatic matrix, desorption of the complete molecular species emerging after the
cleavage of the thiolate-gold bond prevailed in the case of a short-chain monolayers.>!¢
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Finally, it is of particular importance to compare the presented data on thermal stability of
the PA SAMs with the results of the previous publications. As mentioned in the
introduction, Chen et. al stated that the parameters of OPA SAMs on an aluminum film are
maintained upon its annealing under air up to 200°C (473 K) and claimed that no OPA
molecules could stand for annealing at 300°C (573 K) and above.**? In contrast, Kanta et.
al. stated the breakage of the aliphatic chain upon heat treatment of OPA SAMs on titania
in air at temperatures of 350°C (623 K)*'? and Bhairamadgi et al. found that OPA SAMs
on porous aluminium oxide are stable up to ~500 °C (773 K) upon their annealing in
UHV.2°2 Our value for the degradation onset of the OPA monolayer on Al>Os, viz. 773 K
(see section 4.6.5), correlates perfectly with the latter value. Note that the exact value of
this onset can, to a certain extent, depend on the substrate,?’> we do not expect this effect
to be strong since the bonding of PA group to any oxide substrate is strong enough and this
is not the bond to the substrate but bond within the molecular backbone, which represents
the "weak link".

4.6.10Conclusions

AL O3 substrate was studied in the 300—923 K range. The annealing to the elevated
temperatures was performed under UHV conditions and the temperature-induced
degradation was monitored in situ, by synchrotron-based HRXPS. The range of the thermal
stability and the degradation pathways were found to be dependent on the chemical
composition of the SAM forming molecules, with the molecular-specific “weak links”.
Whereas the anchoring PA groups were hardly (if at all) affected by the annealing,
temperature-induced breakup of the bond between the backbone and the PA group or a
specific bond within the backbone was observed. The former is the case for the
nonsubstituted alkyl backbone, which is cleaved at temperatures above 673 K, with the
subsequent desorption of the released fragments. The latter is the case for the substituted
(pentafluorophenoxy) or partly fluorinated alkyl backbone, with the bond cleavage
occurring either between the substitution and alkyl linker or between the fluorinated and
nonfluorinated parts of the backbone at temperatures above 523 K. The released fragments
desorb from the surface, but the alkyl linker remains unaffected until its degradation at the
higher temperature.

The above results suggest a common stability of the PA SAMs at temperatures below 523
K (250 °C), which should be probably sufficient for most applications. It is however
advisable not to trust this result completely but, generally, to test thermal stability of
custom-designed functional PA SAM in context of possible “weak link™ as far as thermal
stability is important for the performance of a particular device.
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5. Conclusions and Outlook

5.1 Conclusions

In this thesis, molecular structure of monomolecular films was successfully correlated with
their properties, particularly electrostatic properties, charge transport properties,
rectification behaviour, and thermal stability. Monomolecular films (SAMs) were
characterized from different perspectives, using conventional and synchrotron-based X-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), near-
edge x-ray absorption fine structure (NEXAFS) spectroscopy, two-terminal junction
approach with top EGaln electrode, and Kelvin Probe (KP) measurements.

The concept of SAMs with embedded dipolar group was successfully implemented to
oxide substrates due to the phosphonic acid (PA) anchoring group. The backbones of these
molecules, PmP-PA-up and PPm-PA-down, contain pyrimidine rings. These SAMs are
oriented upright on the substrate, hence allowing dipole moment to be directed either to or
away from the substrate. The SAMs exhibit pronounced electrostatic effects, reflected by
the shifts of the characteristic peaks in the C 1s XP spectra and by the work function values
of the SAM-modified ITO substrate in the range of 3.9 - 4.85 eV, without changing the
chemical character of the SAM-ambient interface. The observation of the electrostatic
effects in photoemission for dipolar SAMs on oxide substrates underlines the general
character of these effects and establishes XPS as a useful tool to monitor these effects and
SAM morphology for different types of substrate materials.

The Au(111) substrate work function was tuned in a gradual fashion in the thesis by binary
SAMs, comprised of either H-BPT and F-BPT or CH3-BPT and CF3-BPT. A correlation
between the electrostatic properties (work function) and charge transport across the SAMs
was investigated using both binary SAMs series. The charge tunneling rate across the
mixed SAMs framework turned out to be intermediate to those of the single-component
monolayers, varying also in a gradual fashion with the relative SAM composition between
the respective ultimate values. Our analysis suggests that, the charge transport in the binary
SAMs is most likely mediated by the SAM as a whole, defined by the composition-
depending dipole induced upon contact of the SAM to a top electrode. At the same time,
the energy positions of the frontier molecular orbitals responsible for the charge transport
in the SAMs and the energy offset between this orbital and the Fermi level of the assembled
junction were either nearly unchanged or varied only slightly with the SAM composition.
Additionally, custom-designed ~ SAMs of  ferrocene/ruthenocene-substituted
biphenylthiolates and fluorenethiolates on Au(l111) were investigated. These fully
conjugated SAMs exhibited two distinctly different conduction states, with a conventional
conduction observed at a negative bias and a low conduction occurring at a positive bias,
leading to a rectification ratio (RR) higher than 1000 at a very low bias, close to zero volts.
The observed behavior was explained by a formation of metastable cation state of the
SAM-building molecules, triggered by the applied positive bias.

Finally, the issue of thermal stability of functional SAMs with thiol anchoring group on
Au(111) and with PA anchoring group on Al>O3 substrates were addressed. This issue is
of a crucial importance for applications, defining the temperature range of SAM-based
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devices and framing the preparation routes involving high temperature steps. The strength
of substrate-anchoring group bond and the presence of a backbone-specific “weak links”
were found to be crucial in determining SAMs thermal stability and SAMs degradation
pathway. For both for alkanethiol and aromatic-thiol SAMs, C—S bond represents the weak
link in context of the thermal stability.

PA anchor groups on oxide substrates were found to have higher robustness and better
thermal stability compared to thiol on coinage metal substrate. No thermal degradation of
anchoring PA groups was observed in our experiment. The results suggest a common
stability of the PA SAMs at temperatures below 523 K (250 °C), which should be sufficient
for most applications.

5.2 Outlook

The concepts of SAMs with either terminal- or embedded dipolar have been shown in this
thesis to be very attractive to tune substrate work function or charge transport properties.
Implementations of these concepts into electronic and optoelectronic are highly promising
to enhance performance of nanodevices.

SAMs with embedded dipole on Au substrate were used recently to tune the contact
resistance of organic thin-film transistors over three orders of magnitude, and fabricate not
only p-type, but also n-type transistors with an improved performance.>* These SAMs are
almost identical with the PPm-PA-down and the PmP-PA-up molecules in Figure 4.1,
except for the SAMs anchoring group. By using SAMs with phosphonic acid group, similar
advantages of embedded dipole SAMs can be realized on transparent substrates as well,
which is crucial for optoelectronic devices,>!"%? like solar cell or LED, without modifying
the growth of the active layer.

Additionally, more investigations are necessary to understand how halogen substitution in
SAMs influences their charge transport properties. A single halogen atom substitution for
the case of aliphatic SAMs has been shown to change the tunnelling decay coefficient S
from 0.75 to 0.25 A7 The influence of halogen atom substitution for the case of SAMs
with aromatic backbone SAM was discussed in this thesis in subchapter 4.2 and 4.3 in the
context of electrostatic effects. However, this issue also needs to be investigated from other
perspectives, for example electronic coupling between SAMs and top electrodes.

The presented results in this thesis of molecular diode based-on ferrocene- and
ruthenocene-substituted fully conjugated SAMs strongly encourage more investigations of
the phenomenon and device optimization. Despite a very promising RR (~10?), this value
is still inferior to those of the commercial diodes (~10°-10%).% The strength of chemical
bond between thiol and substrate has been suggested to be highly important to optimize
RR of a molecular diode,’® hence allowing a molecular diode with RR~10° by using
platinum as substrate. The same concept needs to be investigated for the case of ferrocene-
and ruthenocene-substituted molecules described in the present study.
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Appendix A. Supplementary data
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Figure A.1: Histograms of log|J(—0.5 V)| (left column) and log|J(+0.5 V)| (right
column) for the single-component and binary H-BPT/F-BPT SAMs on Au substrate
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Table A.1: Summary of metallocene-based molecular junctions in the positive bias range.

Fc-BPT 59.19%
Rc-BPT 5 17 263 164 62.36%
Fc-FluT 8 42 432 299 69.21%
Re-FluT 6 34 324 209 62.96 %

Table A.2: Summary of metallocene-based molecular junctions in the negative bias range.

Fc-BPT 100%

Rc-BPT 5 20 260 230 88.46%
Fc-FluT 8 29 308 298 96.75%
Re-FluT 6 31 214 204 97.66 %

Table A.3: Statistical analysis of the logio | J(+0.5 V) | data for the metallocene-based
molecular junctions.

Fc-BPT -4.91 -4.96

Rc-BPT -4.83 0.15 -4.90 0.66
Fc-FluT -4.83 0.14 -4.74 0.45
Rc-FluT -4.82 0.10 -4.82 0.29
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Table A.4: Statistical analysis of the logio | J(-0.5 V) | data for the metallocene-based

molecular junctions.

Fc-BPT -1.45 0.10 -1.50 0.45
Rc-BPT -1.91 0.13 -1.84 0.32
Fc-FluT -1.58 0.07 -1.61 0.45
Rc-FluT -1.63 0.09 -1.63 0.16
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Figure A.9: Semilogarithmic current density versus voltage (bias) plot and the
corresponding RR versus voltage (bias) plot for the reference Au/BPT//Ga>0O3/EGaln
junction, featuring the (a and b) same evaporated Au substrate as in the case of the
metallocene-substituted SAMs (top panels) and (c and d)the template-stripped Au substrate
(bottom panels). The I-V curves for the latter, most frequently used substrate type agree
well with those for the evaporated gold, verifying thus the validity of the latter substrate
type for the charge transport measurements described in the present study. Apart from this
comparison, the I-V curves for the Au/BPT//Ga,03/EGaln junction are nearly symmetric,
as reflected by log RR close to zero (RR =~ 1).
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Figure A.10: Fowler-Nordheim plots for the metallocene-based molecular junctions.
The plots are processed from JV curves in Figure A.7. The minimum of the plots
corresponds to the value of the transition voltage.'®* The transition voltage is believed to
represent an approximate measure of the tunneling barrier height, providing the difference
between the energy of the accessible frontier orbital of a molecule and the Fermi level of
the electrode in an assembled junction. 2424

Table A.5: Transition voltage values, V1, corresponding to the negative bias for the
metallocene-based molecular junctions in Figure A.10.

SAM \
Fe-BPT -0.57V
Re-BPT -0.81V
Fe-FluT -0.69V
Re-FluT -0.74V
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Figure A.11: Dynamics of the low-conduction state. Semilogarithmic current density
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Figure A.12: Bias-mediated switching of the low conductance state in the Au/Fc-
FluT//Ga203/EGaln junction. Histograms of the logio | J | at V = +0.01 V (see Figure
4.26b and Figure 4.26¢) measured at the bias variation from +0.01 to the Vimax value shown
in the figure legend. The characteristic parameters are given: pg — Gaussian mean; g —
Gaussian standard deviation; m — median; om - adjusted median absolute deviation; and N
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Figure A.13: Bias-mediated switching of the low conductance state in the Au/Rc-
FluT//Ga203/EGaln junction. Histograms of the logio | J | at V =+0.01 V (see Figure
4.26b and Figure 4.26¢) measured at the bias variation from +0.01 to the Vmax value shown
in the figure legend. The characteristic parameters are given: puc — Gaussian mean; 6G —

Gaussian standard deviation; m — median average; om - adjusted median absolute deviation;
and N — number of scans.!”

] Rc-FIluT/Au

-2 o initial scans

.3 ] ® scans after 2 hours

E
Slpppibii
o
I

1

(3]
¢4 >eon
o®aD ¢

s I N P SR TR R SR

00 0.2 04 0.6 0.8 1.0
Voltage (V)

Figure A.14: Time stability of the Au/Rc-FluT//Ga:03/EGaln junctions.
Representative of the entire series - semilogarithmic current density versus voltage (bias)
plots for the Au/Ru-FluT//Ga>O3/EGaln junction acquired with a time interval of 2 hours.
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Figure A.15: Work function of the Fc-BPT and Rc-BPT SAMs. The reference value of
the C16 monolayer is given for comparison.

Table A.6: Work functions of the Fc-BPT, Rc-BPT and C16 (reference) SAMs.

SAM Work function (eV)

Cl6 43+0.1
Fc-BPT 44+0.1
Rc-BPT 44+0.1
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Figure A.16: The Au 4f;» (a), C 1s (b), and S 2p (c) XP spectra of the C12 SAM
successively annealed in UHV at temperatures of 300-413 K (open circles). The
temperatures are marked at the spectra. The positions of the C 1s peak before and after the
temperature-induced shift are traced by vertical dashed lines in (b). Individual components
of the S 2p spectra, corresponding to the thiolate anchoring groups, atomic sulfur, and
disulfide/weakly bound/unbound sulfur are shown in (c) by the red, blue, and green solid
lines, respectively.
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Figure A.17: The normalized intensities of the characteristic photoemission peaks and
doublets in the XP spectra of the C12 SAM as functions of the annealing temperature. The
legend is given in the panel. The C 1s intensity is normalized to the value at 302 K, the S
2p intensities — to the intensity of the thiolate signal at 302 K, and the Au 4f7, intensity —
to the value at 413 K.
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Figure A.18: The Au 4f;» (a), C Is (b), and S 2p (c¢) XP spectra of the BPT SAM
successively annealed in UHV at temperatures of 300-433 K (open circles). The
temperatures are marked at the spectra. The position of the C 1s peak, which hardly changes
at the temperature variation, is traced by vertical dashed line in (b). Individual components
of the S 2p spectra, corresponding to the thiolate anchoring groups, atomic sulfur, and
disulfide/weakly bound/unbound sulfur are shown in (c) by the red, blue, and green solid
lines, respectively.

119



1.2
2 BPT o o m
.‘7’ 14 = =:%':l.. = .l"“ Ja
c V'V-w .
Q V. -
+ 0.8 - V. ‘|
= A )
g 061 s "
= - 4 - thiolate Vv y
g 0.4 - - @ - atomic S ‘
3 - @ - physisorbed S
= 0.2 Au 4f 6 oo
1 -¥-C1s S
0 --- 0000006909

3(I)0 350 34I10 3&0 3&0 4(I)0 450 4:10
Temperature (K)

Figure A.19: The normalized intensities of the characteristic photoemission peaks and

doublets in the XP spectra of the BPT SAM as functions of the annealing temperature. The

legend is given in the panel. The C 1s intensity is normalized to the value at 302 K, the S

2p intensities — to the intensity of the thiolate signal at 302 K, and the Au 4f7,, intensity —

to the value at 413 K.
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Figure A.20: Effective thicknesses of the C12 (a), C16 (b), BPT (c), and TPT (d) SAMs
as functions of temperature (filled wine circles). The values were calculated on the basis
of'the C 1s intensities, according to equation 4.5. The gray solid lines just trace the observed
behavior.
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Appendix B. Supplementary Data by Our Partners
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Figure B.1: STM images of a CH3-BPT SAM recorded at 5 pA and 240 mV at different
magnifications (A-C). The apparent height profiles at the right were recorded along the
dashed arrows in panel C. The images show the densely packed structure very similar to
the previously (N3xV3)R30° one, with brighter molecules exhibiting another adsorption
state.
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Figure B.2: STM data for the CF3-BPT SAM (10 pA, 300 mV), including representative
images (A-C) and the apparent height profiles along the dashed lines in the images (at the
right). Structural models of the a- and B-phases are shown at the right; blue and green
circles indicate different apparent heights of molecules; orange circles indicate that
molecules are disordered.
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Figure B.3: STM micrographs of the binary CF3-BPT/CH3-BPT SAMs (all recorded at 15
pA, 100 mV). A,D (25% CF3-BPT), B,E (50% CF3-BPT), C,F (75% CF3-BPT).
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(a) neutral

HOMO-1 HOMO LUMO

a)
-5.72 eV -5.50eV -1.54 eV
(b) cation
SOMO-1 SOMO, SUMO SUMO+1

-9.17 eV -791 eV -6.31eV

-7.90 eV -6.66 eV -5.29 eV

Figure B.4: Frontier orbitals: Isovalue plots of the frontier orbitals of an Fc-BPT molecule
in its neutral(a) and cation state (b) calculated using the LANL2 effective core potential
(ECP, see methods section). Note that for calculating the cations also the respective
geometry has been optimized. The same shapes are obtained when employing the SDD
ECP and when performing full potential calculations. Occupied orbitals are plotted with a
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grey background. The orbital energies are noted below the isovalue plots. In passing we
note that for the sake of comparison we also performed calculations employing the PBEO
functional (for the neutral molecule), which again yielded orbitals shapes like the ones
shown above, with orbital energies consistently shifted to somewhat more negative
energies by ~0.25 eV. For a pure GGA functional like PBE we find that the many-electron
self-interaction error artificially destabilizes localized orbitals such that there the HOMO
is no longer fully delocalized.
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