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Abstract

In this thesis, a cryogenic mechanically controllable break-junction (MCBJ) setup is developed
and used for the characterization of single organic molecules at different temperatures. Molecules
are the building blocks of life and among others responsible for charge transfer in biological pro-
cesses, e.g. photosynthesis in plants and metabolism in humans. Since these processes are not
yet completely understood, single molecules are highly interesting systems to study. Furthermore,
due to their astonishing properties they might be used as electronic components in future tech-
nologies. This approach is called “molecular electronics”, existing representatives that use thin or
thick layers of organic molecules are for instance light emitting diodes (OLED) or liquid crystal
displays (LCD). However, single molecule devices are still not in use, and in order to build such
systems the single molecules have to be understood, especially their electronic properties.

Since the size of single molecules is typically of the order of nm, their characterization requires
an appropriate setup. In this thesis a MCBIJ is developed that traps single molecules between two
electrodes, and thus allows to characterize its electronic features.

The first aim of this thesis is the construction and development of a cryogenic MCBJ setup, con-
sisting mainly of three parts: (i) the sophisticated sample holder, suitable for measurements inside
the helium-flow cryostat, including a piezo-positioner to bend the sample, (ii) an automated setup
to control the measurement parameters and acquire the data (e.g. temperature, applied voltage,
measured current, piezo-position), and (iii) the development of suitable break-junction samples
consisting mainly of a lithographically prepared Au bridge (with nm size dimensions). The three
parts together allow measurements of molecules with a position control in the pm regime, currents
ranging from below pA to mA, and temperatures ranging from 4 K to room temperature.

The second aim is to develop and to establish adequate procedures for break-junction measure-
ments, regarding mounting of the sample, deposition of molecules and measurement techniques.
For the latter one, conductance—position characteristics (CPCs), current—voltages characteristics
(IVC), standard CPC histograms and contour histograms are developed, automated and tested in
reference measurements without molecules.

The third aim is the measurement of simple “test-bed” molecules. Hexanedithiol and ben-
zenedithiol are chosen as representatives for simple alkanes and conjugated molecules, respec-
tively. CPCs of the rod-like hexanedithiol show a distinct peak in agreement with literature values,
while BeDT exhibits a more complex behavior. IVCs are performed on the molecules and molec-
ular levels are obtained. The curves demonstrate the quality of the measurement techniques and
the analysis methods.

Finally, the fourth aim is the measurement of the temperature dependent electronic properties
of the more complex molecules terphenyldithiol (TPT) and porphyrine (TPyP). The latter one
plays an important role in biological processes and represents a promising candidate for molecular
electronics. We find, that TPT exhibits a distinct and strongly temperature dependent conductance
peak, while the level of the molecular orbital is independent of temperature. It is shown that for
TPT a transition from direct tunneling to “hopping” mechanism takes place around a temperature
of 100 K. The TPyP displays unusual CPCs. Only tilted plateaus are observed, that are indicative
for clustering of the molecule. Contour histograms demonstrate the presence of these clusters in
the break-junction. IVCs of TPyP reveal a temperature dependent electronic or vibrational mode.
It shifts towards higher voltages with increasing temperature and is therefore only detectable below
T < 180K. Above this temperature reordering of the molecules and the molecule-Au bonds lead
to large noise in the IVC at large voltages.
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The MCBJ represents an elegant way to detect interesting electronic properties of single molecules.
Here, a major aspect is the great stability of the metal-molecule-metal system that allows extensive
characterization even in the case of complex molecules. In this thesis it is shown, that lower tem-
peratures improve the performance of the MCBJ, and, even more crucial, temperature dependent
measurements allow a deeper insight in the charge transfer of single molecules.



Zusammenfassung

In dieser Arbeit werden organische Einzelmolekiile durch kryogene, mechanisch kontrollierte
Bruchkontaktmessungen (englisch: mechanically controllable break-junction, MCBJ) untersucht.
Die Grundlage allen biologischen Lebens wird durch organische Molekiile gebildet, die beispiels-
weise in Prozessen auf denen Photosynthese und Stoffwechselvorginge beruhen eine wesentliche
Rolle spielen. Durch die vielfiltigen elektronischen Eigenschaften der organischen Molekiile sind
sie auch fiir die Molekulare Elektronik von hochstem Interesse, welche Molekiile als Bausteine
fuir elektrische Schaltkreise zu nutzen versucht. Die Eigenschaften organischer Molekiile werden
schon heute in Bauteilen genutzt, beispielsweise in Fliissigkristall-Bildschirmen (LCD) oder or-
ganischen Leuchtdioden (OLED). Allerdings sind Einzelmolekiile hierbei keine eigenstindigen
Bauteile. Um dies zu ermoglichen, miissen die elektrischen Eigenschaften der Molekiile besser
verstanden werden.

Da Molekiile typischerweise in der Gro3enordnung von einigen Nanometern liegen, benotigt
ihre Charakterisierung einen geeigneten Aufbau. Die MCBJ wird in dieser Arbeit benutzt um Mo-
lekiile zwischen zwei Elektroden zu bringen und dort elektrisch zu charakterisieren.

Die Arbeit kann in vier Teile aufgeteilt werden. Die erste Zielsetzung besteht aus der Ent-
wicklung und Konstruktion eines geeigneten Aufbaus fiir MCBJ Messungen. Hierbei sind drei
Komponenten von groer Wichtigkeit:

(i) Der durchdachte Probenhalter, mit einem Piezo-Positionierer, der fiir Messungen im Kryo-
staten benutzt werden kann, (ii) ein vollstdndig automatisierter Aufbau zur Einstellung aller wich-
tigen Parameter und der Messung der Daten (z.B. Temperatur, angelegte Spannung, gemessener
Strom oder Piezo-Position), und (iii) die Entwicklung geeigneter Bruchkontakt-Proben die haupt-
sédchlich aus einer lithographisch hergestellten Goldbriicke (in der Grolenordnung von Nanome-
tern) bestehen. Dieser Aufbau erlaubt Messungen an Molekiilen mit einer (theoretisch) Pikometer
genauen Einstellung der Position, Strom-Messungen bis zu einer Groflenordnung von unter Piko-
ampere und Temperaturen zwischen 4 K und Raumtemperatur.

Der zweite Teil hat die Entwicklung und Etablierung addquater Messmethoden fiir die MCBJ,
unter anderem den Einbau der Proben, das Aufbringen der Molekiile und verschiedene Messver-
fahren zum Ziel. Fiir letztere werden durch Referenzmessungen (ohne Molekiile) Leitfahigkeit—
Positionscharakteristika (CPC), Strom—Spannungscharakteristika (IVC), sowie Standard- und Kon-
turhistogramme entwickelt, automatisiert und getestet.

Die dritte Zielsetzung besteht aus der Messung verhidltnismifig einfacher ,,Testmolekiile®. Als
Stellvertreter fiir Alkane und konjugierte Molekiile werden Hexandithiol (HDT), bzw. Benzendi-
thiol (BeDT) vermessen. Die Leitfihigkeit des ,,linearen* HDT, erhalten durch CPC-Messungen,
ist relativ eindeutig, wihrend BeDT komplexere Verhaltensweisen mit mehreren Leitfdhigkeiten
zeigt — beides stimmt mit Literaturwerten tiberein. Die molekularen Niveaus werden mithilfe von
IVCs gemessen, wobei die gemessenen Kurven die Qualitéit der Messtechnik und der Auswertung
demonstrieren.

Der vierte und letzte Teil der Arbeit hat die Untersuchung komplexerer Molekiile, Terphenyldi-
thiol (TPT) und Porphyrine (TPyP), in Abhéngigkeit der Temperatur als Zielsetzung. Porphyrine
iibernehmen wichtige Aufgaben in vielen biologischen Systemen und sind zudem fiir die moleku-
lare Elektronik von groem Interesse. Der Wert fiir die Leitfidhigkeit von TPT ist temperaturab-
hingig, wihrend die molekularen Niveaus tiber den gemessenen Temperaturbereich konstant sind.
Es kann gezeigt werden, dass fiir TPT bei steigender Temperatur eine Anderung im Mechanis-
mus des Elektronentransports auftritt. Bei tiefen Temperaturen dominiert kohérentes Tunneln den
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Transport, welches bei etwa 100 K von inkohédrentem Tunneln, dem sogennanten ,,hopping* (Hiip-
fen) abgelost wird. In den CPCs von TPyP konnen nur geneigte Plateaus gemessen werden welche
nicht auf Einzelmolekiile, sondern auf einen Molekiilverbund schlieen lassen. Konturhistogram-
me weisen den Einfluss des Molekiilverbunds auf den Bruchkontakt nach. IVCs von TPyP zeigen
eine interessante Temperaturabhingigkeit die auf einen elektrischen Zustand oder einen Schwin-
gungszustand hinweist. Der Zustand ist nur unterhalb von 7 < 180 K beobachtbar, da er sich mit
zunehmender Temperatur zu hoheren Spannungen hin verschiebt wo schlie8lich starkes Rauschen
auftritt. Dies kann durch Reorganisationsprozesse der Molekiile und der Au-Molekiil-Bindung
erkldrt werden.

Die MCBIJ stellt eine elegante Methode zur Untersuchung elektrischer Eigenschaften einzelner
Molekiile dar. Ein Hauptaugenmerk liegt dabei auf der auergewohnlichen Stabilitit der Metall-
Molekiil-Metall Systeme, was selbst fiir komplexe Molekiile ausfiihrliche Messungen erlaubt. In
dieser Arbeit wird gezeigt dass tiefe Temperaturen einen wichtigen Aspekt fiir die MCBJ darstel-
len und dass temperaturabhiingige Charakterisierungen einzelner Molekiile einen tiefen Einblick
in ihren Ladungstransport erlauben.



Contents

Contents

Abstract
Zusammenfassung
1 Introduction and Aims

2 Theoretical Background
2.1 Mechanically Controllable Break-Junction . . . . . .. ... .. ... ......
2.2 A Quantum Mechanical Approach . . . . ... ... ... ... .........
2.3 Electron Tunneling Through a Potential Barrier . . . . . . . ... ... .....
2.4 Conductance Mechanisms of Single Molecules . . . . . .. ... ... .....
24.1 Simmons’Model . . . . ... o
2.4.2 Resonant TunnelingModel . . . . . ... ... ... . ..........
243 Summary . ... e e e

3 Sample Preparation and Experimental Setup
3.1 Cryogenic Break-Junction Sample Holder . . . . . ... .. ... ........
32 Electronic Setup . . . . . . ... e e
33 Automation . . . oL ... e e e e
3.4 Sample Design and Preparation . . . . . .. ... ... ... ... .. .. ..
34.1 Preparation Steps . . . . . ... ...
342 AuDeposition . ... ...
3.4.3 Design of the Break-Junction . . .. ... ... ... ..........
3.5 Mountingthe Sample . . . . . ... ... Lo

4 Results and Discussion

4.1 Reference Measurements . . . . . . . . . . . ..ttt e e
4.1.1 Conductance-Position Characteristics . . . . . . . .. ... ... ....
4.1.1.1 Attenuation Factor . . ... ... ... .. ..........

4.1.1.2  Histogram . . . . . ... ...

4.1.1.3 Contour Histogram . . . . . ... ... ... .........

4.1.2  Current—Voltage Characteristics . . . . . . . . . . .. ... ... ....

4.2 Characterization of Molecules . . . . . . . ... ... .. ... ... ....
4.2.1 Characterization Methods . . . . . .. ... ... ... .. .......
4.2.1.1 Conductance—Position Characteristics . . . . . .. ... ...

4.2.1.2 Resonant Tunneling Model . . . ... ... ..........

42.1.3 Fowler-NordheimPlot . . . ... ... .. ..........

4.2.1.4 Double LogarithmicPlot . . . ... ... ...........

42.1.5 Derivativesofthe IVC . . . . .. ... ... ... .......

4.3 Hexanedithiol and Benzenedithiol . . . . .. ... ... ... ..........
4.4 Terphenyldithiol . . . . . . . . ...
4.5 Porphyrines . . . . . . . . ...

5 Summary

6 Danksagung

i =S REN LN BV ) |

—

15
15
16
19
20
20
23
26
27

31
31
31
32
35
37
40
41
41
41
43
43
44
44
46
55
61

69

73



VI Cryogenic Break-Junction Characterization of Single Organic Molecules

References
A The Quantum of Conductance
B Chemical Analysis

C Eidesstattliche Erklarung

75

81

83

87



1 Introduction and Aims

Molecules are not only the basis for all liquids and nearly all gases. Moreover, organic molecules
represent the building blocks for life, i.e. humans, animals and plants. Among others, organic
molecules are responsible for complex charge transfer processes in biological systems, e.g. in
metabolism processes or photosynthesis.

In contrast, charge transfer in classical electric circuits is based on metallic structures, mostly
silicon, with a repeating (crystalline) atomic structure. In the last decades the question has arisen:

Can we combine the two worlds?

More explicitly, is it possible to include organic molecules in electric circuits and to use their
unique properties in Molecular Electronics?

The term organic is historically derived, and used since ancient times. In 1806 the Swedish
chemist Jons Jacob Berzelius introduced the term organic chemistry since he considered that only
living organisms (“vis vitalis”) were able to create organic molecules (although already in 1828
the German chemist Friedrich Wohler proved this wrong by the synthesis of urea) [62]. As a
rule of thumb, organic molecules consist of a significant amount of carbon, and most have C-C
or C-H bonds. The variability of carbon is the reason for the versatility of organic molecules.
In the recent years, organic molecules entered the field of electronic devices, such as the organic
light-emitting diode (OLED), liquid crystal displays (LCD) or various sensor devices. While thin
or thick layers of organic molecules are already used in nowadays electronic technology, single
organic molecules might play a role for the fabrication of new designed electric circuits of the
future. Contrary to building electric circuits via the classical “top-down” method in which the
device is patterned via subtractive methods (e.g. etching) from the bulk, a “bottom-up” technique
could be possible for this so called molecular electronics, i.e. arranging the circuit from single
molecules. The smallest scale accessible with this approach is a circuit consisting of individual
molecules as electrical components, where single molecules could act as wires, resistors, diodes
or transistors.

30,000

25,000 -

20,000 -

15,000

Citations/year

10,000

5,000

L !

0 L
1975 1980 1985 1990 1995 2000 2005 2010 2015

Year
Figure 1: Citations per year in the topic “Molecular Electronics” [8]
The term molecular electronics was introduced in the 1970’s by Aviram and Ratner [9]. Fig. 1

shows the rapid increase of scientific citations regarding the topic “molecular electronics” in the
past years, proofing the growing interest in this field [8]. One motivation to study molecular
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Figure 2: Sketch of a molecule trapped between two electrodes in the MCBJ.

electronics are the shrinking feature sizes in classical electric circuits. The miniaturization of the
standard silicon (Si) process techniques eventually reaches its theoretical limits. A combination
of Si-technology and molecular electronics could be one possibility to maintain the improvements
of the performance of the information technology of the last decades (for instance described by
“Moore’s law”). The use of molecular structures for electronic purposes provides several advan-
tages:

— The small size of the molecules could lead to a higher efficiency and speed of the system.

— The possible self-assembly of molecules on nano-scale might be used as a production step
of electric circuits.

— The large variety of molecules could allow novel electronic functionalities not available in
conventional devices.

Although molecular electronics will probably never replace the silicon-based technique, it could
compliment it, for instance by including molecular based components with improved or novel
functionalities. Furthermore, bio-compatible devices are imaginable, which for instance could be
implemented in the body and help to prevent or cure diseases, act as prosthesis or monitor body
functions [12, 33].

Furthermore, electron transfer mechanisms represent a central part not only in physics and
chemistry, but also play a major role in all enzymatic cycles in biological systems. Although
the mechanisms have been investigated for several decades, however, they are not fully under-
stood yet (e.g. the electron transfer from one redox active side to the other of the protein). In
order to understand these and similar mechanisms of charge transfer in small organic systems, the
electronical analysis of single organic molecules can be helpful.

The aim of this thesis was to characterize the electronic properties of single organic molecules.
For this purpose, a cryogenic and automated mechanically controllable break-junction (MCBJ)
setup is developed that allows to electronically measure molecules that are trapped between two
gold electrodes (see Fig. 2). The different tasks of this work are in detail:
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1. Development and automation of a cryogenic MCBJ setup.

2. Development and optimization of a sample preparation, including the break-junction and
the molecule deposition.

3. Test and optimization of the setup and measuring and analyzing procedures using Au nano
bridges without deposited molecules, with alkanes (hexanedithiol) and with conjugated sys-
tems (benzenedithiol) for first tests.

4. Characterization of the electron transport in more complex and important molecules, ter-
phenyldithiol and tetrapyridilporphine.

Chap. 2 provides a basic introduction to the physics of small systems and molecules. The exper-
imental setup and the sample preparation are described in Chap. 3, and the main results and the
discussion can be found in Chap. 4. Here, the data are analyzed and the molecules are investigated.
Finally, a summary is given in Chap. 5.






2 Theoretical Background

This chapter provides a first basic insight of the working principle of a mechanically controllable
break-junction (MCBJ) and an overview of the theoretical description of basic ingredient of the
MCBJ, i.e. the metal-molecule-metal contact. The discussion is necessarily oversimplified since
a more detailed introduction would go beyond the scope of this thesis. However, the goal is
to provide the basis for a general understanding of the charge transfer of electrons, and their
dependence on voltage, distance, and temperature.

The working principle of the break-junction is introduced in Chap. 2.1, a basic quantum me-
chanical description for electron tunneling, which plays an important role for understanding the
MCBJ, follows in Chaps. 2.2 and 2.3. Finally, the standard models that describe the conductance
of single molecules are presented in Chap. 2.4. Detailed information on the theoretical background
of the chapters can be obtained for instance in Ref. [12, 27, 33].

2.1 Mechanically Controllable Break-Junction

The mechanically controllable break-junction (MCBJ) represents an ideal method to investigate
electronic and mechanical properties of single molecules. The main component is a metallic nano
contact on a flexible substrate which is mechanically controlled by the reversible bending of the
substrate via a manipulator, for instance a motor or a piezo-positioner (see Fig. 3 a). Well defined
vertical movements of the manipulator bent the substrate and as a result separate the junction.

G if iy
N

/
a b B

Figure 3: Sketch of the working principle of the mechanically controllable break-junction. (a) A metallic
substrate (black) is mounted into the sample holder and precisely bent vertically by a piezo-positioner in
z-direction. The nano gold (Au) junction with a freestanding bridge of length u (yellow)—on top of the
substrate and an isolating layer (purple)—is therefore displaced in lateral direction d. Since the Au bridge
has a constriction of only several 10 nm in diameter, the displacement leads to a reduction of the cross
section until only one atom connects the electrodes and finally causing a breaking. This process is sketched
in (b). If molecules are deposited onto the Au, eventually a molecule can be trapped between the Au tips,
see right hand side in (b), and thus can be characterized electronically.

Due to the precise movement of the positioner and the geometrically defined attenuation factor
that converts the vertical movement z to a horizontal movement d, the gap between the two gold
tips can be controlled on sub-nanometer scale (in our setup theoretically in the pm range, see
Chap. 4.1.1.1). The molecules are placed between the tips and thus mechanical and/or electronic
properties of the molecules can be analyzed.

As long as the break-junction is intact, i.e. the metallic nano bridge consists of more than
several hundred atoms, it shows a macroscopic behavior. That is, the current / is proportional to
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the applied voltage V. This means it obeys Ohm’s law:
I=V/R, M

with the resistance R. In this case bending of the substrate mainly reduces the cross section A of
the bridge and the resistance increases continuously. Since the length / of the underetched part
stays nearly constant, the decrease of the cross section of the contact is simply described by

l
R = po A (2)
where pg is the specific electrical resistance, and A.g is the effective cross section of the nano
contact. The continuous increase of the resistance, i.e. reduction of the conductance, stops when
the cross section reaches atomic size. For some materials, depending on the mechanical properties
(especially ductility), finally a single atom contact is formed.

At this point, quantum effects have to be considered, and Ohm’s law cannot be applied anymore,
since the scattering length of the electrons is typically larger than the atomic structure. In the
Landauer model (see Chap. 2.4.2) for the zero temperature limit and low voltages, the current
becomes:

2
1= (%T)V. A3)

This describes the situation for one transmission channel with 0 < 7 < 1. Consequently, the
maximal conductance of one transmission channel, i.e. T = 1, is:

2¢2 -1
Goi= == ~T7uS ~ (134", @

the so called quantum of conductance (a more intuitive derivation of Gy can be found in ap-
pendix A). This provides a remarkable result. For the nano contact the conductance changes in a
step-like manner, and the proportionality does not depend on material specific properties, like the
density of states. To oversimplify, a nano bridge consisting of only one atom has a resistance of
G, 1= 13kQ. Gy represents a fundamental value that can be calculated from natural constants (see
Eq. 4).

For some materials—like Au—a plateau occurs at Gy in the conductance—position character-
istics (CPC) since chain-like atomic structures develop, that sustain some mechanical strain (see
middle structure in Fig. 3 b). Finally, the maximum strain is executed and the chain breaks, which
result in a sudden decrease of the conductance to values G < Gy.

If molecules are deposited onto the bridge, the measurement can change. First the molecules
do not contribute to the conductance. However, as the junction breaks a molecule can be trapped
between the two Au tips. This situation is illustrated on the right side of Fig. (3 b). Further
bending does not change the conductance since the molecule pulls out a chain of Au atoms, sim-
ilar to the procedure at the quantum of conductance. The probability for measuring a molecular
plateau depends on the properties of the specific molecule, e.g. length and flexibility. However,
the end groups which have to connect to the Au atoms, play the major role. The stronger the
bond to Au, the better is the ability to extract a chain of atoms out of the tips and hence detect the
molecule as a signature in the measurement. If the displacement of the Au electrodes is stopped,
the molecule can be characterized by using current—voltage curves (IVC) to obtain basic proper-
ties, e.g. molecular energy levels. Increasing the bending further, finally leads to the rupture of the
metal-molecule-metal connection and an exponentially decreasing tunnel current.

Up to this point the idea of the working principle of the break-junction can be understood by
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classical physics. However, if we want to understand the physics of charge transport through a
nano-junction and later characterize molecules, we have to use quantum mechanical approaches.
This is the aim of the next chapters.

2.2 A Quantum Mechanical Approach

In contrast to classical mechanics, quantum mechanics provides no precise prediction of the posi-
tion or momentum of a particle. Instead the quantum state of the particle is described by a wave
function (for a detailed introduction, see Ref. [27]). In general, this wave function contains all
information of all particles (not only one) in the system and can be interpreted as a probability
amplitude. The squared modulus of the wave function represents the probability density function:

(x, D = p(x,1). ®)

It does not provide an exact location of the particle, but a relative likelihood of finding the
particle in a measurement at a given time ¢ at a given position x.
The Schrodinger equation (Erwin Schrodinger,1926) (Ref. [49, 50, 51, 52]) represents the basic
equation for quantum mechanics. The form is adapted from classical mechanics, however a priori
derivation does not exist. The most general notation for the Schrédinger equation is:
175 SN
ih— = HY, 6
Y (6)
where 7 is Planck’s constant #/2r, H represents the Hamilton operator and corresponds to the total
energy of the system.
For a non relativistic particle with mass m moving in an one-dimensional potential U(x) the

Hamiltonian is A = Plom + U(x) = —%% + U(x) which leads to the following form of the
Schrodinger equation:
1 0¥(x,1) A¥(x,1)
- Ux)¥Y(x, 1) = ih————. 7
o T O¥(x, 1) =1 P @)

In principle, we can determine the wave function of an electron in a tunnel junction (with or
without molecule) with Eq. 7.

2.3 Electron Tunneling Through a Potential Barrier

Let us first consider an open metal junction, i.e. the situation of the break-junction without
molecule after rupture. It consists of two metal surfaces opposing each other and thus forming
a small gap between them. We can simply model the electron transfer by a rectangular potential
barrier which separates two regions in which electrons can move as a free particles. Close to the
surface of the metals an electron experiences a potential that prevents it from leaving the metal. To
overcome this potential (and thus allow the electron to move away from the surface) an energy is
required which is usually called the “work function” @ of the metal. The work function depends
on the metal and lies typically in the order of a few electron volts (e.g. ®a, = 5.3eV [31]). In this
picture the work function defines the height of the barrier, the width of the barrier corresponds to
the gap between the two metals.

According to this classical description, the energy barrier cannot be passed by electrons if their
energy is too small. However, in the quantum mechanical description the electron is allowed
to “tunnel” through the potential barrier even if it possesses an energy that is smaller than ®.
Applying the Schrodinger equation (Eq. 7) we obtain the general form of the solution for this
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non-relativistic, one-dimensional problem [27]:
Y(x) « exp(xikx), (8)

with the imaginary unit i and k the wave number. The plus and minus signs describe incident and
reflected waves, respectively. For an electron on the left side of the barrier the Hamilton operator
n? 6>

contains only the kinetic energy of the free electron A = —5m 32 - Lhe resulting wave function is
X

a combination of the two (incident and reflected) complex waves
Wi (x) = exp(iksx) + r exp(—iksx). &)

For convenience, the amplitude of the incident wave is typically set to 1, i.e. only one electron is
considered. Here, r with 0 < r < 1 represents the reflective index, and the wave number of the
free electron is given by:

ky = N2mE/[h. (10)

The real part of the wave function—which is the only physically observable part—is a sinusoidal
oscillating wave (see Fig. 4). The electron propagates through the metal and the propagation is
described by the wave number k.

Inside the barrier of height ®y the Hamilton operator changes to A = —;’72"% + ®¢ and the
resulting Schrodinger equation is:
n? o
—%ﬁ‘lf(x) +Oo¥Y(x) =E. (11)

Using the approach given in Eq. 8, the solution for the electron inside the barrier is given by:
Yi(x) = A exp(ikpx) + B exp(—ikpx) . (12)

A and B are constants that can be obtained by the two boundary conditions for the wave functions
between the metals and vacuum. The wave number is now

kp = ‘/@. (13)

Since we assume that the energy of the electron E is smaller than the height of the barrier @y, the
argument of the square root is negative. By introducing a real wave number

iy =y = iy 0= E) (14)

Yp(x) = A exp(kpx) + B exp(—kpX) . (15)

Eq. 12 becomes

The resulting wave function has no imaginary part. Depending on the choice of A and B, the
wave function can grow exponentially or decay exponentially with increasing x. Since the first
part of the solution (Eq. 15) does not make sense (in this case the probability to find a particle
in the gap would increase with increasing distance from the electrode) A = 0. Thus, the wave
function exponentially decays inside the barrier:

Yy, = B exp(—kpx) . (16)
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Figure 4: Electron tunneling through a thin barrier of height ® and thickness d, inside the barrier the wave
function decreases exponentially.

Therefore, in contrast to the classical picture, there is always a finite probability to find electrons
on the right hand side of a finite barrier (see Fig. 4). This effect is known as “tunneling”.

2.4 Conductance Mechanisms of Single Molecules

Based on the quantum mechanical idea, different approaches exist that describe the conductance
of a single molecule trapped between two electrodes, ranging from simple tunneling models to
Density Functional Theory simulations [10, 11]. A more qualitative understanding of measure-
ments of small single molecules is possible with simpler approaches. In the next chapters two
basic models are introduced that provide a useful interpretation of the current—voltage curves of
single molecules.

2.4.1 Simmons’ Model

Similar to the consideration in Chap. 2.2 a molecule between two electrodes can be modeled by a
rectangular potential barrier (see Fig. 5). If we apply a voltage, the potential between both contacts
is shifted. In 1963, Simmons derived an expression for the current density for an one-dimensional,
small insulator sandwiched between two metal electrodes, using the Wentzel-Kramers—Brillouin
(WKB) approximation to simplify the Schrodinger equation, Eq. 7. For a rectangular barrier in
the zero-temperature limit the equation for the net tunnel current density is then given by

){(DB exp [—@ad \/GB_B} — (Dp +eV)exp [—@ad N eV}} . A

J= ( ¢
2rhad?

with the electron mass m, the elementary charge e, a barrier width d and an average height ®p
relative to the negative electrode, and an applied voltage V (see Fig. 5). Furthermore, a is a
dimensionless factor which helps to fit the Simmons equation to data. Often it is considered to
account for the effective mass of the electrons in the junction. For a free electron @ = 1 (effective
mass m* = m), whereas in complex systems a—and therefore the effective mass of the electron—
can become very small or large [48].

Eq. 17 can be simplified for different regimes of the applied voltage. In the case of a relatively
small voltage compared to the barrier height (eV <« ®g, with @y being the barrier height at zero
voltage) the tilting of the barrier can be neglected, and the barrier height becomes ®p ~ ®y =
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Figure 5: Tunneling through a small rectangular potential wall (with height ® and width d) between two
electrodes (L,R) (a). The vertical axis represents the energy. By applying a voltage the Fermi level of the
right electrode is shifted and for small voltages the barrier stays nearly rectangular (b). However, if the
applied voltage is relatively large, the barrier shows a triangular behavior, affecting the effective width and
height of the barrier (c).

(@ + @,)/2 (Fig. (5 a)). In this regime the current density is:

Dm®ge* V8m
J] = V(m)exp [—Ta \/(ng} (18)
or
VO
Jr= Vi £ exp [-Bd \@g] . (19)

with B := Va28m/h and Ji := Ve*2m/(4n2ah?). In the low voltage regime, the current decreases
exponentially with the distance d, similar to the case of electrons tunneling between the contacts
without molecules (see Chap. 2.3). Furthermore, the current density J is proportional to the applied
voltage V, i.e. the current—voltage curve should exhibit a linear behavior.

If we apply an intermediate voltage but eV < @, the barrier height can be averaged by ®p ~
(@) + Oy — eV)/2, Fig. (5 b) and the current density becomes

Vg Bde*  Bd 1,
I = Ji P CXp[—Bd \/@B] V+ ?(3#()0 - @)V . (20)

Again the current density decreases exponentially with the distance, but there is an additional
cubic term in the current—voltage characteristic.

By increasing the voltage even more (eV > @p) the tilting of the barrier becomes strong enough
to decrease the effective width of the barrier to deg (see Fig. (5 ¢)). Tunneling is now only possible
in one direction (left to right), since no empty states for the tunneling are available in the left
electrode. If we neglect image charges, this is the same situation that occurs in field emission from
a metal into the vacuum. According to reference [12] Eq.(17) can then be simplified to

V228

- L=l @
2 8nh P
eff

I T296e V!
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Figure 6: Sketch of the concept of the resonant tunneling model, the x-axis represents the position and
the the y-axis the energy. Two metal electrodes (L and R) form a small gap while a molecule is placed
inside. The metal electrodes are filled continuously with electron states up to the Fermi energy Er, while
the molecule has sharp orbitals (which are broadened inside the junction). Every orbital has a different
energy, the highest occupied molecular orbital (HOMO) is the closest orbital below the Fermi energy,
while the lowest unoccupied molecular orbital (LUMO) is the closest orbital above the Fermi energy of the
electrodes.

where deq represents the effective width of the barrier. In this regime J depends in a complex
way on the effective width and the applied voltage. This regime is often called Fowler-Nordheim
tunneling. However, one should note that Eq. 21 is the result of the simplification given in Eq.17.
An exact solution for this problem can be obtained by using the so called Airy functions [18].

The basic results of the Simmons model can be useful for understanding the basic principles,
however, conductance through molecular orbitals is completely neglected. Although the Simmons
model is still often used to explain basic mechanisms, the approach to simulate a molecule between
two electrodes with one potential barrier is obviously oversimplified, even if the molecule has a
very high resistance. Since the molecule attaches to two electrodes, there should be at least two
tunnel barriers, i.e. from the left electrode to the molecule and from the molecule to the right
electrode. In the next chapter another basic model is introduced which uses two tunnel barriers
and one molecular orbital.

2.4.2 Resonant Tunneling Model

The general principle of resonant tunneling is based on the problem of an electron tunneling
through two barriers. In this case a resonance occurs at energy states that are defined by the dis-
tance between the two tunnel barriers. Since the arrangement of the metal-molecule-metal bears
some similarity with the above described situation, the model described below is called Resonant
Tunneling Model (RTM). However, the name is misleading. No resonances are described by this
model, but the influence of an molecular energy level on the conductance of the junction.

The basic idea of the model is to mimic the situation of a molecule that is trapped between
two electrodes (Fig. 6). Charges and energy levels rearrange, if the molecule binds to the metal.
The metallic electrodes posses continuously filled energy states up to the Fermi energy of the
metal, whereas the molecular orbitals are defined by sharp energy levels (that broaden a bit due
to the hybridization of the states of the metal with the molecular orbitals). In case of charge
transport through the molecule, in principle each of these molecular orbitals can contribute to the
conductance. However, usually only one single orbital dominates the charge transport through
the molecule. Obviously, in the most cases this orbital is the highest occupied molecular orbital
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Figure 7: The RTM assumes that only one orbital contributes to the transport through the molecule. In
most cases this assumption is convenient, since one orbital (probably HOMO or LUMO close to the Fermi
energy) will dominate the charge transport. In this case the scattering rates I'g;; and the energy of the orbital
€ describe the charge transfer in the RTM (a). By applying a voltage, the Fermi energy of the metals shift,
and for high enough voltages the conductance increases dramatically if the molecular orbital ¢ is aligned
with the Fermi energy of one electrode (b).

(HOMO) or the lowest unoccupied molecular orbital (LUMO) which both lie next to the Fermi
energy of the electrodes. Therefore, in the RTM the electronic structure of the molecule is approx-
imated by a single orbital with the energy €y (Fig. 7). Furthermore, we need two parameters that
describe the coupling strength (or the scattering rate) of the orbital to the electrodes, i.e. I'y for
the coupling to the left electrode (L), and ' to the right electrode (R), respectively (this is again
different to the classical resonant tunneling where two tunnel contacts are required). By applying
a voltage to the electrodes, the Fermi levels of the metal shift. At a certain energy (eV) the voltage
is high enough for the Fermi energy to reach the level of the molecular orbital (HOMO or LUMO).
This leads to a dramatic increase in the current—voltage curve (IVC).

Generally, the current through a junction for the case of one resonant quantum state can be
obtained via Nonequilibrium Green’s Function formalism (NEGF) (for an introduction and an
overview of NEGF, see Refs [28, 45]). One can use the so called Keldysh formalism of the NEGF
to formulate current—voltage characteristics. Starting with a tight binding Hamiltonian for the
two electrodes, the Hamiltonian for each electrode is simple, and the coupling between the two
electrodes is treated as a perturbation. The voltage dependence is just given by a shift of the
energy level of one electrode. If only the two outermost atoms in the junction interact we get an
expression for the current between the electrodes, as an integral over the energy of the electrons.

2 o
1(V) = Iede T(E, V)fL(E) - frE)] (22)

with f1 and fg being the Fermi function of the left and right electrode, respectively. At zero
temperature the electron states are filled up to the Fermi energy, and higher energy states are not
occupied. The most complex part is the transmission probability 7(E, V) for the electrons, de-
pending on the local electronic structure of the electrodes and the strength of the coupling. Eq. 22
is similar to the simplest form of the Landauer formula, a famous formula already introduced in
the 1950’s [39].

In the case of the RTM we just consider a single orbital that is coupled to the electrodes. Within
the so called “wide-band approximation” (i.e., the Green’s function of the electrodes does not
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depend on an energy close to €) one can calculate the transmission probability:

4 Tk

Tres(E) = m >

(23)
with I' := T’y + ['z. This expression is known as the Breit-Wigner formula [15]. Here, I';, and

I'r are considered not to depend on the voltage or energy. This approximation is reasonable if the

density of states is relatively flat at the Fermi energy, which is true for noble metals like Au. With

the Breit-Wigner formula for the transmission probability the integral in the simple form of the

Landauer formula (Eq. 22) can be solved analytically for similar couplings I';, = T'g

Go4I' g ev/2 eV/2 + ¢

(V) = ; arctan( F_ 60) + arctan(T) , 24)

with the quantum of conductance Gy. Eq. 24 describes the form of the IV curve in the resonant
tunneling model. For low voltages, the current increases nearly linear with the applied voltage
since the molecular level does not contribute to the conductance. However, at higher voltages the
level starts to align with the chemical potential of one of the electrodes and thus contributes to the
transport. The current starts to enhance significantly (stronger than linear). The size of this regime
is defined by the finite broadening of the orbital. Finally, at voltages higher than Vg, > 2|e|, the
current saturates to

Go4I' g

L = 7 r (25)

In order to reach this saturation for most molecules, several volts have to be applied, since
HOMO or LUMO typically lie some eV above or below the Fermi energy of the metal. Again the
quantum of conductance plays a major role for the description of the electronic properties of small
systems. However, one should note that the name “quantum of conductance” can be misleading.
Firstly, despite the name, G is not the smallest conductance possible, as for instance the Planck
length is for the distance. It is a useful value for the description of small conductance channels
since it can be expressed by natural constants, similar to the Rydberg constant for spectroscopy.
Secondly, the quantum of conductance does not behave like a “typical” conductance. Since it
describes the probability of transmission through the quantum channel, no power is dissipated
in the channel itself. The power is dissipated in the bulk material where the electrons scatter.
Therefore, relatively high voltages can be applied and relatively high currents can flow through
the nano channel (see Chap. 4.5).
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Mechanism ‘ Voltage dependence ‘ Temperature dependence
Simmons/direct tunneling JoV none
Fowler-Nordheim/field emission In(J/V?) oc VI none
Thermionic emission In(J) o V12 In(7/12) oc T71
Hopping JoV In(//v) oc T~

Table 1: Selection of different conductance mechanisms and their dependence from voltage V and temper-
ature T (from [56]).

2.4.3 Summary

The Simmons model and the resonant tunneling model are descriptions of coherent tunneling.
While the Simmons model describes the tunneling through a (tilted) potential barrier, the RTM
considers one dominating molecular orbital that influences the charge transport. Although co-
herent tunneling is not temperature dependent, in the RTM the temperature dependent can be
expressed by the fitted parameters. However, despite the two discussed models, usually a sepa-
ration into different transport mechanisms takes place, depending on their current dependence on
voltage and temperature.

Tab. 1 summarizes the standard conductance mechanisms. Direct tunneling and field emission
are different regimes of the same conduction mechanism, elastic tunneling. However, since they
exhibit clearly different voltage dependencies they are usually considered as different mechanisms.
While in the direct tunneling the current is proportional to the voltage, for the field emission a com-
plex dependence of the current from the voltage is observed. In the case of thermionic emission
(which is also a coherent transport), the electron virtually “jumps” over the molecule due to ther-
mal excitation, therefore a strong temperature dependence is observed. Finally, “hopping” is an
incoherent transport, where an electron is inelastically transported through a molecule via multiple
coherent steps. It is often used as a description for electron transfer in biological systems, e.g. in
the “Marcus theory” [37]. Since hopping is a statistical process, higher temperatures lead to a
higher electron transfer rate. Hence, the hopping conductance is also strongly temperature depen-
dent. In this thesis, mainly the resonant tunneling model and the Fowler-Nordheim description
is used to analyze the coherent transport through the molecules, and the hopping model for the
incoherent molecular transport.



3 Sample Preparation and Experimental Setup

A sophisticated setup, regarding size and control, is required to perform measurements in a large
temperature range. Hence, one of the major aims of this work was the development of a cryogenic
setup for mechanically controllable break-junction experiments. This includes not only the design
and assembly of the setup, but also the fabrication process of the break-junction sample and the
optimization of the sample holder including the connection of the electronic devices. Additionally,
the setup is automatized to improve control of the parameters and the data acquisition, and to allow
continuous (e.g. over night) measurements.

Sample holder and electronic setup are described in Chap. 3.1 and 3.2, the automation is pre-
sented in Chap. 3.3. The sample preparation is described in Chap. 3.4, and finally Chap. 3.5
provides an overview of the preparation and mounting procedure of the sample.

3.1 Cryogenic Break-Junction Sample Holder

The central part of the experimental setup is the sample holder for the cryogenic measurements
that was developed, assembled and tested in the framework of this thesis. Fig. (8 a) shows the
construction sketch of the sample holder. The size of the cryostat (inner diameter 50 mm) defines
the limitation of the size of the complete system.

Counter support

Figure 8: The sample holder for cryogenic break-junction experiments. a) Sketch for the construction of the
sample holder, the piezo-positioner is located beneath the sample (blue). b) A photo of the sample holder
with a break-junction sample connected by two clamps and fixed by metal plates at the ends. Additionally,
small holders at the sides of the sample prevent movements to the side. Due to the dimension of the
cryostat the diameter of the sample holder is restricted to 50 mm. The inlet in b) shows a sketch of the
working principle. The sample with thickness ¢ and the underetched bridge with length u is bent by a
piezo-positioner in the middle, while two plates separated by the distance L fix the sample at the edges.

A special sample holder is needed to arrange the piezo-positioner, counter supports, heater, tem-
perature sensors and electrical connections and, at the same time, to provide enough space to bent
the sample. The break-junction sample is mounted between the piezo-positioner and the counter
supporters. The latter fix the sample in horizontal and vertical direction during the bending pro-
cess. The distance between the counter supporters can be changed in order to adjust the maximum
bending of the sample and thus the attenuation factor a, that describes the ratio between the lateral
extension d of the nano bridge and the vertical displacement z of the sample. Four resistive heaters
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Figure 9: The heart of the sample holder is the sophisticated mechanical construction and the piezo-
positioner (a). A lengthwise cut sample (width 0.8 mm) allows to observe the bending process in more
detail (b).

and two temperature sensors allow an accurate control of the temperature of the sample in the
helium-flow cryostat.

3.2 Electronic Setup

The electronic setup consists of the measurement circuit (voltage source and current measure-
ment), the positioner for bending the sample, and the temperature control.

Measurement Circuit

Three different systems are tested in the framework of this thesis:
— A (self-made) voltage divider with a stable constant voltage source.

— A combination of a voltmeter (Voltmeter 2000, Keithley) with a voltage amplifier (DDCPA
300, Femto).

— A Source Meter Unit (2635B, Keithley), that applies voltages and measures currents at the
same time.

In the first setup, the voltage source was not programmable and therefore not suitable for current—
voltage curves (IVC), and in the second case voltage peaks during range switching of the receiver
occurred and destroyed the sensitive nano bridge. Therefore, the third electronic setup was chosen
for all measurements performed in this thesis.

The Source Meter Unit (SMU) has three major advantages regarding the measurement process.
Firstly, the resistance measurement range is very large 107> Q < R < 10" Q, (i.e. the conductance
regime 1077 Gy < G < 107 Gy which is necessary for our measurement)[7]. Fig. 11 shows the
standard deviation of the SMU for different conductances measured at 0.1 V. Secondly, the volt-
age source and the measuring unit are combined in one device, i.e. they work at the same electric
potential and the data recording is synchronized. Finally, the SMU is completely programmable,
hence the desired automation of the setup could be realized. To optimize the measurement, sev-
eral test runs were performed testing different wires, wirings, grounds and settings of the SMU
(averaging, NPLC, filter and range settings).
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Figure 10: The sample holder, here inside the metallic cylinder at the lower part of the picture (see Fig.
9), is connected to a long carbon tube and further up to the head for the electronic connections (a). For
measurements, the sample is placed into the helium-flow cryostat and electronically connected through the
divider box (black) at the top (b).
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Figure 11: Accuracy of the SMU (Keithley 2635B) for different conductances in units of Gy ~ (13 kQ)™!
for an applied voltage of 0.1 V. The standard deviation lies below one percent for conductances down to
G ~ 1077 Gy (or resistances up to R = 10" Q).
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Figure 12: The movement of the piezo in the slip-stick mode is actuated by a tooth-saw shaped voltage.
Without additional shielding (b), spikes appear in the signal of the break-junction if the position of the
piezo is changed (a). With the additional shield this artifacts in the signal can be avoided.

To summarize, the programmable SMU provides resistance/conductance measurements over
more than 10 decades. The data recording time (for one write and read command) is approximately
40 ms for high conductances up to 350 ms in the lower conductance limit of the device.

Positioner

The manipulator is responsible for the bending of the sample, and therefore a crucial part of the
setup. In our case a piezo-positioner (Attocube, ANPz101/RES) with a size of 24 x 25 x 20 mm>
and a maximum hub of 5 mm is used that fits in the sample holder, works at temperatures ranging
from 10mK to 370K, and possesses an integrated reading (resistively) of the actual position.
The piezo expands proportionally to the applied voltage (for low voltages) in the range of several
hundred nm. To move the positioner over a larger range, a slip-stick motion is used that is based
on a saw-tooth shaped applied voltage [1].

In the slip stick mode, the movement of the piezo consists of steps in the range of zgep ~ 1 um,
the exact step size depends on the maximum voltage of the tooth saw curve (10V < Vyax <
70V). The step size, the time between the steps (fmax < 100Hz), and the load (maximal force
of the piezo-positioner F,x ~ 5N) define the velocity of the piezo-positioner which can reach
Vmax & 1 mm/s. A large number of test runs of the piezo-positioner (e.g. amplitude-, velocity- and
frequency-stabilized movements) were performed at different temperatures in order to optimize
the bending procedure.

Due to the working principle (slip-stick mode) a fast change of the high electric field (up to
70 V) is necessary. These large and fast voltage changes can affect the electric signal of the break-
junction measurement. Subsequently, a metallic shielding around the piezo-positioner had to be
developed to prevent this effects (see Fig. 12).

The piezo is the heart of the sample holder. The exact regulation and measurement of the
position, with an accuracy below um, allow a precise control of the bending process of the break-
junction sample in the complete temperature range.

Temperature Control

Finally, a temperature controller (332 Temperature Controller, Lakeshore) four resistive heaters
and two temperature sensors (Cernox) are used to set and control the temperature in the range of
4K to room temperature. The sample is cooled down with liquid helium in the helium-flow cryo-
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Figure 13: Sketch of the complete electronic setup for the MCBJ. Different devices are connected to the
cryogenic sample holder, the temperature control for temperature measurement and heating, the SMU for
applying a voltage and measuring the current, and the piezo drive for controlling the piezo-positioner.

stat and the two temperature sensors are placed close to the sample. Four heaters (i.e. resistances
of 1kQ) are evenly located to adjust the temperature resistively.

SMU, piezo-positioner and temperature control provide a suitable setup for our cryogenic break-
junction experiments, a sketch of the complete electronic wiring is shown in Fig. 13. All devices
in the setup are fully automatized, as presented in the next chapter.

3.3 Automation

The setup is fully automated in order to control the experiment and read and analyze the data.
The automation is performed with the programming software “Labview” and contains some im-
portant features. The data, among others applied voltage, measured current, temperature and
piezo-position are set and/or recorded automatically. Furthermore, the data are analyzed while
performing the measurements, e.g. conductance—position curves (CPC), current—voltage charac-
teristics (IVC) and histograms are directly visible (see Fig. 14).

The major advantage of our self-written program is the ability to control every parameter in-
dividually in order to understand and to optimize the measurements. Generally, CPCs, IVCs and
histograms can be recorded automatically for instance for different temperatures and even over
night. All parameters like start and stop condition for a characteristic, voltage-, position- and
temperature steps or repetition rates can be varied automatically within the physically or elec-
tronically allowed range. The basic structure consists of several parallel loops for the main tasks,
which allow independent, and therefore faster, measurements and data acquisition.

Subsequently, the data are usually evaluated via the program “Origin”. After the analysis tech-
niques were optimized, scripts were written to allow a fast and comparable analysis.

To sum up, the automation of the setup represents a crucial feature of the setup that is explicitly
developed by us for this experiment. The ability to control and modify every parameter helps to
find optimized procedures for the characterization of molecules. Furthermore, due to the complete
automation of the devices, extended measurements can be performed, e.g. for several days and
over-night.
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PARAMETER

Figure 14: Labview program for the break-junction setup. (a) Screenshot of the working panel. All param-
eters of the measurement can be controlled and the results (CPC, IVC or histogram) are shown during the
measurement. (b) Screenshot of the programming window. The basic structure consists of parallel loops
(e.g. data acquisition, current and voltage measurements, piezo positioner) that operate independently to
maintain a fast measurement procedure.

3.4 Sample Design and Preparation

The sample preparation represents another crucial part of the work. The nano bridge of the break-
junction sample represents a rather delicate system, small deviations, e.g. of thickness and length,
strongly influence the behavior. By optimization of the different process steps the success rate for
a reliable operating break-junction could be increased from about 30% to 70%.

The fabrication process consists of nine steps (see Tab. 2). After cleaning, the sample is coated
with two layers of polyimide. The polyimide serves as an isolating layer and allows a free-standing
nano contact. A third layer of resist allows to write lithographically the structure onto the sample.
After the development of the resist the metal layers (titanium and gold) are deposited, subsequently
the Au structure with the nano-contact is obtained via a lift-off process. In a last step the nano
contact is underetched in order to obtain the free standing Au nano contact. For an overview of
the preparation process, see Tab. 2.

All steps except for the electron beam writing are performed in a cleanroom.

3.4.1 Preparation Steps

Substrate: The cryogenic break-junction experiment is based on a substrate, with a sufficient
flexibility over the whole temperature regime from 10 K to room temperature, however, the sub-
strate should not be too soft. Spring steel is relatively flexible compared to other metal substrates
even at low temperatures. Therefore a spring steel substrate with a size of 44 x 12mm? and a
standard thickness of 0.2 mm was chosen in the beginning. Thickness and width of the steel was
optimized, to allow a reproducible bending of the sample with the commercial piezo-positioner
(see Fig. 15). For instance the standard metal substrates (thickness of 0.2 mm) can be bent to the
maximal position of zmax = 5 mm at room temperature. However, with decreasing temperature
the velocity and the maximal z-position of the piezo-positioner continuously decrease. Different
solutions for this problem have been tested:

— decrease of the width of the substrate,
— decrease of the thickness of the substrate, and

— the use of another substrate material.
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Figure 15: Temperature dependence of the maximal obtainable z-position of the piezo-positioner with a
spring steel substrate of different width w and thickness .

Fig. 15 shows the maximal position of the piezo-positioner for different temperatures and sub-
strates. Both, a reduction of the width and the thickness of the substrate, change the temperature
dependence of the maximal position. Although a smaller substrate (e.g. w = 6 mm) can easily be
bent to the maximum position of the piezo-positioner down to 60 K, we decided to choose wider
samples (w = 12mm). These samples can be handled easier in the cleanroom and they allow to
produce several nano contacts on one substrate (see discussion of the lithography below).

Furthermore, CuBe (copper-beryllium alloy) was tested successfully. However, this material
cannot be processed in our cleanroom. Therefore, a spring steel substrate with a reduced thickness
of only 0.1 mm was used for all fabricated samples.

Cleaning: In order to remove organic compounds (e.g. oil, that results for instance from the
cutting step in the workshop) the metal substrate is cleaned in acetone and propanol and dried
with nitrogen gas.

Polyimide Coating: The cleaned substrate is coated with polyimide (PTI). PI serves as an iso-
lating layer for the free standing nano contact. Additionally, its high elasticity contributes to a
homogenous conversion from horizontal to vertical movement.

The sample is mounted on a spin-coater, and PI is deposited onto the sample at a rotation speed
of 3000 rounds per minute (rpm), maintained for 30s in order to achieve a homogeneous film
thickness of approximately 6 um (see Fig. 16). The film is baked on a heating plate at 90 °C for 2
minutes, followed by a second heating at a temperature of 250 °C for 20 minutes. Subsequently, a
second deposition of PI is performed under the same conditions. The used PI-2611 (HD MicroSys-
tems) consists of a polyimide precursor (based on biphenyldianhydride/1,4-phenylenediamine)
that is dissolved in n-methyl-2-pyrrolidone (NMP). In the cured form the PI-2611 is resistant to
acetone and alcohols and therefore suitable for the next preparation steps [4].

PMMA Coating: In order to obtain the Au nano contact on the PI, poly(methyl-methacrylate)
(PMMA) solved in chlorobenzene is spin coated on the PI (30 seconds at 3000 rpm). PMMA
649.04 950K (Allresist) suitable for the following e-beam writing process is used. The sample is
baked to cure the resist (95 seconds at 180 °C). The parameters, especially the baking time, are
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Figure 16: Thickness of PI-2611 layers as function of the rotation speed of the spin-coater during the PI
deposition ([4]). In our case, the layer is deposited at 3000 rpm, and baked at 250 °C for 20 minutes.
Therefore, the thickness is expected to lie between 6 — 9 um.

optimized with regard to the thickness and quality of the PMMA layer. They deviate from the
standard conditions [6].

Electron-Beam Writing: The “e-beam writer” consists basically of an electron source and dif-
ferent lenses to focus an electron beam onto the sample that is coated with e-beam sensitive resist
(in our case PMMA). Where the incident electrons hit the resist, they cleave the main chains of
the resist into fragments, which then can be removed in the development step. In this thesis an
e-beam writer (VISTEC EBPG 5000 plus) based on a field-emission source was used to write the
structure onto the samples.

Several layouts with contact sizes ranging between 15 nm and 60 nm are designed using the
programs “Autocat” and “Clewin” and are transferred to the e-beam writer (see Chap. 3.4.3). The
quality of the structure (especially the nano contact) strongly depends on the dose of the electron
beam. A too small dose will have no impact on the resist, whereas a too large dose leads to
unsolicited effects, like forward and backward scattering of the primary electrons (“proximity
effect”). This leads to a statistical broadening of the electron beam and reduces the contrasts.
Calculations of the dose and experimental tests of doses on different parts of the structure help to
minimize unwanted effects and lead to optimized nano contacts.

Development: Subsequently, a development step removes the exposed parts of the resist. The
sample is rinsed for 55s in the developer AR-600-55 (Allresist)—the main component of the
developer is methyl-isobutyl-ketone (MIBK) [6]—and immediately afterwards dipped into iso-
propanol to stop the development. The development step is very crucial for the fabrication pro-
cess. Too short development time will remove just a part of the exposed resist. This finally leads
to a sample with a reduced metal structure, whereas over-development leads to a broadening of
the structure. In the latter case the junction might not be breakable in the setup.

Deposition and Lift-Off: The Au nano contact is completed by the deposition of the metallic
layers to the polyimide structure. First a 2 nm-4 nm thick Ti layer is deposited onto the sample in
order to guarantee a good adhesion. On top of the Ti layer an Au layer is deposited. Details of the
deposition process are given in Chap. 3.4.2.
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An acetone bath removes the remaining PMMA, including the Au layer on top of it, leaving
just the exposed structure as a gold layer on the sample. This so called “lift-off”” process usually
takes a few minutes. However, for a lot of the samples the lift-off did not work properly. If the
resist could not be removed with solely acetone, an ultra-sonic (US) bath (1 min., 50 Hz, 320 W)
enables the lift-off. However, this process is critical, some of the structures were also destroyed in
the US bath. As a substitute for the acetone a special chemical remover (Allresist, REM400) for
the PMMA residues was tested, however, it did not improve the lift-off process. Hence the most
of the samples experienced an acetone lift-off without US bath.

Etching: The last fabrication step is an etching step that establishes a free standing Au nano
bridge. In “reactive ion etching” (RIE) a strong electric field ionizes a gas. The positively charged
ions are accelerated towards the sample and remove a part of the polyimide layer. Due to the
reactive component (working gas 20 mbar O,/CHj3, etching power 100 W, time 8 min.) only the
polyimide and not the Au is affected. As a result, the nano bridge, the thinnest part of the structure,
is underetched. The resistance of the resulting nano Au bridge provides an ideal characterization
and control of the quality of the contact. An ideal bridge with f ~ 30nm and w =~ 30nm has a
resistance R ~ 200 Q. Scanning Electron Microscope (SEM) images of optimized nano contacts
are shown in Fig. 19.

Tab. 2 summarizes the preparation process for the break-junction samples. Photos, optical mi-
croscope pictures and SEM pictures of the samples are presented in Fig. 18, 19 and 20, respec-
tively.

3.4.2 Au Deposition

Next to the patterning the quality and exact thickness of the Au layer represent the important
parameters for a reliable, optimized and persistent operation of the break-junction. Different de-
position techniques, magnetron sputtering and evaporation, are tested for the deposition of Ti and
Au.

In sputtering positively charged ions bombard the target thereby removing atoms from the the
target and simultaneously creating free electrons. The electrons are accelerated towards the plasma
creating new ions and, then, maintaining the process. By choosing the potential at the cathode the
energy of the atoms that are forming the film can be controlled. The most important advantage
compared to other deposition methods is the relatively large particle energy of sputter deposition
that is controlled via the cathode potential. On the one hand one of the consequences is the
good mechanical stability and adhesion of sputter deposited films. On the other hand in contrast
to deposition processes with low particle energy more defects can be created during the sputter
process. Furthermore, we found out, that the thickness of the Au layer at the nano contact strongly
differs from the thickness of the larger Au areas, and therefore cannot be controlled very well.
This should briefly be explained in the following.

Due to the resist pattern (thickness of PMMA & ~ 170 nm [6]) the deposition of the Au coming
from the sputter track of the 4" Au magnetron target is strongly reduced for small gaps. This can
be illustrated by a simple simulation using ballistic particles (Au atoms) impinging on a narrow
trench which is formed by the PMMA resist (see the sketch in Fig. 17). The result of such a
simple simulation of the sputtered thickness in dependence of the width of the structure is given in
Fig. 17. In this calculation a 30 nm wide structure in a 170 nm high resist is covered only by 1/6 of
the film compared to an extended structure. Furthermore it demonstrates why the exact thickness
of the film cannot easily be controlled. Since the operation of the break-junction depends heavily
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‘ Step ‘ Process Sketch ‘
a Acetone
1 Cleaning b Propanol e _
¢ Heating (90°C;5 min.)
Coating a | Spincoating (3000 rpm; 30's)
2 PI2611 b Pre-heating (90°C;120 s) ] _
C Heating (230°C;20 min.)
Coating a | Spincoating (3000 rpm; 30's)
3 PI2611 b Pre-heating (90°C;120 s) ] _
C Heating (230°C;20 min.)
4 Coating a | Spincoating (3000 rpm; 30's) _ |:|
PMMA 649.04 | b Heating (160°C;90s )
5 Lithography a e-Beam writing _ E
6 Development | a Dipping (55 s) _ E
AR-600-55 b Propanol (stopping)
7 Deposition a Ti (2nm) ﬁ
Evap./sput. b Au (30 nm)
Lift-off a Acetone (> 1 min.)
8 b | US-bath, (320W, 1 min.) E— =
c Nitrogen gas
Etching a Reactive Ion Etching
’ (20 mbar 0,/CH, o e———
100 W,8 min.)

Table 2: Steps of the fabrication procedure for a break-junction sample, the sketches illustrate the cross
section (left) and top view (right) of the sample after the specific process. The different colors represent:
grey—metal, purple—PI, bright green-PMMA, dark green—exposed PMMA, yellow—gold.

100
e X
toc |cos(0)dO o ( ))
‘<[ VR +x?

804 1
g
o 60 1
173
[0}
c
4
3}
£ 404 B
£
z

204 B

width of the break junction
0 T T
1 10 100 1000

Gap width [nm]

Figure 17: Simulation of the film thickness of a sputtered film as function of the gap width of a PMMA
structure of thickness # =170nm. The sketch illustrates the situation of ballistic Au atoms arising at the
PMMA structure, the dashed lines mark the regime of the gap width that is used in this thesis.
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Figure 18: Optical microscope pictures (different magnifications) of the center of a typical break-junction
sample. The nano-structure itself is placed in the middle of the structure, and it is not visible in an optical
microscope.

—_—
N

Figure 19: Scanning electron microscope (SEM) pictures of the nano contact of a typical break-junction
sample. For clarity, gold was colored yellow and PI purple. The etching process removes the PI on places
where no gold layer protects it. Since the thinnest part of the structure is the middle of the bridge, here an
underetching takes place, which is clearly visible in the picture.

on the geometrical design of the bridge, this complicates the fabrication of the desired structure.
Moreover, evaporated particles have a lower energy than sputtered particles, leading to a more
homogenous film with fewer defects. Therefore, mostly the evaporation technique was used to
deposit the two metal layers.

A crucial parameter for the optimal operation of the break-junction is the thickness ¢ of the Au
layer. Therefore, different thicknesses of the gold layer, ranging from 20 nm to 50 nm, are tested.
For thin layers (+ < 30nm) the process is very unstable. Either the nano bridge, which is the
thinnest part of the structure, is not continuously formed, or it is very sensitive, and thus destroyed
during the mounting process. Moreover, samples with a thin gold layer generally show a relatively
short lifetime in the measurement. In contrast, too thick layers (r > 40 nm) are not breakable in our
setup (the maximal displacement of our piezo-positioner is zmax & 5 mm). Therefore, the optimal
thickness of the gold film turns out to be ¢ ~ 30 nm.
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Figure 20: Photos of typical break-junction samples. On the left side a photo of a sample with two straight
gold structures is shown, while on the right side a sample of the same size with four looped structures
including a shunt is shown (see Chap. 3.4.3 for more information).

3.4.3 Design of the Break-Junction

For the structural design of the break-junction several programs are used, e.g. “Autocat” or
“Clewin” program. To improve various aspects of the experiment (e.g. reduction of noise, ro-
bustness during implementation and/or operation, redundancy) different e-beam structures were
developed and tested. Since most of the changes are small, only two important variations of the
basic structure are shown in Fig. 21. The simplest structure (Fig. (21 a)) consists of two tapered
arms with contact pads on both sides. One structure has a length of / * 600 um and a width of
w =~ 100 um, respectively. The bridge is positioned in the middle of the structure and has a nominal
diameter of 30 nm (see Fig. (21 d)). The width and length of the nano contact and the supporting
structure nearby plays a major role for the break-junction operation. To optimize the structure, the
geometry of the nano contact is varied, especially the width at the thinnest part, together with the
thickness of the deposited Ti and Au layer.

In contrast, the design in Fig. (21 b) shows four (higher redundancy) identical patterns which
have a number of interesting features. First, both connecting pads are on the same side of the
bridge, resulting in a small loop. The motivation for this is the antenna like behavior of the con-
nected system. Long gold structures with two connecting wires act as a loop, hence couple to
electromagnetic fields that significantly can influence the measurement, especially for low con-
ductances and therefore small measure currents. Second, additional shunts are added, that can
simplify the mounting of the sample. Finally, the nano contact is moved away from the central
position at which the piezo-positioner exhibits the force onto the sample to bend it.
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Figure 21: Lithographic structures for the break-junction, designed via the programs “Autocat” and
“Clewin”. The drawing is divided into two layers, a “fine-writing” (green) with a high resolution (< 2 nm)
for the nano-structured bridge, and a “rough-writing” (purple) with a higher velocity but lower resolution
(~ 50 nm) for the rest of the structure. Two different designs for the latter writing type are shown in (a) and
(b). While (a) is the simplest type of break-junction, with two opposite big contact pads connected to the
straight lines, (b) is more sophisticated. The two contact pads are placed near to each other, hence every
structure forms a small loop. The reason is the antenna-like behavior of the connected junction. The fine
structure (drawing c, green) is smaller than 30 um and consists of the bridge and the connection lines.

3.5 Mounting the Sample

Mounting the sample turned out to be a crucial initial point of all experiments, since (i) any even
small electrostatic pulse can easily destroy the nano bridge and (ii) the preparation of the molecules
under test can be quite challenging. After preparation the sample is mounted on top of the piezo-
positioner. Two counter supports at the ends fix the sample for the bending process and hinder
the movement to the sides. The structure can be contacted electrically in several ways, particu-
larly the electric charge of the first contact can easily destroy the nano structure on the sample
(Fig. (24 a,b)). Two types of contacting the nano bridges are used in this thesis:

(1) Small clamps (isolated on one side) are mechanically clamped onto the contact pads. Silver
paste and gold foil are tested to improve the contact, since bending the substrate sometimes leads
to movement and disconnection of the clamps. The advantage of the use of the clamps is the
easy and reproducible (de-)contacting and the fast connection without any delay, e.g. drying time.
However, the clamps have disadvantages. Firstly, it is difficult to close the clamps carefully, since
the size has to be small enough to fit into a cryostat. Secondly, particularly at low temperatures
the connection becomes unstable during bending of the substrate. Additionally, before the clamps
contact the structure a shunt has to be implemented. The first clamp is grounded and clamped
onto the first structure pad. A shunt between the two clamps is established before the second
clamp is connected. This assures that the same potential is present at both sides of the structure.
Subsequently, before the shunt is removed it protects the nano structure during the connection to
the measurement device (SMU), see Fig. 22.

(i1) Thin wires are placed below adhesive tape pieces onto the contact pads. Holes in the tape
allow to glue the wire with silver paste to the pad. Again the possibility to “burn® the lithographic
structures has to be taken into account, especially when attaching the tape to the structure. Tape



28 Cryogenic Break-Junction Characterization of Single Organic Molecules

Figure 22: The sample is connected with clamps (and silver paste) at the contact pads. In case of electrostatic
charge flow, when the measurement device is connected, a shunt between the two clamps protects the
structure from damage. The silver paste improves the electrical contact between the Au structure and the
clamps.

3 Silver paste

420 440 480

460
Time [s]
Figure 23: Mounting procedure for the break-junction sample into the sample holder. Firstly, two small
pieces of adhesive tapes with drilled holes are carefully attached to the contact pads (a). Electrostatic
charge in the adhesive tape has to be compensated before attaching, otherwise the fine-structure of the
sample can be destroyed. The same compensation is necessary for the measurement wires, for this reason
different shunts are introduced. The wires are placed below the tape and silver paste is filled into the drilled
holes to ensure a permanent electrical contact. The tapes hinder the silver paste to spread over the sample
and stabilizes the wires until the paste has dried. In the liquid form the silver paste is nearly isolating, in the
hardened form it is highly conducting. The change of the measured conductance with time by contacting a
closed break-junction sample with silver paste is shown in (b). This effect establishes slowly an electrical
connection, especially in the case of contacting the sample without clamps (c).
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Figure 24: If the mounting process is not done carefully the electrostatic charge flow evaporates the nano-
structure and no current can flow through the junction. The two remaining tips appear to be melted.

and wires are grounded before putting it to the sample until the wires are connected to the sample.
The advantage of the second method lies in its mechanical stability. Furthermore, the electrical
connection between the measurement system (SMU and wires) and the sample is gradually estab-
lished (it takes several minutes for a drop of the silver paste to harden and, thus, become finally
conducting). In the liquid form the silver paste is nearly isolating, while in the dry form a metallic
connection is established (see the inset in Fig. 23).

Finally, for the measurement of molecules a solution with the desired molecules is prepared.
Depending on the molecule, different solvents (methanol, ethanol, dichlormethan, chloroform and
chloroform with pyridine) and different concentrations are tested. For instance the best condi-
tions for hexanedithiol were obtained for ethanol and 2 mM and for porphyrine for chloroform
and 0.05 mM. Optical tests and proton NMR are used to analyze the solubility, see appendix B.
All break-junctions are tested in the cryostat before depositing molecules on them, therefore the
deposition takes place on the mounted and connected sample. A small drop of the solution is care-
fully placed with a pipette on the junction in the middle of the sample. If the volume in the pipette
is too large, it will spread over the sample, and contaminate all parts of the setup or dissolve the
silver paste. A too small volume in the pipette does not allow to deposit one single drop. In this
thesis, a volume of 16 ul was used. After the solvent is evaporated the sample is placed in the
cryostat at low pressure to evaporate remaining solvent and possible liquid contamination. The
cryostat is flooded several times with He and pumped for cleaning.

The preparation of porphyrines turned out to be problematic. Porphyrines show a tendency
to cluster to large structures. For high concentrations of the solution, (~ 2mM) in chloroform,
large structures can be observed on parts of the gold surface in the SEM pictures (see Fig. (25 c)).
However, even at intermediate concentrations (~ 0.2mM) or low concentrations (~ 0.05 mM)
small clusters are sometimes observed in parts of the SEM pictures (see Fig. 25).
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Figure 25: Porphyrines seem to cluster when deposited onto the sample. A SEM picture (magnification
70,000; colored) of the nano bridge without porphyrines is shown in (a), while (b) shows a SEM picture
(colored) of the bridge with porphyrines (0.2 mM). (c) The clustering is clearly visible in the SEM picture
(magnification 50,000) if porphyrines are deposited in relatively high concentrations (2 mM in chloroform).
However, it has to be noted, that these structures only partially cover the surface.



4 Results and Discussion

4.1 Reference Measurements

The main purpose of our mechanically controllable break-junction experiments is the electronic
characterization of single molecules. In order to understand these experiments, we first have to
understand the behavior of the gold bridge itself. Bending velocity, applied voltage, and tempera-
ture affect the breaking process. Even at defined conditions each (dis-) connection of the tips can
be different. In order to interpret the data of the molecules, various reference measurements are
performed for gold bridges before molecules are deposited.

In the following chapters two basic measurement techniques, conductance—position character-
istics (CPC, see Chap. 4.1.1) and current—voltage characteristics (IVC, see Chap. 4.1.2) with the
corresponding analysis are introduced and demonstrated for gold bridges without molecules.

4.1.1 Conductance—Position Characteristics

An optimized lithographically prepared break-junction sample has an electrical resistance of
about 200 Q or a conductance of about 5 mS. For standard conductance measurements, a constant
voltage (e.g. 50 mV) is applied using a Source Meter Unit (SMU).

Generally the resistance of the break-junction depends on the lateral elongation d of the Au
contact which is controlled by the z-position of the piezo-positioner (see also Fig. 30). By bending
the sample the junction gets thinner and the resistance increases, relaxing the sample leads to
the opposite effect (see Fig. 27). Nevertheless, breaking and closing the junction are different
procedures.

— T —
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Figure 26: Colored scanning electron microscope (SEM) pictures of a closed (a) and an opened (b) break-
junction.

Let us start with the first step, the breaking of the junction which is shown in detail in Fig. 28.
Starting with a bridge of finite size (sketch (a) in Fig. 28) the bending leads to a reduction of the
cross section of the Au junction (sketch (b) in Fig. 28). Finally the junction approaches the atomic
size (sketch (c) in Fig. 28) and the cross section cannot shrink continuously anymore. The resis-
tance of this single atom contact is approximately 13 kQ, the so-called quantum of conductance
Gy (see Chap. 2.1) which represents the conductance (77.5 uS) of the smallest possible metallic
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Figure 27: The resistance of a break-junction depends on the position of the piezo-positioner. The inset
shows the measured resistance (black circles) of a closed break—junction and the position of the piezo—
positioner (red squares) versus the time.

contact. Due to the ductile behavior of the gold [14] further bending pulls out a chain of gold
atoms (sketch d in Fig. 28) which does not change the conductance and thus leads to a plateau in
the CPC (Fig. 28). This plateau at the quantum of conductance is significant for all break-junction
experiments and is often used for calibration of the experiment.

If the sample is bent further, finally the Au-chain breaks (sketch (e) in Fig. 28), the plateau in
the CPC ends and the conductance starts to decrease exponentially with the distance between the
remaining tips of the two Au contacts. The exponential decay is indicative for vacuum tunneling as
conduction mechanism (Eq. 16). Often the rupture of the bridge is accompanied by a jump in the
conductance, which indicates that after the breaking the two remaining parts of the Au-chain relax
and thus instantaneously form a tunnel contact with a large gap (cf. the dashed line in Fig. 28 I).
The jump in the conductance is observed in nearly all of our experiments. Only in the case of very
slow and careful bending and for some molecular experiments a continuous CPC was observed.
Since the gold atoms arrange randomly, the form of the surface is different for each breaking
process. In our experiments the tunneling behavior is continued until the conductance reaches the
limit of the sensitivity of our measurement at about 107° Gy to 1077 Gy. Here, the movement of
the piezo-positioner is automatically stopped and after a small pause reversed in order to close the
junction again. Fig. 26 shows SEM pictures of a closed and an opened break-junction.

The closing CPC of break-junction samples in general shows the same behavior as the opening
CPC, i.e. an exponential dependence of the conductance of the z-position. However, in contrast
to the opening characteristic, they exhibit a more recognizable and stable slope in the tunneling
regime because no rearrangement of Au atoms takes place before the two gold tips connect again
and close the junction. Fig. 29 shows three exemplary CPCs for closing curves. In the next chapter
those CPCs are used to evaluate the attenuation factor.

Since it is unlikely to trap a molecule between the two contacts during the relaxation of the
sample and since this would not lead to an extended plateau in the CPC, the closing CPCs are not
suitable for characterizing single molecules.

4.1.1.1 Attenuation Factor
The principle and advantage to measure single molecules with a break-junction setup is given by
the ability to control the distance between the two gold electrodes in the pm regime. The exact
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Figure 28: “Breaking process” of a MCBIJ without molecules, the logarithmic conductance in units of
Gy is plotted versus the piezo-position. (I) shows a sketch of the CPC, while in (II) a measured CPC is
presented for comparison. By bending the substrate vertically the gold structure is stretched horizontally
and the conductance decreases nearly continuously (a,b) until Gy is reached (c). At this point a gold chain
is created by pulling the tips further apart, and the conductance stays constant (d). After the rupture vacuum
tunneling dominates the conductance (e,f), i.e. the conductance decreases exponentially with increasing
position of the piezo-positioner. Often after the rupture the two remaining tips rearrange fast (dashed line),
hence the conductance jumps to a value far below G before exponential tunnel decay starts.
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Figure 29: Three different CPCs for closing of the MCBJ (the CVCs are shifted horizontally for clarity).
In contrast to the opening process, a more ore less stable exponential increase of the conductance with
decreasing position is observed for the closing process. Only in some cases the bridge shows a spontaneous,
fast contraction to Gy (c).
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Figure 30: The working principle of the MCBJ is based on a translation from the vertical movement (in the
z-direction) to a horizontal movement (in the d-direction) with a geometrically defined “attenuation factor”.
The sample with thickness 7 is fixed at the two sides (distance L). The underetched part of the gold structure
(with the length u) is stretched in the direction of d, by bending the sample in the z-direction (a). The
attenuation factor describes the ratio of the two movements: a = Ad/Az and can be calculated according to
Eq. 26. L, the distance between the counter supports can be easily adjusted to control the attenuation factor
of our setup (black line in b). For # = 0.1 mm and u = 400 nm the standard distance of L ~ 27 mm gives an
attenuation factor of dgeom, = 3.3 X 1077, The red area in b indicates the range of the attenuation factor for
300nm < u < 500 nm.

control depends on the geometrical “attenuation factor” of the setup. A movement of the piezo-
positioner leads to a modification of the lateral extension d, since the ends of the sample are fixed
via counter supports (see Fig. 30 a). The ratio of the lateral movement Ad of the gold tips versus
the vertical movement Az of the positioner provides the attenuation factor [63, 60]:

Ad _ 6ut
Az L2
where u is the length of the underetched gold bridge, ¢ the thickness of the substrate and L the
length of the substrate between the two counter supports (see Fig. (30 a)). In our case,  ~ 0.1 mm
and u = (400 = 100) nm. We obtain a geometrical attenuation factor depending on the distance L
between the counter supports, that can vary from 25 mm to 40 mm. In most experiments a distance
of L = 27 mm. Thus, the theoretical attenuation factor is

(20)

Adgeom =

dgeom ~ (3.3 £0.8) x 1077 27)

An experimental way of estimating the attenuation factor utilizes the tunnel current between the
two gold electrodes. If the junction is separated by the distance d in vacuum, the current depends
approximately exponentially on the distance (see Chap. 2.3):

I = Cyexp(=2.6 x 10" Vd) (28)

where C; is a constant, ® is the work-function and d is the distance between the tips. In a
logarithmic plot of the current versus the distance, we get a linear behavior with the slope ¢.

lg(h) = C, - 2.6 x 10”°Ig(e) V&I = C - 6d, (29)

where C; is a constant. For vacuum tunneling from gold, the work function is ® = 4.8eV =~
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Figure 31: Logarithmic plot of the current versus the piezo-position of a closing CPC without molecules.
For the closing curve the linear fit yields s ~ (—22.18 +0.28) x 10~3(um)~!, i.e. an increase of the piezo
position of approximately 100 um leads to a decrease of the current of one order of magnitude. From the
slope the attenuation factor daunnel Of the setup can be estimated (see Eq. 31).

7.69 x 107'°J [3, 31]. Therefore the theoretical expected slope is

5~99x10°m™ ' =099A". (30)

The experimental slope can be obtained from the CPC (see Fig. 31). The resulting experimental
attenuation factor is the given by the ratio of both slopes:

mcpc
Atunnel = 5 (€1))

As already mentioned in the previous chapter, closing curves are suitable for this calculation.
With a linear fit of a closing CPC, Fig. (31 a), the attenuation factor of our setup is :

(22.2x10%) m™!
(9.9 x 109)m™!

The values for @geom and auwmel differ by one order of magnitude. One should bear in mind
that both attenuation factors are only rough estimations. Eq. 26 is based on simplified Lagrange
methods and it depends strongly on the length u of the underetched bridge. Also the second
calculation, Eq. 32, based on the tunnel-current is an approximation. It uses the mass m, of a
free electron and the work function @4, ~ 4.8 eV [3] of bulk gold. However, work function and
effective mass of the electron of a randomly formed gold-tip might differ from that of a flat surface.

Nevertheless, both estimations yield reasonable values around 107 and demonstrates the pos-
sibility of controlling the gap between the Au tips, on the pm scale, suitable for single molecule
experiments.

~224x107°. (32)

Aunnel ~

4.1.1.2 Histogram

A statistical way of analyzing the data obtained by the CPCs is given by histograms and contour
histograms. In case of a “classical” histogram all conductance values within a certain conductance
interval (bin) are counted. Typically a large number (>100) of CPCs of the breaking event of the
junction are analyzed. Thus, the resulting histogram summarizes the CPCs, and allows to identify
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the plateaus, e.g. caused by the Au chain and the molecules, on a statistical basis [67].

1000

N Palladium
ool 16, 126,

Counts

Ig9(G/G,)

Figure 32: Comparison of a Pd (purple, striped bars) and an Au bridge (orange bars). Both bridges are
sputtered with the same thickness and the CPCs are measured under similar conditions and show a strong
decrease in the number of conductance values with decreasing conductance. However, the more ductile
Au shows a clear peak around 1 Gy, whereas the conductance of Pd just decays without forming a plateau,
hence no peak is observed in the histogram.

Fig. 32 shows a comparison of a histogram taken for a MCBJ made from gold (Au) and palla-
dium (Pd). Due to the specific properties of Au (especially the ductility) the atoms rearrange in the
bending process. Immediately before the regime of vacuum tunneling Au forms chains and thus
shows relatively reproducible and stable conductance plateaus in its CPCs. These plateaus turn
out to be almost exactly at the quantum of conductance, and therefore form a clearly visible peak
at G in the histogram. In contrast, no peak at the quantum of conductance is visible for Pd, i.e.
Pd break-junctions separate without pulling a chain of Pd atoms out of the electrodes. Therefore
only a strong decrease at about 1.2 G is measured, see Fig. 32. As described in Chap. 2.1, the
ability to extract chain-like structures of atoms from the electrodes is an essential feature for the
identification of molecules in break-junction measurements. Only in this case the molecule can
create a plateau in the CPC and, thus, can be identified. Therefore, in this thesis Au is used as
material for the junction.

In a typical MCBJ experiment the conductivity is recorded over several orders of magnitude,
in our setup down to typically 107° Gy. As a consequence, the measurement device (SMU) uses
different settings to cover the complete range. As a consequence a range switching of the SMU
is visible in form of minima in the histograms (Fig. (33 a)). To proof that the minima are caused
by the switching of the range of the SMU different voltages are applied. Fig. (33 b) shows two
histograms recorded under the same conditions with 50 mV and 150 mV, respectively. The minima
are shifted, i.e. the real dependence should be given by the “envelope” of both histograms.
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Figure 33: Histograms of the opening curves of an Au bridge. (a) For each voltage decade the recording
device (SMU) changes the range (here at resistances of 5.2 X 10° Q). Since during this switching no data
is recorded, sinks are visible in the histogram. The lower the conductance, the stronger the influence of the
range switching. (b) Two histograms of the opening curves of an Au bridge, recorded at different constant
voltages of 50mV (grey) and 150 mV (bright green). Since the SMU records the resistance of the junction,
a change of the applied voltage leads to a shift of the minima caused by range switching of the SMU.

4.1.1.3 Contour Histogram

The advantage of the use of histograms lies in the use of statistics. A single CPC might include a
clearly pronounced plateau that might be indicative for a molecule, whereas the next CPC might
show only vacuum tunneling or another plateau (e.g. another arrangement of the Au-molecule-Au
contact). Statistically summarizing all CPCs should then help to visualize the or several molecular
conductance level(s). Theoretically, this concept should be applicable to every molecular break-
junction experiment. However, in practice the standard histogram turns out be only useful in
some cases and the method has its limitations, especially in the case of MCBJ experiments with
molecules.

Therefore, in this thesis a modified histogram, a “contour histogram” is introduced to analyze
CPCs. All opening curves are plotted in a conductance—position diagram, and a color code indi-
cates the density of data points in a certain area that is defined by a given bin size for position and
normalized conductance in logarithmic units. Two examples of contour histograms for a MCBJ
experiment without molecules, are shown in Fig.(34). Generally, the same features are visible that
also appear in the standard histogram. The data density around the quantum of conductance Gy is
high. Due to the rearrangement of the Au atoms directly after the rupture of the bridge, the density
of data points is relatively small in the conductance range from G to 1073 Gy. In the conductance
regime below 1073 Gy minima occur due to the “range switching” of the SMU. The higher the
velocity, the more pronounced the range switching of the device, but the effect occurs even at a
very small bending speed of Vpiezo = 1.5 umy/s.
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Figure 34: Contour histograms of opening CPCs without molecules recorded with different bending veloc-
ities of the piezo-positioner. Note that the piezo velocities do not change the slope. The color code allows
to distinguish the breaking around G and the switching of the range in the lower conductance regime. As
expected, the minima in the histogram (cf. Fig.(33)) are more clearly pronounced for faster breaking, as
expected. For the histograms 120.000 data points and a bin size of 20 um x 0.12 was chosen, which is the
standard for this thesis. The slope n1 of the histograms are (=57 +8) mm~' and (=55+7) mm™!, respectively.

The advantage of this new type of histogram lies in the additional information, i.e. the position
at which a large number of signals are detected which later helps to detect molecules in the break-
junction. Moreover, the contour histograms yield averaged slopes of m ~ —(55-57) mm~! in Fig.
34, i.e. for 1 mm displacement the conductivity would change more than 50 orders of magnitude.
These slopes differ clearly from those of the closing CPCs of the same measurement, with m ~
—(23-24)mm™! (see Fig. 35).
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Figure 35: Contour histograms of closing CPCs without deposited molecules recorded with different bend-
ing velocities. Note that the breaking velocities do not change the slope of the histograms, which are
My, closing ¥ (=24 £ 3) mm~! and My, closing ¥(—23 + 2) mm~'. The corresponding contour histograms of the
opening CPCs exhibits more than two times larger slopes (see Fig. 34).

In the closing CPCs a relatively stable and reproducible system is expected, whereas rearrange-
ment of Au atoms after the breaking leads to a more complicated system in the case of opening
CPCs. Therefore, closing CPCs provide a more reliable attenuation factor. However, later on we
will compare the decay constants from opening contour histograms with molecules with those for
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vacuum tunneling. For this reason a different attenuation factor @Guynpe for the opening CPC is
introduced:

(56 x 103) m™!
(9.9 x 10%)m™!

By using this attenuation factor for the opening contour histograms, we obtain a decay constant
6 ~ 1 A7 for vacuum tunneling (see Eq. 30).

Awunnel ~

~5.66 % 107, (33)



40 Cryogenic Break-Junction Characterization of Single Organic Molecules

4.1.2 Current-Voltage Characteristics

Definitely, the most important tool for the electronic characterization of single molecules is given
by current—voltage characteristics (IVC). For the reference measurements (i.e. without molecules)
the IVC should show a linear dependence for not too high voltages.
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Figure 36: IVCs of a closed bridge at room temperature (a). The slope of the curve defines the conductance
(86 Gy ~ (150 Q)") and is constant over the hole range. (b) A similar IVC of a tunnel junction after the
electrodes are separated. At higher voltages the measurements without molecules become unstable, for
instance the Au electrodes connect spontaneously due to the high electric field. The slope of the curve
equals a conductance of approximately 7 x 107* Gy.

Fig. 36 shows typical IVCs for a break-junction sample before and after breaking. Both IVCs
show a more or less Ohmic behavior. Obviously the closed junction (Fig.(36 a)) is more stable,
i.e. less noise and deviation from the linear behavior are visible, whereas for the open junction
(Fig.(36 b)) larger noise and deviation from the linear behavior appear to be visible. However,
it has to be taken into account that the sensitivity of the latter measurement is about 6 orders of
magnitude better than that for the closed junction. Nevertheless, tiny changes in the arrangement
and distance of the atoms, for instance caused by the modification of the voltage between the
tips, influence the tunnel current. Furthermore, high electric fields can even spontaneously close
the junction. IVCs recorded with molecules turn out to be often more stable than those without
molecules. In this case the IVCs show a non-linear dependence, which can be used to obtain
characteristic properties of the molecule, e.g. energy levels of orbitals. The different analysis
techniques for those IVCs are presented in Chap. 4.3.
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4.2 Characterization of Molecules

In this chapter we first briefly introduce the basic principle of MCBJ experiments on single
molecules, i.e. conductance—position and current—voltage characteristics, and sketch different
methods of interpretation of the experimental data.

4.2.1 Characterization Methods

Similar to the reference measurements, for the characterization of single molecules with break-
junction experiments, conductance—position characteristics (CPC) and current—voltage character-
istics (IVC) are used. In general, the analysis of the CPCs (i.e. CP plot, histogram and contour
histogram) is similar to the measurements of junctions without molecules (see Chap. 4.1).

However, some differences that occur for CPCs with molecules are shown in Chap. 4.2.1.1.
Finally, Chaps.(4.2.1.2-4.2.1.5) provide an overview of the different analysis techniques used for
IVCs of molecules.

4.2.1.1 Conductance—Position Characteristics
Generally two different CPCs can be obtained for MCBJ experiments with molecules:

— If no molecule is trapped between the tips of the two electrodes during breaking of the nano
contact, the CPC is identical to that of a reference measurement without molecules (note
that tunneling currents via molecules can be neglected in this case).

— Only if a molecule is trapped between the contacts, the CPCs differ from that of the reference
measurement.

As we will see in the experiments, both options occur in MCBJ experiments with molecules. In
the following we will only discuss the latter case, illustrated in Fig. 37.

In the beginning of the bending process a CPC similar to that of the reference measurement
is obtained, since the molecule does not contribute significantly to the electron transport (see
Fig. (37 g,h)). After breaking of the Au nano contact the conductance decreases exponentially,
since tunneling dominates the current. Contributions of the current through the molecule can
be neglected. However, at some point a molecule might be trapped between the Au tips, see
Fig. (37 i). The current is then defined by the current through the molecule, i.e. it is defined
by the two Au-molecule bonds and the electronic properties of the molecule itself. If the Au-
molecule bonds are strong enough, the molecule pulls out a chain of Au atoms, hence further
bending does not change the conductance (see Fig. (37 j)), i.e. similar to the procedure at the
quantum of conductance a plateau appears at the conductance G,,, that defines the Au-molecule-
Au conductance. The probability and extension for a molecular plateau to occur depends on the
properties of the specific molecule (e.g. strength of the Au-molecule bond and flexibility of the
molecule).

The most important role play the anchoring groups of the molecule which have to connect to the
Au atoms. The stronger the bond to Au, the better the ability to extract an Au chain out of the tips
and hence detect the molecular plateau at G,, as a signature in the measurement. Increasing the
bending finally leads to the rupture of the metal-molecule-metal connection and an exponentially
decreasing tunnel current (Fig. (37 k)). Typical conductance values for the conductance—position
measurements are summarized in Tab. 3.
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System Resistance [Q2] | Conductance [S] | Conductance [Gy]
30nm x 30 nm Au junction 2 x 102 5x107° 65
Last Au atom 1.3x10% 8 x 107 1
Typical molecular conductance > 107 <1078 <13x10™

Table 3: Overview of typical resistance and conductance values for the CPC.
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Figure 37: If molecules are deposited onto the junction, one or more additional plateaus can be visible in
the CPC. A sketch of the CPC behavior is shown in (I), whereas (II) shows an exemplary measurement
of a molecule for comparison. At the starting point the junction is closed, the electrodes form a bridge
and the molecules do not contribute to the conductance (g). The first part (g, h) is identical to the CPC
without molecules (Fig. (28 a-d)). After the chain of atoms ruptures (h), vacuum tunneling is the dominant
conductance mechanism. However, at some point the molecule is placed between the electrodes (i). If the
electrodes are separated further and the anchoring bonds are strong enough the molecule pulls out a few
atoms while the conductance is unchanged, similar to the situation of the plateau at G,. Hence, a second
plateau of the molecule G,, occurs in the CPC, before the molecule is de-contacted (j) and tunnel decay
occurs again (k).

With the help of the CPCs (and the resulting histogram) we are able to determine the plateau that
indicates the molecular conductance. Simply spoken, we know the conductance of one molecule
trapped between the two tips and moreover we can identify the z-position at which the metal-
molecule-metal contact has to be expected (Fig. (37 i,j)). Finally, in order to characterize the
molecule itself, the CPC measurement is stopped when this conductance value (i.e. plateau at
G,) is reached and a current—voltage curve (IVC) is performed. The recording of reproducible
IVCs turned out to be often difficult, since the system—one molecule between two Au tips—is
not very stable especially for high electric fields. Although the dissipated power seems to be quite
low, typically < 1078 W, the power density is extremely large for the molecule, theoretically up
to 10%° Wm™3 which is much larger than the maximum power allowed for conventional cables
[2]. Although the dissipation mostly takes place in the metal electrodes, the metal-molecule-metal
system will be influenced significantly.

As mentioned in Chaps. (2.4.1-2.4.3), in principle an IVC provides more insight into the
molecule as a CPC. Features like molecular orbital levels, coupling strength to the electrodes or vi-
brational modes of the molecule might be obtainable. In this thesis different analyzing techniques
are used to extract information from the IVCs.
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Figure 38: Fowler-Nordheim plot (In(I/V?) versus V') of the IVC of a break-junction without molecules.
The curve shows no sign of a kink, i.e. barrier tilting according to Eq. 35, upto 1 V.

4.2.1.2 Resonant Tunneling Model

In case of symmetrical “s-shaped” IVCs the resonant tunneling model (RTM) is used to estimate
the molecular level € and the coupling constant I" (Chap. 2.4.2) via a direct fit of the IVC. In case
of asymmetric IVCs the fit procedure is more difficult, since different coupling constants I" have to
be assumed. Nevertheless, it is possible as shown in detail in the discussion of IVCs measured for
BeDT in Chap. 4.3. Generally, the values obtained via this fit procedures have to be interpreted
with care since (i) they are obtained by fitting an arcus tangent to an s-shaped curve and (ii) due
to the limited voltage range (typically —1.5V to +1.5V), only a small part of the arcus tangent
characteristic is fitted.

4.2.1.3 Fowler—Nordheim Plot

Alternatively, the Simmons model can be used to estimate molecular levels using the so called
Fowler-Nordheim plot (FN plot) which is a plot of In(//V?) versus V~!. The FN plot is based on
the following observations. In the low voltage regime the IVC is linear (Eq. 18):

JV) =V, (34)

while in the higher voltage (FN regime) the dependence changes to

Jen(V) = 6;VZexp(-6,V 7). (35)

v, 01 and &, are positive constants (see Eq. 18 and 21). In the case of pure field emission a
plot of In(//V?) versus V= (EN plot) should yield a constant slope mpy = —8 = —5%2- d@? 2
mpNy = —0) = —2Bd<1>?/ 2/(2.966) (see Eq. 21), and d or @ can be extracted from the slope. For
IVCs of molecules the FN plot reveals this characteristic only at very high voltages that typically
lead to a destruction of the metal-molecule-metal contact.

Nevertheless, the transition from the linear to the FN regime, and therefore an estimation for the
molecular level €, can be obtained by the FN plot of the IVC. Fig. (39 a) shows the FN plot for
a linear and a cubic current—voltage dependence. The linear dependence results in a positive (for
V > 0) and negative (for V < 0) slope with monotonic increase and decrease, respectively. The FN
behavior shows a constant slope, and any stronger voltage dependence of I, e.g. I o V3, results
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Figure 39: Simulations of different IVCs in the form of a FN plot, In(//V?) versus V~!. For a linear IVC (a,
green line) the plot exhibits a positive slope (in the positive voltage regime), whereas a cubic behavior leads
to a negative slope (a, blue line). Subsequently, the change of the linear to the field emission behavior of the
IV curve is characterized by a minimum at Vgy in the FN plot. This kink occurs if the voltage dependence
changes from less to more than quadratic. The stronger the cubic behavior (b, red line), the smaller is the
value of Vg, i.e. the lower is the voltage that has to bee applied for the IVC to observe a kink.

in a behavior in the FN plot opposite to that of the linear dependence, i.e. a negative or positive
slope for V. > 0 or V < 0, respectively. A combination of the different voltage dependencies,
which represents a good approximation of the shape of an IVC of a molecule, automatically yields
a characteristic minimum in the FN plot where the behavior changes from linear to the cubic FN
behavior (Fig. (39 b)). This minimum at a voltage Vgy indicates approximately the start of the
field emission and can therefore be used to estimate the barrier height in the Simmons model, i.e.
one of the molecular levels. However, one should note that any IVC exhibits a minimum in the FN
plot when the voltage dependence of the current changes from less than quadratic (positive slope
in the FN plot) to more than quadratic (negative slope in the FN plot), see Fig. (39 b).

Nevertheless, without molecule (reference measurement) the Simmons model represents the
work function of the electrons, which for a flat gold-surface should be Wyacyum = (4.8 — 5.3)eV [3,
31]. If we assume a rectangular barrier, an applied voltage tilts the barrier. However only for volt-
ages of the order of Wyycyum this will lead to a significant decrease of the effective widths. For
typical break-junction measurements IVCs with voltages much higher than 1V are difficult to
measure. Therefore, without molecules we do not expect a kink in the Fowler-Nordheim plot,
which is demonstrated in Fig. 38.

4.2.1.4 Double Logarithmic Plot

Another way to analyze an IVC is the representation in a double-logarithmic form. If the current
depends on the voltage in form of a potential law, I o« V", the double logarithmic plot should
show a linear dependence with a slope n. Thus, in an ideal case the double logarithmic plot should
start with a slope 1 at low voltages (linear regime). At higher voltages—if a molecular orbital
enhances the conductance, or the field effect sets in—the slope should be larger than 1, before
the current saturates at very high voltages (see Fig. 40). So far, in the literature the standard
double-logarithmic plot was not used in the discussion of IVCs for single molecules.

4.2.1.5 Derivatives of the IVC
The first and second derivative of the IVC yield information about the molecular contribution
to the current. A kink in the first derivative (d//dV vs. V) and peak in the second derivative
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Figure 40: Double logarithmic plot of a linear IVC (a), with a slope of n = 1. (b) A double logarithmic plot
of an IVC of a molecule shows a linear regime at low voltages, slope n ~ 1, and a strong increase at higher

voltages, slope n ~ 4.

(d?1/dV? vs. V) indicate that the applied voltage is identical (or close) to an energy level (HOMO
or LUMO) of the molecule. However, since in this thesis the derivatives are numerically evaluated
from the data of the IVC, small changes in the measurement lead to large fluctuations in the first,

and hence second derivative.
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4.3 Hexanedithiol and Benzenedithiol

Hexanedithiol and benzenedithiol are well known and small organic molecules. Particularly for
electronic measurements of benzenedithiol data exist in the literature. Both molecules can easily
be prepared for break-junction measurements and are commercially available. For this reasons
they are chosen as test-bed molecules.

Hexanedithiol

The basic structure of 1,6-hexanedithiol (HDT) consists of a row of six carbon atoms, each with
two hydrogen atoms, and terminated at both ends by a thiol (S-H) group. The elemental formula
is C¢H14S, (see Fig. 41). If the molecule attaches to Au the S-H bond is replaced by a S-Au bond.

The hexanedithiol (99.8%, Sigma Aldrich) was analyzed with elementary analysis and gas chro-
matography. The values obtained for the elementary analysis of carbon and hydrogen confirm the
purity of the solution. The chromatogram shows a clear peak at the expected position of HDT
(relative area 94.83%) and a smaller second peak (relative area 5.17%), that might correspond to
1,2-dithiocan or an isomeric structure (C¢H|2S,) (see appendix B). For the measurements, a 1 mM
solution of HDT in pure ethanol is prepared.

Figure 41: Structure of 1,6-hexanedithiol. Hexanedithiol consists of an alkane of six carbon atoms, with
one thiol group (SH) attached to each end.

Due to their simple structure of single o-bonds between carbon atoms, alkanes, like hex-
anedithiol, are not expected to show complex conductance effects. Furthermore, the probability to
form multi-molecule structures like long chains is low. For HDT the connection to the Au elec-
trodes is rather strong due to the thiol groups at both ends, which result in an Au-S bond. As aresult
of these features the CPCs show one dominating clear molecular plateau below the quantum of
conductance, as shown in Fig. 42. The levels of this plateau corresponds to Gypr = 5.8 X 107 Gy,
and the z-extension can be up to 100 um, which corresponds to a lateral elongation of up to 1 A or
roughly the radius of a single Au atom.

In some of the curves no molecular plateau is visible, i.e. no molecule seems to be trapped
between the Au in that specific measurement cycle (in this case the CPC is similar to that of
Fig. 28). In Fig. (42 b) four CPCs are plotted. For a better distinction the CPCs are displayed with a
horizontal offset. They show very similar conductance levels for the quantum of conductance at Gy
and the distinct molecular plateau at Ggpr. However, all CPCs possess additional smaller plateaus
at various conductance values. Different effects can be responsible for these plateaus. First, more
than one single molecule might contribute to the conductance, e.g. two or more molecules can
be attached in parallel between the electrodes leading to a plateau at a conductance G > Gypr.
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Figure 42: The logarithmic conductance in units of G against the piezo-position for the measurement of
HDT. Below Gy HDT shows a strong decrease of the conductance with increasing position. A very distinct

plateau in the CPC at 5.8 x 10™* G, can be observed (a), but every single curve has an unique shape (b).
The curves in b) are horizontally shifted for clarity.
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Figure 43: The CPC of HDT recorded with a velocity of vpie,o = (0.7 £ 0.1) um/s. If the sample is very
slowly bent the molecular plateau is still present (see Fig. 42), however, different plateaus similar to the

molecular plateau are measured due to the step-like motion of the piezo-positioner. Thus, the plateau is
difficult to detect.
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Figure 44: Three histograms of 1,6-hexanedithiol recorded in successive CPCs. The number of the CPCs
used for the different histograms are given in the legend. After the measurement cycle is repeated many
times the molecule peak might vanish.

Second, the probability may be low for two molecules to pull out Au atoms and to form a chain
between the electrodes at the same time, however, additional molecules could connected just to
one electrode and thus also change the system (for instance lower the work function) and therefore
the measured conductance. Third, the rearrangement of the Au atoms before and after the break
is different for each CPC. Relaxation effects in the electrodes could lead to sudden jumps or small
plateaus in the CPC. Finally, the effect of a molecule detaching and attaching to one electrode
could cause jumps in nearly every measured plateau. The latter could be for instance the reason
for the black CPC in Fig. (42 b) that exhibits a rather stable plateau except for a small temporary
decrease in the conductance.

Furthermore, the shape of the CPCs depends on the velocity of the bending procedure. For the
measurements in Fig. (42 b) a velocity of vpiezo ~ 3 um/s was used. If the velocity is too high
(Vpiezo 2 15 wm/s) molecular plateaus cannot be detected, since the time they are present is too
short for the data recording. However, also for very small velocities the CPCs do not reveal the
electronic properties of the molecules in an optimal way. In this case the step-like motion of the
piezo-positioner comes into effect, after each step of the piezo-positioner the configuration is sta-
bilized. Six different curves of HDT recorded with a velocity of vpiezo ~ 0.7 um/s are presented
in Fig. 43. It is difficult to distinguish between molecular and “artificial” plateaus due to the slow
bending velocity causing a drift of the data.

Although the plateaus are clearly visible in the CPCs, a histogram summarizing a large num-
ber of CPCs might not display the molecular features. In Fig. 44 three different histograms are
presented that are recorded for HDT under same conditions. In the first set of curves the HDT
plateau is visible in form of a peak at Gypr in the histogram. However, the other two histograms
that were taken after the first measurement do not show this peak. After repeating the measure-
ment cycle many times no molecule might be attached to the junction anymore. A summarized
histogram of all the data of the three histograms might not allow to distinguish the HDT peak from
the background. An alternative way of presenting a histogram is shown in Fig. 45. It displays a
contour histogram for HDT which provides additional information, i.e. the z-position where the
Au-molecule-Au contact is most likely established and information on the work function at the
molecular contact.

Finally it should be noted that histograms summarize the conductance values at a constant volt-
age, typically a small voltage of (50-150)mV. Hence for most molecules—like alkanes—the
conductance of the contact between anchoring group and Au dominates the experimental value
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Figure 45: Contour histogram of 1,6-hexanedithiol (HDT). The plateau and rupture at Gy is clearly visible.
Below 1073 G a maximum at Gypr shows the conductance and z-position of the Au-molecule-Au contact.

for the plateau, i.e. Gypt for this molecule. For a more detailed analysis of the electronic prop-
erties of the molecules current-voltage curves (IVCs) are necessary, they are discussed in detail
for benzenedithiol in the next chapter. For completeness, they are also shortly discussed here for
HDT. IVCs of HDT exhibit a characteristic s-shape. Since for voltages > 0.9 V the measurement
of HDT becomes quite unstable, the resonant tunneling model (RTM) is fitted to the data recorded
for |[V| < 1V. The RTM fit yields a low molecular level egrm(HDT) ~ 0.9eV and a coupling
parameter of ' ~ 2.5 x 1075 eV. However, the fitting is not very sensitive to small changes of
the data. A degree for the accuracy of a fit is given by the coefficient of determination r with
0 < r < 1. The closer the value given of r lies to 1 the better the model fits to the data. In this case
r = 0.96. Furthermore, in the FN plot (Fig. 46) no kink is observed that would indicate a change
to field emission.

In conclusion, single molecule measurements of 1,6-hexanedithiol (HDT) were successfully
performed with our setup. HDT shows a remarkably stable plateau at GHHDT) ~ 5.8 x 107 Gy in
the CPC recorded at low voltages. The quality of the curves depends on the bending velocity. The
best results for HDT are obtained at a velocity of the piezo—positioner of vpiezo = (3 — 6) um/s,
or a (theoretical) displacement of the Au tips of v, ~ 5 pm/s, respectively. The literature values
for the conductance of HDT differ dramatically, they range from e(HDT) = 1.3 x 107 Gy to
€(HDT) = 1.2 x 1073 G [48].

The corresponding IVCs of HDT are stable up to a voltage of | V |< 1V and show a charac-
teristic s-shape. RTM fits yield a value for the molecular orbital of egrp(HDT) ~ 0.9eV. The
corresponding FN plot indicates that the barrier should be higher than 1.0eV.



50 Cryogenic Break-Junction Characterization of Single Organic Molecules

T T T T T Ilr T T : T T
1ol d 4 : |
5 1 6l g
< ~
= &
z Or 12
2 c -8t -
=} = B
O st B |
a 10} ' b g
-10 1 !
L L I L L

. . . .
1500 -1000  -500 0 500 1000 1500 -20 -10 0 10 20
Voltage [mV] 1/Voltage [V']

Figure 46: The IVC of HDT exhibits a characteristic s-shaped form but becomes unstable at higher voltages
(a). By fitting the symmetrical resonant tunneling model to the IVC values are obtained for the molecular
orbital € = (0.876 + 0.007) eV and for the coupling constant I" = (2.46 + 0.03) x 10~ eV, respectively. The
coefficient of determination is r ~ 0.96. A FN plot (b) shows no kink and hence no sign of starting field
emission for a voltage —1 < V < 1 (for higher voltage fluctuations are to strong) which indicate that the
height of the potential barrier is not measurable for this system.
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Benzenedithiol

1,4-benzenedithiol (BeDT) consists of benzene connected with a pair of opposite positioned thiol
groups. The elemental formula of BeDT C¢H,S, differs from hexanedithiol only in the number of
hydrogen atoms. The ring of benzene is conjugated, i.e. single and double bonds alternate. The
single bond is a covalent bond where a pair of electrons of the s-orbitals are shared between two
atoms (o-bond). The double bond involves four electrons and consists of an overlap of s-orbitals
(o-bond) and p-orbitals (7-bond). Consequently, through the connecting o-bonds the p-orbitals of
the system overlap, and the n-electrons (of the p-orbital) are delocalized over the molecule. This
is called conjugation, a conjugated system has a lower overall energy and is expected to posses a
high conductance.

HSOSH 5

Figure 47: Structure of 1,4-benzenedithiol. The aromatic ring has two thiol groups attached at the first and
fourth position.

The benzenedithiol (99.8%, Sigma Aldrich) was analyzed with elementary analysis and gas
chromatography, the exact results can be found in appendix B. The measured content of carbon
and hydrogen obtained from the elementary analysis differs slightly from the theoretical value,
0.3% total mass difference with respect to the theoretical value for the weight of carbon and 0.03%
for the hydrogen, respectively. In both cases this difference exceeds the error margins. However,
only one clear peak of benzenedithiol is detectable in the chromatogram. For the measurements, a
1 mM solution of BeDT in pure ethanol was prepared.

Fig. 48 shows four exemplary CPCs of BeDT. The molecular plateaus lie between 0.1 G and
0.01 Go, multiple plateaus are visible. One reason might be given by the size of the molecule.
The smaller the molecule, the more important becomes the geometrical arrangement of the Au
and the anchoring groups which can differ for each CPC. Furthermore, enhanced conductance by
two (or more) molecules connecting the junction in parallel has to be considered, especially for
smaller molecules. Moreover, BeDT consists of a conjugated carbon ring which might allow the
molecules to cluster easily to bigger complexes that influence the measurement. One of this effects
may have caused the jump in the fourth curve in Fig. (48 a) after reaching a stable plateau slightly
below 0.1 Gy.

The IVCs of BeDT can be analyzed using the different methods mentioned above. RTM yields
values of the molecular orbital by fitting it with Eq. 24. A typical example is given in Fig. (49 a).

The RTM fit yields values of e(BeDT) = (0.4625 + 0.004)eV for the molecular orbital and
' = (1.059 + 0.001) x 10™*eV for the coupling constant, respectively. For the symmetrical curve
the fitting is very accurate, the coefficient of determination is r ~ 0.998. Again in the Fowler—
Nordheim plot of the IVC, no minimum is observed for |V| < 0.6 (see Fig. (49 b)). According
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Figure 48: BeDT shows multiple steps in the CPC (290K, 150mV) with conductance values between
107" Gy to 1073 Gy (a). The curves are shifted horizontally for clarity. Consequently, the histogram of
BeDT exhibits different peaks of similar height (b).

800 T T T T T T T T T T T M

b C m,=1.5

Q

8
4

0.28V

Current [nA]
i
8 o
Ln(Iv?)
Lg(Current)
£

400 4 01V

S0l el n s n s L . L
~700-600-500 -400-300-200-100 0 100 200 300 400 500 600 700 20 10 [} 10 20 15 10 05

Voltage [mV] 1/Voltage [V'] Lg(Voltage)

Figure 49: The IV-curve of BeDT can be analyzed with different methods. Fitting the IVC of BeDT with
the resonant tunneling model (a) yields € = (0.4625 + 0.004)eV and T’ = (1.059 + 0.001) x 10~*eV for
the molecular level and the coupling constant, respectively. The model fits the data (red line) with very
high accuracy (r = 0.998). The Fowler-Nordheim plot shows no kink for the IVC (b). According to the
Simmons model this indicates that a higher voltage is necessary to tilt the potential barrier. In (c) the double
logarithmic plot of the IVC reveals a slope of m; =~ 1 for the lower voltage regime (fitted by the red line),
and a slope of my, ~ 1.5 for the higher voltage regime (fitted by the blue line). The linear regime fits the
curve nicely up to 100 mV, whereas a behavior I oc V!5 is measured at voltages higher than 280 mV.

to the Simmons model, this implies that the applied voltage was not sufficiently large. Finally,
the double logarithmic plot of this IVC shows that the linear regime exists at low voltages, above
280 mV it changes to a dependence of I oc V3 but does not reach the FN regime with a dependence
stronger than I o V2. These power law dependencies fit the curve well and explain why no
minimum is obtained in the Fowler-Nordheim plot.

Most IVCs are (approximately) symmetrical, but asymmetrical behavior occurs also, as shown
in Fig. 50. Obviously, fitting the asymmetrical IVCs with the symmetrical expression of the res-
onant tunneling model is not really successful and yields a large error r ~ 0.84 (see Fig. (50 a)).
In principle, the resonant tunneling model can be modified to simulate an asymmetrical behav-
ior, however, the process is complicated. One way of interpreting the data is to use an indepen-
dently fitting of the positive and negative applied voltage, respectively. Consequently, both voltage
regimes are described by independent values for the molecular level and coupling constant. In
Fig. (50 b) g(BeDT) = (0.856 + 0.003) eV and €(BeDT) ~ (1.178 + 0.008) eV, for the negative
and positive voltage regime, respectively. The coupling constants are Iy = (1.53 + 0.01) x 107> eV
and I'; = (1.82 + 0.02) x 1073 eV. The fitting for both sides is relatively accurate (r; ~0.976, and
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Figure 50: Fitting an asymmetric IVC of BeDT (black line) with the RTM (a, red line) yields e(BeDT) =
(=0.95 + 0.02)eV and I’ = (1.62 = 0.02) x 107 eV for the molecular level and the coupling constant,
respectively. However, the coefficient of determination is only » ~ 0.84. By separating the voltage regime
into two parts and using an independent set of parameters of the symmetrical model for each side (b, red
line) the fitting becomes more appropriate. The coefficients of determination are r; ~0.976, and r, ~0.989
for the left and right hand side, respectively. The molecular levels are ¢ ~ (0.856 + 0.003)eV and € =~
(1.178 + 0.008) eV, and the coupling constants are I} = (1.53 + 0.01) x 107 eV and T, = (1.82 + 0.02) x
1075eV.

re ~0.989). As expected, the molecular energy level on the left side is smaller compared to the
right side. The asymmetry in the IVCs can be caused by different geometrical arrangement of the
Au atoms for the left and right contact, resulting in a different coupling of the molecule to the Au.
Alternatively, the small size of BeDT enhances the chances of more than one molecule contribut-
ing to the current, which could cause an asymmetric situation via clustering of BeDT molecules.

In conclusion, 1,4-benzenedithiol (BeDT) exhibits a number of plateaus in the CPCs (and there-
fore several peaks in the histogram). The observed plateaus lie around 107>*! Gy. Since clustering
or multiple connection of molecules lead automatically to an increase of the conductivity, it is
expected that the conductance for a single BeDT molecule should be close to the lowest con-
ductance plateau, i.e. G(BeDT) ~ 1073G,. Due to the conjugated structure of benzene (and the
delocalization of the electrons) a large conductance is expected. However, since the bonds of the
anchoring groups to the Au posses a large resistance compared to that of benzene, the S-Au bonds
are expected to dominate the conductance value. A large number of experimental and theoreti-
cal literature values exists for the conductance of a BeDT molecule. The reported experimental
conductance values differ over several orders of magnitude, i.e. they range from 1 x 10~! Gy to
5 x 107> Gy for a single BeDT molecule, whereas the theoretical values range between 0.05 G
and 0.5 Gy [48].

The symmetric IVCs of BeDT exhibit a characteristic and stable “s-shape”. Fitting one ex-
emplary IVC with RTM yields a molecular level of about egrm(BeDT) ~ 0.46eV. The double
logarithmic plot indicates that a contribution of the molecular level sets in already at €4 (BedT) >
0.28 eV, whereas the FN-plot leads to a barrier height egn(BeDT) > 0.6eV. These values are
representative for similar symmetrical IVCs obtained for BeDT.

In the case of asymmetric IVCs, the molecular levels obtained from the different methods are
usually much higher, but differ for individual curves.

Literature values obtained from break-junction measurements (and calculated with RTM) are
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e(BeDT) = 0.5eV [38], and therefore close to our values.

Thus, the BeDT is successfully characterized in our break-junction setup. The range of conduc-
tance levels is consistent with the variety of conductance values in the literature and the molecular
level (obtained by the RTM) corresponds to the literature values.
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4.4 Terphenyldithiol

p-Terphenyl-4,4”-dithiol consists of three connected benzol rings in a row with two thiol groups
at the ends. It represents a conjugated system with delocalized electrons. In organic light emitting
diodes (OLED) similar molecules (triphenylamine) can be used [12]. The chemical formula of
terphenyldithiol (TPT) is C13H4S>. Our TPT has a purity of 96% (Sigma Aldrich) and is analyzed
with elementary analysis and gas chromatography.

Figure 51: Structure of p-terphenyl-4,4”-dithiol. Three aromatic rings in a row are connected with a thiol
group at the ends.

The weight of carbon obtained from the elementary analysis is approximately 1.5% below the
theoretical expected value, whereas the amount of hydrogen is very close to the theoretical value.
The chromatogram shows a clear peak of TPT (relative area 93.2%) but five additional peaks are
detected, the largest one (relative area 3.6%) for terphenylthiol—an identical molecule, however,
with only one thiol group (see appendix B). Since the probability is low for terphenylthiol to
connect to both electrodes in the measurement we can ignore this molecule. For the measurements,
a 0.2 mM solution of TPT in pure ethanol was prepared.
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Figure 52: Example of a very stable CPC of TPT recorded at 36 K. The reduced temperature seems to lead
to a reduced mobility and thermal fluctuation of the molecule and the Au atoms in the electrode.

The CPCs of TPT are measured at S0mV. In some CPCs several plateaus at different con-
ductance values are present. However, in most cases a major plateau is visible between 1073 Gy
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Figure 53: Histogram of p-terphenyl-4,4”-dithiol at 285 K and 150 mV with a Gaussian distribution as a fit
to the histogram peak. Note that the fitted Gaul-function has no physical meaning, but helps to measure the
approximate position of the peak Ggs x(HDT) = (7.8 + 0.9) X 107 G,

and 10™* Gy, see for example Fig. 52. The resulting histogram, obtained from several hundred
CPCs, yields a clearly visible peak in the conductance spectrum (Fig. 53). The position of the
peak changes with temperature. The resulting temperature dependence is shown in Fig. (54 a).
The higher the temperature, the higher the conductance of the main conductance peak. To analyze
this behavior, the data are plotted in form of an Arrhenius plot (Fig. (54 b)) . For direct (elastic)
tunneling, the current should not depend on the temperature. Whereas for inelastic hopping trans-
port a dependence In(//v) oc T-1is predicted (see also Tab. 1 in Chap. 2.4.3). Fig. (54 b) shows
the corresponding plot of In(/) versus T~'. For low temperatures the current does not change
with temperature indicating direct tunneling as dominating conduction mechanism. However, at
Twans ® 100K a change in the behavior sets in, and the current increases rapidly with increas-
ing temperature in agreement with the hopping mechanism [20, 41]. Therefore we conclude that
the electronic transport mechanism changes from elastic tunneling for 7 < 100K to an inelastic
hopping mechanism for 7 > 100 K.
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Figure 54: Temperature dependence of the dominating conductance peak of the histogram for TPT in linear
form (a) and in form of an Arrhenius plot (b). The change of the temperature dependence in (b) from
constant to exponential increase indicates a transition from a tunneling to a hopping mechanism at Tians =
100K.
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Figure 55: The contour histograms of TPT show the breaking at the quantum of conductance Gy, and the
molecular peak between 1073 and 10™* Gy. Furthermore, a decay constant different from vacuum tunneling
can be observed (see dashed line in (a)). For the contour histogram recorded at 230K (a) the slope is
m = (36 + 4mm™', and therefore § ~ 0.6 A=, In some contour histograms both behaviors, vacuum
tunneling CPCs and molecular influenced CPCs are observable (b). The corresponding decay constants are
& ~ —1 A~! for the vacuum tunneling and 6 ~ 0.4 A~ for the molecular traces. An overview of the decay
constants for TPT at different temperatures is given in Fig. 56.

Two exemplary contour histograms of TPT are presented in Fig. 55. By fitting the slope of
the conductance traces a decay constant for the tunnel current in case of a molecular junction
is obtained. The decay constant is about a factor 2 smaller than the decay constant for vacuum
tunneling without molecules. The values for the tunneling constant change because the work
function of the metal might be lower if molecules are present. However, also the plateaus in the
conductance traces influence the slope significantly, since they are included in the fitting of the
slope of the contour histogram. Fig. (55 b) shows a contour histogram composed of CPCs that
show molecular behavior, and CPCs that exhibit vacuum tunneling. In the contour histogram the
vacuum tunneling has a decay constant of dyacyum = 1 A~! and the molecular part, where a much
slower decrease is observed, étpr =~ 0.4 A~!. The decay constant for TPT at different temperatures
calculated from contour histograms are shown in Fig. 56. It does not depend on the temperature,
and is clearly below the vacuum tunneling decay constant. Since the histograms are measured in
the linear regime at a constant voltage of 50 mV, the conductance value obtained from the peak in
the histogram is most likely characterizing the metal-molecule contact.

Furthermore, IVCs of TPT are recorded at different temperatures and FN plots and double
logarithmic plots are performed. TPT can be measured up to a rather large voltages of £1.5V ina
stable and reproducible way. Fig. (57 a) shows a typical measurement of an IVC of TPT recorded
at 150 K, displayed in the linear form (including the RTM fit), FN plot, and double logarithmic
plot. A characteristic s-shape is observed that indicates that one (or more) molecules are trapped
in the junction. Both sides yields quite similar values for the molecular orbital (¢ ~ 0.77 eV and
& =~ 0.83 eV) and the coupling constant (I'T = (9.1 +0.1)x 1075eVand T, = (8.2+0.8)x 1075 V).
This indicates, that there is only a small anisotropy, most likely in the Au-molecule bond on both
sides. The FN plot shows a clear minimum at Vg = 1.05V and Veny = 1.17V on the left and
right hand side, respectively (cf. Fig. (57 b)).

Finally, in the double logarithmic plot a linear dependence is observed up to ~ 550 mV, followed
by a nearly quadratic regime up to 1 V. At even higher voltages a remarkably strong voltage de-
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Figure 56: Decay constant of TPT drpr = 0.55 At (blue), obtained from slopes in the contour histogram
at different temperatures. The values are clearly below the value of the reference measurements without
molecule, i.e. for vacuum tunneling (black). The decay constant of TPT exhibits no temperature depen-
dence.
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Figure 57: IVC of TPT at 150 K (a). The RTM fit with independent parameters for both sides yields the
molecular level and coupling constants ¢ = (0.766 + 0.003)eV and I'| = (9.1 £ 0.1) x 1075eV, & =
(0.834 £ 0.003)eV and I'; = (8.22 + 0.08) x 107> eV with an accuracy r; = 0.99 and r; = 0.996. (b) The
Fowler-Nordheim plot shows two kinks at the transition voltages Vy_ ~ —1.05V and V1, = 1.17V. (¢)
In the double logarithmic plot the current—voltage dependence I oc V" is linear (n = 1.06 = 0.01) up to
approximately 0.55 V, almost exactly at 1 V the dependence changes ton = (3.9 +0.1) V.
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pendence of approximately I oc V* is observed. The Vgy values of the FN plot are larger than
the € values of the RTM fit. The starting point of the quadratic voltage dependence in the double
logarithmic plot corresponds to the transition voltage of the FN plot. Thus, the field emission for
this molecule seems to start at 1.1 V. The three different plots indicate that a molecular contribu-
tion to the conductance starts between 0.8 eV and 1.1 eV for TPT trapped between Au electrodes
at 150 K. IVCs of TPT exhibit different forms, hence different values for the molecular level are
obtained. Fig. 58 shows a summary of a number of data obtained from IVCs of TPT (at room tem-
perature). In Fig. (58 a) typical energy levels derived from RTM fits and FN plots are shown. The
RTM values are generally slightly smaller than the FN values, i.e. the RTM provides an molec-
ular level of egrm(TPT) = (0.8 + 0.2) eV whereas the FN plot gives egn(TPT) = (1.0 + 0.3)eV.
Fig. (58 b) demonstrates, that there exist no correlation between the RTM coupling constant I" and
the RTM molecular level e. Moreover, the coupling constant seems to vary strongly (i.e. various
coupling arrangements are possible), whereas the molecular energy level is more or less constant.
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Figure 58: IVC measurement of TPT at room temperature (a, b, ¢) and over a large temperature range (d):
(a) Molecular orbital levels for several IVCs from independent measurements. The values are obtained from
the FN plot (dark blue) and the RTM fitting (cyan). Triangles pointing to the right and triangles pointing
to the left indicate the value obtained in the positive and in the negative voltage regime, respectively. (b)
RTM coupling constant I" as function of the molecular levels €, no correlation is observable. (c) Strength of
the cubic behavior of IVCs versus the voltage where the cubic behavior starts. The later the cubic behavior
starts the stronger is the increase. (d) Molecular orbital levels at different temperatures, as in (a) the values
obtained from the FN plot (dark blue) and the RTM (cyan). No temperature dependence of the molecular
levels are obtained.
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Fig. (58 c) shows a discussion of the shape of the IVCs that might hint towards different broad-
ening of the energy levels of the molecular orbital. Based on the double-logarithmic plot different
power law behaviors I o« V" can easily be distinguished. The figure shows in principle the corre-
lation between the onset of the FN regime (i.e. a stronger behavior than I o« V2) and the steepness
of the IVC in the FN regime (taking the steepness in the cubic regime I o V3).

The correlation seems to indicate that the FN behavior starts at lower voltages if the energy band
of the molecular orbital is broadened and at higher voltages if the energy band of the molecular
orbital is narrow. The broadening of the energy band might be a result of the reorganization of
the molecular orbitals if attached to gold. This might explain the different shapes of the IVCs and
hence the different values for the molecular level that are evaluated with RTM and FN plot.

Finally, Fig. (58 d) shows the energy levels of the molecular orbital obtained from IVCs mea-
sured at different temperatures. No temperature dependence of the transition voltage in the FN
plots or in the fitted parameters for the RTM is visible. The values differ (even for IVCs mea-
sured at constant temperatures) but over the hole temperature range constant molecular levels of
erTM(TPT) = (0.8 £ 0.2) eV and egn(TPT) = (1.0 + 0.3) eV are estimated. Hence, the molecular
orbitals for TPT between Au electrodes does not change with temperature (or the effect is smaller
than the deviation of molecular levels at constant temperature).

In conclusion, p-terphenyl-4,4”-dithiol (TPT) is characterized over a temperature range of 30 K
to 290 K. Due to its length ~ 1.6 nm geometrical effects of the binding at the Au electrodes do
not play a major role which makes this molecule highly suitable for break-junction characteriza-
tion. CPCs and IVCs (up to 1.5V) are recorded for different temperatures. In the CPCs clearly
pronounced plateaus can be observed. The conductance plateaus result in a clearly visible peak
in the histogram with a conductance value of G(TPT) = 8 x 10~* Gy at room temperature, which
decreases with decreasing temperature. This behavior is indicative for a change from a hopping
transport for 7 > 100K to a tunneling dominated transport at low temperatures. The longer the
molecule, the higher is the probability for the hopping process to dominate the conductance. The
TPT molecule represents a relative short system for hopping mechanism (cf. Refs. [20, 41]).

In contrast to the CPC characterization, no temperature dependence is observed for the energy
levels of the molecular orbitals that are derived from IVCs. RTM and FN plot yield temperature
independent values of egrm(TPT) = (0.8 £ 0.2) eV and egn(TPT) = (1.0 £ 0.3) eV. Although both
derivations are based on relatively simple theories, the values should correspond to the molecular
orbital that is involved in the conductance. Literature values obtained from measurements of self
assembled mono-layers (SAM) lie in the same range (e(TPT) = (1.07 £ 0.10) eV, [21]).

The combination of the results of CPCs (i.e., temperature dependence of the conductance) and
the IVCs (no temperature dependence of the molecular orbital) leads to the following conductance
mechanism. At low temperatures direct tunneling dominates the transport. With increasing tem-
peratures (Tans = 100 K) the conductance becomes temperature dependent, hopping sets in as the
dominating transfer mechanism.
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4.5 Porphyrines

Porphyrines represent a very interesting class of molecules that, for instance, play an important
role in human metabolism processes or photosynthesis in plants. The basic structure of all por-
phyrines is the porphine (see Fig. 59) that consists of four modified pyrroles (a ring of four carbons
and one nitrogen) connected via conjugated bonds. Therefore, porphyrines represents a highly
conjugated system. Together with the large variety of chemical structures that can be attached to
porphine, this leads to the unique versatility of this type of molecule.

Figure 59: Basic structure of porphine.

A typical representative, the porphyrine 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine is used
in this thesis. Four pyridine groups (pyridil) are connected to the basic porphine structure (see
Fig. 60). The tetrapyridil-porphine (TPyP) is commercially available (Sigma Aldrich/Frontier
Scientific, CAS-nr. 16834-13-2) with a purity of 97%. The elemental analysis of our material
yielded theoretical values for nitrogen and hydrogen, whereas the measured weight of carbon was
roughly 0.5% lower than expected. The proton-NMR measurement exhibited the expected peaks
[17] and only a small contamination (see appendix B).

Figure 60: Structure of 5,10,15,20-Tetra(4-pyridyl)-21H,23H-porphine, four pyridine groups (“pyridil”) are
attached to the central porphine complex. In the break-junction measurements the connection to the Au is
performed by the nitrogen of the pyridil.

For the preparation of the porphyrines a 0.02mM solution of porphyrine in chloroform was
prepared, and pyridine was added to the solvent to increase the solubility and to stabilize the
porphyrine in the chloroform (see Chap. 3.5) [5].
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Figure 61: CPCs of TPyP usually do not exhibit a single clear pronounced plateau below G, but “tilted”
plateaus around Gtpyp = 0.1 Go.

Typical examples of CPCs of tetrapyridil-porphine (TPyP) are shown in Fig. 61. No clearly
pronounced molecular plateau can be observed below Go. However, often the CPCs show a kind
of “tilted plateau” in the regime of 0.1 Gy. This tilted plateau is terminated by an abrupt drop
in the conductance to a value of ~ 1073 Gy, followed by a further tunneling-like decrease of the
conductance. Both, a plateau and the abrupt drop in the conductance are strong indications for
the presence of molecules between the Au contacts. However, due to our experience with the
preparation of the porphyrine and the knowledge about the pyridine-Au contact our interpretation
is as follows:

— TPyP tends to cluster even if we use extremely low concentrations. Therefore, we believe
that a cluster of TPyP molecules is formed and shunts the contact.

— In contrast to thiol, pyridine develops only a weak contact to Au. Moreover due to the clus-
tering, there will be a number of Au-pyridine contacts, which leads to the large conductance
value.

— Typically one contact (right or left) will be stronger. Therefore, the weaker contact will
break and the molecular cluster will “slide” along this contact which leads to the tilting of
the plateau.

— Finally, the cluster will be removed from the “weak contact”. This leads to the sudden
drop of the conductance, since now tunneling sets in. However, different to the experiments
with TPT, no chain-like structure of Au atoms is pulled out of the electrode and thus no
reorientation of the electrodes takes place. Therefore this drop in conductance is not as
large as for TPT (typically to 1076 Gy)

Obviously the clustering of molecules hampers the measurement since
— we have to choose very small concentrations of TPyP in chloroform,

— the clusters are less mobile and therefore the chance of detecting molecules is small in our
experiment.

— If molecules are measured (tilted plateau) then these are not single molecule measurements.
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Figure 62: Two standard histograms of an Au bridge without (black) and with TPyP molecules (red) show
nearly similar behavior. However, the contour histograms (insets) reveal a difference, although no clear
plateaus are detectable for this measurement.

However, with the help of contour histograms the effect of TPyP on the CPCs can be observed
even though the standard histograms are not very helpful. Fig. 62 shows a comparison of standard
histograms of a break-junction without molecules and with TPyP. While the histograms do not
provide notable differences, the contour histograms (insets) of the same data indicate a change in
the breaking behavior of the Au bridge if molecules are deposited. The main difference between
both contour histograms lies in the width of the contours. In case of measurement with TPyP a
large range of possible scenarios occur, ranging from CPCs without molecules in the junction to
CPC with different arrangement and sizes of clusters of TPyP. Since the interpretation of CPCs
or single histograms is difficult, general mechanisms can be investigated if a large number of
measurements are performed at changing conditions.

Therefore, in these measurements the temperature can play an important role. By cooling down
the sample, the mobility of the molecules and clusters of molecule decreases and the situation
might occur that molecules are “stuck” in the junction and, thus, measured repeatedly. Temper-
ature dependence measurements could reveal whether the formation of clusters or the flexibility
of single molecules caused the “tilted plateaus™. Therefore, contour histograms were recorded at
different temperatures ranging from 30 K up to room temperature. As expected, the form of the
contour histogram of TPyP differ for every measurement, however, at lower temperatures more of-
ten stable regimes can be obtained. Fig. 63 shows two contour histograms, for TPyP at 290 K and
155K, respectively. While for the latter histogram a dense region of conductance values around
(1071-1072) Gy is clearly observed, the contour histogram recorded at room temperature does not
reveal such significant behavior. However, it is clearly visible that both contour histograms can be
distinguished from those without molecules. The difference is not only given by the peaks that are
characteristic for the presence of the molecules (e.g. around (0.1-0.01) Gy in Fig. (63 b)) but also
by the slope of the line that connects the maxima in the contour plot (see lines in Fig. 62 and 63).

The lines in the semi logarithmic plots represent the average slope of all CPCs, i.e. the decay
constant of an assumed pure tunneling mechanism. Using the attenuation factor, the resulting de-
cay constants 6(TPyP)=~0.39 for the measurements with TPyP are clearly below those for vacuum
tunneling, see Fig. 64, i.e. the molecular contribution is clearly visible. Furthermore, the decay
constant appears to be temperature independent. While the fitting procedure might not reveal a re-
liable “tunnel decay constant”, it is certainly a proof for the presence of molecules. The low value
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Figure 63: Contour histograms of TPyP at 290K (a) and 155K (b). The form of the contour histograms
differ significantly for measurements of TPyP. The tendency to observe a regime of high conductances
(b) enhances with decreasing temperature. However, both contour histograms show an averaged tunnel
decay constant that differ from vacuum tunneling, §,90x(TPyP) = (0.41 + 0.05) Al and 0155k (TPyP) =
(0.39 £ 0.05) A~

indicates the strong effect of TPyP on the measured conductance. Mainly two mechanisms can
cause the observed difference in the decay constant from vacuum tunneling, molecular plateaus
in the CPCs and a lower work function due to the presence of molecules on the gold. Since the
work function can be considered to be nearly temperature independent, the unchanging decay con-
stant ¢ indicates that the breaking behavior of the system does not change (significantly) with the
temperature. This enhances the probability that clusters dominate the breaking process.

Since histograms (CPCs) mainly provide information about the electronic properties of the
metal-molecule bonds, IVCs have to be performed in order to learn more about the electronic
properties of the molecule itself. However, as described above, in case of TPyP clustering of
molecules in the junction is most likely. Therefore, also the IVC have to be taken with care, they
might reflect the electronic properties of TPyP clusters.

Nevertheless, IVCs are recorded at different temperatures. At higher temperatures all IVCs
exhibit a similar behavior, see Fig. (65 a). For one direction of the applied voltage (in this case
negative) a relatively slow change of the current is measured, whereas in the opposite voltage
regime a stronger increase is observed. Generally, the expected linear behavior is observed up
to several 100 mV, before the slope of the curve in the positive voltage range changes to finally
I o« V* (see inset of Fig. (65 a)). RTM fits yield values for the molecular levels clearly be-
low 1eV (&,290x(TPyP) ~ 0.6eV and € 290k (TPyP) = 0.7eV) and values for the coupling of
I',200k (TPyP) = I 200k (TPyP) = -2 x 1075eV. At high voltages strong fluctuations are ob-
served. As a result the RTM fits are less accurate (r ~ 0.97).

At lower temperatures the deviation from the RTM fit increases. A typical example of an IVC
recorded at 7' = 185 K is shown in Fig. (65 c). Although the reduced temperatures in general leads
to a stabilization of the IVC, fluctuations are observed in the regime where the voltage increases.
Nevertheless, the RTM fit yields similar values compared to those measured at room temperature
(e,185x(TPyP) = 0.9eV, €, 135k (TPyP) ~ 0.7 eV). The double-logarithmic plot of the IVC shows,
that at this temperature the linear regime at low voltages is finally transferred to a I o« V7 depen-
dence at high voltages. Obviously, this dependence cannot be fitted with RTM. The reason for
this strong current dependence of the IVC might be a direct contribution of one or more molec-
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Figure 64: Decay constant of TPyP (red) 6(TPyP) =~ 0.39, obtained from slopes in the contour histograms
at different temperatures. The values are clearly below the value of the reference measurements without
molecule, i.e. for vacuum tunneling (black).
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Figure 65: Exemplary IVCs of TPyP at room temperature (a) and 185 K (b). The black line represents the
experimental data, the red line is the RTM fit. The insets show the same data in double-logarithmic form.
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ular orbitals that open additional conductance channels. If inelastic transport occurs, the strong
increase in current at high voltages would lead to local heating of the molecule and the Au contact.

The IVCs of TPyP at even lower temperature provide further insights. The measurement be-
comes Vvisibly more stable and the IVCs of TPyP reveal an astonishing behavior. The basic form
of the curve is similar to the IVCs in Fig. 65, however, a clear point of inflection can be observed.
In order to use the derivatives as a method of investigation, the IVC is smoothed (e.g. moving
average using 5 values) without changing the general features (cf. red lines in Fig. 66) to evaluate
the first derivative.

An overview of IVCs, measured from 290 K down to 70 K is shown in Fig. 66. Similar to the
IVCs recorded at higher temperatures, the curves are strongly asymmetric, however, for 155 K a
kink in the IVC is visible (see Fig. 66). While for the higher temperatures the derivatives of the
IVC are not helpful, for the IVC measured at 7 =155 K clearly pronounced peaks occur in the
second derivative. For example, the IVC measured at 130 K exhibits a clear plateau, and in the
first derivative a small range of negative differential resistance is visible around 0.8 V. While for
the first and second derivative small fluctuations (resulting from numerical procedure) are visible,
two major peaks, at E1 = (400 —450)mV and E; = (1100 — 1300) mV are clearly pronounced. A
similar behavior is observed for the IVC measured at 70 K. It seems that the peak(s) observed at
low temperatures shift to higher voltages above 130 K. The peaks might be caused electronically
or by molecular vibrations [26]. These interesting modes are only measured at low temperatures
(T < 180K), therefore one explanation could be, that at high temperatures the molecules are
mobile and rearrange in the cluster which leads to the strong fluctuations. At low temperatures the
cluster of molecules is stable, therefore the energy values of electronical or vibrational modes of
the molecular cluster can be resolved.

In conclusion, tetrapyridil-porphine is an interesting molecular system that reveals a much more
complex behavior than simple molecules (like hexanedithiol). In our break-junction experiments
no clear pronounced plateaus are visible. Instead “tilted plateaus” in the CPCs are observed for
relatively high conductances in the range of (0.01—0.1) Gy. These conductance values seem to
characterize the bond between clusters of TPyP and the Au electrodes. Therefore a large range of
scenarios (variations of the location and size of a cluster or single molecules) lead to a quite broad
contour histogram. The lower limit of the conductance regime (the tilted plateaus) might indicate
the “conductance value” for TPyP. This would lead to G(TPyP) ~ 3x 1072 Gy. This value might be
the conductance of a cluster of porphyrines (not a single molecule) or it might characterize in great
part the anchoring groups. However, small plateaus are occasionally observed for conductances
around (10~*—107>) Go which could be the conductance of the molecule only contacted weakly
by its pyridil groups to the Au electrodes. The observed behavior of the CPCs coincides with
the literature. In [43] measurements on similar porphyrines are performed, were the same effects
(tilted plateaus, a high conductance region) in equal conductance ranges are observed.

Due to the complex behavior standard histograms do not reveal differences to the reference mea-
surements. In contrast, the contour histograms show a broadening and a different average slope.
This slope is two times smaller than that for vacuum tunneling, which is caused by (tilted) plateaus
and the change of the work function of gold. Hence, it is a clear indication that TPyP influences
the breaking process significantly. The averaged decay constant maintains its low value for the
measured temperature range between (30-290) K, i.e the breaking process remains relatively sta-
ble.
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Figure 66: IVCs of TPyP recorded at different temperatures. Left side: original data (black), smoothed data
(red, moving average using 5 data points) and first derivative (inset, data and smoothed data). Right side:
second derivative (blue).
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IVCs are measured up to 1.5 V. At high temperatures and high voltages the IVCs are unstable
which maybe due to the complex structure of one, or several clustered TPyP molecules leading to
geometrical dependent conductance switching. At lower temperatures less fluctuations are visible
in the IVC, maybe due to reduced mobility of the molecules.

The form of the IVC depends on the temperature. For high temperatures the IVC are fitted with
the RTM, and a molecular orbital of approximately €99k (TPyP) ~ (0.65 = 0.1) eV is obtained for
both, negative and positive voltage. At lower temperatures (185 K) the IVC form changes, i.e.
the increase of the current with voltage is stronger, and the RTM can only be fitted with lower
accuracy, nevertheless the molecular level for the analyzed IVCs is relatively close to the level
obtained at room temperature (€135 k(TPyP) ~ (0.8 + 0.1)eV for both voltages). The coupling
constant remains nearly unchanged for all IVCs (I'(185/290) k (TPyP) = (=2 £ 0.2) x 1073 eV). The
form of the IVCs corresponds approximately to the literature [43].

At even lower temperatures, starting below ~155 K, the form of the IVC is completely changed.
Sharp step- and plateau-like features are observed. This behavior cannot be fitted with the RTM,
however, the second derivative yields at least two clear peaks around 0.4 eV and 1.2eV. The exact
values depend on the temperature, starting at 130 K it seems that they shift to higher voltages with
increasing temperature. The origin of these peaks can be either electronical or vibrational modes
[26, 35, 53].



5 Summary

Nowadays, the investigation of single molecules represents a cutting edge of science, that com-
bines the two traditional disciplines, physics and chemistry. Besides of curiosity and the search
for knowledge, certainly solid reasons to investigate the electronic properties of complex molec-
ular systems, more practical reasons exist. Despite their importance several aspects are not well
understood like the electron pathway in proteins or the possibility to use (single) molecules as part
of electronic systems of the future.

The mechanically controllable break-junction (MCBJ) technique represents an ideal way for
the investigation of single molecules. Despite its simple working principle the control and stable
measurements of single molecules are possible. In this thesis, the first steps towards characterizing
single molecules via a cryogenic version of a MCBJ setup is performed using different molecules
as a test bed ranging from more rod-like “one-dimensional” molecules to complex porphyrines.

A major part of the thesis was the development and operation of an automated cryogenic MCBJ
setup, the optimization of the break-junction samples themselves, and to establish adequate mea-
surement procedures. In detail:

— A cryogenic setup was developed and the sophisticated sample holder was constructed and
implemented. Electronic setup and devices were optimized to reach the necessary precision
for the measurement of the low conductances of ~ 1077 Gy, typically equal to ~ 10713 A.
The piezo positioner allows a lateral control of the break-junction (theoretically) in the pm
regime, thanks to an attenuation factor of ~ 107.

— The temperature control, different types of measurement cycles (e.g. CPC, IV and his-
togram) and the bending procedure were automatized in a self-written program that allows
maximum flexibility.

— Optimal lithographically prepared samples allow several thousands of bending procedures
and can be used for several weeks or even months of continuous measurement. In order to
improve the bending process the production steps were changed several times and different
sizes and materials for the substrate were tested. Furthermore, several patterns for the (e-
beam) lithographic structure were developed. Palladium (Pd) and gold (Au) were tested as
electrode materials.

With the completed systems, different molecules were characterized. First, two simple molecules
were investigated: Hexanedithiol (HDT), an alkane which has a rod-like “1-dimensional” struc-
ture, and the most simple aromatic dithiol, benzenedithiol (BeDT). The main results are:

— In contrast to the Pd samples, those with Au electrodes turned out to be suitable for break-
junction measurements. Therefore, Au was used for all measurements later on. The Au
nano bridge can be controlled with remarkable precision and the conductance of an open
break-junction is stable for days, especially at low temperatures. Mounting and electrical
connecting turned out to be crucial, since the nano bridges were easily destroyed by electric
charges. Hence, the connecting process was improved and different connection methods
were tested.

— HDT turned out to be a suitable molecule for conductance—position characteristics (CPCs).
It produced highly stable conductance plateaus at ~ 5.8x107* Gy. BeDT shows a more com-
plex behavior, since several plateaus were detected at high conductance values in the CPCs.
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Both results agree with the literature values. Furthermore, current—voltage characteristics
(IVCs) were performed up to 1V for HDT and BeDT. A significant s-shape was observed,
and a molecular level of e(HDT) ~ 0.9 eV and e(BDT) =~ 0.5 ¢V could be extracted for HDT
and BeDT, respectively.

— Our analysis revealed that the contact between molecule and electrodes plays a major role in
our experiment. On the one hand, the detection of molecules via plateaus in CPC depends
highly on the ability to pull a chain-like atomic structure out of the electrodes. On the other
hand, the measured conductance seems to be dominated by the large resistance of the contact
of the anchoring groups to the electrodes. Hence, all conductance data obtained from CPCs
or histograms reflect the contact resistance. Usually, only the data obtained via IVCs (i.e.
higher voltages) provide specific information about the level of the molecule.

Finally, more complex molecules were investigated at different temperatures. The relatively long
conjugated terphenyldithiol (TPT) and the “2-dimensional” conjugated tetrapyridilporphine (TPyP):

— The temperature dependence turned out to be a crucial aspect for the stability of the mea-
surements and the characterization of molecules. The plateaus in the CPCs and the IVCs
are more stable at cryogenic temperatures.

— Although TPT exhibited different stable plateaus in the CPCs, only one conductance was
visible in all CPCs with a molecule. The value of this conductance (of the molecule-Au
contact) is nearly constant at temperatures lower than 7 ~ 100 K, where it starts to increase.
At this temperature a transition from coherent tunneling to incoherent “hopping” takes place.
In contrast, the values for the molecular orbital extracted from the IVCs did not exhibit any
temperature dependence.

— TPyP shows no clearly pronounced plateaus in the CPCs, however, tilted plateaus are ob-
served regularly. This could be caused by (a) the tendency of this molecule to form clusters,
which was observed by the scanning electron microscope (SEM), and (b) by the less ef-
fective bonding of the pyridil to Au (for TPyP) compared to that of the thiol to Au (for
TPT). The tilted plateaus at high conductance would then describe the behavior of a cluster
of TPyP that is bonded to one electrode and “slides” over the second electrode. Since in
this case the standard histogram does not show pronounced peaks a contour histogram was
introduced. The plateaus and the lower work function influence the CPCs, which appear
in the contour histogram in form of a modified tilting of the contours with respect to the
contour histograms of a reference measurement without molecules. At lower conductance
sometimes small plateaus were observed that might be caused by single porphyrines.
Finally, IVCs of TPyP were recorded for different temperatures. While at higher temper-
atures the IVCs exhibit a strong, but very noisy increase at higher voltages, this increase
changes to a plateau-like form at lower temperatures. L.e. the IVCs are stable and repro-
ducible. The 2™ derivative (d*1/dV?) shows pronounced peaks around 0.4 eV and 1.2eV at
low temperatures. Above ~ 130 K these peaks shift towards higher voltages with increasing
temperature, until at ~ 180 K the peaks are covered by the voltage noise. Explanations for
this peak are either vibrational or electronical modes, the voltage noise at higher tempera-
ture might be indicative for rearrangements of individual molecules in the cluster or at the
Au electrode.

In conclusion, the automated cryogenic setup for mechanically controllable break-junction exper-
iments was successfully developed. Single molecules could be characterized over a large temper-
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ature range and the detection of molecular features seemed to be improved by the reduction of the
temperature.

The electronic characterization of single molecules is of general interest for the understanding of
charge transfer on molecular levels and future molecular electronics. If implemented in electrical
circuits they could mimic or even improve the properties of conventional devices. However, our
measurements also reveal some important aspects that have to be considered. Especially, the
contact between molecule and electrode plays a crucial role regarding its large resistances and the
alignment of its Fermi level with the molecular orbitals. At the low voltages, which are usually
used in CPC and histograms, instead of the molecule itself the molecule-metal contact is often
characterized. Furthermore, even though the single molecules are stable for a long time (minutes
to hours in our experiment) in real electronic devices they have to be stable for a much longer
period.

Nevertheless, the cryogenic MCBIJ provides an elegant way to detect interesting electronic prop-
erties of single molecules and hence can contribute to basic science as well as to the development
of future technologies.
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APPENDICES

A The Quantum of Conductance

If the size of a conductor becomes small enough that quantum effects cannot be ignored anymore,
the situation can be analyzed sophistically with time-dependent perturbation theory or scattering
formalisms, detailed calculations can be found in Ref.[10] Here, a more intuitive way is introduced
which leads to the same result.

The number of conducting electrons between two metal electrodes depends on the density of
states of the electrons in the metal. An applied voltage shifts the Fermi level of one electrode with
regard to the other and more electrons will contribute to the current. In a first approximation the
voltage V opens the energy range by eV, the number of the electrons is proportional to the applied
voltage and to the density of states

dn dn dk

=——eV. (36)

=9 T aE

The averaged group velocity |1_7] = v of the electrons is

_do 1dE(K)
VTW T dk
w represents the angular frequency and k the wave number of the electron, respectively. Using
Eq. (36), (37) and the density of states dn/dk = (27)~! of a one dimensional structure, the absolute
value of the net current density

(37)

I = nev (38)

is given by ,
2
eV)2ev = %V. 39

7= 1
- (27Thv
Here, the factor 2 considers up and down spin states of the electrons. Eq. (39) provides a re-
markable result. For the nano-contact the conductance changes in a step-like manner, and the
proportional constant does not depend on material specific properties, like the density of states.
Before we discuss this behavior in more detail, we introduce a more complex formula for the
voltage dependent current of a small sample between two electrodes. The electronic states of the
electrodes are described by the Fermi function f(E). At zero temperature the electron states are
filled up to the Fermi energy, and higher energy states are not occupied. The current between the
electrodes can be expresses as an the integral over the energy of the electrons

—00

2
1(V) = f de T(E)/L(E) - frE)], (40)

0

with f; and fz being the Fermi function of the left and right electrode, respectively. The most
complex part is the energy dependent transmission probability 7' (E) for the electrons. Eq. (40) is
the simplest form of the Landauer formula, already introduced in the 1950’s. In the case of zero
temperature and low voltages the Landauer formula becomes

=GV, 1)
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with a conductance of
2¢2
G = - T. 42)

We can approximate the transmission probability 7" as the sum of N individual transmission chan-
nels T, that have a value between 0 and 1. The conductance is

2¢% ul
G=" Z T,. (43)
n=1

Consequently, the maximal conductance of one transmission channel is

2¢?
G() = 7, (44)

and is called the quantum of conductance. It is exactly the same result equation (39) provides.

Go~77uS ~ (13kQ)7" . (45)
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B Chemical Analysis

1,6-Hexanedithiol

Elementary analysis:

Element | Measured % of weight | Theoretical % of weight
Carbon 47.83+0.27 47.95
Hydrogen 9.29+0.10 9.39

Table 4: Results of the elementary analysis of 1,6-hexanedithiol

Gas chromatography:

Figure 67: Chromatogram of 1,6-hexanedithiol

Position ‘ Area [%] ‘ Comment

10.95

94.83 HDT

11.36

5.17 Dithiocan

Table 5: Peaks of the gas chromatography of 1,6-hexanedithiol (Fig.67)

Benzene-1,4-dithiol

Elementary analysis:
Gas chromatography:

p-Terphenyl-4,4”-dithiol

Elementary analysis:
Gas chromatography
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Element | Measured % of weight | Theoretical % of weight ‘

Carbon 50.96+0.06 50.66
Hydrogen 4.22+0.01 4.25

Table 6: Results of the elementary analysis of benzene-1,4-dithiol

Figure 68: Chromatogram of benzene-1,4-dithiol

| Position | Area[%] | Comment |
| 3233 | 100 [ Benzenedithiol |

Table 7: Peaks of the gas chromatography of benzene-1,4-dithiol (Fig.68)

Element | Measured % of weight | Theoretical % of weight
Carbon 71.84+0.61 73.43
Hydrogen 4.80+0.02 4.79

Table 8: Results of the elementary analysis of p-terphenyl-4,4”-dithiol

Position ‘ Area [%] ‘ Comment
53.41 0.4 ?

54.7 0.35 ?

56.95 0.72 ?

62.85 3.62 Terphenylthiol
66.79 1.75 ?

76.89 93.17 Terphenyldithiol

Table 9: Peaks of the gas chromatography of p-terphenyl-4,4”-dithiol (Fig.69)
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) gelost in ) A), und
Toluol/Pyricin (B) erhalten nach Derivatisierung mit BSTFA auf einer FS-Supreme-5-Sule (30 m x 0,25 mm, 0,25 pm Filmdicke) mit

méglich

Figure 69: Chromatogram of p-terphenyl-4,4”-dithiol

Element | Measured % of weight | Theoretical % of weight

Carbon 77.17+0.06 77.65
Hydrogen 4.41+0.15 4.24
Nitrogen 17.95+0.27 18.11

Table 10: Results of the elementary analysis of tetrapyridil-porphine

5,10,15,20-Tetra(4-pyridil)-21H,23H-porphines

Elementary analysis:
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£ aglentTechnalogies

Figure 70: Proton-NMR of 5,10,15,20-tetra(4-pyridil)-21H,23H-porphine solved in chloroform

- Agilent Technologies
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Figure 71: Proton-NMR of 5,10,15,20-tetra(4-pyridil)-21H,23H-porphine solved in chloroform and pyri-
dine (see Fig. (72) for details)
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Figure 72: Proton-NMR of 5,10,15,20-tetra(4-pyridil)-21H,23H-porphine solved in chloroform (detailed
view of Fig. 71)
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