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Chapter 1

Introduction

In this chapter, we motivate this thesis and shortly discuss a few relevant
concepts. We recall the nature of an organic molecule and review several
basics of electron transport. Furthermore, we mention aspects of making a
molecular junction and give an outline of the following chapters.

1.1 Motivation

This thesis is about electron transport. An electron is an elementary particle
characterized by a charge e, an intrinsic angular momentum 1

2 ℎ̄ and a mass
me. By studying the flow of electrons inside materials, one can study the
nature of these materials. We aim to study metal-molecule-metal junctions.

The research field studying the electronic properties of molecules is called
molecular electronics. Its promise is that organic molecules can be used
as electronic components. For example, one can design and synthesize a
molecule that has a switching functionality [1, 2]. Inserting these molecules
between metal electrodes can create electronic switches [3]. Initially, the small
volume of a single molecule component formed an important motivation for
the interest in molecular electronics. Shrinking electronic components has
been one of main driving forces for the growth of the computer industry.
Present technology can make electronic components with volumes∼ 103 nm3.
However, it is unclear whether these components can be made smaller using
conventional approaches. Using molecules may form an alternative route.
The volume of metal-molecule-metal components can be as small as ∼ 1
nm3.

From a scientific point of view, a metal-molecule-metal junction has many
interesting aspects. Besides being a potential electronic component, it is also
a potential analytic tool for determining the molecular properties away from
ensemble average. Furthermore, considering the electron transport through
a single molecule, new questions arise. For example: How does a molecu-
lar orbital hybridize with the wave functions of the metal? Is an extended
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molecular orbital a channel of conductance with perfect transmission? And
how do electrons and phonons interact in a single molecule junction? These
questions are currently getting answers from both theory and experiment.
The motivation to study charge transport through molecules can also be
judged in a historical perspective. Table 1.1 lists several events important
for molecular electronics.

1.2 Molecules

Figure 1.1 displays the skeletal structural formulas of all molecules measured
in this thesis. The central atom in these organic molecules is the carbon atom.
Carbon is the sixth atom in the periodic table of the elements after boron and
before nitrogen. Its most stable isotope contains six neutrons and six protons
in its nucleus. The six electrons are arranged as 1s22s22p2. Hence, the four
valence electrons reside in the outermost orbitals: one spherical symmetrical
s orbital and three degenerate dumbbell-shaped p orbitals with a node on
the nucleus itself (px, py and pz). Each of these four orbitals can host two
electrons with opposite spin.

Carbon atoms aim to fill all eight positions available in their valence
orbitals. They can do so by mutual sharing of electrons with neighboring
(carbon) atoms. After being shared, these electrons travel between the two
nuclei. Therefore, the electron cannot be regarded as a particle residing on
one atom, but it must be thought of as being delocalized between both atoms.
The total energy of the joint structure has a lower energy than the sum of the
energies of the original individual atoms. This energy gain forms the basis of
a chemical bond. Hence, a molecule is formed.

To fill all eight positions in its outer valence orbitals, the carbon atoms
has three options. For each of these options the p and s orbitals mix and
hybridize to three different geometries. (i) A carbon atom can borrow four
electrons from four other atoms. When bonded to four atoms, all four valence
orbitals mix to form four sp3 orbitals. This yields tetrahedral structures, such
as methane (CH4). The electron density of each covalent bond is localized in
between the two atoms and is called a ¾ bond. (ii) Alternatively, a carbon
atom can borrow four electrons from three other atoms; two from one atom
and one from two other atoms. Now, two p orbitals and one s orbital hybridize
to three sp2 orbitals. This yields planar trigonal structures, such as ethylene
(C2H4), benzene (C6H6) or graphene (sheet of carbon atoms in honeycomb
lattice). Each of the sp2 orbitals form ¾ bonds with the three other atoms.
However, the remaining p (pz) orbital maintains its atomic character and
has electron density perpendicular to the plane of the molecule. By mutual
sharing pz electrons with one (e.g. ethene), two (e.g. benzene) or three (e.g.
graphene) other carbon atoms with a pz orbital, again an energy gain is
obtained. The electron density of these ’bonds’ (¼ bond) are located above
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year event
1825 Faraday discovers benzene [4]
1865 Kekulé proposes structure for benzene [5]
1939 Pauling summarizes the nature of the chemical bond [6]
1940 Molecules are characterized by a ’voltammogram’ [7]
1948 Solid-state transistor is invented [8]
1964 Density functional theory is developed [9, 10]
1966 Molecular vibrations are measured using the tunneling current [11]
1970 e-beam lithography allows sub-¹m microfabrication [12]
1973 Report of giant conductivity in charge transfer salt TCNQ:TTF [13]
1974 The use of molecules for a current rectifier is proposed [14]
1977 Conducting polyacetylene is synthesized [15]
1982 The scanning tunneling microscope (STM) resolves atoms [16]
1988 Quantum of conductance is observed, showing that conductance is trans-

mission [17, 18]
1989 Individual atoms are positioned with a STM [19]
1995 Fabrication of an artificial molecule in a 2D electron gas [20]
1995 Conductance quantization in a single atom contact is confirmed [21]
1995 Conductance of a single C60 molecule is reported [22]
1997 Conductance of a single benzene molecule is reported [23]
1997 Conductance of a single single-wall carbon nanotube is reported [24]
2002 Conductance of a single hydrogen molecule is reported [25]
2003 Recipe for statistics of single molecule junctions at 300K is proposed [26]
2003 Access to several redox states of single molecule by electrostatic gating

[27]
2004 Electronic properties of graphene are reported [28]
2005 Direct imaging of individual molecular orbitals of pentacene [29]
2006 Statistics on single conjugated diamines show dependence on molecular

conformation [30]
2006 Electrochemical gating of single molecule [31]
2008 Statistics on single alkanedithiols show importance of binding site [32]

Table 1.1: Events important for molecular electronics. The table is meant to
appreciate the historical manifold of events shaping our current understand-
ing and is not meant to give a complete overview of the history of molecular
electronics.
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and below the plane of the molecule. (iii) Finally, a carbon atom can borrow
four electrons from two atoms; three from one atom and one from another
atom. When bonded to two other atoms, one p orbital and one s orbital
hybridize to two sp orbitals. The sp orbitals form two localized ¾ bonds
with the two other atoms. However, the remaining two p orbitals form two
¼ bonds with a neighboring sp carbon atom. This yields linear structures,
such as acetylene (C2H2).

Planar sp2 carbon systems with delocalized ¼ electrons have attracted
much attention, since they are expected to be good conductors. A few exam-
ples of such systems are charge transfer salts [13], conductive polymers [15],
bucky balls [22], nanotubes [24] and more recently graphene [28]. Formally,
the molecule as a whole has its own solutions to the Schrödinger equation.
Therefore, it is more correct to exactly calculate the molecular orbitals in-
stead of qualitatively discussing the nature of the molecule using the atomic
orbitals. In our case, two molecular orbitals are of special interest; the high-
est occupied molecular orbital (HOMO) and the lowest unoccupied orbital
(LUMO). These orbitals are usually assumed to determine the charge trans-
port properties of molecules. Under specific circumstances, the HOMO and
the LUMO of a molecule can be visualized using a scanning tunneling micro-
scope (see figure 1.7).

1.3 Electron transport in nanoscale junctions

Figure 1.2 gives a representation of the system we study. By inserting a
molecule between two metal electrodes, a metal-molecule-metal bridge is cre-
ated. We aim to study relatively simple organic molecules up to ∼ 20 atoms
in length, connected to electrodes via a chemical bond. To describe the
charge transport in this system, one has to take into account several length
and energy scales. Below we will shortly recall a few of these.

Let us start with a metal. In a metal, part of the electrons of the atoms
(usually one or two) are delocalized over the lattice. When applying an
electric field E, the current density J through the metal increases linearly
with the electric field strength. This famous relation is captured in Ohm’s
law: J = ¾E. The conductivity ¾ has a microscopic origin and is given by:

¾ =
ne2¿

m
. (1.1)

Here, n is the density of free electrons, e is the electron charge, m is the
electron mass and ¿ is the average time the electron is being accelerated by
the electric field before it gets scattered. An important scattering source is
electron phonon scattering. By cooling down, less thermally excited phonons
are present and hence the conductivity increases. The average length elec-
trons travel during ¿ is called the conductivity mean free path. In gold, the
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Figure 1.1: Skeletal formulas of molecules measured in this thesis. Car-
bon atoms are represented by the vertices (corners) and termini of line seg-
ments that are not marked with an atomic symbol. Each carbon atom
is in turn assumed to bear enough hydrogen atoms to give the carbon
atom four bonds. Hydrogen atoms on atoms other than carbon are writ-
ten explicitly. Chapter 4: (a) 1-butanethiol (BMT), (b) 1-hexanethiol
(HMT) (c) 1-octanethiol (OMT). Chapter 3: (d) 1,4-butanedithiol (BDT),
(e) 1,6-hexanedithiol (HDT) (f) 1,8-octanedithiol (ODT). Chapter 7:
(g) 1-icosanethiol (C20MT), (h) 1-undecanethiol with Ferrocene. Chap-
ter 6: (i) 1,4-benzenedithiol (P1), (j) 4-4’biphenylenedithiol (P2), (k) ter-
phenylenedithioacetate (P3), (l) quarterphenylenedithioacetate (P4). (a)-
(f) and (i) were obtained from Sigma-Aldrich, (g) was obtained from
Prochimia, (g) and (j)-(l) were synthesized by Bert de Boer.
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electrode 1
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electrode 2

2

Molecule

Figure 1.2: Schematic representation of a molecule connected to two elec-
trodes. In the electrodes, the electrons are in equilibrium with each other,
such that they are characterized by the electrochemical potentials ¹1 and ¹2.
If ¹1 = ¹2, no net current will flow. If ¹1 ∕= ¹2 (by applying a bias voltage),
a current will flow if the molecule has a nonzero transmission.

conductivity mean free path is 42 nm at 273 K and 167 nm at 77 K [33].
In order to describe the electrical properties of a metal in more detail,

one has to explicitly take the Pauli exclusion principle of quantum mechanics
into account. This principle states that no more than two electrons with
opposite spin can occupy a single orbital. For an extended piece of metal,
a continuum of states in energy is present. However, as was discussed for
atomic and molecular orbitals in the previous section, also in a continuum,
electrons are ’stacked’ pairwise in energy. The stacking as a function of energy
is described by the Fermi-Dirac distribution:

f(E) =
1

exp[(E − ¹)/kbT ] + 1
. (1.2)

At T=0, all states up to the Fermi energy (¹ = EF ) are filled f(E < EF ) = 1
and all states above are empty f(E > EF ) = 0. Energy states around
the Fermi energy can contribute to the conduction, since they can move to
empty states an infinitesimally amount of energy above EF . A more precise
definition of the conductivity should therefore include the density of states
at the Fermi energy:

¾ = g(EF )De2. (1.3)

Where g(EF ) is the density of states at the Fermi energy and D the diffusion

coefficient (D =
v2F ¿
3 ). Here, vF is the velocity of electrons at the Fermi

energy. Hence, the mean free path le = vF ¿ . The wavelength of the electrons
at the Fermi energy is given by the de Broglie relation,

¸F =
ℎ

pF
=

2¼

kF
. (1.4)

Here, pF = mvF , the momentum of the electrons at the Fermi energy. The
value of the wave vector kF depends on the dimensions and density of states
of the material. For most metals, ¸F ∼ 0.5 nm.
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The molecule of figure 1.2 has dimensions far below the mean free path
of the electrons in the metal. In general, according to equation 1.3, when
reducing the dimensions of a piece of material below le, the electrons will not
scatter inside the material. Therefore, one may expect ¾ will go to infinity.
As we will see below, this is not the case. To understand this, it is instructive
to review the experimental observation of the quantization of conductance
[17, 18]. In these experiments electrons in a so called two dimensional electron
gas (2-DEG) were studied. A 2-DEG is a sheet of free electrons confined at
the interface between two layers of material (GaAs-AlGaAs heterojunction,
see figure 1.3). Electrons can be expelled from the 2-DEG by electric fields
produced by metal electrodes defined on top of the material. In this way, a
channel of variable width connecting two reservoirs of free electrons can be
constructed. W can be varied between 0 and a few times ¸F . This device is
called a quantum point contact (QPC). Strikingly, when W is increased in a
continuous way by reducing the gate voltage, the conductance increases with
equidistant steps of 2e2/ℎ, see figure 1.3b. Apparently, the conductance of a
constriction of W << le is finite and increases in steps as a function of W .

This can be understood by realizing that only an integer N = 2W/¸F

number of electron ’modes’ can propagate through the constriction. For each
mode, the current through the channel biased by a difference in potential
energy eV, is given by I = 2e

∫ eV
0 JpdE. Here, Jp is the particle current

and 2 is due to the spin degeneracy. Jp is given by the product of the
group velocity vg of the mode times the density of states g of the channel,
Jp(E) = vg(E) ⋅ g(E). Now strikingly, the product of group velocity (dE/dk)
and the density of states (dk/hdE) for each mode is equal to 1/h. Therefore,

for each mode, I = 2e/ℎ
∫ eV
0 dE = 2e2/ℎV and G = I/V = 2e2/ℎ. The

observation of quantized conductance in figure 1.3b gives a solid basis for the
more general Landauer formula,

G =
2e2

ℎ

∑
n

Tn (1.5)

for the conductance of a piece of disordered metal between two electrodes. In
other words, conductance can be described in terms of transmissions of waves
[34]. For the case of the experiment described above, each mode is perfectly
transmitted (T=1). 2e2/ℎ is also called the quantum of conductance G0.

An alternative way of creating a system similar to the quantum point con-
tact is by gently breaking a thin metallic constriction. While pulling along
the wire, the constriction becomes thinner. Just before the wire breaks, it can
be as thin as a single atom. This atom forms a constriction of approximately
half the Fermi wavelength of the electrons in the electrodes. For some metals
indeed it is observed that such a configuration has a conductance close to 1
G0 [36]. The archetype metal for forming single atom contacts is gold. Re-
cently, noise measurements have confirmed that the current of this contact is

13



(a) (b)

Figure 1.3: (a) Schematic representation of a quantum point contact. At the
interface of a GaAs-AlGaAs heterojunction, free electrons are present, such
that a two dimensional electron gas is formed. By defining metal electrodes
on top of the structure (gates) one can expel the electrons at the interface
and define a constriction of variable width. Picture was taken from reference
[34]. (b) Observation of quantized conductance as a function of temperature.
The conductance increases by 2e2/h when the width of the channel is equal
to an integer times ¸F /2. The width is increased in a continuous way by
reducing the gate voltage. The steps become smeared out when the thermal
energy is comparable to the energy spacing of the modes. Picture was taken
from reference [35].

mostly carried by a single nearly fully transmitted mode [37]. Even at room
temperature, one can observe that a single gold atom has a transmission
close to one. A very simple way of observing the quantum of conductance
is by placing two wires of macroscopic dimensions in contact on a table. By
making the wires vibrate by tapping on the table top while measuring its con-
ductance, one can observe the quantum of conductance using an oscilloscope
[38].

Instead of a single atom with perfect transmission, one can also consider
the extreme case when no atoms are present. Figure 1.4 schematically depicts
a metal-vacuum-metal gap of width d. At the interfaces of the metal and
the vacuum, the electrons experience a sudden jump in potential. Therefore,
electrons have to pass a potential barrier with a height equal to the difference
between the Fermi energy and the vacuum level, i.e. the work function of
the metal Á. One can deduce that the probability P for a wave in the left
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metalmetal vacuum
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Figure 1.4: Sketch of a vacuum tunnel barrier. When two reservoirs of free
electrons are separated by a vacuum barrier, propagating modes in the elec-
trodes will be damped in the barrier region. The height of the barrier is equal
to the workfunction of the metal Á.

electrode to propagate to the right electrode is proportional to [40]:

P ∝ exp(−2·d). (1.6)

Here, · =
√
2mÁ/ℎ̄. In other words, the amplitude of a transmitted mode

is damped in the barrier region. The conductance of the barrier per mode is
therefore ∼ 2e2/ℎ ⋅ exp(−2·d). A similar description also holds for potential
barriers of insulating oxides, such as Al2O3 [39]. We will return to vacuum
tunneling in section 2.2.

Now, let us return to figure 1.2 and consider a metal-molecule-metal junc-
tion. Recently, the simplest molecule thinkable, a hydrogen molecule, was
placed in between two platinum electrodes. The junction thus created was
found to have a single conductance mode with an almost perfect transmis-
sion [25]. Therefore, in terms of the transmissions in equation 1.5, a QPC of
W = ¸F

2 , the gold atom and the hydrogen atom are very similar. However,
most experiments on a single molecule of > 10 atoms show transmissions
far below 1 (typically 10−3 to 10−5) [41]. Furthermore, when systemati-
cally increasing the length of these molecules, an exponential decrease of the
conductance is observed both for saturated (sp3) [42] and conjugated (sp2)
[43] molecules. This is similar to what is seen for the vacuum tunnel bar-
rier. Hence, experiments on molecules show both features of a QPC and of
a tunnel barrier. However, neither of these pictures capture all experimental
observations.

An alternative picture to discuss electron transport through molecules is
given in figure 1.5. Here, we consider one molecular level to contribute to the
electron transport. The molecular orbital closest to the Fermi energy, i.e.
the HOMO or the LUMO, is expected to be up to half the HOMO-LUMO
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separation away from the Fermi level (up to a few eVs). Furthermore, the
exact position " is dependent on coupling between the molecule and the
electrode. Strong coupling reduces the level spacing between the molecular
orbitals such that the molecular orbitals move closer to the Fermi level of
the electrodes [27]. A stronger coupling also decreases the lifetime of the
electron Δt on the molecule. This results in an effective broadening Γ of the
molecular orbital. The broadening can be understood using the Heisenberg
uncertainty principle, ΔEΔt ≥ ℎ̄/2. The lifetime of an electron in a free
molecule is almost infinite, such that the uncertainty on energy is almost
zero. However, for a molecule coupled to an electrode, t becomes finite
as the life-time of an electron on the molecule is limited by the molecule-
lead coupling. Therefore, the uncertainty ΔE becomes significant, which
translates to molecular level broadening Γ. This broadening is captured
when T (E) is given by a Lorentzian function located at ² of width Γ,

T (E) =
Γ1Γ2

Γ2/4 + (E − ")2
. (1.7)

Here, Γ = Γ1 + Γ2. Specifically, Γ1 and Γ2 describe the overlap between the
wavefunctions of the molecule and the left and right electrode, respectively.
Gamma divided by ℎ̄ can be regarded as a rate of an electron entering and
leaving the molecule.

To describe the charge transport through the molecule, three energy scales
are of importance, the thermal energy Δ=kbT, the broadening Γ and the
charging energy, Ec = e2/2C. The charging energy arises from the repulsive
Coulomb interaction between electrons (C is the capacitance of the molecule
’island’). When the couplings to the molecule are weak and Ec >> Δ,Γ,
electrons tunnel to the island one by one and have to pay the charging energy
when entering the molecule [44, 45]. Therefore, at low biases the current is
blocked. When Γ >> Ec, electrons tunnel coherently through the molecule.
In the case when Γ1 = Γ2, an applied voltage drops symmetrically at the
left and right contact. The current voltage characteristics, I(V )s, can be
calculated using the extended Landauer formula,

I =
2e

ℎ

∫
T (E)[f1(E)− f2(E)]dE. (1.8)

Here, f1(E) and f2(E) are the Fermi functions (equation 1.2) at the left
(¹1 = eV/2) and right (¹2 = −eV/2) electrode, respectively.

Besides moving elastically, the electron may also lose part of its energy
to the molecule. In fact, the current through the molecule may also excite
molecular vibrations. Figure 1.6 schematically shows how vibrations are seen
in I(V )-traces. Starting from V = ℎ̄!/e an electron can transfer its energy
to a molecular vibration of frequency !. Afterwards, the electron can return
to both electrodes, depending on the modes available. If it returns to the
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eV

Figure 1.5: Simplified energy diagram of a molecule between two electrodes.
Only the molecular level closest to the Fermi energy of the metal is shown.
The level is expected to shift and broaden due to its interaction with the
electrodes. Here, the broadening is assumed to be given by a Lorentzian of
width Γ = Γ1+Γ2. Γ1/ℎ̄,Γ2/ℎ̄ can be seen as the effective rates of an electron
entering and leaving the molecule.

electrode it came from, it reduces the current. This appears as a kink down in
the I(V )-trace at V = ℎ̄!/e and a step down in the differential conductance
measurements (dotted lines in figure 1.6a,b). If it proceeds to the other
electrode, it adds an additional mode. This appears as a kink up in the I(V )-
trace at ℎ̄!/e and a step up in the differential conductance measurements
(solid lines in figure 1.6a,b). Recently, the transition between a step up
and a step down was observed in experiment for a single mode of T ∼ 0.5
[46]. Interestingly, both limits have a different research field associated with
them. Conductance measurements for channels of T > 0.5, are referred to as
point contact spectroscopy (PCS). Conductance measurements for channels
of T < 0.5, are referred to as inelastic electron tunneling spectroscopy (IETS).
In chapter 7 we report IETS measurements.

1.4 Creating a molecular junction

Recent times have seen a significant growth of independent techniques to
contact single molecules or small ensembles of molecules [42, 47]. Below
we discuss several aspects of making a metal-molecule-metal junction. We
consider two conventional experimental approaches, applying electrodes to
the molecules (EM) and applying the molecules to the electrodes (ME). In
EM one has to deposit molecules on a surface, determine the molecules’
position and subsequently apply contacts. In the ME approach, one first
defines the contact(s) and afterwards applies the molecules.

Let us first discuss how to make a single molecule junction. An elegant
EM way of forming a single molecule junction is by using a scanning probe
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Figure 1.6: Molecular vibrations of frequency ! can become visible in current
voltage characteristics. Depending on the transmission of a molecule, vibra-
tions increase or decrease the current above a voltage ℎ̄!/e. For T < 0.5
(T > 0.5), vibrations appear as a kink up (down) in the current (a) and a
step up (down) in the differential conductance (b). Nota bene: the steps and
kinks shown are exaggerated. In reality, only up to ∼ 1 % of the current will
interact with molecular vibrations.

microscope (SPM) at low temperatures with low drift. With such a micro-
scope one can image a surface with molecules and very accurately determine
the molecules position. Contacting the molecule can be realized by position-
ing the SPM tip above the molecule. Alternatively, ME approaches to make
single molecule junctions are very attractive. Molecules can spontaneously
arrange themselves between pre-fabricated electrodes. Hence, searching for
the molecule can be skipped. However, in order to fit a single molecule,
these electrodes need to have dimensions similar to the size of the molecule.
These spacings are beyond the resolution limits of current micro fabrication
techniques. In this thesis, we will discuss a ME method of forming a single
molecule junction by breaking a nanowire in a solution of molecules.

More practically, one can create a molecular junction out of a macro
structure of many molecules. Micrometer-sized structure of molecules are
much more manageable than nanometer-sized structures, especially at room
temperature. By making molecular crystals, conventional EM methods can
be used such as optical lithography and vacuum metal deposition. A ME
method is to apply molecular crystals on top of prefabricated electrodes.
Alternatively, molecules also have the ability to organize themselves on top
of electrodes from solution. This self-assembly is a very attractive route in
creating a molecular junction. For example, as we will see in this thesis,
molecules can form a self-assembled monolayer (SAM) of one molecule thick
on top of a metal electrode (ME). By defining an electrode on top of this
layer in a second step (EM), one has created a molecular junction.

An important issue in molecular electronics is the nature of the contact
between the electrode and the molecule [48]. Roughly speaking, a molecule
can be contacted to a metal electrode in two ways. Molecules can either
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physisorb to the metal by weak dipolar interactions or chemisorb to the
substrate by a ionic or covalent bonding. However, for most small organic
molecules a dipolar interaction is not strong enough to stand the thermal
fluctuations at room temperature. Therefore, often molecules are equipped
with a so called anchor group. An anchor group is a functional group attached
to the molecule, having a high affinity for the metal, allowing the molecule to
bind to the electrode. An anchor group orients the molecule with respect to
the electrode. The most common choice of anchor group and metal is a thiol
group (-SH) and a noble metal. The self-assembly properties of alkanethiols
on gold are well-studied [49]. Thiols bind strongly to gold. In fact, the sulfur-
gold bond is stronger than the bonds between the gold atoms themselves.
Recently, amines (-NH2) were reported to selectively bind to gold (ad)atoms
[50]. To obtain a metal-molecule-metal junction with a well defined geometry,
usually two anchor groups are attached to both sides of the molecule. Each
anchor group can bind to an electrode, immobilizing the molecule on both
sides. Alternatively, one can equip a molecule with only one anchor group.
The contact between the molecule and the second electrode is then realized
by physisorbtion. Anchor groups generally affect the conductance of the
junction. For example, for a benzene molecule contacted without anchor
groups a conductance of 0.11G0 was reported [51]. However, for benzene
with two thiol anchor groups (1,4-benzenedithiol) a conductance ∼ 10−3G0

was found [23].

1.5 This thesis

This thesis covers a variety of topics. The emphasis is on experimental aspects
of forming and characterizing molecular junctions. Below, we will shortly list
the topics dealt with in each chapter.

∙ Chapter 2 introduces the two experimental techniques used in this the-
sis to create molecular junctions. Mechanically controllable break junc-
tions with a liquid cell (MCBJ) are used to contact single molecules.
Large area molecular junctions (LAMJ) are used to contact macro
structures of molecules using a soft conducting polymer as a top elec-
trode.

∙ Chapter 3 reports on measurements of molecular junction formation of
alkanedithiols (two anchor groups) using the MCBJ technique.

∙ Chapter 4 reports on measurements of molecular junction formation of
alkanemonothiols (one anchor group) using the same technique.

∙ Chapter 5 discusses whether signatures of molecular orbitals can be
obtained in current-voltage characteristics. It elaborates on the inter-
pretation of a recently proposed method to analyze molecular junctions.
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∙ Chapter 6 experimentally tests whether a LAMJ can be used to deter-
mine the electrical properties of oligo-para-phenylene dithiols.

∙ Finally, chapter 7 reports on inelastic electron tunneling spectroscopy
(IETS) measurements using the LAMJ technique.

Figure 1.7: Upper two rows: direct observation of molecular orbitals of a
pentacene molecule. The pictures were recorded using a scanning tunneling
microscope at low temperatures. Special care was taken to decouple the
molecule from the surface using an ultrathin layer of NaCl. Both the HOMO
(left), the geometry (middle) of the molecule and the LUMO (right) can be
imaged by changing the bias voltage with respect to the underlying metallic
substrate. The images were recorded using two different tips. Lower row:
Calculated images using density functional theory. The picture is used with
permission and is courtesy of J. Repp [29].
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