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Molekularelekironische Bausteine basierend auf selbstorganisierten Monolagen

Die Entwicklung der Mikroelektronik, oft beschrieben durch das Moore’'sche Gesetz, wird getragen
durch eine stetige Verkleinerung der elektronischen Bauteile. Es wird jedoch damit gerechnet, dass
die Miniaturisierung der CMOS Technik als der bisher vorherrschenden Herstellungstechnik fiir
Transistoren und Schaltungen in 15 bis 20 Jahren durch grundlegende physikalische und
technologische Begrenzungen in eine Sattigung laufen wird.

Eine zurzeit diskutierte Alternative ist die molekulare Elektronik. Es wird versucht, einzelne Molekile
zu kontaktieren und die Stromtransporteigenschaften dieser Molekiile fiir die Informationsspeicherung
oder fir komplexe logische Schaltungen zu benutzen. Eine Md&glichkeit der Kontaktierung von
einzelnen Molekilen wird in dieser Arbeit vorgestellt: die Rastertunnelmikroskop(RTM)-Kontaktierung
von Molekiilen, die mit Hilfe einer speziellen Einlagerungstechnik in einer monomolekularen Schicht
isolieten werden. Hierzu wird auf einer atomar glatten, (111)-orientieten Goldschicht eine
selbstorganisierte Monolage aus isolierenden Alkanthiolen abgeschieden. In diese Monolage werden
in einem zweiten Schritt die zu kontaktierenden Molekiile, in dieser Arbeit Biphenylthiole, eingelagert.
Die Goldschicht bildet den unteren Kontakt zu dem Molekiil, der obere Kontakt wird durch eine RTM
Spitze hergestellt, so dass der Strom von der Goldschicht Uiber das Molekill zur Spitze flieit. Der
obere und untere Kontakt unterscheiden sich leicht: Wahrend das Molekil kovalent an das Gold
gebunden ist, besteht der obere Kontakt nur aus einer losen Kopplung der RTM Spitze iber einen
Vakuumspalt mit dem Molekdl.

Im Rahmen der vorliegenden Arbeit werden alle Schritte zum Aufbau der eben beschriebenen
Kontaktierungsmethode durchgefiihrt. Insbesondere wird die Goldschicht optimiert, verschiedene
Depositionsmethoden zur Herstellung von Monolagen aus Alkanthiolen evaluiert, Monolagen aus
Biphenylthiolen mittels RTM im Ultrahochvakuum charakterisiert und Biphenylthiole in Monolagen aus
Alkanthiolen eingebettet.

Ein Schwerpunkt der Arbeit liegt neben der Herstellung und der Bestimmung der Struktur der
Molekiilschichten auf der Charakterisierung des Stromtransportes durch Biphenylthiole. Zwei
verschiedene Methoden werden dabei angewendet. Mit Hilfe von Strom/Abstandskurven tber einer
Monolage aus Biphenylthiolen wird gezeigt, dass der Strom durch die Molekilschicht am besten durch
einen Tunnelprozess beschrieben wird. Die Abklingldnge der Biphenylgruppe kann aus den
Messungen bestimmt werden (8 = 4.7+0.8nm™).

Zudem wird aus den unterschiedlichen H6hen der Alkanthiole und der Biphenylthiole in den RTM-
Aufnahmen der gemischten Monolagen (Alkanthiole mit eingebauten Biphenylthiolen) auf die
Stromtransporteigenschaften geschlossen. Wie auch mit der vorhergehenden Messmethode wird die
Abklinglange der Biphenylgruppe bestimmt (8 ~ 5nm™).

Die Bedeutung dieser Arbeit liegt nicht nur in der Charakterisierung des Stromtransportes von
Biphenylthiolen, sondern ebenso in der Entwicklung einer Methodik, die die Messung der Leitfahigkeit
einer ganzen Klasse von Molekiillen ermdglicht. Dadurch wurde ein Hilfsmittel entwickelt, das ein
breiteres Versténdnis des Stromtransportes durch einzelne Molekiile erméglicht.






Molecular Electronic Building Blocks Based on Self-Assembled Monolayers

The evolution of microelectronics often described by Moore’s law is driven by a continuous
downscaling of all electronic devices. However, it is expected that the miniaturisation of the CMOS
technology as the currently used technique for the fabrication of transistors and integrated circuits will
face fundamental physical limitations within the next 15 to 20 years.

Molecular electronics is one alternative to CMOS. The aim of molecular electronics is to contact single
molecules, to utilise the current transport properties of these molecules for information technology and
to build complex logical circuits. One method of contacting single molecules is described in this thesis:
the method of contacting molecules embedded in a molecular monolayer by scanning tunnelling
microscopy (STM). A self-assembled monolayer of insulating alkanethiols is deposited onto an
atomically flat gold film. The molecules of interest, in this case biphenylthiols, are embedded into this
monolayer in a second deposition step. The gold film represents the bottom contact to the molecule,
and the top contact is formed by the STM tip resulting in a current flow from gold across the molecule
to the tip. The bottom and top contact are slightly different: Whereas the molecule is covalently bound
to the gold, the top contact results from a weak coupling of the tip with the molecule across a vacuum
gap.

All necessary steps towards the completion of the aforementioned device setup are carried out in this
thesis. In particular, the gold film is optimised, different methods for depositing monolayers of
alkanethiols are evaluated, monolayers of biphenylthiols are studied by STM, and finally biphenylthiols
are embedded into a self-assembled monolayer of alkanethiols.

One focus of the thesis is the characterisation of the current transport properties of biphenylthiols. Two
different methods are used. By current vs. distance spectroscopy it is shown that the current through
the monolayer of biphenylthiols is best described by a tunnelling process. The decay length of the
biphenyl group can be obtained from these measurements (B = 4.7+0.8nm™"). Furthermore, the height
differences between alkanethiols and biphenylthiols as seen in the STM images of mixed monolayers
are interpreted in terms of a tunnelling model. As for the preceding method, the decay constant of the
biphenyl group is determined (B ~ 5nm™).

The significance of this thesis is not only based on the characterisation of the current transport through
biphenylthiols, but also on the development of a setup by which the conductance of a whole class of
molecules can be measured. Thereby, a method is developed that helps to gain a broader
understanding of current transport through single molecules.
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Chapter 1

From Micro- to Nanoelectronics

1.1 Microelectronics

Ever since the invention of the transistor [1] or the first integrated circuit [2], micro-
clectronics have cvolved in a tremendous way. Every 18 to 24 months the complexity of
integrated circuits is doubled, an observation known as Moores law [3]. This rapid de-
velopment, also known as the microelectronics revolution, has not only changed science
and engineering, but also had a great impact on society |4].

Microelectronics entered our daily life a long time ago. Radios and TVs have become
affordable mass products, personal computers can be found in nearly every household,
the internet has changed the way we communicate and the whole area of mobile commu-
nications has only been possible due to the rapid development of low power, inexpensive

integrated circuits.

1.1.1 CMOS - the Basis of Current Microelectronics

In current microelectronics, almost all integrated circuits are based on the Complemen-
tary Metal-Oxide-Semiconductor (CMOS) technology. The basic clement of a CMOS
circuit is a Metal-Oxide Semiconductor Field-Effect Transistor (MOSFET) as shown
in figure 1.1. Without a voltage applied to the gate, the highly n-doped source and
drain regions are isolated from each other by the p-doped region beneath the gate.
Ouly if the gate voltage exceeds a certain threshold voltage, Vi, negative inversion
charges accumulate under the gate and a conductive channel between source and drain
is formed.

The transistor shown in figure 1.1 is an n-channel enhancement transistor, which
means that source and drain are n-doped and a channel of electrons is formed by a
positive voltage applied at the gate. For CMOS, the complementary transistor type is
also used: a p-channel enhancement transistor. In these transistors, source and drain
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Fignre 1.2: CMOS inverter gate is shown in part (a) and its transfer characteristic in
part (h]

are p-doped and a conductive p-type channel is formed for negative voltages betwesn
gate and source, These two complementary transistor types can be combined to yield
a low-power, fast-switching logic gate, shown for an inverter in figure 1.2{a).

CMOS technelogy has some very important properties which enrrently make it the
best choice for low power microelectronics. Due to the modulation of the drain current
by the field effect, these devices show very low static power losses, Furthermore, ChWOS
leadds to fast switching times, a steep transfer characteristic (see Hgure 1.2(b)) and a full
voltage swing from zero to the full snpply voltage,

1.1.2 The Evolution of CMOS

The: evolution of microclectronies is driven by a continuons decroase in lateral and
vertical device dimensions. To keep the electric field constant, the voltage is also reduced




(constant field scaling). This decrease in device size has several interesting consequences.
First of all, by scaling down all device dimensions by a constant factor e < 1, all
capacitances of the circuit decrease by the same factor a. Furthermore, the saturation
current Igge of the transistor also decreases by a [5].
This decrease in capacitance and saturation current has very important implications
for the switching speed. The switching time tg4 for a single gate is given by the time
needed to charge the load capacitance Cr, by the saturation current through the channel

Lsgi(see figure 1.2(a)) [6].
Vop

tq ~ Cr,
4 Isat

(1.1)

Considering that the supply voltage Vpp is also reduced by approximately a, the
delay time is also proportional to a. Therefore, by making the circuit smaller and
smaller it becomes faster.

Similary, by downscaling the device by a the power dissipation per circuit
Pp ~ VpIp (1.2)

decreases by 2. Consequently, the dissipated energy per logical operation Eq = Pytg,
a measure for the efficiency of a certain device or architecture, decreases by 3.

These dependencies are only valid for ideal scaling, i.e. all device dimensions and
the voltage are scaled by the same factor. However, in reality the evolution of the
switching time ¢4 and the energy per operation Ey approximates the aforementioned
dependencies. If F' denotes the minimum feature size, the switching time scales with
F14 and the energy per operation with F27 up to feature sizes of above 100nm [6]. For

smaller feature sizes, this evolution is expected to slow down gradually.

1.1.3 Where are the Limits?

Like any exponentionally developing technology, CMOS technology has certain limits
and the exponential growth of complexity of microprocessors will come to an end in the
future. There are several limits that CMOS encounters if downscaling persists, some of
them are fundamental and exist in every implementation of a digital circuit.

Fundamental Limits

There are three fundamental limits, known as the thermodynamic, the guantum me-
chanical and the electromagnetic limit [6-9]. The thermodynamic limit states that
cvery irreversible binary operation requires at least an cnergy of Eg = kgT'In2. This
limit is closely related to the concept of distinguishability, i.e. the two states represent-
ing the binary values 1 and 0 have to be distinguishable and there has to be only a low
probability of a spontaneous transition between these states |9].
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Figure 1.3: Gedanken Model of Zhirnov et al. [9]. If the energy barrier is lower than
Eg < kgTIn2 (the thermodynamic limit}, the hopping probability between the two
states becomes 005 so that these states are called to be indistinguishable.

In o Gedanken Model, Zhirnov et al. used owo energy wells o represent the two
logical states, These wells are separated by an energy barrier By [9] (see figure 1.3). An
electron can change between the fwo wells if an enevgy of By is supplied oo i,

Apart from this intentional awitching between the two wells, the electron can also
hop from one state to the other doe to its thermal energy. The probability of 2 hop-
ping event is given hy Prgp = m:p(—*%l’f.). It the energy barrier is lower than the
thermodynamic limit, i, Eg < EgTIn2, the hopping probability is larger than 0.5,
The probability of an electron to spontaneously hop to the neighboring well exceeds the
probability to stay in its original well, The two wells, or the two logic states associatod
with them, are therefore called to be indistinguishalle.

The guantum mechoneeal fned is given by the Heisenberg Uncertainty relation
AEAt > k. In its consequence, any state with an uneertainty in energy of AE needs at
least a time At = B/AE to evolve into a distinguishable state, Le. any switching event
has to last for at least At.

The last fundamental limit, the electromagnetic fmit, is given by the maximum
speed of any signal, the speed of light cp. Within a time Af any zignal can only cover
a distance of @ = ggAt, which canses problems for long interconnects.

Material and Device Specific Limits

The fundamental lmits of computing cannet be bypassed by any technology, even if this
technology is much morve advanced than today s CMOS technology, However, hesides
these fundamental limits there are smne material and device specific limits for CMOS,

O class of device specific limits i cansed by the mindmum channel length, Due
to short channel effects like drain induced barrier lowering (DIBL) [10], the length of
the channel of MOSFETs, L. cannot shrink indefinitely. These short channel effects




decrease the threshold value Vi of the transistor, the subthreshold current increases
and the transistor no longer operates efficiently as a switch. Consequently, there is an
intringic switching delay of a MOSFET, given by t3 = Lepvg, where Lg, denotes the
minimum channel length and vg the saturation velocity of the electrons. Furthermore,
there is a minimum switching energy for the MOSFET given by the energy needed to
charge the gate capacitance, Epy =~ %%}1&! with €y the permittivity of the gate
oxide and T, the thickness of the gate oxide [7, §].

The second severe limit for CMOS is a material dependent limit called the thermal
conductance limit [8]. As the dimensions of CMOS scale down, the energy per operation
decreases, but the dissipated power per area increases. This power has to be removed
by thermal conduction of the silicon chip, which is believed to be possible up to a limit
of 100W/cm? [6]. If this heat conduction limit is reached, the scaling of CMOS is no
longer determined by the feature size, but all dimensions arce sct so that the maximum
dissipated power per area is not exceeded. Scaling of CMOS changes from a feature size
controlled regime to a power dissipation controlled regime [6].

Further limits to the scaling of CMOS technology are the limit set by the random
placement of dopant atorns, which leads to statistical variations of the MOSFET param-
eters as the devices are scaled down. Additionally, as the thickness of the gate oxide
Tog is scaled down into the nanometer regime, leakage currents through the gate ozide
become a severe problem, which increases the static power losses. This problem is tried
to be overcome by the use of so called "high-k" materials, materials with a high permi-
tivitiy, so that the thickness of the gate can be increased by keeping the capacitance of
the gate constant.

To conclude, CMOS technology which has faciliated the evolution of microclectronics
to date will run into severe problems in the near future. The ITRS Roadmap [11]
proposcs that from about 2019 additional technologies will have to supplement CMOS,

if Moores law is continue to be valid.

1.2 Nanolectronics

In the National Nanotechnology Initiative of the USA [12], nanotechnology is defined
as the technology of devices with a diameter of less than 100nm. The International
Technology Roadmap for Semiconductors (ITRS) predicts the physical gate length of
MOSFETs to scale down to 7Tnm in 2018. In 2005 state of the art transistors alrcady
have a physical gate length of 37nm [11]. In this way, microelectronics has already
cvolved into nanoclectronics.

However, considering that on the nanoscale new physical phenomena occur that can
be exploited for new functionalities, nanotechnology and nanoelectronics are not only

an evolutionary, but a revolutionary development.
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Figure 1.4: In {a} the square of the wave function of an electron which tunnels through
a vacunm barrier is shown. In (b} the working principle of an STM is sketche.

1.2.1 Physics at the Nanoscale
COuantum effects

Most iaportant for nancelectronics, quantum effects become pronounced if the devices
are scaled into the nanemeter regime, The fiest major effect of quantum mechanics that
comes into play for very small dimensions is guanium confinement [13). If a particle is
eonfined in a small energy well, the electron wave function has to obey cortain bonndary
conditions at the walls of the well, eg. the wave function has to be wero at the wall
for indefinitely deep coergy wells. Therefore, standing clectron waves dovelop, and the
energies of these standing waves are the only allowed states that an electron can oocupy
within the well,

Another most interesting effect s gquandum mechanical Meneling. Classically, an
electron with an energy below the energy of an energy barrier cannot pass this barrier
and is refected.  However, in gquantum mechanics, there is a low probability of the
electron penetrating into the barrier and, if the barrier is thin, tunneling through the
barrier. The tunneling effect is sketched in figure Ld(a). The probability of an electron
tunneling throngh an energy barrier is exponentially dependent on the thickness of the
tunneling barrier d.

Prmer ~ exp (—0d) (13)

3 iz called the decay length and iz dependent on the barrier height and the mass of the
electron,
Both quantum confinement and quantum mechanical tunneling are indispensable

10



for understanding molecular conduction. They are used in section 1.3.1 to develop a

theoretical basis for the resistance of molecular wires.

Brownian motion

On the nanoscale, all objects such as atoms or molecules show a statistical, undirected
motion called Brownian motion. For example, the drift velocity of electrons due to an
external clectric field is only defined as a statistical average over many clectrons. If the
motion of a single electron is followed, it will show a seemingly chaotic behavior and
will move in every direction. Ouly if the motion of the electron is tracked over a longer
period of time or if the average of many electrons is taken, do these electrons show a
directed motion along the electric field.

The average energy of any particle due to its Brownian motion depends on the
temperature. Therefore, for many observations on the nanoscale, the objects are cooled
down to very low temperatures to freeze in the inherent motion of particles. This
allows to observe single molecules or atoms. In this thesis, a different way of fixing
single molecules is shown: the molecules are embedded into a host matrix of different,
insulating molecules, so that the molecules cannot move on the surface and are fixed in

onc adsorption site (sec chapter 5).

Stickiness

Due to van der Waals or dispersion forces, all nano-objects tend to stick together. This
"stickiness" of small objects is used, for example, in organic molecular beam epitaxy
(OMBE). Molecules are thermally evaporated and a substrate is held into the beam
of these evaporated molecules. Although the molecules do not chemically bind to the
substrate, they stick to the surface and a layer of the organic material starts to grow.

On the other hand, this stickiness can be undesirable. If, for example, small clusters
of only a few gold molecules are prepared!, they have to be prevented from sticking to
their neighboring clusters and building larger clusters. Therefore, these gold clusters
arc protected by a ligand shell of organic molecules.

Besides the quantum effects, the brownian motion and the stickiness of small ob-
jects, there are other physical cffects at the nanoscale that arc of great importance for
nanotechnology in general, but of only limited importance for nanoelectronics, like the
growing importance of viscosity compared to inertial forces and the growing strength of
small objects. A more in-depth introduction into physics at the nanoscale can be found
in the book by R.A.L. Jones [14].

1Such gold clusters are used in chapter 5

11



1.2.2 STM as a Universal Tool for Nanotechnology

Since the invention of the Scanning Tunneling Microscope (STM) by Binning and Rohrer
in the carly 1980s [15-17], the STM has become a vital tool for nanotechnology. Nowa-
days, STM is an essential experimental technique for the whole field of surface science,
a fact that led to the Nobel Prize in Physics in 1986 for G. Binning and H. Rohrer [18].

The working principle of an STM is surprisingly simple and is illustrated in figure
1.4(b). A very sharp tip, preferably a tip with only a single atom at its apex, is moved
close to a conducting surface. If a voltage is applied between the tip and the surface,
a current flows from the tip to the surface. Most importantly, this current can already
flow before the tip actually touches the surface. Any gap between the tip and the surface
forms an energy barrier and the electrons can tunnel through this barrier if the gap is
thin enough (a few nanometers).

As shown in figure 1.4(a), the tunneling current is exponentially proportional to the
tunneling distance. Therefore, a small change in the distance between the tip and the
surface results in a large change in current and can be easily detected. This property of
the tunneling current enables the STM to show a vertical resolution in the sub-angstrom
regime.

A two-dimensional image of the surface topography is obtained by scanning with the
tip line by line over the surface. This scan can be done in the constant current mode,
i.c. the distance between the tip and the surface is controlled by a feedback circuit
so that the tunneling current is kept constant. This mode of scanning the surface
topography needs a very precise method of positioning the tip, which can be achieved
by piezo-ceramic materials. These materials translate an applied voltage into a precise
mechanical deformation in the sub-angstrom range.

A theoretical description of the STM has been proposed by Tersoff and Hamann
[19]. They show that the tunneling current I is proportional to the density of states at
the Fermi level of the tip pgip(er) and of the surface psyrg(er) |19, 20

I; ~ Vipiip(er) psurs(€F) (1.4)

Normal to the surface, the density of states decreases exponentially into the vacuum,
confirming the exponential proportionality of I to the distance d as obtained by the
simple tunneling model [20].

STM provides a surprisingly simple and, compared to electron microscopes, afford-
able method of imaging individual atoms or molecules on a surface. Besides this appli-
cation, it can be used to determine the density of states spectroscopically and spatially
resolved?, to move around single atoms [21] or to initiate complex chemical reactions

?According to Binning and Rohrer [18] this spatially resolved spectroscopy was their primary ob-
jeetive in building the first STM, not the imaging capabilities of such a microscope.

12



[22|. But still, probably the most important feature of the STM is the ability of this
microscope to reveal the aesthetics of the structures on the nanoscale. Binning best
expressed this after having measured the 7 x 7 reconstruction of Si(111) for the first
time. "I could not stop looking at the images. It was like entering a new world. This
appeared to me as the unsurpassable highlight of my scientific career and therefore, in

a way, its end" [18].

1.3 Molecules as Building Blocks for Nanoelectronics

Current microelectronics, which has already evolved into nanoelectronics, is driven by
a continuous decrcase in device dimensions. This decrease will cause severe problems
in the future, so that new approaches have to be followed to continue the tremendous
increase in computational power.

In the ITRS roadmap for emerging devices, several approaches are listed that will
complement CMOS from approximately the year 2019 on. One of these approaches is
the field of molecular electronics, i.e. logical circuits or memory devices made of single
or a small number of organic molecules. These devices are projected to show a lower
energy per logical operation and to possess lower critical dimensions than silicon based
CMOS. Furthermore, the cost per gate is proposed to be lower [11].

Molecular devices have another major advantage over silicon based CMOS. As the
device sizes shrink to only a few nanometers, the device parameters become very depen-
dent on the exact composition and size of the device. At its extreme, the composition of
the device has to be controlled up to the exact number of atoms. Whereas this precision
of fabrication cannot be reached with state of the art lithographic methods, for single
molecules organic chemistry provides a method of building nano objects with exactly
defined composition and size.

There are several molecules that have been proposed for molecular electronics (see
table 1.1 and the molecules shown in [44, 45]). They all show one general feature:
the conduction mechanism is very different from the conduction of electrons in larger

objects.

1.3.1 Electrical Transport through Single Molecules

A generalized setup for the measurement of electrical transport across single molecules
is shown in figure 1.5. A molecule is connected to two electrodes with Fermi levels pr,
and pg. The states |i) of the left and |j) of the right contact are filled with electrons
according to the Fermi-Dirac distribution f(e)

1
f(e—u)—1

+exp ()




Molecule

Proposed Function

References

Alkanethiols (CyHgp425)

insulator

|23-25|

Phenylene-ethylene oligomers (Tour Wires) | NDR and memory [26 28]
Carbon Nanotubes FET, oscillator, conductor | [29-31]
Oligothiophene conductor, memory 132
Rotaxanc memory [33]
Fullerene FET [34, 35]
Porphyrins memory [36]
C16H33Q—3CNQ diode |37, 38|
CO(EI)y—(CHg);—SH)Z FET [39]
Phenylenes conductor [25, 40]
Ferrocene NDR, memory [41, 42]

Table 1.1: Some molecules that have been proposed for molecular electronics. Please
note that recent results suggest that the memory effect of Rotaxane is in fact molecule
independent, limiting the use of these molecules [43].

with p: Fermi level of the right or the left contact, € energy, k: Boltzman constant, T
temperature.

If a voltage V' is applied across the device the Fermi level of the left clectrode shifts
up by eV/2 and the Fermi level of the right electrode shifts down by the same amount.
Due to the voltage difference, electrons flow from the left contact to the right. However,
only a part of all incident electrons are transmitted from the left to the right since the
molecule between the electrodes efficiently scatters the electrons.

The transmission of the electrons is mediated by the energetic levels of the molecule
as shown in figure 1.6. Each time a molecular level enters the energy window spanned
by the two Fermi levels of the left and right contacts the current rises.

Depending on the strength of the coupling of the electrodes with the molecule,
there are two domains of the electron transport: the weak coupling limit and the strong
coupling limit. To distinguish between these two limits, the Hamiltonian H of the whole

system has to be split up into several contributions:

H=Hy,+Hy+Hp+V=Hy+V (1.6)

with Hr,, Hpr, Hr being the Hamiltonian of the isolated left electrode, molecule and
right electrode and V' coupling of the three parts. V consists of the coupling of the
molecule with the left contact Vas, the coupling of the molecule with the right contact
Veum and the coupling of both electrodes Vig.

It one defines a coupling strength T'L, or T'E for the left and the right contact by the
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Figure 1.5: Model of a molecular deviee, The molecule is attached to two electrodes
with Fermi levels up, and pg and eigenstates [§) and |§). Coupling of the molecule with
the electrodes is deseribed by the operators Ve and Vgay, coupling of the electrodes
dircetly is inelnded by the operator Vg,

€,
Ly —

eV

&

Figure 1.6: Applving a voltage V' across the molecule shifts the Fermi levels of the
electrodes. Each time a molecular level enters the energy window spanned by the two
Fermi levels of the left and right contacts, the current rises sharply.

equation
Ity = 21rz |Vim| 6(€i — €m) (1.7)
€L
TR = 21 |Vl 6(¢j — €m) (1.8)
JER

with m representing the cigonstetes of the molecule and 1, j the states of the left and
the right electrode, the weal coupling limit is valid for small T' {ie. T < g} and the
strong conpling limit corresponds to high T

L5



Figure 1.7: Infinitely deep two dimensional potential well as defined by equation (1103,
Along the £ and y directions the electrons are confined within an interval [—~Lgz, Lyl

The Strong Coupling Regime

In the strong conpling limit the current is expressed in termns of & transmission cocfficient
T(e) by the equation [13, 44]

1= [7(0) {f(e~ ur) - (e~ mr)} de (1.9)

To discuss this eguation, an idealized one-dimensional wive, approximated by a two-

dimensiomal potential well as shown in figure 1.7, is assumed,

] o z € [0,Lg],y €[0,L,]
Voo (%,9,2) = { o z¢[0,L)y¢ [0,1':,]

The eigenstates ¢ of this systemn can be split into separate functions for each direction

in space (¢(x,y, 2) = ©z(2)y([Y)eL(2)]- Along the confined axes {z and y) @e(z) and
wy(y) form standing waves

(1.10)

2 /€2m
pgz) = \/L_zsm(Ph? w) (1.11)
B 2 . (€2m
eu(y) = \/L—ysm( ) y) (1.12)

. 2 po 2 32 . .
with € = (%) hm and € = (-g) 2%, p,q € N, ie. there are different states or
modes in the z and y direction. Each mode is denoted by a combination of the numbers
p and g.
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Along the free axis z, straightforward calculations yield for ¢,(2)

¢x(2) o exp(—jk.2) (1.13)
2m
k., = 7z (e—e"f —e’,;) (1.14)

with e being the overall energy of the eigenstate. This overall energy is divided between
the three directions in space. Whereas part of the energy is stored in standing waves
along the z and y dircction (e;f and €¥), the remaining energy forms a traveling wave in
z-direction.

Equations (1.11)-(1.14) show that different modes or cigenstates with different com-
binations of p and g are possible. Depending on the mode, the wavenumber in z-
direction, kg, is determined by equation (1.14). Usually only modes are considered
which have the form of traveling waves. This implies a real wave vector k and a mini-
mum energy for each mode eg,q =€ +ef = % [(%)2 + (%)2]

If a voltage is applied across this idealized one-dimensional wire, a current can be
transmitted across these modes. Due to the constant potential along the wire, the
modes are scatter-free and the transmission coefficient equals one. Therefore, if only
transmission across the lowest mode in the limit of low temperatures is considered, it

follows for the conductance of the wire |46|

G="=G (1.15)

Gy is called the quantum of conductance and amounts to 77uS. Gp is the con-
ductance of a single mode. Each time an additional mode enters the energy window
[—eV/2,+eV/2], the conductance rises by Gy.

Generally, the energy levels of a molecule are not scatter-free, i.e. T(e) < 1. Fur-
thermore, the transmission coefficient is not constant over a small energy range, but
peaks at the molecular levels. Therefore, a general solution of equation (1.9) is only
possible by numerical evaluation. An analytical solution for a single level is given by
Delerue ([13], section 8.3.2).

The Weak Coupling Regime

In contrast to the strong coupling limit, in the weak coupling limit the transport of
the electrons can be seen as a sequential tunneling process from one electrode to the
molecule and in a sccond step from the molecule to the other clectrode. The charge
carriers spend a certain time on the molecule, giving rise to effects such as the coulomb
blockade.

In the weak coupling limit, the current across a single molecular level m is given by
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[13] -

I = % [Flem = ) = Flem — )] 5% 2 (116)
If more than a single molecular level is included in the energy window spanned by
the applied voltage, the current cannot be simply obtained by a summation of the
contributions of the two levels according to cquation (1.16). The transfer of clectrons
from one molecular level to the other has to be included in the calculation, making the

determination of the current more complicated.

Conduction Below the Lowest Mode: Tunneling Currents

Either in the weak or in the strong coupling limit, the transmission of electrons is
mediated by the molecular levels. However, if no energy level lies in the energy window
which is spanned by the applied voltage, the current can be described by a simple
tunneling model. For example, in the strong coupling regime only real solutions of
cquation (1.14) have been considered so far. If one allows &k to become imaginary, the
current can be transmitted via decaying or tunneling modes ¢,(z) x exp (—k,2). For
long systems, these states are usually neglected, but for small distances that arc defined
by the length of the molecule as shown in figure 1.5, these modes cannot be disregarded
and carry most of the current through the molecule.

If one defines the complex wave vector k as k = a +i/2, the k vector is imaginary

below the lowest energy level €g and it follows for 8
T e—¢ (1.17)

‘Pz(Lz))2 —
©z(0)
exp (—BL;). Therefore, Tomfohr proposes the following modification of equation (1.15)

The probability of electrons tunneling through the molecule is equal to (

for the conductance below the lowest molecular level [47]
G ~ Goexp (—BL,) (1.18)

A more quantitative determination of the tunneling current is possible by the Sim-
mons cquation [48], which has frequently been used to discuss the conductance of a
molecular film [24, 49]. Simmons showed that the tunneling current j through a thin

insulating film with a mean barrier height @ is given by

<.
Il

jo{@exp [-¥B(P)L:] — (6 +eV)exp [-1B(d+eV)L,]}  (1.19)
e

Ry e
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mj

2 (1.21)

8@ = 2
with  a correction factor close to unity.

Depending on the voltage range, Simmons gives several approximations of equation
(1.19) [48, 51], which arc shown in table 1.2. Whereas in the low bias regime the current
is linearly dependent on the voltage, in the intermediate bias regime the current scales
with (V 4 6V3) and exponentially in the high bias regime.

In a first approximation, the distance dependence of the pre-exponential factor (G
in the low bias regime and g in the intermediate and high bias regime) can be neglected
compared to the exponential factor exp [—B(¢)L;]. This approximation, which has been
validated in many experiments [24, 52 60], leads to a cwrrent vs. distance dependency
of

I=G(V)exp[-B@)L.IV (1.22)

In the low bias regime, the conductance G, which is commonly called the contact con-

ductance, is bias independent so that equation (1.18) can be qualitatively recovered.
The length dependence of the conductance of a molecule is determined by the so

called decay length B. In later discussions, this decay length is especially helpful to

compare the conductance of molecules, which are equally contacted.

1.4 Fabrication of a Nanodevice by Self-Assembly

In current microelectronics, all devices are fabricated by optical lithography. The ITRS
roadmap predicts that this optical technique will function down to the 45nm gencera-
tion and for all later generations new methods such as extreme ultraviolet lithography
(EUV), electron projection lithography (EPL), or imprint lithography will have to be
developed [11].

Besides these lithographic methods, complex structures can be built by a different
technique: self-organization. Self-organization generally denotes the increase in order
of a system, which is not guided from the outside. Self-organization can be observed in
a variety of fields like physics, chemistry, biology or the social sciences.

In chemistry, self-organization is often called self-assembly. A famous example of
self-assembly is self-assembled monolayers (SAMs), a class of monolayers of molecules
that adsorb spontaneously onto a surface and show a highly ordered structure. Different
classes of molecule/substrate combinations are found that show this sclf-assembling
property, e.g. organosilicon derivatives (silanes) on oxidic surfaces [61] and organosulfur
compounds on gold [62].

In this thesis, nanodevices are assembled without any patterning step, simply by

using the self-assembling propertics of SAMs of organosulfur compounds on gold. These
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Table 1.2: Different approximations of cquation
(1.19) for different voltage regimes.
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monolayers assemble onto gold in a very well defined manner. The structure of these
films is given by the energetic minimum of the overall energy of the whole layer. The
overall energy of such a layer is the sum of several contributions.

The molecule-substrate interaction energy is probably the most important. SAMs
of organosulfur compounds chemisorb onto gold via sulfur-gold bonding. It turns out
that on (111)-oriented gold the sulfur head group of the molecule preferentially binds
onto the threefold hollow sites, so that the molecules preferentially form a (\/§ X \/5)
lattice.

Conformational energies arc an additional contribution to the overall cnergy. For
example, since every gauche defect in an isolated hydrocarbon chain is energetically
costly, in their lowest cnergy configuration SAMs of alkancthiols (CpHan_2S) posscss a
straight molecular backbone, which is directed almost perpendicular to the substrate
surface [63]. Furthermore, the sulfur head group preferentially binds to the gold lattice
in a sp® configuration, giving rise to an angle between the gold, the sulfur and the first
carbon atom of 104°.

The third important contribution is the energy due to intermolecular interaction.
Whereas, for example, for alkanethiols the intermolecular interaction is mainly due to
van der Waals forces, for aromatic thiols -7 interactions prevail.

The resulting structure of an SAM is found as the minimum of the overall energy.
As a first approximation, intermolecular distances and the preferred conformation of
the molecule can often be obtained by comparison with the bulk crystal structure. This
optimized structure has to fit the substrate, i.e. the molecule has to be able to retain its
preferred conformation of the bulk crystal structure and has to bind to the gold lattice
in the energetically best form, i.c. to the threefold hollow sites.

For alkanethiols it is shown in chapter 3 that the interaction of all forces acting
on the molecule leads to a very well-ordered structure. For biphenylthiols it is shown
in chapter 4 that for some classes of biphenylthiols this energetic minimum cannot be

rcached duce to steric hinderance.

1.5 Outline of the Thesis

The ITRS roadmap lists several challenges for emergent devices that arc supposed
to complement CMOS beyond 2019. One of them is the characterization of critical
material propertics at the nanometer scale for both charge transport and non charge
transport devices. Another challange is more concerned with molecular electronics:
The identification of contact materials that do not damage the bonding in the molecule
[11]. This thesis will contribute to the area of research surrounding these two questions.
How can single molecules or a small number of molecules be contacted and how can the

current transport through these molecules be characterized?
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A test setup is developed by means of which different molecules can be character-
ized regarding their current transport properties. More specifically, the current trans-
port properties of 4 -methyl-1,1"-biphenyl-4-alkanethiols (CH3-CgH4-CgHy-(CHz),-SH,
BPn, n: number of CH;, units included between biphenyl and sulfur group, see figure
4.1(a)) are studied. These molecules show an interesting combination of insulating parts
(the alkane chain) and a part which consists of conjugated double bonds (the biphenyl
group), which will increase conductivity. It is shown how the overall transport proper-
ties of the whole molecule can be estimated from the transport properties of these two
parts.

To electrically characterize the molecule, the decay length 8 is measured (see equa-
tion (1.21)). This decay constant is the most important parameter and provides a
measure for distinguishing insulating molecules from conducting ones. In the limit
of B — 0, the conductance of the molecule will be independent of the length of the
molecule. Such a molecule would be a perfect molecular wire.

The setup of the nanodevice as shown in figure 1.9 is used. A SAM of insulating
alkanethiols (Cn, n: number of CHz units) is deposited onto gold. Into this SAM, BPn
molecules are embedded and the current transport through these molecules is measured
via an STM tip above the BPn molecule. In accordance with this device setup, the

thesis is divided into several parts.

Gold Bottom Electrode

In chapter 2, the optimization of the gold bottom electrode is described. The device
setup and the measurement method make high demands on the quality of the bottom
electrode. SAMs of alkanethiols are known to be highly ordered on (111)-oriented gold.
Therefore, the gold films have to be crystalline with a strong (111)-orientation. In later
stages of the thesis, the films are studied with molecular resolution, i.e. single molecules
are visualized. To facilitate this molecular resolution, the gold substrate has to exhibit
a very low surface roughness. This demand is equivalent to the requirement of large,
atomically flat terraces of the gold (111)-surface. Furthermore, for STM measurements
and for electrically contacting the molecules, the gold film has to be continuous so that
it is electrically conductive.

Alkanethiol SAM

The alkanethiol SAM acts as an insulating matrix in which the BPn molecules are
embedded. To be able to distinguish the embedded molecules from the surrounding
alkanethiol SAM, the structure of the alkanethiol SAM is characterized in detail. Fur-
thermore, the quality of the alkanethiol SAM (cleanliness, large molecular domains and
low defect density) is optimized. Details of the characterization and optimization of
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Figure 1.8; The molecules used in this thesis: bhiphenylthiol or BPn (CH-CrHy-CgrHy-
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Fignre 1.9: Measurement setup for the characterization of the current teansport pro-
perties of BPn. BPn molecules are embedded into a C12 SAM and are eontacted by
the gold bottom electrode and an STH tip,




alkanethiol SAMs are given in chapter 3.

Characterization of Full Coverage SAMs of BPn

Before measuring the electron transport through embedded BPn molecules, the elec-
trical propertics arc studied on full coverage SAMs of biphenylthiols (chapter 4). On
the basis of the experimental data a simple model is developed to describe the current
transport. Prior to studying the clectrical propertics of SAMs of BPn, the structure of
these films on Au(111) is studied.

Characterization of Embedded BPn Molecules in Alkanethiol SAMs

The embedding process is first studied by embedding simple alkanedithiols into a SAM of
alkancmonothiols. These dithiols arc further contacted by gold nanoclusters. Following
these prelimary studies, BPn molecules are embedded into an alkanethiol SAM. It is
shown how the embedding process can be controlled. Depending on the experimental
details, the BPn molecules are either isolated or several BPn molecules grouped together
and islands of BPn molccules are built in the alkancthiol SAM. The height difference
between the surrounding alkanethiol SAM and the BPn islands is interpreted in terms

of the model developed in chapter 4.

A Candidate for a Switching Molecule: Rose Bengal

Interesting in terms of applications is a molecule which can switch between two different
conduction states. Such a molecule can be used as a building block for a molecular
memory. In literature, Rose Bengal (4,5,6,7-Tetrachlor-2’.47,57,7-Tetraiodfluorcescein,
see figure 1.8) has been proposed as such a switchable molecule. To study the switching
cffect, an additional device sctup is used in Chapter 6. The molecule is sandwiched as

a thin film (~ 100nm) between two metallic electrodes (MIM-structure).
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Chapter 2

Optimization of the Gold Bottom
Electrode

Self-Assembled Monolayers (SAMs) of alkanethiols have been deposited on a wide va-
riety of substrates like mercury [64], iron [65], copper [66], GaAs [67], silver [68] and
stainless steel |69]. The most commonly used substrate is (111)-oriented gold, on which
the SAM is known to form a commensurate (v/3 X v/3)R30° overlayer [63]. The com-
mensurability implies that every distortion in the gold surface inevitably distorts the
structure of the overlying SAM. Therefore, a very high quality gold layer with a very
low surface roughness is needed for the deposition of highly ordered monolayers of alka-

nethiols.

2.1 Growth of Thin Films

The deposition of a thin film starts with the arrival of single atoms at the surface. For
growth from the gas phase, the arrival rate R is proportional to the vapor pressure py, of
the deposited species above the substrate and inversely proportional to the temperature
T of the evaporation source [70]:

p’UP
Ro P2 21
& /2nmkT 21)

with m: molecular weight of the deposited material, k: Boltzmann constant.

When they hit the surface, the atoms dissipate energy into the substrate and occupy
a lower energy level than in the gas phase. The atoms are now adsorbed on the substrate,
but can still move laterally on the surface. Although the atoms are localized in an energy
minimum of the surface potential, they are able to hop from one energy minimum to the

next one. This process is thermally activated and described by the diffusion coefficient
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D |71, 72):

E,
D = aygNy*! exp—kq'_,i (2.2)

8
with Np: substrate atomic density, a—0.25 for diffusion in two dimensions, vp: phonon fre-

quency, Eg: energy barrier, Ty: temperature of substrate.

While moving over the surface, the adsorbed atoms or adatoms can either re-
cvaporate or they can eventually hit another adatom and form a dimer. Again, these
dimers can be hit by an adatom resulting in the formation of a trimer and so forth.
These accumulations of atoms (called nuclei) are not necessarily stable; thermodynamic
arguments predict a critical nucleus size. For nuclei with a number of atoms below the
critical size, dissolution of the nuclei is favorable, whereas clusters with more atoms
than the critical size are stable and tend to grow.

The shape of the nuclei is determined by the balance of the crystal energy, the
surface energies of the substrate and the film. If the surface energy of the substrate is
higher than the sum of the surface energy of the film and the interface energy between
film and substrate, the deposited material minimizes its energy by avoiding as much
surface energy of the substrate as possible, i.e. it tries to wet the whole substrate.
This results in flat nuclel (two dimensional), which gives this growth mode its name:
two-dimensional growth mode!.

In contrast to the two-dimensional growth mode, three-dimensional growth? occurs
if the surface energy of the substrate is lower than the sum of the surface energy of the
film and the interface energy between film and substrate. Then, the nuclei can save
energy if they do not completely wet the substrate and form a continuous layer, but
build drop like three dimensional islands. The contact angle ¢ of these islands (the
angle between the substrate and the tangent of the surface of the drop at the contact
point) is determined by Young’s equation:

Ysub = Vfitm €08 @ + Yint (2.3)

with ygup: surface energy of the substrate, ysum: surface energy of the film and 7;p: interface

energy between film and substrate.

After nucleation, the stable nuclel grow by incorporating more and more adatoms
until different islands touch each other on the surface. At this point, the islands can
cither retain their shape and crystallographic orientation or they can merge and form
a new, larger island with a single crystallographic orientation. The latter coalescence

process predominantly occurs at high temperatures.

L Also called layer-by-layer growth or Frank van der Merwe growth.
2 Also termed island or Volmer-Weber growth mode.
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The growth of thin films is a rather complex process that consists of different steps
with different dependencies on process variables like substrate temperature and depo-
sition rate. This process can be treated quantitatively by the so-called Mean Field
Theory. In the Mean Field Theory only the mean of all the characteristics of thin film
growth is examined and all local variations are neglected. On the assumption that only
monomers are mobile on the surface, the Mean Field Theory proposes the following set

of differential equations [71-73]:

dn1(t) n1(t) o
= R——=-2U; — Uj (2.4)

dt Td ng
dnd;t(t) = Ui1— U"; 1>2 (2.5)

with n;: density of clusters containing ¢ atoms, U;: capturc rates of clusters of size 4, 74:

desorption time of adatoms, R: deposition rate.

These equations can be easily understood. The density of adatoms (n1) increases by
the deposition rate (R) and decreases by re-evaporation (2—;-), the formation of a dimer
by two monomers (2U7) and the incorporation of adatoms into clusters of i atoms (Uj;).
The density of clusters consisting of 4-atoms increases by incorporating an extra atom
into a cluster of ¢ — 1 atoms (U;—1) and decreases by adding one atom to a cluster of 4
atoms (U;).

For 3D growth and complete condensation (re-evaporation is negligible) the set of

differential equations can be solved. It follows for the density of stable clusters ns [73]:

R ) 2i/(2i+5)

ns(R, T, 1) (W

1 2 .

with Np: areal density of absorption sites, v: surface vibrational frequency, T': substrate temper-
ature, i: size of the critical nucleus, E;: formation energy of the critical nucleus, E4: activation

energy for surface diffusion.

If re-evaporation becomes relevant, equation (2.6) changes to [73]:

R 2i/3 1
R,T,i — X ——(E;+(+1)E, — E 2.7
mRT)x (go) xew (g oB+(+DB-E)) @)

Both equations reveal a dependency ns oc RP [73, 74] of the density of stable islands
on the deposition rate and an arrhenius type dependency ng o« exp(E/(kgT)) of ngs on
the temperature, i.e. the density of stable islands increases with increasing flux and

decreases with temperature.
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2.2 Deposition of Thin Films of (111)-Oriented Gold

There is a huge amount of literature on the topic of growth of thin films of gold |75-102|.
Different factors such as the choice of substrate material, pretreatment of the substrate,
deposition temperature, deposition rate and annealing conditions were identified to
influence the morphology of a gold layer.

The influence of the substrate on the gold layer was for the first time investigated
by Vancea [98]. Five different materials were examined: glass, silicon, NaCl, HOPG
and mica. The films on glass and silicon showed a rough surface, wherecas the films
on NaCl and HOPG revealed a much smoother surface. The films on mica were not
uniform: some parts of the surface were rough, but some were smooth. The growth of
gold films on silicon was studied by various authors [80, 83, 84, 86, 87, 90, 101]. For
example, Okamato [90] published some results on the deposition of gold films on silicon.
He showed that atomic flat gold-terraces can be built on silicon without any special
thermal treatment. However, these terraces were small (only 10nm in diameter) and
some amount of silicon always diffuses into the gold layer |80, 83, 84].

In the majority of publications, mica was used as substrate for the deposition of
gold. Mica, or more precisely muscovite (KAlp|(OH)2|AlSi3019]), is a natural mineral.
Most importantly, this material can be easily cleaved along the (001)-plane so that a
very smooth and clean surface can be easily obtained.

In most publications, mica was heated in vacuum prior to depositing the gold layer.
The influence of this heating procedure was examined by DeRose [76]. He stated that
the roughness of gold films decreases exponentially with the duration of heating. The
heating temperatures and heating durations vary significantly from author to author
(200°C -500°C , 1h to several days).

The most important parameter for the growth of thin films is the deposition tem-
perature. At all temperatures 3D growth of gold on mica is predominant. In accordance
with equations (2.6) or (2.7), the density of islands decrcases with increasing tempera-
ture. Films deposited at room temperature consist of small hills or islands, each around
7.5nm high and 50nm wide [75]. By increasing the deposition temperature, the size of
the hills increases and the density of stable islands decreases [93][75]. DeRose et al.
[76] examined the influence of the deposition temperature on the surface roughness and
stated that the roughness decreases with higher temperatures.

Even though in most publications low deposition rates were used (0.05nm/s -
0.5nm/s), the experiments of Putnam et al. |93| showed a higher homogeneity and
lower roughness with higher deposition rates (up to 16nm/s). Hoptner et al. [82] pro-
posed a two step deposition process. In the first step, the gold film was deposited at high
rates (2nm/s), whereas in the second step the deposition rate was drastically reduced
(0.2nm/s). This process increased the homogeneity of the gold film.
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Following the deposition process, the gold film is sometimes annealed. This anneal-
ing step has a similar effect on the film morphology to that of an increase in the depo-

sition temperature |91]. Common temperatures are 500°C for several hours |76, 82, 95|.

2.3 Slow Deposition of Gold on Mica

As in most publications, in the first experiments gold is deposited on mica at a low
rate (0.1nm/s). To obtain gold films with low roughness these films are deposited at
high temperatures: 464°C | 550°C and 610°C. The films arc prepared in an c-gun cvap-
oration chamber at a base pressure of 10~"mbar. Prior to deposition, mica® is freshly
cleaved and heated in vacuum for 6h at the respective deposition temperature. After
heating, 200nm of gold are deposited at the above mentioned temperatures. Following
the deposition, the films are annealed for 1h at the deposition temperature.

The films are characterized by AFM and XRD measurements. XRD measurements
confirm the (111)-orientation of the film. The AFM measurements are shown in figures
2.1(a)-2.3(a).

2.3.1 Results

In figure 2.1(a) the film morphology of gold films deposited at 464°C is shown. As
already mentioned in the preceding section, the growth occurs in a 3D fashion, i.e. the
surface consists of distinct hills or islands, cach around lpm in diamecter. A few hills
already seem to coalescence, but this process is not very pronounced and most hills are
isolated from their neighbors. Somc islands show a regular hexagonal shape, which is
due to the (111)-orientation of the layer.

In figure 2.1(b), a lincscan of figurc 2.1(a) is shown. Decep trenches between two hills
can be noticed. Sometimes, the depth of these trenches is in the range of the overall
thickness of the gold layer (200nm). Consistent with these results is the observation
that the films do not show any or only a very poor lateral electric conduction.

By raising the temperature to 550°C, the size of the hills increases to several mi-
crometers (figure 2.2(a)). Furthermore, the coalescence process is more advanced than
in the 464°C sample so that several clusters of islands have been formed. But there are
still deep trenches between these clusters of islands, also visible in the linescan in figure
2.2(b). Again, the layers are not conducting.

To accelerate the coalescence process, the gold films are deposited at an even higher
temperature (610°C) so that eventually all hills flow together and form a continuous,
clectrically conducting layer.

3Plano GmbH, Glimmer ULTRACLEAN, article no. G250-7
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Figure 2.1: 200mm gold on mica. deposited at a rate of O.lom/s at 464°C. The Sl
congists of separated islands,

The surface of a gold film deposited at 610°C is shown in figare 2.3(a}. In contrast
bo erguations (2.6) and (2.7), the stee of the kills decreases to approximately 1gps. This
eontradiction to the theory could be due fo o change in the properties of the substrate
with increasing temperatures. To examine the behavior of mica at high temperatures
the thernogravimetric measurernent shown i fgure 2.4 15 taleen. For this measarement,
the mass loss of mica heated from room temperature to T50°C ar a rate of 03K /min at
reduced pressure {30mbar} 15 recorded. Tn fignre 24 the mass loss in percent is plotted
a= a function of the heating temperatre.

It can be sern that mica slowly loges mass at temperatures above 350°C. For higher
temperatures -6007C | the degradation of mica accelerates, This aceeleration of decom-
position is close to the deposition temperature of the gold film shown in Hgure 2.3(a).
Therefore, the decrease in island size at temperatures above GOOPC can be explained by

thee decomposition of mica at high temperatures.

2.3.2 Conclusion

The growth of thin filims on mica is theee-dimensional. The size of the gold islands 1=
dependent on the deposition temperature. Whereas raising the temperature from 464°C
tor 3507C peanlta in an increase in sland diameter, ar temperataees of above G00°C the
mica substrate degrades and the island diameter decreases again. Due to very weak
coalescenee, at all temperatures the islands are not connected resulting in no electrical
conduction of the layer. This observation agrees with the publication by Zheng et al,

[L02], who found & transition from continnous gold filns oo mwica to discontinuous filis
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Figure 2.2: 20Kinm gold on mica, deposited at a rate of 0.1nm /s at 350°C, By increasing
tlee temperature, the slands size increases, bub the film is sl discontinons.

at elevated temperatures. Fheng et al, measured a transition temperatnre of abouat 540-
ST0PC, which is higher than the lowest tomperaturee used o chis thesis (464°C). This
discrepancy is most probably due to ditferences in the position where the temperature
i measured . A temperature of 400°C as used in this thesis relates to the temperature
which &5 messured divectly on the substrate. This temperatiore correlates to g heater
temperature of approximately GOOC,

Zheng et al. explained the development of discontinuous films by the interplay of
high temperatures and low deposition rates, At high temperatures, the surface diffision
of the gold atoms is high leading to a low density of islands. Farthermore, if two islands
grow together, they aveid interfacial energy between mica and gold by increasing in
leeight, thereby decrensing the substrate coverage {e.g. see figures 2.1(1) and 2.2(h}).

2.4 Fast Deposition of Gold on Mica

The slow deposition process results e lavers of gold which are not conduecting so that
these lavers cannot be osed as bottom electrodes. Furthermore, the characterization of
these filme by 8TM is impossible, which would be necessary to obtain atomic resolution,
Zheng et al. [102] explained the growth of discontinuons gold films by the interplay of
Ligh temperatures and low deposition rates. By increasing the deposition rate, more
stable iHlands will be fiemed a0 that the film s forced to become contimons. Therefore,
it is tried to overcome this problem by using higher deposition rates, A film grown at
aorate of Gom/s at 550°C under otherwise nnchanged deposition conditions is shown in

figure 2.5, The difference to the layers deposited in the slow process is promising, No
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Figure 2.3 200mm gold on mica, deposited at aorabe of 000nm /s st 610°C, The derrease
in island size is due to decomposition of the substrate material.
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Figure 2.4: Thermogravimetric measurement of mica. Above 350°C a slow loss of mass
i# vizible, which accelerates above G007C,
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hills can be seen, the growth mode changes from purely three dimensional to layer by
layer growth. However, deep holes are seen in the gold films, which are most probably
due to the fast deposition.

To fill these holes, the gold film is deposited in a two step process, similar to the
experiments by Hopfner et al. |82|. In the first step, 150nm of gold is deposited at a rate
of bnm/s. This step is followed by the deposition of 50nm of Au at 0.05nm/s. Films
are produced at three different temperatures: 400°C, 450°C, 550°C. Otherwise, the
same parameters as for the gold layers of the preceding section are used: mica is freshly
cleaved before transferring it into the vacuum chamber (~ 10~ "mbar). In the vacuum
chamber mica is heated at the deposition temperature for 6h. Following deposition, the

gold films arc anncaled for 1h before they are cooled down slowly.

2.4.1 Characterization by AFM

In figure 2.6(a) an AFM scan of the gold layer deposited at 400°C by the two step
process is shown. Again, as in the single step process with a high deposition rate,
layer by layer growth is predominant, but in contrast to figure 2.5, the holes seen in
the single step process have vanished. Gold terraces can be identified on the surface.
Two kinds of step edges of the terraces are seen: rounded and straight step edges. The
straight step edges are oriented along the (011) directions. The overall roughness of the
surface, defined as the rms-value of the height variation, is very low (2—3;&. in an area
of 25um?). A roughness in this range has only been reached for template-stripped gold
films obtained by Wagner et al. [79, 99], which were prepared by a much more complex
technique.

In the films deposited at 450°C (see figure 2.6(b)), deep cracks draw through the
sample. The cracks are lincar and run in the same dircctions as the lines alrcady
observed in the 400°C sample. Due to the cracks, the rms-value of the height variation
rises to several nanometers.

At 550°C, the surface is similar to the 450°C sample (figure 2.6(c)). Again, there
are linear cracks, running in the (01T) directions. However, although the 550°C sample
is microscopically similar to the other samples, macroscopically the gold layer starts to
flake off the mica substrate. Macroscopically, the layer is very rough, despite the fact
that microscopically there are flat and smooth areas (roughness 6.5nm on 25um?).

Due to the change from 3D to 2D growth, all layers show electrical conduction,
making STM measurements possible.

2.4.2 Characterization by STM

Different UHV-STM scans of a gold layer prepared at 400°C arc shown in figure 2.7(a)-
2.7(b). Similar to the AFM scans, large atomically flat gold terraces (100nm-300nm
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Figure 2.5: Gold film prepared at 35090 at an mereased tate {3nm/s) (10 % 10pm?). By
increasing the deposition rate, the film beeomes continnons, but there are deep holes
(=20nm},

(a) AFML AD0°C (5% Gum®).  (b) AFM 460°C (5 x Spm®).  (c) AFM G50°C (5 % Bpm®).

Fignre 2.6: Guld film propared at 400°C, 450°C and 550°C in the two step provess. The
holes seen in the single step process are filled. For temperatures above 400°C rracks
form in the sample indicating high stress in the film.
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Figure 2.7: STM seaus of o filin preparcd at 400°C i the two step process, The gold
bertaces are seen in part (a), There are two kinds of step edzges: rounded and straight
step edges (facets). At higher magnification, the hermmingbone reconstruction of (111)-
oriented mold is seen,

width) and fwo distinet structuses can be seen: facets with linear step edges along
thie {E}IT} directions and structures with rounded step edges (see 2.7(a)), At a higher
resalution as shown in figuree 2.7(b}, the so called berringhbone reconstenction can be
resolved] (dg-zag lines in Hgure 2270000, & famons and, due to its large size, probably

umigue surface recongtriction

The Herringbone Reconstruction

Unfil 1973 the {111 )-surface of gold was considered to be unreconstrocted., For the first
time, Perderean e al. [ﬂ"‘l fond an anomalous diffraction structure Ty studying the
deposition of lead onto (111} oriented gold by Low Eneray Electron Diffraction (LEED},

and interpreted ib as a reconstruction of the top layer of the clean gold surface. Later,

this finding was confirmed by further LEED [104], Transmission Electron Microscopy
(TEM] studies [105-108] and High-Tesolution Helium- Atom: Diffeaction [100]. Teal
apace information on the sarface stractore was for the first time obtained by ST
studies 110, 111].

From theae studies, a consistent pieture cmerged. The reconstroction i@ formed by
sopieexing 24 surface gold atoms into 23 balk latbice sikes leading to a $4% contraction
alomyz the [110] direction. Therefore, the reconstruction can be deseribed by a I[v'"ﬁx 23)
rect uudt cell. Due to the contraction, the surface atoms have to periodically change from
fee- to hep-stacking. The resulting model of the surface atoms 1= shown in figure 2.8, The
positions of the surface atoms are shown with respect to the atoms inche second layer.

Chpen circles represent surface atoms, and crosses indicate atoms in the second laver, In
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Figure 2.8: Schematic of the {3 x 23)rect herringbone reconstruction [108]. The
recomstruction is formed by a 4.4% contraction along the [110] direction and a periodic
change from fee- to Lep- stacking.

the left and right part of the image, the upponmest atoms are foe terminated (region C1,
wherens in the middle the surface atoms arve hep terminated (region A), Between the
different regions, there is a certain transition zone. Whereas in early LEED studies a
uniform contraction along the [110] divection and therefore a smooth transition between
these regions [104] was proposed, in TEM studies a sharp transition was postulated [103).
Helium diffraction studies revealed that the most probable strocturs is a mixture of these
extremes: The transition betwesn A and C regions is gradoal, but the compression of
the surface atoms is not uniform |109]. These studies also revealed that the hep-regions
are smaller than the fee, which reflects the energetic preference of foc compared to hep
stacking, With this model, a surface height modolation of about 0.015nm was proposed
{see top of figure 2.8), which was later confirmed by STM atudies [110, 111]. With STM,
an additional superstraetnre was discovercd [111]: This superstroctore is apparent by
#ig-eag lines as seen in figure 2.7(b}. These wig-zag lines represent different rotational
domains of the same (v/3 x 28)roet unit coll. Tt is this large range superstructure which
finally gave the herringbone structure its name.

The Origin of Faceting

Ome significant feature of the gold films, which has alveady been described in the discus-
siom of figure 2.6{a) and 2.7(a), is the three sets of straight lines in the thres equivalent
{01T} directions. This phenomenon is known as faceting in literature, and several possi-
ble pxplanations for this stroeture have been proposed [T6]. Tt is argued that the facets
are formed during the deposition process as a consegquence of the (111 }-orientation of
the film. Anothor explanation is that faceting is cansed by stacking faults in the gold
film due to steps of the freshly cleaved mica, Other anthors suggest that the facets are
indueed by stress caused by the STM or AFM tip. which is relazed in linear steps.
None of these explanations can fully explain the experimental observations. The
facets cannot be created during the deposition process (as in the first fwo propositions),
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since the rounded step edges grow over the linear facets and are not influenced by them
(see figure 2.7(a)). This indicates that the facets emerge after the round terraces have
been formed during deposition. Consequently, the linear steps have to be formed during
annealing or during cooling down from the deposition temperature (400°C ) to room
temperature. Likewise, stress induced by the STM or AFM tip should always result in
facets in the scan direction and not in all three (01T) directions.

More recently Shimoni et al. [112] have shown that facets or straight step edges can
be generated by electromigration. However, relatively large currents are needed for this
mechanism (50-500mA, 104-105 Acm™2), whereas for the STM measurcments in this
work only small currents are passed through the sample (< 1nA, 107*Acm™2). These
small tunncl currents do not change the surface topography and do not gencrate surface
steps in the experiments, consistent with the results of Shimoni et al. [112], who state
that STM measurcments with a typical tunneling resistance of 200M£2 do not affect the
surface dynamics of atoms in the gold film.

Here, an alternative explanation is put forward. As already discussed, the rounded
step edges coexist with the linear facets. This indicates that the facets are built after
the round terraces have been formed, most probably during annealing or during cooling
down after deposition.

To verify this hypothesis, a gold film is successively heated in vacuum (10™%mbar)
for 45min at 410°C, 470°C and 520°C. After each heating step, the film is examined
by UHV-STM at room temperature. In figure 2.9(a)-2.9(d), representative scans of the
surfaces are shown. In the freshly deposited sample, the rounded structure dominates,
and after annealing the number of facets rises dramatically. At the bottom of figure
2.9(c), it can be scen that several facets group together and form a deep trench. This
process correlates to the deep trenches seen in in gold films deposited in the two step
process at 450°C and 550°C (sce figure 2.6(b) and 2.6(c)). These trenches indicate high
stress in the samples.

This stress in the gold film most probably originates from the gold/mica interface
and is caused by cooling down from elevated temperatures to room temperature and
slightly different coefficients of thermal expansion. This stress created at the interface
can be released by a glide along (100)-planes in the (011) direction (see figure 2.10(a)
and 2.10(b)), similar to the relaxation of stress in thin layers of PbSe [113] and in flame
annealed gold films on glass induced by electromigration [112]. The consequence of this
gliding mechanism is facets with minimal step heights hyin — 0.24 nm elongated along
the (011) directions. Due to geometrical considerations, the mean distance between two
facets A necessary to relieve strain € can be estimated as [113]:

_3pisin®) b

A
2 € hmin

(2.8)
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|a) as deposited {h) 410°C

{e} 470°0 (i) B20°C

Figure 2.9: S5TA scans of a gold film, prepared at 40090 in the two step process. which
ig afterwards heated Lo 410°C (b), 470°C (¢} and 520°C {¢] in UHV. The size of all
tmages 1= 200 » 200nm, This additional heating step increases the nmnhber of facets,
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Fignre 2.10: Surface steps resulting from a glide along (100)-glide planes {a) and burgess
vector and orientation of (100} glide plane in an foe unis cell (h).

with b+ Burgers vector (b = % < 011 =), & : angle bevween the surface normal of the
(111)-plane and & . & © mean step height and B, @ minimal step height (0.24nm).

At 400°C the stress 15 maindy due to the different thermal cocficients of cxpansion
of mica and gold (10% 10785 for mica {200°0 ), parcallel to the cleavage plane; 14.1
x 1078/°C for gold [114]). Using ceuation (2.8}, one can cstimate o mean distanee
between parallel linear steps of 170nm for the given coefficients of expansion. Taking
fignre 2.7(a). one can connt 2-3 steps in cach of the (01T} directions. cormesponding to
a distance between facets of approximazely 350nm to Snm (some of the steps are two
lattice constants high, therefore they have to be counted twice). The difference between
the caleulated and measured mean distance between the linear steps could be cansed
by the uncertainty in the coefficient of expansion of mica. Furthermore, equation (2.8)
is only a lower bound of the mean distance between facets, becanse it does not involve
any energetic considerations and does not involve stress released by other mechanisims.
The formation of facets involves an increase in surface energy due to additional step
edges. This could lead to n situation where the stress is only pactially released by this
mechanism, becanse the energy gain from the relaxation in the bulk eannot compensate
the necessary energy o form additional surface steps.

As au additional souree of strain, mica is known to deeompose at higher temper-
atures |Th). as aleeacdy seen in Hgure 2.4, This leads to the conclusion that, at higher
temperatures, the decomposition of mica adds forther stress to the sample and there-
fore, even more facets are forrmed. Lo particular, the more than linear increase in the

depsity of facets in figure 2.9(c) and 2.9(d) can be attributed to the change o mica.
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2.5 Conclusion

The growth of gold on mica has been studied. For low deposition rates, the films are
discontinuous and show only a very poor conductivity. Continuous layers of gold are
produced by increasing the deposition rate. This high deposition rate leads to holes in
the films so that a second slow deposition step has been introduced, which fills these
holes.

This two step deposition procedure leads to very smooth gold films with large ter-
races, as needed for the characterization of SAMs on gold by STM. Two structures of
the terrace edges can be seen: rounded step edges and linear step edges along the (011)
directions (faceting). A new explanation of the hexagonal faceting of gold films on mica
is put forward in this thesis. The facets coexist with a rounded structure, indicating that
these two structures must have different origing. Furthermore, the rounded structure
is not influenced by the facets, which shows that the facets are built after the rounded
structure is formed. By annealing the sample over 450°C the number of facets rises so
that it can be concluded that the facets are not due to a rearrangement of rounded
structures. With increasing temperature, more and more facets arise and finally form
deep cracks, which suggests that the facets are induced by strong stress in the film. It
is shown that up to 400°C the stress originating at the gold/mica interface caused by
the different coefficients of thermal expansion of mica and gold is appropriate to explain
the formation of facets due to stress release by a glide along the (100)-glide plane. At
higher temperatures, disintegration of mica causes a change in the surface morphology,
which adds further stress to the gold, resulting in a more than linear increase in faceting

and deep trenches in the sample.
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Chapter 3

Characterization of Self-Assembled
Monolayers of Alkanethiols on Gold

Thiol-based self-assembled monolayers (SAMs) of organic molecules are an effective tool
for tailoring the surface properties of metals [63, 115]. The applications of SAMs range
from wetting control |116-119|, corrosion inhibition |120|, protein adsorption |121], and
lateral structuring [122] to molecular electronics [23]. In this thesis, alkanethiol SAMs
are used as host matrices in which electrically active molecules are embedded. For this
application, special demands are imposed on the layers: they have to possess a low
defect density, large molecular domains and they have to be very clean. To be able to
distinguish between the embedded molecules and the surrounding alkanethiol SAM, the
structure of the SAM has to be studied in detail. The preparation and characterization

of SAMs of alkanethiols is described in the following chapter.

3.1 The History of SAMs of Alkanethiols on Gold

Even in the 1930s, it was possible to produce organic monolayers using the methods
invented by Langmuir and Blodgett [123, 124]. This method consists of the assembly
of amphiphilic molecules on the surface of a liquid and the transfer of this monolayer
onto a solid substrate. Later research focused on methods that assemble monolayers
of molecules directly onto a solid substrate. Several material systems were found that
showed this behavior; the most popular are organosilicon derivatives (silanes) on oxidic
surfaces and organosulfur compounds on gold.

Monolayers of silanes were discovered by Polymeropoulos and Sagiv [61] in 1978.
For this material class the term self-assembled (or assembling) monolayer was first used
by an anonymous author in a short article in New Scientist [123].

Later, Nuzzo and Allara [62] and Li ct al. [126, 127] independently discovered
monolayers of molecules bound via sulfur-gold bonds onto a gold substrate. Whereas
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Figure 3.1: The conformation of dodecancthiol on gold [63] is shown. The molecules
bine with the sulfur head group onto gold and the molecular axis is lted by 8, = 32.5°
at an angle of ¥ = 13.8% away from the NN direction [131]. The molecular backbone is
twisted by @ = 55°,

Li et al. did not forther examine the properties of the monolayer and used the fifm
only for binding and separating electroactive molecules onto several metals including
gold, Muzzo et al. conducted most of the early experiments to elucidate the strocture
of this new class of monolayer. At Hrst, the experiments concentrated on disulfides and
in particnlar on dialkyl-disnlfide (HaC-(CHgly 1 -5-5-(CHy )y -CHg) on gold. By means
of ellipsometry [62, 128, 129]. infrared spectroscopy |62, 128, X-Ray Photoelectron
Spectroscopy (XPS), temperature-programmed desorption [TPD} and high-resolution
Electron Energy Loss Spectroscopy (EELS) [130] it was found that the disalfde bond is
dissociated and the remaining salfinr asoms are bound onto the gold substrate. Even at
tlis very early stage of vesearch, Nizso ef al. hypothesised that the moleciles adsorh
at the threefold hollow sites of the gold lattice thereby forming a (\.@x -‘-"'5) Rao®
hexagonal overlayer [130]. Vertically, the alkane chain is directed almost npright on the
sample, with a tilt By of 37 out of the surface normal and a twist @ of 533° around the
molecular backbone {zee fig. 3.1 [128]. Thereby, a highly ordered and dense monolayer
was formed,

Following these studies, the strocture of alkane (monoj-thiols {HS-{CHa),  CHy)was
found to reassemble the structure of the disulfides [132 134]. However, the adsorption
of monothiols involyves breaking of an 5-H bood stead of the dissociation of the 5-3
bond, leading to different adsorption linetics [133]). The exact values of the molecular
Eilt angle By, twist angle $p and ewist angle of the molecular backbone around the
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{a) a-phaze (b)) @-phase (c) ¥-phase {d} d-phase (e} e-phase

Fignre 3.2: (2} to (e) show different phases of the o{4x2) unit cell, Small circles represent
gold atoms, amd large circle adsorption sites of dodecanethiol. Gray shaded molecules
appear lower in STM images.

surface normal {relative to the nearest-neighbor(NN} direction) x were determined in a
grazing incidence x-ray diffraction study for varions alkane chain lengths [131).

The lateral structure was further clarified by electron diffraction [135] and low energy
helinm diffeaction [136, 137]. These studies confirmed the hexagonal (‘\.-"Ex -,,:"'E) Rao®
structure!,

[ 1991, Nuzzo et al. published the fisst indications that the (v3 % +/3) R30° hexag-
onal lattice of alkanethiols has a further superstructure with two inequivalent molecules
per unit ecll [139]. In analogy to bulk phases of allanethiols, they proposed that the
superstruncture is formed by different twist angles for the two inegquivalent molecules.
By means of low energy heliom diffraction, Camillone et al. devermined the unit cell of
this reconstruction to be o4 x 2) or equivalently 3 x 2v/3 [140).

Seanning Probe Methods proved to be enormously powerful for the characterization
of SAMs. The first molecularly resolved STM study of an alkanethiol monolayer was
published in 1991 [141], followed by an AFM study in 1992 [142]. In both studies, the
(/3 % v3)RI0° lattice was resalved. In 1994, Poirier et al. [143] and Delamarche ot
al. [144] simultaneously resolved the c[4x2) superstructure in their STM scans. High
resolution images showed for the ficst time real-space information on the arrangement
of the molecules in the unit eell.

[n STM measurements, the inequivalent molecules in the o{4x2) unit cell differ in
their apparent height. Different arrangements of apparently higher and lower molecules
are deseribed in literatuee [144-147] denoted as phase e to e {see figure 3.2). The o-
phase is the normal (\/§ X \/5) R30° structure without any superlatiice, whereas the
3 [144, 143], « [145] and & [143-145. 147] phases consizt of wolecules with two different
heights., More recently, a c{4x2) structure with as many as three different molecular
heights was discovered in octancthiol {C8) and dodecancthiol (C12) SAMs [e-phasc)

'In their originel publication [L35], Strong and Whiteside proposed an 8 ¥ B structure. However,
a reinterpretation of their data [138] showed that tleir diffraction pattern @8 also consistent with the
® R0 structure.
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[146, 147].

The height difference in STM images is believed to be due to different conformations
of the molecule. Since the molecular backbone is tilted approximately 30° out of the
surface normal, the terminal methyl group appears higher or lower if the molecule is
twisted. For a full rotation, a maximum height difference of 0.6-0.7A is expected
[140, 144].

Similarly, different bonding sites of the sulfur head group on the gold surface, as
proposed by grazing incidence X-ray diffraction [148], sum frequency generation [149],
the X-ray standing wave technique [150] and high resolution clectron-energy-loss spec-
troscopy [151] would lead to different heights in STM images. Different bonding sites
causc the tunncling conditions to vary, which leads to the contrast between different
molecules in the unit cell. For example Fenter et al. [148] propose that the sulfur head
group dimerizes, resulting in an S-S spacing of 2A and two inequivalent bonding sites
(three fold hollow site and An bridge site). They argue that the height modulation in
STM images is due to both the inequivalent bonding site, resulting in different tunneling
conditions, and different twists of the hydrocarbon chains about the chain axis.

After the high-density full coverage phase had been fully characterized, a new, lower
coverage phase was found by Camillone et al. |152|. In contrast to the ¢(4x2) phase, in
the new phase the molecules are not directed almost perpendicularly to the substrate,
but lie flat on the surface so that this phase is called the lying-down phase. It can be
described as a (p X v/3) structure, with p being a chain length and deposition parameter
dependent constant. This phase can be generated through gas phase deposition at low
exposures [153, 154] or by annealing a full coverage c¢(4x2) layer [152].

In the following, based on the literature described above, SAMs of dodecancthiol
are characterized in detail by THV-STM and optimized in terms of the quality of the
films.

3.2 Experimental Details

For the characterization of the SAMs, molecular resolution is needed, which imposes
high demands on the careful preparation and imaging of the samples. In the course of
this thesis, the following factors have proved to be important.

Gold Substrates

The preparation of the gold substrates is described in detail in chapter 2. The two
step deposition process is used for all following experiments. The substrates are always
freshly prepared and used within one week after removal from the deposition chamber

to minimize contamination.
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Preparation of the SAMs

There are two ways of preparing SAMs, that are used in this thesis: deposition from
solution and deposition from the gas phase. For deposition from solution, a clean gold
sample is immersed into a highly diluted (1mM) ethanolic solution of the alkanethiol.
Deposition is rather fast with a monolayer alrcady being built after a few minutes
[133]. To ensure that the film reaches equilibrium, the samples are kept in solution for
several hours (typical immersion times are 12-24h). After deposition, the samples are
thoroughly cleaned by pure ethanol to wash away physisorbed thiols.

Also employed in this thesis is deposition from the gas phase. For this kind of
deposition, a UHV system with a base pressure of 10~ mbar has been designed. This
system consists of two chambers, one deposition chamber, in which the SAM is deposited
onto the gold sample, and one evaporation chamber, in which the alkanethiols are
evaporated. The evaporated alkanethiols are directed via a valve and a nozzle from the
evaporation chamber towards the gold surface in the deposition chamber. The amount
of molecules that hit the surface is controlled via the valve and the pressure in the

deposition chamber.

STM Scanning Environment

The first STM scans have been done in air with a JEOL JSPM-5200 Environmental
Scanning Probe Microscope. However, imaging SAMs with high resolution in air is
rather difficult due to the contamination of the surface. The image quality is greatly
improved by scanning with a JEQOL JSPM-4500 Ultrahigh Vacuum - STM (base pressure
5 x 1071%mbar). All STM scans are performed in constant current mode.

STM Tip Preparation

Probably the most important factor for the scan quality is the preparation of the STM
tip. For the first experiments, tips made by cutting a platinum wire with a edge cutter
have been employed. However, tips of this kind limit the resolution of the STM scan and
are highly irreproducible. In contrast to cut platinum wires, etched wires of tungsten
have a much lower tip radius and are more reproducible. The optimization of the
preparation of the tungsten tips was examined in detail by Miiller-Meskamp [155]. The
preparation consists of etching a tungsten wire at the surface of an electrolyte (NaOH)
with a dec voltage applied. At the surface of the electrolyte, the wire diameter is thinned
until the wire breaks and the lower part of the wire drops down. This breaking of the
wire causes a drop in etching current. This drop is detected by an etch controller,
which stops the etching process immediately (switching time of 45ns). The tip radius
is directly related to fast off switching [156, 157]. For details of the etch controller and




tip preparation the reader is referred to |135].

Scan Parameters

Due to the highly insulating character and the mechanical softness of alkanethiol films,
the STM paramcters (tunncling voltage and current) have to be carcfully chosen. In
the first STM study of alkanethiol SAMs by Widrig et al. [141], the film was imaged
with a very low tunneling impedance of 100M$ (200mV and 2nA). Conscquently, the
tip was believed to push into the film so that imaging results from tunneling between
the tip and the Au-bond sulfur atoms. Later, by increasing the tunneling gap (3G in
[143] and 400M€Q in |144|), Poirier and Delamarche greatly improved the resolution so
that additional details of the ¢(4x2) superstructure could be resolved. This increase in
quality was explained by the tip scanning above the SAM.

Following these publications, in this study the tunneling gap is chosen to be around
40GS2 (2V, 50pA) to ensure that the tip does not penetrate the molecular layer. This
tunneling impedance is the highest possible since higher voltages result in damage to

the film and lower currents are not possible due to the noise level of the STM.

3.3 SAMs Grown from Solution

Duc to the casc of preparation, in the first experiments the SAMs arc asscmbled from
solution. A representative scan is shown in figure 3.3(a) and 3.3(b). The SAM consists
of a layer of dodecanethiol (C12), assembled from a 1mM solution for 20h45. Scanning
is done at a tunneling voltage of 2V and a tunneling current of 50pA.

Figure 3.3(a) shows one terrace of the gold substrate covered by C12. Different
domains of the C12 molecules are clearly visible, each domain being separated by a
boundary which appears lower in the STM scan (white arrow). The domains have a
size of approximately 50nm — 100nm and show a distinct stripe pattern. Three different
orientations of the domains are visible according to the directions of the stripes, each
orientation differing by an angle of 60°. Preferably along the domain boundaries, there
are small black holes in the film. These black holes are approximately one gold layer
deep (0.24nm), which points towards vacancy islands in the underlying gold, which are
also covered by the C12 layer.

These results are consistent with the results of Poirier et al. [143], who showed that
SAMs of short chain alkanethiols (HS-(CHgz),.1CHj, Cn, n=4,6,8,10) build domains
with domain size diameters between 5 and 15nm. They observed two types of domain
boundaries: rotational boundaries and antiphase boundaries. Rotational boundaries
are also seen in figure 3.3(a). The two unit cells of two adjacent domains are marked in
the middle of the image, indicating the 60° twist between the two domains.
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Fipgure 3.3: ST scan of n C12 SAM (Vi = 2V, ; = 50pA). (1) shows a 30 x 30nm? scan
of one terrace of the C12 covered gold smface. Different domains of the monolayer are
geen. The domaing are separated by boundaries appearing as dark lines, In (b} a high
resclution sean is shown, displaying the delta phase of the o{4x2) unit cell. () and ()
show cross sections along line & (NN direction) and B {NNN direction), respectively.




These holes or vacancy islands were also observed in early STM studies of alkanethiol
SAMs [158 166]. The pits were first interpreted as defects in the alkanethiol layer [165,
166| or as areas with an increased disorder in the film |165, 166|. Several experimental
results questioned this interpretation. As in figure 3.3(a), the depth of the holes equals
one gold terrace height (0.24nm) |164

and is independent of the alkane chain length
and the imaging parameters (i.e. even if the tip penetrates the alkanethiol monolayer)
[159, 161]. Furthermore, using high impedance STM, it was shown that the bottom of
the holes is also covered with alkanethiols [160]. Therefore, it was concluded that the
holes are onc layer deep vacancy islands in the underlying gold substrate and not in the
alkanethiol layer [160].

The widely accepted model for the mechanism of vacancy formation was proposed
by Poirier [167]. He studied the growth of SAMs on reconstructed Au(111) from the
gas phasc and was able to show that the herringbone reconstruction is lifted during the
growth of the monolayer. He showed that during lifting of the reconstruction two gold
atoms per (\/Z’; x 23)rect unit cell instead of only one are expelled from the surface.
Thereby, gold vacancies are formed that can migrate and coalescence to vacancy islands
as seen in figure 3.3(a).

Figure 3.3(b) shows a high resolution scan of a single domain. Individual molecules
can be seen as protrusions. Cross sections along the NN- and NNN-directions are shown
in figure 3.3(¢) and 3.3(d). An exact analysis yields a slightly distorted hexagonal lattice
with lattice constants of 0.57nm and 0.5nm. These lattice constants agree within the
error of the STM with the (v3 x v/3)R30° structure. A closer inspection also shows
that some molecules appear higher and some lower and form the delta phase of the
¢(4x2) superstructurce shown in figure 3.2(d). From the high resolution scan, the stripes
in the large area scan can be explained as lines of molecules appearing higher running

along the NNN-dircction.

3.3.1 Thermal Annealing of SAMs Grown From Solution

Solution-based growth at room temperature resulted in films with small domain sizes
(50nm — 100nm) and a high density of vacancy islands. To increase the quality of the
filns, they are annealed at elevated temperatures. Such an annealing step was shown
to increase the domain size and to reduce the density of vacancy islands by a grazing
incidence x-ray diffraction [131] and an STM study [168]. Annealing in air results in
partial desorption and missing row patterns |168| so that for the following experiments
the films are annealed in an ethanolic solution of dodecanethiol, similar to the procedure
described by Bumm et al. |169].

The dodecanethiol (C12) films are produced as described in section 3.2. Following

the normal room temperature deposition step, the films arc anncaled in a solution of
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C12 at 50°C for 1h, at 78°C for 1h and at 78°C for 6.5h. The results are shown in figure
3.4(a)-3.4(c).

Compared to figure 3.3(a), the morphology of the SAM annealed at 50°C shown in
figure 3.4(a) has not changed. The film consists of several domains, each domain having
a diameter of approximately 53-15nm. At the domain boundaries, many small vacancy
islands have formed.

In contrast to the film annealed at 50°C, annealing at 78°C has a higher impact
on the film. The domain boundaries are more pronounced and the reconstruction lines
of the ¢(4x2) structure arc now clearly visible. Most important, the diameter of the
domains increases to about 15-25nm, and the number of vacancy islands decreases.
An cxact analysis of the vacancy diamcter is shown in the histogram in figure 3.4(d).
The distribution of the vacancy diameter for figure 3.4(a) and 3.4(b) is shown in red
and blue. It can be scen that the number of vacancics decrcases (from 64 to 21),
but the diameter increases (mean diameter for the 50°C sample 3.1nm and for the
78°C sample 4.7nm). Combining these two processes, annealing at 78°C results in a
small decrease in the area of the sample covered with vacancy islands of approximately
20%. This observation can be explained by the Ostwald ripening mechanism proposed
by Cavalleri et al. |158]. They observed a power law dependency of the radius r of
the vacancy islands on the annealing time #: r oc £9-%2. This behavior is explained by
the detachment of monovacancies from smaller holes and intralayer diffusion of these
monovacancies toward larger holes so that larger holes grow at the expense of smaller
ones. Furthermore, at higher temperatures, some vacancy islands diffuse towards the
gold step edges and annihilate there [159], which explains the decrease in area occupied
by vacancy islands.

For longer annealing times (6.5h at 78°C), a new structure forms (figure 3.4(c)). This
new structure coexists with domains of the full coverage structure and is characterized
by a stripe pattern and a lower height compared to the standing-up c¢(4x2) domains.
These observations point toward a lower coverage lying-down phase similar to the phase
described by Camillone et al. [152]. Therefore, for longer annealing times desorption of
C12 molecules becomes important. Different periodicities of the stripe pattern of the
lying-down phase exist on the surface, indicating domains of different sub-monolayer
coverage and suggesting that these structures are kinetically trapped rather than in
thermodynamic equilibrium.

The distribution of vacancy islands is shown in figure 3.4(d) in black. As already
observed for annealing at shorter times; the island diameter increases to 6.5nm. In
contrast to the results obtained for shorter annealing times, the density of vacancies
does not decrease and consequently the area of the sample, which is covered by vacancy

islands, increases. Obviously, during the desorption of the molecules, additional gold
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Figure 3.5: {a) Full coverage structure of the sample annealed at 78%C for 6.5h [170].
Deviations frown the novmal o4=2) stracture are visible, which lead to the strocture
shewn in (h). In {e) eross sections along line 1 oand 2 are shown,

atoms are expelled from the smface, leading to an merease i hales in the sample surface,

A closer inspection of the full coverage standing-up phase reveals some interesting
deviations from the normal c{d4x2) straciare (see figore 3.5{a)), which are described
in the publication by Miille-Meslamp et al. [1T0]. The modified structure of fgure
3.5(a) has the same unic ecll {85 4 D.14%10 + OLLA} andd the same packing density
[l_'I'.i!l'ﬂﬂ:rr.Lsl per moleeule} as the of4x2) structure. However, for the of4x2) phase it is
assnmed that the thiols are bennd to the threefold hollow sites of the gold lattien, which
cannot explain the arrangement of the molecules in figure 3.5{a). Thus, a new maolecular
arrangernont is proposed iu figuee 3.500). The corner molecales (A) ane positioned on
threefold hollow sites at the same positions as in the c(4x2) structure. To mateh the
ohserved lattive, two of the center molecules are placed on 2 bridge (B) and a half bridge
(C) position, respectively, Molecnle D is ona different thresfold hollow position, If A s
om a hexagonal close-packed site, then I s on o face-centered cubic site and vice versa.
Considering, that desorption i proncunced in this sample, the surface arrangement
described here is most probably a kinetically trapped phase close to desorption.

In conclusgion, solution-based growth resules in SAMs that consist of many small
dotmaing and vacancy islands. The size of the domaing can be increased and the density
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Figure 3.6: A large aren sean (100 x 100mm?) of & dodecanthiol SAM grown by vapor
phase deposition is shown in {a). A higher resolution reveals che §-phase of the of4x2)
strocture (b). (e) and (d) show cross sections along line &4 (NNN-dircetion) and line B
| NN-direction] respectively.

of vacancy islands be decreased by an additional annealing step at 78°%C for 1h. Longer
amnealing times result in desorption of C12 moleenles and the appearance of lower
coverage phases (lving-down phases). By this desorption process, gold atoms arve also
expelled from the surface so that the area which is covered by vacaney islands increases
again. Furthermore, the high coverage phase of the sample annealed for a long rime

shows slight deviations in the meleenlar arrangement eompared g0 the ef4x2) phase,

3.4 SAMs Grown from the Gas Phase

By thermal annealing of solution-grown SAMs, the diameter of the domains can be
increased and the density of the vacancy islands be decreased, bus the dismeter of the
domains still remains below 25ma. As is shown o this section, gas plase growth of

SAMs mereases the emality of the films substantially,

o
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A large area scan of a dodecanethiol SAM grown by vapor phase deposition is shown
in figure 3.6(a). The film is grown at a pressure of the C12 vapor in the deposition
chamber of 2 x 10 %mbar for 30min. In units of Langmuir (1 Langmuir = 1 L =
108 Torr s), this corresponds to an exposure of 27000L, which is high enough to ensure
that a dense monolayer of the c¢(4x2) phase is built |171].

Several gold terraces are visible in figure 3.6(a). The monolayer of C12 can be seen
by a stripe pattern with a periodicity of 1nm, which indicates the c¢(4x2) structure.
Compared to the SAMs grown from solution, the size of the domains of C12 increases
dramatically. No domain boundarics can be scen and the domain extends over the whole
gold terrace. Since Kondoh et al. [171] also showed large area domains of a hexanethiol
(C6) SAM grown by vapor deposition, this cffect seems to be due to different growth
dynamics of vapor phase growth compared to growth from solution. Compared to SAMs
of alkancthiols grown from solution, the onc gold atom deep vacancy islands arc not
connected by domain boundaries and there is a large variation in size of the vacancy
islands.

In high resolution images, the c¢(4x2) reconstruction can be resolved (figure 3.6
and 3.7). Two different phases of ¢(4x2) can be identified: the normal §-phase with
two different heights in each unit cell (figure 3.6) and a new phase with four different
heights (figure 3.7).

Cross sections along line A (NNN-direction) and line B (NN- direction) of the §-
phase are shown in figure 3.6(b) and 3.6(c). An exact analysis yields a (5.3Ax5.14)
lattice in agreement with the (v/3 x v/3)R30° basis structure. Compared to the high
resolution images on solution grown samples (figure 3.3(b)), the single molecules are
much better resolved indicating a higher cleanliness of the film. In the upper right
corner of figure 3.6(b), a single vacancy island can be identified. Molecules that cover
the bottom of the vacancy island arc clearly visible, confirming that vacancy islands arc
not due to holes in the C12 lattice.

The height differences between neighboring molecules of the new phase are shown
in the cross sections along line A and B in figure 3.7. Along line A, there are groups
of four molecules, in which each molecule appears approximately 0.3A lower than the
preceding molecule. Along line B, one high molecule and one low molecule alternate.
This pattern leads to the ¢-phase shown in figure 3.7(b) [172]. Because both phases,
the normal é-phase and the new {-phase, can be resolved on the same sample with the
same tip and the same scanning parameters, it can be excluded that the new phase is
due to tip artifacts.

As discussed in the introduction to section 3.1, the new {-phase can be explained by
the disulfide model of Fenter et al. |148|, the twisting of the molecules or a combination
of both. A slight modification of the disulfide model, which results in its original form in
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Figure 3.7: New ¢-phase of the ofd4x2) structure [172]. Part (¢} and (d) show cross
sections along line A and B {(both NN-dircetions ], respechively., The cross soctions lead
ta the model shown in part (b,

two different STM heights, can aceonnt for the heighn moduelation presented here, More
than twe inequivalent bonding sites of the sulfur head group on the Au(111} surface or
likewise two different bonding sites of the disulfides on the gold substrate would lead
tor clifferent tunneling conditions and to four molecules having different heights in STM
lmages,

Sirmilarly, if more than two twist angles in che unit cell are assumed, one conld also
explain the structure presenved here. The maximum bheight difference observed in the
new structure (approx. (L9A) is close to the maximum height difference that can be
explained by a twist of the molecular backbone [144]. Since STM cannot distinguish
between real height differences due to o twist of the molecules and differences in tun-
neling conditions due to inequivalent bonding sites, the structnre shown in fignre 3.7
can be explained by both theovies.




3.5 Conclusion

Self-assembled monolayers are grown from solution and from the gas phase. Both de-
position methods result in highly ordered monolayers and adopt the c(4x2) structure.

SAMs grown from solution have small molecular domains and many small vacancy
islands. Annealing the samples for a short time in solution results in an increase in
domain size and a decrcase in vacancy island number. For longer anncaling times,
desorption of the molecules becomes important, which leads to the appearance of lying-
down and new standing-up molecular structures.

SAMs grown from the gas phase are superior to samples grown from solution in
terms of domain size and cleanliness of the film. It is shown that the samples display

different phases of the c(4x2) structure, the well known é-phase and a new ¢-phase.




Chapter 4

Self-Assembled Monolayers of
Biphenylthiols

The electron transfer properties of full coverage self-assembled monolayers of biphenylth-
iols (CH3-CgH4-CgHy-(CHs)n-SH, BPn, n: number of CHy units included between
biphenyl and sulfur group, see figure 4.1(a)) is studied by current vs. voltage and
current vs. distance spectroscopy. Before characterizing these layers electrically, the
structure of these layers is determined by UHV-STM.

The measurement of the electrical characteristics of BPn reveals some important
aspects that can be used in the discussion of the electron transport properties of em-
bedded BPn, which is described in the next chapter. Therefore, full coverage SAMs of
BPn arc a suitable test system in preparation for the next chapter, which describes how

the BPn molecules are embedded into an alkanethiol SAM.

4.1 The Structure of SAMs of BPn

SAMs built of aromatic thiols display various properties which make them interesting for
future applications. For molecular electronics it is of great importance that the tunneling
conductance along the molecular backbone is increased due to the conjugation along
the molecular axis of the molecules. For example, Bumm et al. [23] showed that an
aromatic molecule inserted into an alkanethiol SAM behaves like a molecular wire, i.e.
the embedded molecules show an increased conduction compared to the surrounding
alkanethiol SAM. Furthermore, due to stronger intermolecular interaction compared to
aliphatic thiols (m-7 interactions versus van der Waals interaction), aromatic thiols are
assumed to form more stable SAMs. Even for lithography, SAMs of aromatic thiols
are of great interest. Whereas aliphatic SAMs act as positive resist under electron
irradiation (i.c. the SAM is destroyed), aromatic SAMs quasi-polymerize and thereby
form a negative resist [173].
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Figure 4.1: In (&} the structural formila of w -(4-methyl-biphenyl-4)-alkanethiols (BPn)
is shown, (h) illustrates the 30 crystal structure of hiphenyl, The monoclinic unit cell
is oecupied by two molecules,

Self-assembled monolavers of different aromatic molecules like arenethiols [174, 175),
phenylthiols [L176, 177], biphenylthiols [1T8 183], biphenyldithiols [184] or terphenylth-
iols |185] have been studied, In a study by Tao et al. |186] it was shown that the order
of & biphenylthiol-SAM is greatly increased by the inclusion of a CHz group between
the sulfiur and the hiphenyl gronp.

This observation triggered several studies concerning the structure of SAMs built
by meleenles of the hemologous scries of 4 -methyl-1,1 “-biphenyl-£-alkancthiols (CHg-
CaHg-CgHy-(CHg ) -5H, BPn, n: mumber of CHz units included between biphenyl
and sulfur group, see figore 4.1(a)). This new kind of SAM was studied nsing 1R-
spectroscopy and ellipsometey [18G, 187], near edge X-ray adsorption fine structure
(NEXAFS), Fourier transform absorption spectroscopy {FTIRRAS) and X-ray pho-
toelectron spectroscopy (XPS) [188], high-resolution XPS [183], cyclic voltammetry
[189, 190] and Scanning Tanveling Microscopy (STM) [191-194).

SAMs of BPn can be divided into two classes: one clazs in which an even number of
CHy groups is included between the sulfur group and the biphenyl unit (BPn, n=even)
and another class in which the number i3 odd (B, n=odd). These wo classes differ,
for example, in their resistance to electron beam modification [173], in desorption po-
tentials |19 and in resistance to replacement by alkanethiols [189]. In all these studies,
BFPn with n—even is shown to be more unstable. This effect 18 explained by different
molecular conformations in the SAMs, e different bonding angles and orientations

of the hiphenyl group of odd and even numbered BPn, which in turn is caused by the




structural mismatch between the bulk crystal structure of biphenyls and the crystal
structure of the supporting gold lattice.

In its crystalline form, biphenyl adopts a monoclinic unit cell occupied by two
molecules (a—8.12A, b—5.64A, c—9.47A, $—95.4° , see figure 4.1(b)) [195]. Most im-
portant, the biphenyls are inclined by an angle of 18.6° relative to the |001| direction.
For 2D assembly, this structure has to be matched with the gold lattice via anchoring
sulfur groups and alkane chains.

The sulfur group preferentially binds to the gold lattice in a sp® configuration and
thereby the lowest energy configuration of the linkage between gold and sulfur displays
a C-S-Au angle of 104° [187]. For an odd number of CHj units, this C-S-Au angle causes
the last CH-bond to be oriented rather upright and allows the biphenyl unit to adopt
a conformation close to its bulk structure (see figure 4.2(a)). By IR-spectroscopy and
NEXAFS it is shown that the biphenyl unit in SAMs of BPn with n=odd is inclined only
by 23° out of the surface normal, close to the bulk value of 18.6° [187]. Furthermore,
STM experiments showed that the molecule adopts a (2\/§ X \/§)R30 or equivalently a
(8 x v/3)rect lattice (see figure 4.3(a)) with intermolecular distances of 8.66A and 34,
which are also close to the bulk values of 8.12A and 5.64A [193, 194]. Therefore, for
an odd number of CHs units, the molecule can adopt a low energy conformation, both
in terms of sulfur bonding to the gold lattice and orientation of the biphenyl unit.

For an even number of CHs groups, the molecule cannot adopt such a low energy
conformation. As can be seen in figure 4.2(b), due to the even number of carbon atoms,
the tilt of the last CC-bond and the biphenyl group is significantly increased compared
to odd numbered BPn. This causes the biphenyl group to be forced out of its preferred
crystal structure. To rclax this unfavorable conformation of the biphenyl unit to some
extent, the C-S-Au bonding angle is increased so that the alkane chain adopts a rather
upright position and the tilt angle of the biphenyl group is reduced. The resulting
conformation is shown in figure 4.2(b). The biphenyl unit is tilted by 45° out of the
surface normal and the C-S-Au bonding angle is increased to above 130° [187]. However,
this structure is only a compromise between the crystal structure of biphenyls and the
prefered Au-S-C bonding angle. Both the increased tilt of the biphenyl group compared
to the crystal structure, which decreases the distance between neighboring biphenyl
groups, and the increase in C-S-Au bonding angle, are energetically costly.

This mismatch of bulk and SAM structure results in energetically unfavorable struc-
tures and therefore less stable SAMs. This energy can be partly decreased by increasing
the intermolecular distances compared to the spacing found for BPn, n=o0dd. However,
due to the very complex interplay between the preferred orientation of the biphenyl
unit, the preferred Au-S-C bonding angle and the binding site, more than just one sur-
face structure was found by STM for BPn, n=even. The probably best characterized
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Figure 4.2: Confirmation of BPn in an SAM for n=odd (a) and n=even {h)jj187].
Compared to the conformation of B'n, n=odd, even numbered BPn differ strongly
from the bolk hipheoyl stractare and the preforrod An-5-C bonding angle {1047 ) s
greatly increased, resulting in & less stable SAM,

(k)

Figure 4.3: (2¢/3 x v/3) structure for BPu, n=odd (a) and (3 x 5v/3) structure for
n=even ().




| Structure | Deposition Temperature | Reference

3x 53 RT, 333K-343K [193, 194]
BP2 | (2v/3x 4 RT, 333K [196]

3x2v/3 330K [197]

3 x 5\/5) RT, 333K-343K, 360K [193, 194, 198]
BP4 | (6v3 x 2v3) | 373K [192]

3x 4v3) | 330K [197]

23 x 5v/3) | 360K [198]

3 x 5\/5) RT, 343K (193]
BP6 | (2v/3 x 5v/3) | 360K, 390K [198]

2¢/3 x 6v/3) | 390K [198]

Table 4.1: Different structures of even numbered BPn molecules

structure is a (3 X 5\/?;) structure [193, 194], shown in figure 4.3(b). Cyganik et al.
state that this structure applies to all BPn with n=even |193|. The structure consists of
eight molecules with an intermolecular distance of 5A along the (011) and 6.25A along
the (211)-direction. The distance of 6.25A implies that the molecules have to bind at
different sites on the gold lattice [193] and that the density of molecules on the gold
surface is deercased by approximately 25% compared to odd numbered BPn. Besides
this structure, various other structures have been found by different authors. These

structures arc listed in table 4.1.

4.2 Experimental Details

As for alkanethiol SAMs, gold filins are prepared in the two step deposition process
described in section 2. Biphenylthiols are synthesized according to Rong et al. |187] via
Grignard C-C coupling, reactions of the corresponding phenyl- or alkylbromides, and
finally the conversion of the bromide into the thiol via thiourea'.

For solution deposition, the gold films are kept in a 0.1mM ethanolic solution of the
molecules overnight. The films are thoroughly rinsed before they are transferred to the
UHV-STM. Following deposition, the films are heated in vacuum (1 x 10~®mbar) by
an indirect resistive heating element at 64°C for 1-2h to desorb physisorbed molecules,
before the SAMs are characterized by a UHV- STM (JEOL JSPM 4500, base pressure
3 x 107 Ombar).

For gas phase deposition, the same experimental setup as for alkanethiols is used.

' This synthesis was done in the group of Prof. U. Simon at the Institute of Inorganic Chemistry at
the RWTH Aachen.
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Figure 4.4: STM scan of BPS SAM. (a) shows a large area scan (100 x 100nm?2, V; =
1V, Iy = 100pA). L (k) a bigher resolition sean is shown, which reveals the (2\/§ X \/5)
structure. (o) and {d} are cross sections along line A and B.

The biphenylthiols are evaporated at 7T5%°C and the biphenylihiol vapor is directed via
a valve and a nozzle onto the gold flm. To aveid adsorption onto the walls of the
deposition chamber, the chamber is beated o W0PC . Shoilar to the samples grown
from solution, the films are transfereed to the UHV-STM system innmediately aftor

dleposition.

4.3 Structural Characterization

4.3.1 Biphenylthiols with an Odd Number of Carbon Atoms — BP3

Figure 4.4(a) shows a large area sean of an SAM of BP3 (100 x 100nm?). The filn is
deposited by immersing the sample into a 01 mM solution of BP3 for 20k, Following
deposition, the film is annealed at 6490 for 3h,

The filin resembles SAMs of alkanethiols as shown in chapter 3. On the right-
band side, the edge of a pgold terrace with the characteristic step heighn of 0.24nm
can be seen Furthermore, the top of the ferrace on the lefi-haod side is covered by
holes with diameters of 5-8mn and depths which equal the gold terrace step height,
Therely, these holes can be identified as gold vacaney islands of the same character as
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the vacancy islands seen in layers of alkanethiols (see section 3.3). The vacancy islands
for alkanethiols have been explained by the lifting of the herringbone reconstruction
of (111)-oriented gold and the subsequent release of two gold atoms per herringbone
unit cell. Considering that BP3 or biphenythiols in general also attach via gold-sulfur
bonding to the reconstructed gold surface, the occurrence of the vacancy islands in
biphenylthiol SAM can be explained in the same way as for alkanethiols.

Upon close inspection, a structure formed by the BP3 molecules can be seen on top of
the terraces and several domains can be identified. In contrast to SAMs of alkanethiols,
these domains arc not scparated by deep trenches as visible in figure 3.3(a).

In figure 4.4(b), a high resolution scan of a single domain of BP3 is shown. Exact
analysis reveals a 0.92nmx0.54nm lattice in agreement with the (2\/§ X \/5) structure
found by Azzam et al. [193, 194] (see figure 4.3(a)). This (2\/§ X \/5) unit cell consists
of two inequivalent molecules. Whereas Azzam et al. observed that these two molecules
differ in their apparent height, in the measurement shown in figure 4.4(b) the molecules
differ slightly in their position. Along line A in figure 4.4(c) there are always pairs of two
molecules with a slightly decreased distance. This can also be seen as rows of double
lines of molecules in figure 4.4(b) that run along line B ({(211)-direction). This pairing
of molecules can be explained by both different bonding sites of the sulfur group to the
gold lattice and slightly different conformations of the molecules. Since STM provides

only an image of the top of the SAM, these two explanations cannot be distinguished.

4.3.2 Biphenylthiols with an Even Number of Carbon Atoms — BP2
and BP4

As an example of an odd numbered BPn, BP3 was shown in the preceding section to
exhibit a very well defined surface structure with a unit cell that fits onto the gold
lattice. However, as already indicated in the introduction, BPn with n=even behaves

remarkably differently.

Deposition of BP2 at room temperature

In figure 4.5(a), a 300 x 300nm? STM scan of BP2 is shown. Similar to the SAM of
BP3, the film is grown from solution at room temperature (immersion time 16h30min)
and annealed at 64°C for 1h50min in vacuum. As for the BP3 film in figure 4.4(a), the
film shows gold vacancy islands on the whole surface of the film. In contrast to the BP3
film, between individual domains of BP2 molecules the domain boundaries arc again
vigible as trenches.

A high resolution scan of an SAM of BPn with n—cven proves to be more difficult
than for n=odd. Furthermore, the quality of the scans is poorer than for BP3 so that,

for structural analysis, the scans had to be slightly fourier filtered.
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Figure 4.5: STM scan of BP2 SAM. (a] shows a large area scan (300 = 300nme, Vi =
0.2V, I; = 500pA}. (b} and (v} show two stroctures: hoth can be described by an
(4 x 6/3) unit cell. (¢l] to {g) are cross sections along line A to D

Two stenciures can be resolved in BP2 SAMs grown at room temperature, shown
in figure 4.5(0)-L5(g).  The first structure 5 shown in the STM scan in fgerce
4.5(b} It can be deseribed by oa gquadeatic lattiee with a lattice constant of ~ 0.6um
(0.61nm x 0.62nm). Assuming commensurability. this structure can be mapped 1o the
gold lattice as a (4 x 64/3) structure as shown in fignre 4,6{1), The structure consists
of ten molecales. Along the (211)-direction, the malecules adupt different bonding sites
and after five molecules the same bonding site as for the first one 18 reached again, It
shonld be noted thae due to the variety of bonding sives, this strocture has only a very
loose relationship to the gold lattice,

Ihe second strocture is shown in Bgure 4.50c) and in the cross sections in figures
L1500 and 4.5{g). It can be described by the same (4 x 6\/3) it cell as the previous
structure (measured unit cell size: 1.27 x 3.08nm?2). The enly difference lies in the
position of the molecules in the center of the unit cell. Compared to the structure
shown i ligiee 4.6(b), the molecnles in the center of the unit cell move o the left {see
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figure 4.6(a)).

In particular, the structure shown in figure 4.6(a) is very similar to the (3 x 5v/3)
structure described by Azzam et al. |193, 194| (see figure 4.3(b)). Compared to this
structure, the unit cell shown in figure 4.5(c) is expanded along the {(011)-direction (from
0.86nm to 1.2nm) and the spacing of the molecules along the (211)-direction is slightly
decreased from 0.625nm to 0.6nm. This decrease causes the length of the unit cell to
increase to 6v/3 compared to 5+v/3, because only after 5 molecules is the same bonding
site on the gold lattice as for the first molecule reached again. Whereas this difference in
intermolecular spacing along the (211)-direction is very small and lics probably within
the error margin of the STM, the expansion along the {(011)-direction is too large to be

cxplained by measurcment artifacts.

Deposition of BP2 at Higher Temperatures

The deposition of BP2 at room temperature resulted in structures which deviate slightly
from the unit cell described in literature. By deposition of BP2 at higher temperatures
it is possible to explain this difference.

In figure 4.7 a SAM of BP2 is shown, which is deposited at 90°C for 7h in solution.
Scveral of the films characteristics differ from the room temperature sample. As already
seen for annealing of SAMs of alkanethiols in solution, the number of vacancy islands
decrcases and their diameter incrcases. This effect has been explained by an Ostwald
ripening mechanism (see section 3.3.1). Furthermore, compared to the room tempera-
turce sample the diameter of the domains of the high temperature sample increases to
30 - 50nm.

This increased domain size leads to the occurrence of another very interesting obser-
vation. Within the molecular domains, the SAM displays a long range periodic height
variation. The period and orientation of this long range pattern varies slightly on the
sample (3-6nm). This observation is in accordance with the studies by Cyganik et al.
on SAMs of BP2 deposited at 70°C [191]. They explained this pattern by a mismatch
between the lattice constant favored by BP2 and the Au lattice. The strain due to this
mismatch is relaxed by forming small regions, in which the SAM is commensurate with
the gold lattice. These small regions are separated by so-called solitons or domain walls,
in which the molecules adopt different adsorption sites and in which the registry with
the gold lattice is low.

This model proposes regions of perfect registry with the gold lattice and regions
in which the registry is broken. The mismatch between the SAM and the gold lattice
is relaxed only in the domain walls. Analogous to the discussion of the herringbone
reconstruction in scction 2.4.2, onc can also postulate that the strain due to the mis-

match is not only relaxed in the domain walls, but that the mismatch is homogeneously
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Figure 4.6: Schematic of (4 x 64/3) structures as seen in figure 4.5(1) and 4.5(c)

Figure 4.7: STM sean of a BP2 SAM grown at 90°C (100 x 100nm?, V; = 1.5V, I; =
100pA). A long range height variation is visible,




[a) 200 = 200nm?

Figure 4.8 SAM of BP4 grown from the pas phase. (o) and (b} show an SAM with a
suby monolayer coverage. (a) shows the film as doposited, wheress in (b)) the SAM i
annealed at G4°C for 12h30 hours,

distribmted over the whale SAM. This model & supported by the observation that the
height pattern is smoeoth and continuons and does not show sharp transitions as one
wolld expect for the model, in which the misfit is relaxed only in the domain walls.

Both of these explanations show that B2 exhibits o high structoaral mistt wath the
gold lattice. As alveady discussed in section 4.1, BPo with n—even can only hind to
Fhe gold Battice by increasing the An-5-C bond angle and the tilt of the bipheny] unit.,
Both of these deviations from the energetically lowest configuration generate stress in
the SAM. Therefore, SAMs of BPn with n—even are less stable than for n—odd and
have only a low registry with the gold lattice, Cyganic et al. even state that "the simple
unit eells often determined from STM mensurements have to be viewed with eantion,
Given the limited precision of STM technigues, images have to be acquired on scales
large enough bo reveal longor range combrast variations indicative of incommonsnrability”
[191].

This fow registry with the gold lattice of BP2 can explain the difference of the
structures shown in figure 4.5(b) and 4.5{c) from the (3 x 5-.-"'5} structure described
by Aszzam et al. [193, 194] (see figure 4.3(b)}. The strocture of BP2 on Aa(l11) is
not as well defined as for odd numbered BPn and consequencly different structures are
possilile.

Deposition of BP4 from the Gas Phase

Az a second example of even numbered BPn, SAMs of BP4 are examined. In aceor-
dance with the experience from alkanethiol SAMs, where it was showmn that gas phase
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deposition yields SAMs with a higher order, the SAMs of B4 are prepared from the
gas phase.

Figure 4.8(a) shows an SAM of BP4 grown at low exposures (p=1.5 x 10~ %mbar,
t—1min), resulting in a coverage of less than one monolayer. The film consists of several
islands of BP4 with an approximate diameter of 5-10nm and a height of 3-4 A, The
shape of the islands is highly irregular.

Heating the sample at 64°C for 12h30min yields a change in surface morphology
(see figure 4.8(b)). The islands of BP4 adopt a more regular shape with straight edges.
The islands have a slight form anisotropy, i.c. they are clongated along onc axis. Most
interestingly, the orientation of different islands differs by angles of multiplies of 60°,
which can be explained by the hexagonal structure of the (111)-gold substrate.

Between different BP4 islands, gold vacancy islands have formed. The height of
the biphenyl islands does not change significantly by the additional anncaling step and
at 3-4A is still much lower than the theoretical height of a BP4 molecule (~ 12.54).
This height difference is due to the principle of operation of the STM. All images are
acquired in the constant current mode of the STM, i.e. the height of the STM tip above
the molecule is adjusted by the feedback loop of the STM so that the tunneling current
is kept constant. Therefore, the STM always measures a combination of physical height
difference and differences in the tunneling conditions. Since tunneling from the gold
substrate through a biphenyl molecule is different from tunneling directly from the gold
substrate to the tip, the height difference as measured by STM is much lower than the
physical height of a BP4 molecule. In the following chapter, this behavior of the STM
will be used to explain the height difference in SAMs composed of different molecular
specics.

Longer exposures yield full coverage SAMs as shown in figure 4.9(a). This SAM is
grown at a pressurc of BP4 vapor of 5 x 10~%mbar for 30min. Different domains and
several gold vacancy islands can be seen. The domains exhibit a patterned surface.
By zooming into a domain of BP4, the high resolution scan shown in figure 4.9(b) is
acquired. Similar to the structure of BP2 shown in figure 4.5(b), the molecules form a
rectangular lattice. However, the lattice constants are slightly different. Whereas along
line A the molecules have a distance of 0.63 nm, along line B the distance is decreased
to 0.51nm. Therefore, this structure can be described by a (4 X V/3) lattice as shown
in figure 4.11. This structure has already been observed by Azzam for B2 grown at
room temperature [196].

Annealing the sample at 64°C does not change the surface morphology significantly
(see figure 4.10(a)). A close inspection of the structure shown in figure 4.10(b) yields
the same (4 x 64/3) unit cell as already observed for BP2 (measured unit cell size
1.16 x 3.7nm?, see figure 4.3(c)). The occurrence of this structure compared to the
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Figure 4.9: STM scan of a BP4 SAM grown from the vapor phase (100 = 100nm?, V; =
2V, I, = 50pA). (1)) shows a high resolution image. (¢} and () are cross sections along
lime & amd B.

(4 % +/3) structure seen in the sample before annealing is not necessazily an effect of the
annealing step. More probably, considering the stress in the films doe oo the stroctural
misfit of the biphenylthiols and the gold lattice. both structures coexdst before and after

annealing.

4.3.3 Conclusion

The stroacture of SAMs of biphenylthiols on gold has been studied. These SAMs display
a distinet odd-even effect. Whereas BPn with n=3 as an example of odd numbered
BPn 193, 1%d] shows a very well defined (2-.,-"3 ® '.,.-"E) structuree, the structure of BPo
with n=even is much less defined,

Fhis behavior can be explained by the strucoural misfit of BPo with n=even with
the gold lattice. The stracture of the SAMSs 5 defined by the interplay of intermolecular
forces {Le. forces between the biphenyl units), the preference of the Au-5-C bowd for
the sp? angle of 104% and the tendency of the meleeule to bind to the gold threefold
hollow sites. For BPr, n— odd. all these energy contributions can be minimized, Le.
the torces hetween the bipheny] umits are minimizged sinee they almost adops their
crystalline orientation. the Au-5-C bond is approxdmately 104° and the molecules bind
ter bhe threefuld hollow sites,
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Fignre 4.10; 5TM scan of a BP4 SAM grown from the vapor phase {H]])(EEH]nm'{ Vei=
1.5V, Iy = 50pA ) and annealed at 64°C . (b) shows a high resolution image. (¢} and {d)
are cross sections along line A and B,
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Figure 4.11: (4 x /3) of BP4 grown from the gas phase.

Such a comfiguration is not possible for n=even, because the even mumber of CHe
units forees the biphenyl unit into a considerably more tilted conformation. Thereby,
the whole structure is determined by a very comples compromise betwesn the forees
acting on the molecule, This makes the structure of B, n=even, much less defined
andd consequently different molecular structures are found: 2 (4 x 64/3) structure for
BP2 and BP4 and a (4 x v/3) structure for B4, Considering the low registry of the
(4 ¥ fr\.-"ﬁ) structure shown in figure 4.6(a), it can be gquestioned whether the structure
is eommensurable or if the m-m interactions of the biphenyl units outweigh the forees
the gold substrate can exert on the molecule, However, at least a small influence of the
gold lattice can be seen in fignre 4.8(h), where the different B islands grow in the
{011} directions of the gold lattice.

4.4 Electrical Characterization of SAMs of BPn

The: fll eoverage SAMs of BPn have primarily been atadied to charseterize the electron
transport properties of hiphenylthiols in a dense monolayer before turning to the more
diffiemlt cnse of single BPn molesules cmbededed in an alkanethiol SAM. Therefore, after
having examined the structure of SAMs of BPn, the curvent transport through layers

of BPu is messared by eurrent vs, voltage and curront ve, distance spoctroscopy,

4.4.1 Current vs. Voltage Spectroscopy

An IV characteristic of an SAM of BP2, depesited for 16.50 in 0.1 mM solation, is
shown i fgure A 12(a). Tt i measured by positioning the STM tip above the SAM,
controlling the distance between the tip and the film to @ certain set-point (024, 100
500pA L, switching off the feedback of the STM and sweeping the voltage from -2V
to 2V, Three plots for three different current set-points are showmn: for 100pA{black},
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Figure 4.12: IW-characteristic (a) and differential conductance (b) of the SAM of

BP2 shown in figure 4.3(a) for different tunneling conditions (W = 02V, 5

100p4,200p A, 500pA).




200pA(red) and 500pA(blue). In addition, in figure 4.12(b), the derivative of the IV
function, i.e. the differential conductance, is shown.

A comparison of the different plots for different current set-points shows that the
current and the conductance increase with increasing set-point current. This increase
in current and conductance with the current set-point can be explained by the mode of
operation of the STM. By increasing the set-point current, the size of the vacuum gap
between the tip and the molecule is decreased by the feedback loop of the STM until
the set-point current is reached for the same tunneling voltage (0.2V). Consequently,
the tip/vacuum gap/molccule/gold junction becomes more conductive.

Most interestingly, both the current and the conductance are asymmetric and show
a higher conductivity for negative voltages. This asymmetry of the IV dependence is
caused by the asymmetric measurement setup. The molecule is coupled differently to
contacts of different materials. Wherecas the molecule is covalently bonded to the gold
substrate by the sulfur group, the top of the molecule is only weakly coupled to the
tungsten tip. Therefore, depending on the polarity of the voltage, the current has to
tunnel through barriers of different heights.

Figures 4.12(a) and 4.12(b) show that all IV-characteristics and the differential con-
ductance exhibit a tunneling behavior. This behavior of the current and the differential
conductance can be explained using the ideas of section 1.3.1. It has been shown that
the current below the lowest energy level of the molecule is described by the Simmons

equation (1.19).

j = Jo{éexp[-¥B(#)Lz] — (¢ +eV)exp [-1B(4 +eV)L:]} (4.1)

B¢ = 2 2%,(]5 (4.3)

Several approximations are given for low, intermediate and high voltages (see table
1.2). For low voltages, cquation (1.19) predicts a lincar dependence of the current on
the voltage and in the intermediate voltage range a proportionality of I oc V + §V3.
For high voltages, the current rises exponentially with the voltage. Consequently, the
differential conductance rises quadratically in the intermediate regime and exponentially
in the high voltage regime.

The Simmons equation is valid only below the lowest molecular level. If the voltage
is large enough for a molecular level to enter the energy window [—eV/2,+eV/2], the
current and the conductance rise sharply (see figure 1.6). However, such a sharp in-
crease in current is neither visible in the IV plot (figure 4.12(a)), nor in the plot of the
differential conductance (figure 4.12(b)). Therefore, the current can indeed be described
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by a pure tunneling current below the lowest energy level and the Simmons equation
(1.19)-(1.21) can be applied.

This absence of any resonant peak due to a molecular level is in accordance with
the results of Hong et al. [199]. In their publication, they used current vs. voltage
spectroscopy of various phenylene compounds and particularly of biphenylthiols very
similar to those used in this thesis. They only observed a resonant peak above 2.5V, a
voltage which leads to irreversible destruction of the film in the experiments conducted
for this thesis.

The applicability of the Simmons modcl can be further validated by figure 4.12(b).
In this plot, the conductance is plotted versus V2. For positive voltages, the plot shows
a lincar bchavior, whercas for negative voltages, the plot is lincar only for voltages
below ~ 1.5V. For larger voltages, the conductance rises exponentially. Therefore, the
approximation for intermediate voltages can be used for positive voltages below 2V and

negative voltages below 1.5V.

4.4.2 Current vs. Distance Spectroscopy

As already mentioned in the discussion of figure 4.12(a), the current rises with increasing
current set-point. This has been explained by a decreasing distance between the STM tip
and the molecule. A more systematic way of examining the dependency of the current
on the tunneling distance d between the tip and the gold substrate is the current vs.
distance spectroscopy (IS-spectroscopy).

For this kind of spectroscopy, the STM tip is positioned above the SAM. As for the
current vs. voltage spectroscopy, the distance between the tip and the SAM is controlled
by the tunneling set-point (current and voltage set-point). Once the feedback of the
STM has adjusted the tunncling sct-point, it is turned off; the tip is moved towards the

SAM and the current is measured simultaneously.

IS Spectroscopy of BP2

Figure 4.13 shows the result of an IS measurement of the same SAM as in figure 4.12(a).
The distance axis is a relative axis, a tip displacement of Onm denotes the position of
the tip at the tunneling set-point (2V, 100pA). Negative displacements represent an
increase in tunncling distance (i.c. the tip is retracted), and positive displacements a
decrease in tunneling distance (i.e. the tip is pushed towards the SAM).

Figurc 4.13 is a logarithmic plot of the current. Four domains can be identified.
Below -0.1nm, the tunneling current is lower than the noise level (~ 1pA) so that only
noise is measured. Above —0.1nm, all domains show a logarithmic dependency of the
current I on the distance d and differ only in the slope of the function In(I) = f(d).
Whereas below 0.07nm the slope is steep, above 0.07nm the slope of the plot decreases
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Figure £.13: Dependence of the funneling current on the distance, The origin of the
T-pxis corresponds to the tunneling set-point (W = 2V, I = 100pA). The slope of the
logarithmic current s a measure of the decay constant 3.

abruptly. The slope stays almost constant up to a distance of 0.75nm and increases
again beyoud this point,

The propoctionality of In (I} and d can easily be explained by the Simmons model.
For low and intermediate voltages, cguation {1.19) can be approximated by the simple

exponential law (see equation {1.22))

I'=Gexp(—BL,)V (4.4)
Ir follows for the logarithim of the current (d = —Ly)

In(I) =InGV + 8d (4.5}

fe the slope or derivative of the function In{I) = f(d) is a direct measure of the
decay constant 3. However, in the STM measurement semup the decay constant @ is
pot constant over the entive length of the device. Three different pares of the device
with different decay constants can be identified: the tunneling gap between the STM tip
and the molecule [Byas), the hiphenyl {Bpy) and the allane group (Ben). Therefore,




equation (1.22) can be refined:
I = Gexp(—(Bvacdvac + Brrdpn + Beudcn))V (4.6)

It is tempting to identify the different slopes of the IS curve of figure 4.13 with
the decay constants Byaee, Bpn and Bem of equation (4.6) and in the following it is
discussed if this interpretation is justified. For the measurement shown in figure 4.13,
this interpretation would lead to decay constants of 25.7nm ™1 and 3.93nm ™! for the
vacuum gap and the biphenyl unit, respectively. The decay constant of the alkane group
cannot be extracted since the current amplifier limited the tunneling current to 100uA4,
a value that was reached above ~ 0.9nm.

For Byae, this interpretation is certainly justified, since at this position of the tip, it
moves through the vacuum gap and the slope of the function In(I) = f(d) is the decay
constant of vacuum By ge.

The other parts of the IS plot are more difficult to interpret. If the tip is pushed
further toward the SAM, it will touch the surface of the SAM at a certain point and
the decay constant will change. Therefore, the first kink in figure 4.13 at 0.07nm can
be interpreted as the point at which the STM tip touches the SAM surface.

In analogy to the interpretation of the decay constant of vacuum, the slope of the
function In(I) = f(d) in the range beyond the contact point could be scen as the decay
constant of the biphenyl group Bpp. But pushing the STM tip further into the SAM
after the contact point has been rcached perturbs the SAM and changes the tunncling
conditions to a certain extent. However, there are three observations that suggest
that this perturbation is small. First of all, the slope of the logarithmic plot of the
tunneling current, i.e. the decay constant B3, is 4.740.8nm =12, This value is right within
the published decay constants for an unperturbed phenylene layer (~ 4 — 6nm™1 [58
60, 200). Furthermore, this value of 8 stays constant over a distance of 0.605 & 0.9nm
and rises again if the tip is pushed further into the layer. This distance is close to
the thickness of the biphenyl group (0.608nm) if the tilt of 45° is taken into account.
Therefore, the additional rise in slope for distances above 0.75nm can be seen to be due
to the tip pushing through the biphenyl layer and reaching the alkane spacer chain. The
last indication that the perturbation is small is the repeatability of the measurement.
The IS plot as shown in figure 4.13 can be acquired at the same position of the SAM
at least 10-20 times without changing the overall characteristic of the plot. Therefore,
the slope of the function In(I) = f(d) can indeed be interpreted as the decay constant
of the molecule.

All these observations point to the conclusion that IS spectroscopy can laterally and
vertically probe the decay constants of the SAM without significantly damaging the

*The error margins are the standard deviation of ten successive measurements.
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Figure 4.14: Current vs.  distance spectroscopy for an odd oumbered BPo molecule
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SAM. This interpretation is in pcoordance with the 13 measieements of Yasutalke ot
al. [201], who weasured the curvent ve. distanee dependeney of SAMs of alkancthiols,
They also observed two slopes in the logarithoic plot of the tunoelineg current Azl
interpreted the slope of the current at positions where the tip penetrates the SAM as
the decay constant of allkanes, By these messurements, they obtained a Gog of 11-12
nm ™Y, which is in close agreement to decay constants measured by Bumm et al, [52].

IS Spectroscopy of BP3

The resnlt of & curcent ve, distance measarcment for an odd mumboered bhiphenylthiol
(BP3) is shown in figare 4,14 Ten successive measurements are plotted. These mea-
surcmonts reassemble that of BP2 in figure 4,13 with one excoption. Only owo difforent
slopes in the logarithmic plot are visible, which has been interpreted as being the decay
constant of the vacuum and the biphenyl group. The additional rise in @ for distances
of above 0.750m, which has been interpreted as being due to the tip pushing through
the bBiphenyl layer and reaching the alkane spacer chain, is not visible, But this is in
accorcdance with the conformation of the odd onmbered BPo molecnles. Wheress for
n—even, the biphenvl group is tilted by approx. 45° out of the surface normal, for
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Figure 4.15: Dependence of the contact point on the tunneling set-point (¥ = 0.2V).
The ervor bars correspond to 20 successive measurements, Inereasing the current set-
point moves the tip closer to the SAM.

n=0cld. the biphenyl group is almost perpendioular to the surface (see fgure 4.2(a)},
therehy increasing the thickness of the biphenyl layer to o 84, Thercfore, the i canmot
pshy through the biphenyl layer and reach the alkane spacer chain.

Adjusting the Vacuum Gap

Besides measuring the decay constants, I3 spectroscopy has an additional application
shown in figuee £.15, Considering that the first kink in the IS plot in figure 4.13 has
been interpreted as the point where the tip touches the SAM, fe. the contact point, [5
spectroscopy is a method of measuring the size of the vacunm gap between the SAM
and the STM tip. By changing the tunneling set-point, the size of the vacuum gap can
he changred. This is shown in figure 4.15, where the confact point is plotted against the
current set-point. The tunneling voltage is kept constant at 0.2V, It can be seen that
the contact poinf moves to the left in the IS plot, Leo to inereasingly negative values,
This can be explained by the mode of operation of the STM. By increasing the current
sot-point, the tip is moved closor to the SAM and coffoctively shifts the whole IS curve
ko the left. Therefore, the contact point moves to the left in the 1S plot.




4.4.3 Conclusion

Films of BPn have been electrically characterized. It is shown through IV spectroscopy
that the current can be explained by a simple tunncling model as derived in scction
1.3.1. No sharp features are observed either in the IV characteristics or in the plot of
the differential conductance that would suggest a resonant transport across a molcecular
level.

It is shown that IS spectroscopy is a tool for measuring the decay constant of the
SAM vertically resolved. The molecule is shown to be composed of three parts, each part
with a different decay constant 8. These parts are interpreted as the vacuum barrier
above the SAM, the biphenyl unit and the alkane chain. The current tunnels through
each of these parts and the overall current through the SAM is given by equation (4.6)

I = Gexp (—(Bvacdvac + Brrdpn + Berdceu))V

By these measurements the decay length 8 of the biphenyl unit is found to be 4.7 +
0.8nm~1.
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Chapter 5

Embedding Guest Molecules into an
Alkanethiol SAM

After optimizing the bottom electrode and the alkanethiol self-assembled monolayer and
after studying the current transport properties of BPn in full coverage SAMs, BPn is
now embedded into an alkanethiol SAM.

The electrical characterization of the embedded molecules is experimentally more
demanding than the characterization of full coverage SAMs as shown in sections 4.4.1
and 4.4.2. One method of measuring the current transport properties of embedded
molecules is based on the Current Imaging Tunneling Spectroscopy (CITS) mode of
the STM. In this mode, an image of the surface is scanned. In addition to the height
information, at cach pixel of the image an IV or IS characteristic of the film is taken.
Thereby, the IV or IS characteristic can be directly mapped to the features of the surface,
i.c. the IV or IS curves taken above the embedded molecules can be distinguished from
the IV curves taken above the surrounding SAM.

A sccond method is based on the operational principle of the STM. If an SAM
is scanned in the constant current mode, the height of the embedded BPn above the
alkanethiol SAM does not solely represent the physical height of the BPn molecule,
but is rather a combination of physical height and differences in the tunneling con-
ductance between the embedded molecule and the surrounding SAM. Therefore, the
current transport properties of BPn can be deduced simply from the height difference.

Compared to the CITS mode, the method, which is based on the height differences
in STM images, has several advantages: The measurement of height differences in STM
is more reliable than spectroscopic methods. For measuring an IV or IS characteristic,
the feedback loop of the STM has to be switched off so that any drift of the piezo crystal
that positions the STM tip cannot be controlled. Furthermore, during IS spectroscopy
the STM tip necessarily pushes into the SAM, as discussed in scction 4.4.2. 1t is argucd

that this perturbation of the SAM is small, but of course there is always an uncertainty
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about the degree of perturbation. This uncertainty is avoided by the method based
on the interpretation of the height differences. At last, the height difference between
different domains of an SAM is unaffected by the specific shape of the STM tip. Whereas
the absolute magnitude of the current in IV or IS measurements acquired with different
tips is difficult to compare, for the measurement setup of mixed SAMs the influence of
the tip is canceled out.

There are different methods of embedding specific molecules into a host SAM or,
more generally, of preparing mixed SAMs that consist of multiple molecular species.

These methods are described in the next section.

5.1 Mixed Self-Assembled Monolayers as a Tool for Molec-

ular Electronics

As already mentioned in chapter 3, thiol based self-assembled monolayers (SAMs) are
not only an effective tool for molecular electronics, but are more generally used as a
method for tailoring the surface properties of metals |63, 115|. In particular, SAMs are
used for wetting control [116-119], corrosion inhibition [120], protein adsorption [121],
and lateral structuring |122|. For most of these applications, SAMs that consist of
more than one component (mixed SAMs) are used, because they exhibit more degrees
of freedom, i.c. the surface propertics can be adjusted by the ratio of the different
constituents of the film.

Mixed SAMs arc cspecially promising for the application in this thesis, i.c. for
measuring the electron transport properties of different molecules. Weiss et al. were
the first to characterize clectronic transport propertics of single molecules via an STM
setup by using mixed SAMs. A molecular wire candidate, a conjugated organic molecule,
was diluted in an SAM of dodecanethiol [23]. Thereby, the molecular wire was shown
to be indeed highly conductive compared to the alkanethiols.

There are several ways to prepare mixed SAMs. One method is to assemble the
film from a mixture of different substances (coadsorption). Various mixed SAMs were
realized using this approach: alkanethiols with different chain lengths [202, 203] and
different terminal groups |203-205|, as well as decanethiol and an amide-containing
alkanethiol of similar length [206]. Bain et al. [203] showed that the composition of the
monolayer does not fully correspond to the composition of the solution and that longer
chains are preferentially adsorbed, which points toward thermodynamic control of the
adsorption process. This was later confirmed by a theoretical study [207].

Another method of creating mixed SAMs is the adsorption of asymmetric disulfides
[204, 208]. Howcver, this process fixes the ratio of the two components to 0.5, thereby
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limiting the advantage of continuously adjusting the surface properties in mixed mono-
layers by varying the ratio of the two components.

In contrast to the two above-mentioned methods, which always consist of a single
deposition process, a two step deposition process is mainly used for isolating electrically
active molecules in a host matrix |23, 209-216|. For this method, a preassembled, single
component SAM (usually consisting of insulating alkanethiols) is dipped in a second
step into a solution of the electronically active molecules. In this second step, molecules
of the host matrix are replaced by the active molecules. It was shown that this process
mainly takes place at defects in the host matrix [23, 209, 210]. Studies on the insertion
of linear conjugated molecules showed that the amount of molecules incorporated into
the monolayer is a function of immersion time [210]. The rate determining step is the
replacement of host molecules by molecules from the second molecular solution.

Depending on the preparation technique and the molecular species used, the mono-
layers are either homogeneously mixed or the different molecules segregate into sep-
arate domains. For some applications uniformly mixed monolayers are preferred so
that a kinetically trapped method for preparing truly molecular-scale mixed SAMs has
been developed [202]. Similarly, the deposition of mixed monolayers from asymmetrical
disulfides results in uniform mixed layers |204, 208|. In most of the molecular electronic
studies that measure the electronic transport along a molecular wire, the electronically
active molecules are rather isolated in the host matrix instead of being surrounded by
a segregated domain of the same molecule [23, 209-211, 213, 214]. In some of these
studies, the apparent height in the STM images of the molecules above the host matrix
is related to the current transport properties. This is possible as the STM height does
not solely refleet the physical height of the molecule, but also comprises the transcon-
ductance of the molecule.

Biphenylthiols arc ideal substances for insertion into an alkancthiol host matrix.
Compared to the conjugated molecules used by Bumm et al. [23], BPn can better adapt
to the alkancthiol lattice due to the higher flexibility of the alkance chain. This is particu-
larly important in the rate-determining exchange step of alkanethiols by biphenylthiols.
As described above, the height difference of these domains measured by STM can be
interpreted as a combination of physical height difference and difference in transcon-
ductance of the molecules. Compared to the structurally very similar molecules used by
Ishida et al. (4-biphenylmethanethiol, [213, 216]), BPn and C12 have the same top and
bottom group, which simplifies the interpretation. Therefore mixed SAMs consisting of
insulating dodecanethiol (C12) and BPn are prepeared by a two step process with the
aim of characterizing the current transport through biphenylthiols.
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5.2 Experimental Details

Following most molecular electronic studies, the mixed SAMs used in this thesis are pre-
pared in the two step deposition process. Before turning to mixed SAMs of alkanethiols
and BPn, in first experiments alkanedithiols are embedded into an alkanethiol SAM.
These prelimary studies serve as a test setup on which fundamentals of the deposition
process arc studied.

Alkanethiols, alkanedithiols and absolute ethanol are purchased from Aldrich and
used as received. Analytically pure BPn is synthesized according to Buck ot al. by
Grignard C-C coupling reaction of the corresponding phenyl- or alkylbromide followed
by the conversion of the bromide into the thiol via thiourca [187]. Characterization of
the BP4 is done by NMR, massspectrometry and elemental analysis!.

Gold films are deposited onto mica by the standard procedure developed in chapter 2,
which results in (111)-oriented gold films with large terraces [88]. Dodecanethiol (C12)
is deposited by the solution based growth described in chapter 3, i.e. the gold films
are dipped into a 1mM ethanolic solution of dodecanethiol overnight. Alkanedithiols or
BPn are inserted by immersing the single component SAM of C12 for several minutes
into a solution of the alkanedithiol or BPn.

The films are characterized by Ultrahigh Vacuum Scanning Tunneling Microscopy
(UHV-STM, JEOL JSPM 4500) at a base pressure of 3 X 107 %mbar. Home made

tungsten STM tips are used. All STM scans are taken in constant current mode.

5.3 Mixed SAMs of Alkanethiols and Alkanedithiols

Before mixed SAMs of alkanethiols and BPn are examined, the embedding of alka-
nedithiols into an SAM of dodecancthiol (C12) is studied [155].

Figure 5.1 shows an SAM of C12 with embedded octanedithiols. The octanedithiols
are embedded by immersing the preassembled C12 film into a 1mM solution of octan-
dithiol for 10min. The characteristics of an alkanethiol SAM as described in chapter 3
are clearly visible. The film possesses monoatomic gold vacancy islands visible as holes
in the surface. Furthermore, different domains of C12 are visible by different directions
of the reconstruction lines of the c(4x2) structure of C12 on gold (111).

In addition to these features, which are also visible in SAMs consisting of a single
molecular species, there are several bumps or hills in the surface (see white arrows in
figure 5.1). These hills are absent in pure C12 SAMs and are therefore interpreted as
embedded octanedithiols.

At first sight, it is surprising that the octancdithiols appear as hills in the SAM

!The synthesis was done in the group of Prof. U. Simon at the Institute of Inorganic Chemistry at
RWTH Aachen.
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Fignre 5.1: SAM of dodecancthiol wich ombedded octanedithiols (white arrows). The
size of the lmage is 50 x 50nm?, the tunneling voltage was 0.2V and the tunmeling
current was sel 1o 200pA.

image and not as depressions, although octanedithiol is ~ 340  shorter than C12.
However, as already discossed in section 3.1, the apparent height in STM seans is always
a combination of real height information and changes o the tuoneling conditions. The
additional -SH group at the termninal of octanedithiol notably changes the tunneling
conditions and in particular the contact conductance G (see equation 1.22), so that the
dithiols appear higher than the surrounding C12 SAM.

The hills in Hgure 5.1 have a diameter of 2 — 3om so that it can be estimated that
each hill consists of 14-30 dithiols, assuming an ares of 0.216nm? per molecule as for
£l I:V'E s ‘\.I'E} stricture. However, the lateral dimensions of the hills as measared by
STM will always be exaggerated due to the imperfect shape of the STM tip. Therefore,
the number of 14-30 molecules is only an npper bound; the real onmber will ba lower.

The upper -5H group of the dithiols provides an additional functionality of the SAM.
The: dithiols as shown in fignee 5.1 can be contacted by gold nanecluster by gold-sulfior

bonding, thereby providing a symmetrical contact of the molecule,

5.3.1 Contacting Dithiols with Gold Nanoclusters

Tor eontact the dithiols by a gold nanoclester, the mixed SAM is inmersed into a solu-

tiom of gold clusters. An STM scan of the resulting filin is shown i figure 5.2, This film
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Figure 5.2: (a) 200 200nm? STM scan (¥ = 2V, I; = 5pA) of decanedithiols embedided
into dodecanethiols and contacted via Aubb clusters. The lower protrusions ave unlbonmd
dithiols (red arrow) and the large protrusions ave the AudS gold cluster (white arrow].
(bl s & cross section along the white line in {a).

consists of decandithiols embedded into dodecanethiols and contacted by Audb clus-
ters? by imunersing the filin into a 10000 solution of AuS3 in water for 15min. During
immersion, the gold clussers selectively bind to the top -5H gromps of the decanedithi-
ols. Following deposition, the filin is thoroughly rinsed 1o wash away plyvsisorbed gold
clusters,

[n the STM scan of the reanlting film (fgure 5.2{a)). the terraces of the underlyving

gold film are still visible, More interestingly, two kinds of protrusions are visible: large,

round protrusions with a height of ~ 2nm and smaller and lower protrugions (b

*Clmsters consisting of 55 gold atoms, stabilized by g lgand sholl of triphewyl-phosphin moleonles.
The gold manoelustors were prepissed af the Iostitete of Inoeganic Chemistrey ar the EYWTH Aachen
[(Prof, L. Simoen ).
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Fignre 5.3 IV characteristic of the sample shown in figure 5.2 (V3 = 1.5V, I; = G0pA).
The red line is the corrent, above the ©12 laver, whereas the green line shows the curvent
Ehrough the gold cluster, The current throngh the gold cluster is suppressed for voltages
below |V| < 0.2V, which can be interpreted in terms of o Colonmb blockade.

~ 0.6 — 0.6nm, see alao the cross section in figure 5.2(h}).

The height of the large protrusions is almost identical to the diameter of the gold
clister {inchading the ligand shell) the cluster have a diameter of 2nm) and can there-
fore: be interpreted as gold elosters, which are bound to the dithiols. Latcrally, the
clusters have o dizmeter of Tom, but as in the diseassion of Agure 5.1, this dinmeter is
exaggerated compared to the real diametor.

The lower proteesions have the same dinmeter as the dithiols in figise 5.1
(LAnm—3.1om) and are most probably decancditluols that are not bound by a gold
clister. As in the preceding section, it can be estimated that these protrusions consist
of & 1o 35 molecules [155],

5.3.2 Electrical Characterization

Placing & gold cluster on top of the decanethiol is a perfect method of providing & stable
contact to the dithiol. To measare the cureent theough the dithiol and gold eluster, the
STM tip is placed above the gold cluster and the IV-characteristic 38 measured, similar
ko the measurements on full coverage layers in section 4.4.1, However, in contrast to
e measprements shown in section 4.4.1, the position of the tip has o be exactly
placed above the gold cluster. This is accomplished by scanning in the Current lmaging
Tuneeling Spectroscopy (CITS) mode of the STM, as describied in the introduction to
this chaptor.
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The result of such a CITS scan is shown in figure 5.3. The tunneling set-point is
V; = 1.5V and I; = 50pA. The IV characteristic of the C12 layer is shown in red,
whereas the IV characteristic above a gold cluster is shown in green.

The current above the C12 layer is qualitatively identical to the IV plots measured
above a full coverage BP2 layer (compare figure 4.12(a)) and can therefore be explained
by a simple tunneling model. However, the current above the gold cluster deviates in a
very interesting manner. The current above the gold cluster is suppressed for voltages
below |V| < 0.2V. Above 0.2V, the current rises exponentially and shows the same

characteristic as the C12 layer.

Coulomb Blockade

The suppression of the current through the gold cluster and the dithiols can be explained
by the Coulomb blockade effect. The basic idea of the Coulomb blockade is as follows:
The gold cluster above the gold substrate forms a small capacitance, which can only
be charged by multiplies of the elementary charge e. Due to the small capacitance,
a relatively large energy is needed to bring one electron onto the cluster. Below this
energy no electron can tunnel to the cluster and the current is suppressed.

To determine the minimum cnergy nceded to charge the gold cluster, the
tip/cluster/dithiol/electrode assembly is approximated by the equivalent circuit shown
in figure 5.4. There arc two capacitors: The capacitance between the tip and the gold
cluster C; and the capacitance between the gold cluster and the gold bottom electrode
Ca (sce figure 5.4(b)). Electrons can tunnel onto the cluster cither from the tip or from
the gold electrode.

The charge on the gold cluster @ is the difference of the charge on Ca and Cy

Q=Q2—-Q1=CVa - C1Vh = —ne (5.1)

with V3 and Va: voltages across capacitance Cp and Ca, @1 and Qg: charge on €1 and Ca and
ne{0,1,2...}.
Equation 5.1 expresses the fact that the capacitance can only be charged by multi-

plics of e. The voltages across Cp and Cq are

CaV; + ne

WO = e, 62
C1V; — ne

Va(n) = ﬁ (5.3)

Depending on the number of clectrons m on the cluster the clectrostatic encrgy Es
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stored in the capacitors is

_ @, B GGV 4 (ne)?

Es(n) - 207 20, - 2(01 +Cg)

(5.4)
For charging the gold cluster with a single electron, the following energy has to be
supplied

e2

2(01 + Cz)

The gold cluster is charged if the energy, which is supplied by the voltage source to one

AE = E,(1) — E4(0) = (5.5)

of the capacitances Cq or Ca, is larger than the energy difference AE, i.e. if eV > AE
or eVa > AE. In the following, it is assumed that the capacitance between the tip
and the gold cluster is larger than the capacitance between the gold cluster and bottom
electrode (C1 < Cg). This is certainly justified as the vacuum gap is much smaller than
the length of decanedithiols (sce figure 4.13). Therefore, the voltage drop is larger at

C3 than at Ci (see equation 5.2) and it follows

CIVt 62
> 5.6
CirC T 2ACi+Co) (5.6)
€ =4
Vi > oo (5.7)

Below |V;| = ﬁ7 no electron can tunnel to the gold cluster and consequently the current
is suppressed in this region. By approximating the tip/gold cluster capacitance Cy by
a plate capacitor and using the charging voltage of 0.2V as seen in figure 5.3, one can
estimate the size of the vacuum gap as being ~ 0.7A, i.e. the tip is just above the gold
cluster.

Therefore, the current vs. voltage characteristic as shown in figure 5.3 can be ox-
plained by the Coulomb blockade effect of the gold cluster. However, this interpretation
reveals a drawback of the method of contacting a molecule with a gold cluster. The
measured IV curve is in large parts determined by an effect of the gold cluster and not
of the molecule. In fact, all characteristics of the molecule within the Coulomb blockade
are suppressed. The threshold voltage Vi could be lowered by using larger gold cluster
(e.g. with a diameter of 5nm), but then the number of contacted molecules would be
increased. Therefore, in later experiments, the molecules are not contacted by a gold
cluster.

In conclusion, it is shown that alkanedithiols can be embedded into a C12 alkanethiol
SAM. Immersing a preassembled C12 film into a 1mM solution of alkanedithiols for
10min yields embedded single or at least embedded bundles with a low number of
molecules. The upper -SH group of the dithiols can be contacted by a gold cluster. The
current vs. voltage characteristic of embedded alkanedithiols contacted by gold clusters
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show a suppression of the current for voltages below 0.2V, which can be explained by
the Coulomb blockade effect.

5.4 Mixed SAMs of Alkanethiols and BPn

The experiments on embedding dithiols into an alkanethiol SAM have provided a good
basis for studics of other embedded molecules, i.¢ the characterization of embedded BPn
molecules. Due to its similar length to dodecanethiol, BP4 is used from the homologous

scrics of BPn.

5.4.1 Embedding BP4 Molecules in a C12 SAM

Figure 5.5(a) shows an STM scan of a C12 SAM with embedded BP4. The C12 SAM
is grown by immersing the film for 24h in 1mM ethanolic solution of C12. The B4
molecules are embedded by dipping the preassembled C12 film into a 100uM solution
of BP4 for 10min at room temperature.

The resulting film is very similar to the SAM of embedded dithiols shown in figure
5.1. Apart from the gold vacancy islands, small protrusions are visible on the surface,
which are interpreted as embedded BP4 molecules. These protrusions have a diameter
of 1-3nm, lcading to the estimation that these hills are composed of less than 30 BP4
molecules.

In principle, the height difference between the embedded BP4 molecules and the
C12 SAM can be interpreted in terms of current transport properties of the molecules.
Therefore, the distribution of heights of BP4 is shown in figure 5.5(b). From this
distribution, the median height of the molecules can be estimated to be 1.8A.

However, for an cxact interpretation of the height of BP4 and in order to gain
some insight into the electric properties, there is a fundamental problem. The exact
conformation of embedded single molecules or embedded bundles of molecules as in
figure 5.5(a) is mainly unknown and only a few studies have addressed this question
[210]. Furthermore, the molecules are inserted at a variety of defects in the host matrix,
which may affect the electrical properties of the molecules. This lack of information
makes an exact interpretation of the current transport along these molecules difficult.

5.4.2 Growing Domains of BP4

In contrast to embedded single molecules or to bundles of a small number of molecules,
the structure and conformation of molecules in full coverage SAMs is studicd in more
detail [63, 187] (compare chapter 3 and 4). These structures will prevail in phase segre-
gated mixed SAMs if the domains arc large enough so that the STM height difference
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Figure 5.4: Equivalent cireuit of the electrical measorements shown in figure 5.3, The
deviee consists of two capacitors: the capacitance between the STM tip and the gold
cluster and the capacitance between the clnster and the bottom cleoieode.
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Figure 5.5 (a) 100 x 100nm? STM scan of a €12 8AM with embedded BP4. The BP4
molecules are visihle as protrusions (see white arrows), (h) shows the di:*strihntiun of
the height of BP4 meleenles above the C12 SAM. The mean height is 1.8A,
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between separate domains in a mixed SAM can be interpreted in terms of transconduc-
tances of the different molecules without having the uncertainties of measurements on

embedded single molecules |52|.

Structural properties

In figure 5.6, STM images of a mixed SAM consisting of C12 and BP4 are shown. To
increase the number of embedded BP4 molecules and to cause phase segregation (i.c.
separate domains of BP4 and C12), the insertion time is increased to 20min and the
solution is heated to 70°C. In the large area scan (figure 5.6(a)) several gold terraces
are seen that are covered by separate domains of B4 and C12. Domains of BPP4 and
of C12 can be distinguished by the high resolution scan shown in figure 5.6(b). In
this scan, domains that apprear lower are molecularly resolved and especially in the
domains in the upper left corner, the c(4x2) structure of alkanethiols on gold can be
seen (white arrows). Therefore, the domains that appear lower can be assigned to C12.
Additionally, in the large area scan deep pits corresponding to a monoatomic gold step
are seen, characteristic of SAMs of thiols on gold (white arrows in figure 5.6(a)) |167|.
These holes are mostly surrounded by domains of BP4. Similarly, at domain boundaries
of different C12 domains, islands of BP4 start to grow (black arrows in figure 5.6(a)
and 5.6(b)), indicating that domain boundaries of the host matrix and pits in the gold
surface act as nucleation points for BP4 domains. This confirms the results of Cygan
and Weiss et al. for other electronically active molecules [209]. However, most BP4
domains in this and later measurcments grow around pits so that the exchange of C12
molecules by BP4 molecules seems to be more effective at these defect sites.

In contrast to domains of C12, BP4 domains exhibit a rather amorphous texture.
To increase the order in these films, the samples are annealed at 64°C in vacuum for
several hours. An STM scan of the resulting film after 1h30min is shown in figure 5.7(a)
and after 3h 45min in figure 5.7(b). The appearance of the BP4 islands changes from
an amorphous (figure 5.6) towards a more textured shape, indicating a higher order in
these films. This suggests that there is some rearrangement in the BP4 films, which
should result in a change in the height difference of the BP4 and C12 domains.

To survey the height differences before and after annealing, it is evaluated as follows.
From STM scans such as those shown in figure 5.6 and 5.7, the histogram of the height of
each image pixel is taken (figure 5.8). These histograms display two distinct peaks: the
lower one for the height of the C12 domains, the higher one for the BP4 domains. Both
peaks are fisted to a Gaussian distribution and the difference in the center positions of
the peaks is taken as the mean height difference of the BP4 and C12 domains. This kind
of analysis is conducted for several scans, yiclding the height differences shown in figure
5.9. The height difference slightly decreases from 0.14 & 0.045nm without heating to
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Figure 5.6: 100 % 100nm? STM (a) and 30 % 30nm? (1) ST scans of a C12/BP4 mixed
monclayer. The filin shows separate BP4 and C12 domains, Domains that appear higher
consist of BI'E Tn the high vesolution sean, the o{4x2) strocture of C12 is visible {white
arrows in b Black arrows mark oueleation of BP4 domains at ©12 domain boundarics.
The white arrows in {a) mark nucleation of BPY4 domains at holes in the gold surface
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Figure 5.7: 50%50nm? scans of a mixed C12/BP4 monolayer annealed at 64°C for 90min
(a) amd 225min (h). An increase in stroctural order of the BP4 domains = visible in
the textnre of these domainz, The white arrow in (a) marks a BP4 molecule inserted in
the middle of & C12 domain.
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Figure 5.8: Height distribution of an STM scan of a mixed C12/BP4 monolayer. Two
peaks are visible, which correspond to the different heights of the different domains.
The distance of the center of these peaks is taken as the mean height difference of the
C12 and BP4 domains.
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Figure 5.9: Height difference of BP4 and C12 domains depending on anncaling time.
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0.133 £ 0.03nm after 90min and 0.11 £ 0.021nm after 3h45min of annealing. The C12
domains already exhibit their final ¢(4x2) structure before heating, making a strong
rearrangement of the alkanes less probable. Therefore, most of the change in height
difference should result from an increase in order in the BP4 domains.

A closer look at figure 5.7(a) reveals another interesting property of the mixed
C12/BP4 film. Some BP4 molecules are not incorporated into the film at defect sites
such as domain boundaries and pits in the gold surface, but into the middle of a C12
domain (see white arrow in figure 5.7(a)). However, this process has a much lower
probability than insertion at defect sites.

Figure 5.10 shows a zoom of an area in which BP4 molecules are inserted into a
C12 domain. BP4 molecules appear as protrusions. Also visible is the ¢(4x2) structure
of the underlying C12 structure providing a coordinate system to measure the lateral
dimensions of the embedded molecules. All protrusions appear to be smaller than once
unit cell of the (3 x 24/3) structure (equivalent to the notation c(4x2), see white box
in figure 5.10), which consists of four C12 molecules per unit cell. This leads to the
estimation that the protrusions consist of less than four B4 molecules. Considering
the relatively larger occupied area per molecule for BP4 than for C12 and the fact that
the STM image is a convolution of the imperfect STM tip shape and surface geometry,
the estimation of four molecules can be taken as an upper limit. Furthermore, since all
islands of BP’4 molecules inserted into the C12 domains have the same lateral size, it is
proposed that these protrusions consist of only single molecules.

As already pointed out above, the ¢(4x2) structure of C12 provides a coordinate
system to determine the lateral size and position of the embedded BP4 molecules. This
is especially advantageous for the study of diffusion processes of BP4 molecules within
the C12 domains. Figures 5.11(a)-5.11(c) show a scan of the same sample area and
provide a comparison of this arca 10min and 16min after the initial state. For example,
one inserted molecule is marked by a white arrow. It can be seen that the inserted
molecules are fixed at their insertion place and do not diffuse. This observation is in
agreement with the observation by Cygan et al. for more rigid conjugated oligomers
[209]. Even the higher flexibility of biphenylthiols compared to the molecules used by
Cygan et al. does not increase the mobility or diffusion rate of the molecules in the
C12 host matrix. However, this low mobility at room temperature is a prerequisite
for embedding single molecules into a C12 host matrix, since a high diffusion constant
would lead to diffusion of the isolated molecules to BP4 domains and single embedded
molecules would become unstable.

The mixed monolayer presented here is a system in which both different BP4 and
C12 domains as well as single BI’4 molecules embedded into C12 domains exist. These
STM scans give a unique possibility of comparing the structure of the BP4 domains,
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Figure 5.10: Zoom of BP4 molecules inserted into a C12 domain. The red box marks
the {3 x 21,,-"3} unit cell of C12 {equivalent to the notation ofdx2))
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Figure 5.11: STM scan of the surface area at beginning (a) and after 10min (b) and
16min (¢). No movement of BP4 molecules inserted into C12 domains is visible (see
white arrow). Part (d) shows a cross scction along the black line in (¢). The inserted
single molecules have almost the same height as the BP4 domains.
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Figure 5.12: Conformation of BP4 and C12 in o full covernge SAM. The lengths are
given in Angstrom.

which will approach the stranctare of full coverage BI" monolavers, with single embedded
molecules. As can be seen in the cross section in figure 5.11{d). the embedded molecules
show almost the same height as the domains of BP4. This is an indication that the
embedded moleciles adopt the same conformation as the molecules in full coverage
SAMs.

Electrical Characterization

Az already mentioned in section 5.1, the height difference hetween the BP4 domains
and the C12 layer can be interpreted in terms of different transconductances of these
maolecules |52,

For the following discussion, the conformation of BP4 as shown in figure 312 is
assnmedd. The hiphenyl group is tilted by 45°% ont of the surface normal, whereas the
alkane chain has a rather upright orientation (see section 4) .

The conductance of & molecular wire can be expressed by equation (1.22} [52, 217)

G = Gexp (—fd) (5.8)

with @@ contact resistance. & molecule dependent decay constant and @ molecular length.
Decay constants of alkanethiols have been measured by various methods |24, 32-
57), but less data exists for the decay constant of phenylenes [58-60, 200]. As shown
in section 4.4.2, BI* consists of an alkane and a biphenyl part, so thar the exponential
berm in equation (5.8) is split into an alkane dependent and a phenyl dependent past
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(compare equation (4.6)):
I = G exp (—Bprdpn — Berden)V (5.9)

with Bom, Bpr: decay constants of alkane chain and phenylene rings and deog, dpg: length of
alkane chain and biphenyl group.
For a quantitative interpretation, the vacuum gap above C12 and BP4 domains has
to be included
Gvac = Go,vac €xXp (—Bvacivac) (5.10)

In general, the parameters Goyae and Bygc can be different above C12 and BP4
(leading to parameters Go,vac,c12; Go,Vac,BP4, BVac,C12; Bvac,Bpa). However, BP4 and
C12 have the same top and bottom group, so that differences in the parameter of the
vauum gap will be small. Therefore, it is assumed that Bvac,c12 = Bvac,BP4. Following
the experiments of Ishida et al. [215], this assumption is valid even without the top
methyl group of BP4. Ishida et al. measured the increase in local barrier height (LBH)
between a nonanethiol (C9) SAM and 4-biphenylthiol and 4-biphenylmethanethiol. Es-
pecially the latter molecule is almost identical to BP4, but does not possess the upper
methyl group. Ishida et al. observed that the LBH increases only by 0.24eV for 4-
biphenylmethanethiol and by 0.84¢V for 4-biphenylthiol. The LBH @ is connccted with

the decay constant by
® = 0.952 (Byac)? (5.11)

with ®: LBH in 6V, Byae: decay constant of vacuum in A1

Using the literature value Byqe & 23nm™1 [52], the error made by the approximation
Bvac,c12 = Bvac,BP4 is less than 8%.

Including the vacuum gap, the tunnel conductance above C12 and BP4 domains can

be rewritten in the form of equation (4.6):

Gps = GoBpaexp(—(Bvacdvac,BPs + Brrdpn + Benden,Brs))  (5.12)
Go,c12 €xp (—(Bvacdvac,c12 + Berdemrc12)) (5.13)

Gerz

Measuring in constant current mode implics Gppa = Gei2 leading to:

Go,BPa

Bon = In ( Goons ) + Beu(der,c12 — dor,BP4) — Bvac(@vac,BPs — @vac,c12)

(5.14)

dpn

The difference in vacuum gap Ahgep = dvace,BP4 — @vac,ci2 relates to the observed
STM height Ahgrar and the physical height difference between BP4 and C12 Ahppys
as follows:

Ahgap = Ahphys + AhgTa (5.13)
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BP’4 and C12 have the same top and bottom groups and are scanned with the same
tunneling tip. Therefore, it is assumed that Go pps = Go,c12, i.e. that BP4 and C12
have the same contact resistances. Wold et al. measured the contact resistances of
alkanethiols and phenylenes and stated that the contact resistances are indistinguish-

able within their experimental errors |60|. Probably, this approximation works so well
Go,BPa
Go,c12
made by this approximation is small compared to the other summands. The same ap-

because only the logarithm of the ratio enters the equation so that any error
proximation was also applied by Moth Poulsen et al. [213], Szumacher Blum et al. [214]
and for the homologous scries of alkancthiols by Bumm ct al. [52].

The literature values of Bcgr are around unity [24, 52-57] (ranging from 0.7 A=1-1.2
A7), so that a valuc of Bog = 1 A~1is chosen. The decay constant of vacuum is
taken as Byge ~ 2.3A71 [52]. Using these values and the lengths given in figure 5.12, it
follows Bpp, = 0.5 A~1. These valucs agree with the experiments by Wakamatsu ot al.
[58, 59](0.53 A=1 for STM and 0.55A~" for AFM experiments) and is slightly lower than
the values measured by Holmlin et al. [200], who found a decay constant of 0.67 A=l by
mercury droplet measurements and slightly higher than the values measured by Wold et
al. [60](0.42 A1 for AFM experiments) implying that the rather rough approximations
applied seem to be justified. In this way, the apparent STM heights can be explained
in terms of a higher tunneling conductance of BP4. Assuming tunneling through bond
or through space leads to decay constants Bpp, within the variation of values found in

literature.

5.5 Conclusion

Dithiols and biphenylthiols (BP4) are embedded into a C12 SAM. The dithiols are
additionally contacted by a gold nanocluster and the current across these devices is
explained by the coloumb blockade effect.

At first, biphenylthiols (BP4) are embedded as single molecules or in bundles of a few
molecules. However, a quantitative interpretation of the height difference between BP4
and the surrounding C12 SAM is not possible since the conformation of BP4 embedded
into C12 is unknown.

Therefore, by changing the deposition conditions, SAMs consisting of phasc segre-
gated BP4 and C12 domains are produced. It is shown that domain boundaries and
pits in the gold surface act as nucleation points for BP4 domains. Anncaling the film
at 64°C results in a higher order of the BP4 domains and a slight decrease of the height
of BP4 domains above C12.

For the experimental conditions discussed, some BP4 molecules are found to be
inserted into the middle of a C12 domain. The size and position can be determined
by using the underlying ¢(4x2) structure of the alkanethiols as a coordinate system.
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Thereby, it is shown that the protrusions in the C12 domains contain less than four
molecules and are most probably due to single embedded BP4 molecules. Furthermore,
these molecules are fixed in the C12 structure and do not migrate at room temperature.
Comparing the height of the embedded molecules with the height of the BP4 domains,
it is proposed that the embedded single B’4 molecules have the same conformation as
in the full coverage phase.

The height difference of the domains of BP4 compared to the C12 SAM is explained
in terms of a higher tunneling conductance of BP4. A simple two-layer model is proposed
by means of which the current transport through the BP4 group is discussed and the
decay constant Bpyp, is deduced.

By these experiments, the nanodevice as described in the introduction (section 1.5)
is completed. The current transport properties of this device have been measured and
have been described by a simple tunncling model.  Within this model, the device is
divided into three parts: the alkane chain, the biphenyl group and the vacuum gap.

Therefore, the conductance of BPn can be determined by equation (4.6).

GBprn = Goexp (—(Bvacvac + Brrdpn + Becrdem)) (5.16)

In conclusion, a brief comment will be made on the use of BPn for molecular elec-
tronics. In the absence of any further functionality, like a negative differential resistance
as for the so-called Tour Wires [26-28] or two conduction states which could be em-
ployed as a building part for molccular memorics, BPn can only be used as a molccular
wire. But is this molecule conductive enough?

The answer to this question is twofold. Of course, BPn is more conductive than
alkanethiols. This can be drawn from the fact that BP4 appears higher in STM images
than C12, although its physical height is slightly shorter than C12. Therefore, in the
interpretation of Bumm et al. |23| BPn is a conductive molecular wire.

However, although BPn is more conductive than alkanethiols, the current transport
through this molecule is still characterized by a tunneling transport with a decay con-
stant of B~ 5nm ™! of the biphenyl part. This decay parameter is, of course, still much
too large to justify the BPn molecules being considered as a "conducting" molecular
wire. The problem lies in the large HOMO-LUMO gap of the molecule. In our mea-
surement setup it has not possible to access the HOMO or the LUMO, which would
lead to a sharp increase in the conductance. Voltages of above 3V have to be applied,
which lead to the destruction of the sample. Therefore, to obtain a recal molecular wire,
the BPn molecules will have to be chemically modified, i.e. by increasing the number of
phenylene rings [199], to decrease the gap between HOMO and LUMO and to facilitate

electron transport through these molecular levels.
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Chapter 6

Resistive Switching of Rose Bengal

Devices - a Molecular Effect?

In previous chapters, studies concerning the conduction mechanism of BPn molecules
have been of a more fundamental character. For later applications, e.g. for molecular
electronics, a molecule which shows different conduction states is of much greater inter-
est. As a candidate for such a switching molecule, Rose Bengal has been proposed in
literature |218-222|. It was shown that thin layers of Rose Bengal, sandwiched between
metallic electrodes in an MIM structure, possess two different conduction states that
differ in their resistivity. The change between these two states is triggered by applying
a positive or negative voltage above a certain threshold voltage.

All measurements reported in literature so far have focused on the switching cffect
of thin layers of Rose Bengal (~ 100nm) and did not examine if this effect can be scaled
down to the size of a single molecule. Furthermore, there is no actual proof that the
switching is really a molecular effect or if the switching is probably triggered by an
clectrode effect. Therefore, in this chapter, it is examined whether resistive switching
of thin layers of Rose Bengal is a molecular effect and, if so, whether this effect can be

scaled down to single molecules.

6.1 Resistive Switching of Molecular Devices

Switching effects in organic molecules have already been known for more than thirty
years [223, 224]. Since then a wide variety of molecules like tetracene [223], anthracene
[224], MDCPAC [225], phenylene-ethylene oligomers (known as Tour Wires) [226-230],
bipolar diarylethene [231], Cu-TBPP [232] and Rotaxane [233] have been proposed
as basic materials for molecular memories. Recently, layers of Rose Bengal (see figure
6.1(a)) have been shown to switch resistively with high Ropr/Ron values [218-222], but

the switching mechanism is still under discussion. Possible explanations are a change in
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electrical conjugation of the Rose Bengal molecule by electrochemical reduction |220],
a twist of the upper benzene ring [218], and the formation and breaking of metallic
filaments. Similarly, some changes in the electrodes (e.g. by oxidation) or the interface
between the electrode and the molecular film can cause the resistive switching.

To examine the switching behavior in more detail the elements of a Rose Bengal
device are systematically replaced. In particular, current vs. voltage (IV) characteristics
of devices with different bottom electrodes, with different molecular layers and finally

without any molecular layer between the top and bottom electrode are shown.

6.2 Experimental Details

In contrast to the preceding chapters, an MIM type device structure is used; a thin
layer of Rose Bengal is sandwiched between two metallic electrodes. To obtain layers
of Rose Bengal and Xanthene (see figure 6.1), a solution of 100mg Rose Bengal or
Xanthene in 50ml Ethanol is spun onto Zinc Oxide (doped with 1% Al, sheet resistance
3.3 Q/0, roughness 3nm (rms)) or onto ITO bottom electrodes at different revolutions
per minute (rpm) resulting in varying film thicknesses (56.5nm - 143nm for ZnO, 42nm
- 160nm for ITO, measured by ellipsometry). For macroscopic measurements, circular
aluminum pads (100nm thick) with contact areas ranging from 0.013mm? to 0.233mm?
are evaporated in an e-gun vacuum chamber at a base pressure of 1077 mbar at a
deposition rate of 0.1nm/s.

For IV mcasurements, the voltage is applied with ZnO or ITO as the cathode and
the metal top electrode as the anode by a voltage source (burster Digistant 4462) for
two scconds prior to current measurements. The applied voltage is inercased in 0.1V
steps resulting in a frequency of a few mHz (maximum voltage £+ 1.5V-2.5V). High
frequency measurcments arc taken by an Aixacct TF analyzer 2000.

6.3 Results and Discussion

Figure 6.2 shows the IV characteristics of Rose Bengal layers. The device (ZnO bottom
electrode, 143nm of Rose Bengal and aluminum top electrode, black line) shows resistive
switching behavior with on switching (i.e. switching from the high resistive to the low
resistive state) at positive and off switching (i.e. from the low resistive to the high
resistive state) at negative voltages. On switching occurs between 0.5V and 1V and off
switching at -1V.

The on state shows a linear IV characteristic, whereas the off state deviates from
lincarity at high voltages. The impedance of the off state is 20k and of the on state
4002, resulting in a Rorr/Ron ratio of 50. Typical Rorr/Ron ratios are obtained in
the range of 2-50.
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Figure 6.1: Molecular structure of Rose Bengal (a] and Xanthene (L),
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Figure 6.2: IV characteristic of a laver of Rose Bengal (143nm) en Zn0) and on ITO
(55um). Both samnples are contacted by an alumioum pad {contact area (0.0288mm?).

CDu-switching ocours at positive voltages and of-switching at negative values.




Frequency (Hz) | Vox Vorr

100 0.64 -0,85
1K 0.76 -0,8
10K 0.65 -1
100K - -

Table 6.1: Frequency dependence of the switching voltages. Above 10kHz switching
vanished. The device consists of an ITO bottom electrode, 85nm Rose Bengal and an
aluminum top electrode (contact area 0.066mm?).

Replacing the ZnO bottom electrode by ITO, the switching can be observed as well
(shown in red in figure 6.2). The IV characteristics are basically the same, except that
off switching is not as abrupt and the off state is not as highly insulating as in the case of
ZnO0, resulting in a lower Ropr/Roy ratio of about 6. This effect is most probably due
to the thinner Rose Bengal film on ITO compared to the film on ZnO (55nm compared
to 143nm)!. Generally, the switching of all devices shows the same distinct features:
the on state is lincar, whereas the off state deviates from lincarity at higher voltages.
Furthermore, on switching occurs at lower voltages than off switching. This switching
behavior is almost identical to the switching behavior of Rose Bengal devices described
by Jakobsson at al. [234] but shows significantly larger currents than the switching
shown by Bandyopadhyay et al. [219].

For later applications, the switching speed of the devices is of fundamental interest.
The frequency dependence of the switching voltages is shown in table 6.1. Up to 10kHz,
there is no significant change in the switching properties. Above 10kHz the switching
vanishes, giving a time constant of approximately 0.1lms for the switching mechanism.
This time constant is surprisingly large pointing to a switching mechanism that is not
purely electronic.

In literature, the resistive switching behavior of devices of Rose Bengal is explained
by two different conduction states of the Rose Bengal molecule. Therefore, an attempt
is made to study how the switching is influenced by the molecule, or if there is any
influence at all, by replacing the layer of Rose Bengal by a layer of a much simpler
molccule, Xanthene. The result is shown in figure 6.3.

The IV characteristic of the Xanthene film shows resistive switching with off switch-
ing at -1.1V and on switching at 0.7V and in this respect it is very similar to the layers
of Rose Bengal. However, the Ropr/Ron ratio is much lower than for the Rose Bengal
devices. Especially the off state has a much lower resistance (~ 23082), whereas the on
state resistance (200€2) is similar to the Rose Bengal devices.

Despite the much lower Ropr /Ron ratio of devices based on Xanthene, the switching

IThe dependence of the Rorr/Ron ratio on the thickness of the Rose Bengal layer is studied in
detail in section 6.3.1.
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Figure 6.3: IV characteristic of a deviee consisting of Znl) bottom electrode, Xanthens
laver (135um}, and alumivum top electrode, Three subsequent loops are shown, The
contact area is 0L0288mm?,

is reproducible and the switching voltages are identical for Rose Bengal and Xanthene
deviees. Therefore, some theovies concerning the nature of the switching given clse-
where can be excluded. The Xanthene molecule does not possess the upper henwene
ring, which has occasionally been suggested to cause the switching by a rotation and a
subsequent change in conjugation [218], However, it can be concluded that the molecule
has an influence on the switching and that Rose Bengal amplifies the resistive switching
compared to Xanthene,

Since the devices with a Xanthene layer show switching, some theories abont switch-
ing in Rose Bengal devices can be excluded, bae still ne switching mechanism can be
positively suggested. In this respect an experiment ist more helpful which has actually
only been thonght of as simple control experiment, In fignre 6.4, the IV characteristic
of devices where the molecular layer is completely omitted and aluminnm was deposited
divectly onto ZnQ and ITO is shown. Even in thess devices, the switching persists in
a very similar fashion to the switching of the Xanthene devices. For Zn0) hottom elec-
trodes, on switching coonrs an ~1.2V and off switching at -1.5Y. For ITO, the switching
voltages are slightly reduced to 0.8V and -1V, Interestingly, when measured immediately
after deposition of the top dloectrode, the TV measurement of the ITO dovices displays a
short civeuit and only three days later was the stable hysteresis shown in figure 6.4(h)
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obtained.

This result can be explained by considering the fact that a metal, which can be easily
oxidized to AlsOjz, and which has a more negative redox potential than zinc, indium
and tin (the different bottom electrode components), is deposited onto an oxidic bottom
electrode. Therefore, an insulating layer of aluminum oxide is formed at the interface
between bottom and top electrode. Layers of aluminum oxide and of other metal oxides
like TiO, NiO, HfOs, ZrOs and V205 have already been shown to exhibit bistable
switching [235-242]. Even in ultrathin layers of aluminum oxide (thickness below 1nm),
two conduction states were found [239], onc ohmic and onc tunncling state. However,
the transition between these two states in the ultrathin layers was not continuous and
was probably triggered by external noise.

In literature, the switching is often related to a dielectric breakdown and forming
process in the oxide, which changes the phase or composition of the material between
the electrodes. For example, Ansari et al. [242] argued that TiOx possesses different
phases between TiOs and TiOq.75. A change between these phases was suggested to
be triggered by energy dissipation. Very often it was assumed that the switching effect
is localized in small spots (filaments) [235, 237, 243]. Besides this filament approach
to explain switching in simple oxides, there are different theories like current transport
through two different defect states for the on and off state [236, 241] or the suppression
of a tunneling barrier due to high currents |239|.

To verity that an oxidic layer is responsible for switching in the aluminum /bottom
electrode device, two experiments are conducted. Firstly, by replacing the aluminum
top electrode by gold, which is a noble metal and cannot be oxidized, switching can
sucecessfully be suppressed pointing to an essential role of the oxide. Seccondly, 2nm of
aluminum are sputtered onto ZnO and oxidized at a pressure of 200mbar O for 30min.
By repeating this step, a ~bnm thick Al,Ogy layer is grown. On top of the oxide, 80nm
of aluminum is sputtered. By this procedure, a thin oxide layer between the top and
bottom clectrode is intentionally grown, which is argued to be responsible for switching.
The result is shown in figure 6.5. Switching occurs in a very similar fashion to the Rose
Bengal devices: on switching occurs at positive and off switching at negative voltages.
The on state is linear, whereas the off state deviates from linearity and on switching
occurs at lower voltages than off switching.

The similarity of the switching of aluminum oxide and Rose Bengal leads to the
conclusion that the switching in Rose Bengal devices is closely related to the switching
of Al3O3. From degradation studies of organic light emitting diodes (OLEDs) it is
known that a thin AloOg layer is formed underneath the top electrode [244]. However,
the low resistance and the linearity of the on state strongly suggest that the molecular
layer does not take part in the conduction at all. Conduction in an organic layer would
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Figure 6.4: IV characteristic of a ZnO/aluminum (a) and ITO/aluminum (b) stack.
Both show resistive switching. The contact area. is 0.0288mm?2.
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Figure 6.5: Switching of a device consisting of Znty, Smm AlaOg and S0mm Al {black).
For comparizon, a IV characteristic of a ZonC)/ Tnm Rose Bengal /aluminum is shown
in red, The characreristic of the switching s almost identical. For both devices, the
eontact arca is 0.0288mm?,

show a characteristic diode behavior that is governed by both, charge injection at the
alectrodes sl charge carrier mobilities. Especially the large corrents seen in Bgure 6.2
are ot compatible with the charge carrier mobilities found in organic materials,

There are two ways in which the organic laver can be short civenited so that it
does not take part in the conduction process, First of all, analogous to a breakdown
mechanism of AlaOs st high electric fields, aluminum ions can migrate through the
sample and short cireuit the organic laver [245]. Similarly, during deposition of the top
electrode, aluminnm fons can already punch through the molecular layver.

Either of these explanations results in paths of aluminum that bypass the organic
layer. However, a complete short cieenin is avoided sinee at the contact of these alu-
mimim paths with the Zut) or ITC bottom electrode, the aluminnm is oxidized similarly
g the oxidation of an aluminum electeode which iz divectly deposived onte 2o or 1TO
as seen in figure G4, Therely, the whole switching as observed in figure 6.2 is explained
Iy the switching of a thin laver of AlLQ3 as seen in fignee 6.5 and is thus not @ moleenlar
effect,

However, it has to be poted that the vesults preseoted bere do oot exelude the

possihility that Rose Bengal can show a molecular switching efect in other pxperimental
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Figure 6.6: Thickness dependence of the on and off switching voltages of Rose Bengal
devices contacted by a ZnO bottom and aluminum top electrode.

setups. In fact, in the on state the molecular layer is short circuited so that no conclusion
about the molecule can be drawn. Furthermore, the magnitude of the currents shown in
figure 6.2 is higher than that observed by Bandyopadhyay et al. [219], who also observed
switching with mercury top clectrodes [222]. But the findings of this chapter show that
one has to be very careful in automatically assigning a bistable switching effect of a
molecular layer contacted by metal clectrodes to the molecule. Most importantly, a
linear on state with a low resistivity, as occasionally reported for Rose Bengal and
other molecular layers [234], is always a strong indication of an extrinsic electrode effect
instead of molecular switching.

6.3.1 Thickness Dependence of the Switching Effect

Although the switching effect observed in these studies has turned out not to be a
molecular effect, it is an interesting phenomenon which deserves to be looked at further.
As an additional characterization, the switching voltages and the Rorr/Rox ratio was
measured for films with varying thickness (see figure 6.6).

In figure 6.6 the switching voltages and the Ropr/Ron ratio is shown for different
thicknesses (Onm-140nm, Onm corresponds to the aluminum electrode directly deposited

onto the ZnO clectrode). The on switching voltage varies slightly between 1.1V and
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0.7V and the off switching voltage between -1.4V and -1.0V. These switching voltages
are another indication that the Rose Bengal layer does not take part in the switching
process. If the thickness of the Rose Bengal layer is increased from ~ 55nm to 140nm,
the switching voltages have to increase by a factor of ~ 3 to provide the same electric
field in the sample. Instead, the magnitude of the switching voltages decreases slightly.

The Rorr/Rov ratio increases with increasing thickness. Again, this can be ex-
plained by the extrinsic switching mechanism proposed in the preceding section. If the
thickness is increased, fewer aluminum ions can penetrate the Rose Bengal layer so that
there are fewer filaments or conducting aluminum paths that short circuit the Rose
Bengal layer. Consequently, at least the off resistance increases. The on resistance, on
the other hand, is very low and is mainly determined by the scries resistance of the
measurement setup”. Therefore, the on resistance is not influenced by the thickness of

the Rose Bengal layer so that the Roprp/Ron riscs.

6.4 Conclusion

A Rose Bengal thin film sandwiched between a ZnO or ITO bottom electrode and
aluminum top electrode is shown to exhibit resistive switching. By replacing Rose
Bengal by Xanthene and finally omitting the molecular layer, it is shown that the
switching observed in this thesis is not a molecular effect. Furthermore, due to the
strong similarity of the switching of the Rose Bengal devices to the switching of a 5nm
Aly Oy layer, it is suggested that the switching is completely extrinsic, i.c. an cffect of
the electrodes which is not due to the material of the layer between the electrodes.

Although the switching cffect is not caused by Rosc Bengal, Rose Bengal amplifics
the switching, visible in the comparison of figure 6.2 and 6.3. This amplification can
be explained by the oxidizing property of Rose Bengal. Rose Bengal is widely used
as a photosensitizer and produces singlet oxygen [246, 247]. The sequence of events
of photosensitized oxidation involves excitation of the sensitizer, intersystem crossing,
energy transfer from the triplet of the sensitizer to molecular oxygen, and reaction of
the formed singlet oxygen with the substrate. Especially if a reactive singlet oxygen
acceptor (like aluminum) is used as the top electrode, this photoreaction can be very
effective and will enhance the oxidation of the top electrode.

*The serics resistance mainly consists of the resistance of the 1x1 inch ZnO bottom clectrode
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Chapter 7

Conclusion

The aim of this thesis is the development of a method for the characterization of the
electrical transport across functional organic molecules. In particular, the electrical
transport of a special class of molecules, biphenylthiols (BPn), is measured. A self or-
ganized device setup as shown in the introduction (see figure 1.9) is developed, which
can be used for a wide variety of molecules. As a consequence of this device setup, the
thesis is divided into five experimental parts: the optimization of the gold bottom elec-
trode, the deposition of the SAM of dodecanethiol, the characterization of full coverage
layers of BPn and the embedding of BPn molecules into a dodecanethiol monolayer.
Finally, the switching effect of thin layers (~ 100nm;) of a more complex molecule, Rose

Bengal is studied in a MIM-type setup.

Gold Bottom Electrode

In the first experiments, gold films are deposited onto mica at low deposition rates
(1A/s) and high temperatures (464°C-610°C). These films show pure three dimensional
growth and only a very poor conductivity. By increasing the deposition rate to 50A /s,
the growth mode changes to layer by layer growth and a continuous layer of gold is
produced. However, the high deposition rate leads to holes in the films; so that in order
to fill these holes a second step of slow deposition is introduced (O.Z)A/s).

This two step deposition process results in very smooth gold films (roughness of only
2-3A) with large terraces. Two structures of the terrace edges can be seen: rounded
step edges and linear step edges along the (011) directions (faceting). The linear step
edges are generated by a stress relaxation mechanism. At low temperatures, the stress
is mainly due to the differences in the cocfficients of thermal expansion of mica and gold,
whereas at higher temperatures additional stress is introduced due to the decomposition
of mica.

To summarize, a stable, fast and efficient process for the deposition of very smooth
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gold films is developed. Due to the large, (111)-oriented terraces, the gold films are
perfectly suited for the deposition of SAMs and characterization of these films by STM.
Although Hépfner et al. |82] already proposed a similar two-step process as developed
in this thesis, they did not optimize the films in terms of a low roughness. Therefore,
the use of this two-step deposition method for obtaining smooth gold films is a valuable
addition to the already existing literature in this field. Furthermore, the clarification of

the origin of faceting of these gold films supplements the knowledge in this area [88].

Alkanethiol SAM

Two deposition methods are used to grow self-assembled monolayers of dodecanethiol:
deposition from solution and from the gas phase.

SAMs grown from solution consist of many small molecular domains (diameter 5-
15nm) and a high density of vacancy islands. By annealing the films at 78°C in a 1mM
solution of dodecanethiol for one hour, the size of the domains is increased (diameter
15-25nm) and the density of vacancy islands is decreased. For longer annealing times
(6.5h), molecules are desorbed from the surface and, besides the high coverage, standing
up phase, lower coverage phases (lying-down phases) appear. The high coverage phase
shows slight deviations in the molecular arrangement compared to the normal c(4x2)
phase.

SAMs grown from the gas phasc are supcrior to samples grown from solution in
terms of domain size and cleanliness of the substrate. The molecular domain size is
only limited by the size of the underlying gold terrace. It is shown that the samples
display different phases of the c¢(4x2) structure, the well-known §-phase and a new
¢-phase.

SAMs of alkanethiol are probably one of the best characterized classes of SAMs.
Nonetheless, two details discovered in this thesis are new: the evidence that the structure
of SAMs of C12 close to desorption deviates from the normal ¢(4x2) structure, described
in the publication of Miiller-Meskamp et al [170], and the discovery of a new phase of
the ¢(4x2) structure |172].

Characterization of Full Coverage SAMs of BPn

SAMs of biphenylthiols display a distinct odd-even effect. Whereas BPn with n=3
shows a very well-defined (2\/§ X \/§) structure, the structure of BPn with n=even is
much less defined.

This behavior is explained by the structural misfit of BPn with n=even with the
gold lattice. Whereas for BPn, n= odd, a low energy structure in terms of molecular
conformation, Au-S-C binding angle and adsorption sites on the gold lattice can be
obtained, for BPn, n=even, this configuration is not possible. Due to the even number
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of CHgy units the biphenyl unit is forced into a considerably more tilted conformation.
The resulting structure is determined by a compromise between the forces acting on the
molecule, such as the molecule-substrate interaction, the intermolecular interactions and
the forces due to conformational energies. This renders the structure of BPn, n—even,
much less defined and consequently different molecular structures are found: a (4x 6v/3)
structure for BP2 and BP4 and a (4 x v/3) structure for BP4.

Besides the structural characterization, films of BPn are also characterized electri-
cally. It is shown that the current vs. voltage characteristic can be explained by a
simple tunncling model. No sharp featurces are observed in the IV characteristics nor in
the plot of the differential conductance that would suggest a resonant transport across
a molecular level.

By IS spectroscopy, the decay constant of the molecule is measured vertically re-
solved. The SAM is shown to be composed of two parts, cach part with a different
decay constant 8. These parts are interpreted as the biphenyl unit and the alkane chain
of BPu. By these measurements, the decay length 8 of the biphenyl unit is determined
to be 4.7 £ 0.8nm 1.

This chapter complements the existing literature in various ways. First of all, the
(4 x 64/3) structure for BP2 and BP4 has not been reported elsewhere. Furthermore,
this chapter represents the first studies of the gas phase growth of SAMs of BPn and

the first studies of the electronic transport properties by IV and IS spectroscopy.

Characterization of Embedded BPn in Alkanethiol SAMs

In the first experiments, alkanedithiols are embedded into a dodecanethiol SAM by
immersing a preassembled C12 film into a 1mM solution of alkanedithiols for 10min.
This process results in embedded single molecules or at least embedded bundles with
a low number of molecules (<30 molecules). The upper -SH group of the dithiols
can be contacted by a gold cluster. The current vs. voltage characteristic of embedded
alkanedithiols contacted by a gold cluster shows a suppression of the current for voltages
below 0.2V, which can be explained by the Coulomb blockade effect.

Following these experiments, biphenylthiols (BP4) are embedded into a dode-
canethiol SAM. By immersion of a dodecanethiol SAM into a 100xM solution of B4
for 10min at room temperature, single BP4 or small bundles of BP4 are embedded into
the dodecanethiol layer (<230 molecules).

Increasing the deposition time to 20min and the temperature to 70°C, SAMs con-
sisting of phasc scgregated BP4 and dodecancthiol domains arce produced. It is shown
that domain boundaries and pits in the gold surface act as nucleation points for BP4
domains. Anncaling the film at 64°C results in a higher order of the BP4 domains and
a slight decrease of the height of BP4 domains above C12.
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For the presented experimental conditions, some BP4 molecules are found to be
inserted into the middle of a C12 domain. Their size and position can be determined
by using the underlying ¢(4x2) structure of the alkanethiols as a coordinate system.
Thereby, it is shown that the protrusions in the C12 domains contain less than four
molecules and are most probably due to single embedded BI’4 molecules. Furthermore,
these molecules are fixed in the C12 structure and do not migrate at room temperature.

The height difference of the domains of BP4 compared to the C12 SAM is explained
in terms of a higher tunneling conductance of BP4. A simple two-layer model is proposed
by means of which the current transport through the BP4 group is discussed and the
decay constant Bpp, of ~ 5nm ™1 is deduced.

This chapter is the first study of ecmbedded BP4 in C12 [248]. The interpretation
of the height of the different molecular species follows the method first proposed by
Bumm ct al. [52]. However, for the first time, it is shown in this thesis that the
tunneling conductance of BPn can be obtained by splitting the molecule up into the

alkane and the biphenyl part and by combining the conductances of these two parts.

A Candidate for a Switching Molecule: Rose Bengal

A thin film consisting of Rose Bengal sandwiched between a ZnO or ITO bottom clec-
trode and Al top electrode is shown to exhibit resistive switching with on- and off-
switching voltages of ~ 0.5 — 1V and ~ —1V, respectively. The Ropp/Ron ratio is
dependent on the thickness of the Rose Bengal layer. Typical Rorr/Roy ratios are in
the range of 2-50. By replacing Rosc Bengal by Xanthene and finally leaving out the
molecular layer, it is shown that the switching observed in this thesis is not a molecular
effect. Furthermore, due to the strong similarity of the switching of the Rose Bengal
devices to the switching of a dnm AlsOs layer, it is suggested that the switching is
completely extrinsic, i.e. an effect of the electrodes which is not primarily dependent
on the material of the layer between the electrodes.

The importance of this chapter for research in this area lies in the proposition of
a molecularly independent switching effect, which may be in operation in other de-
vices. Evidences for this switching effect are a very low on resistance and a linear IV
dependence |249|.

Outlook and Suggestions for Further Work

The device setup developed in this thesis can be used for the characterization of a wide
variety of molecules. There are only a few demands that these molecules have to meet.
First of all, to facilitate chemical binding to the substrate, the molecules have to possess
a bottom group that binds to gold. Furthermore, at least for the deposition of phase
segregated mixed SAMs, the molecules have to be able to form well ordered, single
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component SAMs. For a quantitative interpretation of the height differences in STM
images between the embedded molecules and the surrounding insulating SAM, e.g. for
the deduction of the decay length 3, the structure of the SAM and the conformation of
the molecules has to be known. The interpretation is further simplified if both molecular
species possess the same top and bottom groups.

Very interesting questions can be answered for these molecules. For example, how
do side groups influence the electric transport? Is it possible to "tune" the molecules
to possess a low HOMO-LUMO gap, e.g. by increasing the length of the phenylene
part of the molecule? Does the decay length 8 depend on the voltage? How can the
contact between the molecule and the gold substrate be optimired, e.g. through different
bonding groups?

These measurements would lead to a more detailed understanding of the current
transport mechanism of single molecules. These insights could be applicd to optimize
the molecules used, for example, for organic field effect transistors or organic light
emitting diodes. Furthermore, molecules could be identified that possess two different
conduction states and that could be used for molecular memories. Candidates for such
molecules are redox-active substances such as ferrocene [42].

The device setup presented here is useful for fundamental research, but does not
include a method for integrating molecules and contacting a large number of single
molecular devices. Therefore, a necessary way to proceed from these basic studies
towards real (single) molecular electronics would be to test and evaluate methods of
integrating such molecular devices. In literature, some device setups are proposed that
can be integrated, e.g. the nanopore [250], the nanowell [49] or the mushroom concept
[251]. Probably the most promising sctup for integration is a simple crossbar struc-
ture. For example, by the superlattice nanowire pattern transfer technique [252] or by
nanoimprint techniques [253], it is possible to prepare nanowires with a diamcter of
below 10nm. Therefore, crossbar structures with device sizes of below 10 x 10nm? are
possible, which would consist of only a few hundred molecules. This would be the first
step towards the integration of a large number of molecular devices, but for real "single"
molecular devices these techniques have to be improved and the device area has to be

further decreased.
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