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Summary

Atoms and molecules are the building blocks of matter. A simple molecule
as benzene (ring of 6 carbon atoms) is about a billion (1,000,000,000) times
smaller than a human being. Small is popular. Especially in the computer
industry, where miniaturization of components has improved computers for
many years. In that sense, a molecule or atom is the ultimate electronic
component. One needs the right tools to build electronics at the atomic
scale. Organic chemistry provides such a toolbox. However, before being
able to build anything sensible, one first needs to know the relation between
electronic properties and molecular structure. Therefore, we need to connect
a molecule to electrodes.

Conceptually, it is very interesting to couple a molecule to metal elec-
trodes. Metals are excellent conductors. Their electrons can move freely
throughout the lattice of the metal atoms. The electronic properties of
molecules are dependent on the nature of the chemical bond between the
atoms of the molecule. For example, electrons of benzene (a ring of 6 carbon
atoms) move freely over the ring. However, electrons in octane (a chain of
8 carbon atoms) are confined to the atoms. So what to expect of the elec-
tronic properties of the joint metal-molecule-metal structure? What is the
resistance of a molecule? Can the electrons of benzene move into the metal?
And is octane an insulator?

Making contact between components at the atomic level is not so straight-
forward as it may seem. Molecules and atoms do not stand still at room
temperature. Furthermore, we cannot perceive individual molecules directly
with our own senses. Since the 70s and 80s, a series of technological ad-
vances has brought major improvements. Over the last 15 years, scientists
really took the challenge. They got into their laboratories and started de-
termining the electronic properties of single molecules. Nowadays, there is
evidence that benzene is indeed a better conductor than octane. However,
the exact results largely vary from experiment to experiment. This is not
how it is supposed to be. Therefore, this thesis is largely devoted to two new
approaches to connect molecules to electrodes.

So far, one of the most important lessons from efforts into molecular
electronics is that the properties of the metal-molecule-metal junction largely
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depend on the details of the contact between molecule and metal. It turns out
that it is hard to control these details. Different contacts give different results.
The approaches chosen in this thesis take notice of these differences. The first
method studies the statistics of many single molecule junctions. By studying
the statistics, the variations are mapped. The second method studies many
molecule junctions at the same time. Therefore, a single measurement yields
the average value of many junctions.

How to make a single molecule junction? The first method does so by
gently breaking a thin gold wire. By pulling on the wire, the diameter of
the wire gradually decreases, similar to pulling on a piece of chewing gum.
This thinning will proceed to the ultimate limit, when the diameter of the
wire consists of one atom only. Pulling even further will break the wire.
The contacts thus formed have very suitable dimensions for contacting a
single molecule. After breaking, we can control the distance between the
contacts very precisely. In contrast to a broken paperclip, a broken wire at
the atomic scale can easily be repaired. Therefore, breaking and making can
be repeated many times. When performing this cycle in the presence of a
solution of molecules, the molecules have a chance to bridge the gap between
the electrodes.

To enhance the bridging probability, the molecules are equipped with a
sulfur atom. Sulfur is known to bind strongly to noble metals. Therefore, the
molecules will stick to the wire once they hit it out of solution. In chapter 3,
we test alkanes (chains of carbon atoms) with a sulfur atom at each end of the
alkane chain (alkanedithiols). In chapter 4 we repeat the same experiments.
However, now we use the same alkanes with only one sulfur atom on one end of
the carbon chain (alkanemonothiols). For alkanedithiols we find evidence for
single molecule bridge formation. We think molecules already bridge the gap
before the metallic wire breaks. Furthermore, it is thinkable that the breaking
of the metallic wire destroys molecular bridges. Interestingly, we find that
it is difficult to form a single molecule bridge using alkanemonothiols. In
fact, many molecular bridges form. They eventually prevent metallic contact
between the electrodes.

The second method contacts billions of molecules at the same time. In
order to get well-defined structure of molecules, we make use of so called
self-assembly of the molecules. A good example of self-assembly is a drop of
oil on a water surface. The drop will automatically arrange into a layer on
the water surface with a well-defined thickness of one single oil molecule. A
similar phenomenon is observed when applying alkanethiols on a flat surface
of gold. When alkanethiols hit a gold surface, they will initially lie flat. How-
ever, when more molecules join, they will erect on the surface. Eventually,
dense closely packed layers of molecules will arise with a well-defined thick-
ness. This metal-molecule bilayer is a very attractive structure, since only a
top electrode is needed to form a metal-molecule-metal structure. However,
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applying this second electrode is not obvious. It appears that the second
metal layer easily destroys the molecular layer. Therefore, we make use of a
trick. Instead of a metal, we use a conductive polymer. This material does
not destroy the molecular layer.

In chapter 6, we investigate the electrical properties of oligo phenylenes
(chains of benzene rings). We find that the resistance increases when in-
creasing the number of benzene rings in the chain. However, the resistance
increases only half as fast as a function of length compared to the alkanes.
Also, our experiments give very surprising results. We can deduce that the
electronic properties of the metal-molecule-polymer system, are determined
both by the molecules and the polymer. There is a lot of interesting system-
atics in the data. We present a tentative model in order to explain the data.
In chapter 7, we try to excite molecular vibrations using a current.

Chapter 5 is arguably the most contemplative part of this thesis. Models
for charge transport through thin layers of insulating oxides have been around
for about 50 years. But are molecules really fundamentally different from
these systems? A recent analysis suggests that these systems are indeed very
much the same. Chapter 5 argues for a new approach.

117



118




