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Abstract

Carbon-based materials in all their facets yield an extremely large area of electronic ap-
plications. Its quasi-unlimited availability, wide ranging tuneability and scalability make
them a potent rival to the currently dominant silicon technology providing the possibility
to overcome its limitations. This thesis addresses fundamental understanding of electronic
transport processes in three selected systems. Graphene is well know for its exceptional elec-
tronic character and chemical stability. Here an approach on utilizing graphene as a sensor
to molecular specimen of high sensitivity is presented. By adsorbing atomic hydrogen, the
inert character of graphene is broken and even smallest amounts of hydrogenation is found
to increase the resistance by orders of magnitude. The framework of Anderson localization
describes the electron transport in hydrogenated graphene, showing a clear correlation be-
tween the localization lengths, the mean free path and the coverage. Upon hydrogenation
the band transport of graphene is substituted by variable range hopping. Activation energies
for this activated transport were found to range from 26 meV to 48 meV. Those values do
not refer to the band gap observed in hydrogenated graphene around the Dirac point and
exclude an ordinary band insulator. Furthermore, PbPc molecules were adsorbed to pristine
and hydrogenated graphene. While the molecules show no influence on the electronic prop-
erties of pristine samples, they significantly interact with the chemisorbed H atoms. Density
functional theory shows a barrier-less reaction between the H atoms and the PbPc molecules
with an energy gain up to 2.8 eV. This annihilation process is very efficient and restores the
transport properties of pristine graphene.

Contrary to the two-dimensional graphene carbon can also be arranged in one-dimensional
fibers and tubes. Extended compound materials of these fibers are heavily discussed in
energy storage technology. The electronic transport properties are investigated by means
of four-point probe microscopy. A major influence on the conductivity of this materials is
the degree of ordering inside the structures. Pristine and templated carbon nanofibers were
analyzed and a strong relation of their internal structure and the resistance is found. Improved
crystal quality lowers the resistivity of the single fibers as well as pf the compound material.
The compounds were investigated by probe distances in the range of the building blocks
as well as at significantly larger scales. The latter allows the system to be treated as two-
dimensional and isotropic. The measurements combined with simulations yield a description
of the conduction tensor as a combination of band conduction inside the microscopic building
blocks and hopping conduction across the fibers.

As an ultimate miniaturization of conductive carbon materials, spin selective chiral molecules
are heavily investigated. Here measurements of single polyalanine molecules by means of
mechanically controllable breakjunctions are presented. Transport dominated by tunnel-
ing mechanisms has been found by investigating molecules of different length. For lengths
between 2.6 nm and 5.4nm, conductance values ranging from 0.007 Gg to 0.01 G were de-
termined, with a reduction factor of f = 3.5nm™'. Symmetric IV characteristics indicate a
interdigitation process of the molecules in between the gold contacts. A ratcheting model is
proposed to explain the transport properties in regard to the geometrical configuration of the
molecules.
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Acronyms

0D zero-dimensional

1D one-dimensional

2D two-dimensional

3D three-dimensional

2pp two-point probe

4pp four-point probe

ARPES angle-resolved photoemission spectroscopy
Au gold

CISS chiral induced spin selectivity
CNF carbon nanofiber

CNT carbon nanotube
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CVD chemical vapour deposition

DFT density functional theory

EBL electron beam lithography

HOMO highest occupied molecular orbital
HOPG highly oriented pyrolytic graphite
LED light emitting diode

LUMO lowest unoccupied molecular orbital
MCBJ mechanically controllable break junction
MIT metal-insulator transition

MLG monolayer graphene

MMA methylmethaacrylate

PA polyalanine

PAN polyacrylonitrile

PbPc lead phtalocyanine

PMMA polymethylmethaacrylate

QFMLG quasi-freestanding monolayer graphene
RIE reactive ion etching

SAM self assembled monolayer

SEM scanning electron microscope

SiC silicon carbide

SOC spin orbit coupling



SPALEED spot profile analysis low energy electron diffraction

STM scanning tunnelling microscope
STS scanning tunnelling spectroscopy
TEM transmission electron microscopy
UHV ultra-high vacuum

VRH variable range hopping

XPS x-ray photoelectron spectroscopy
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Introduction and Physical Background






Chapter

Introduction

In modern times, electronics have become an essential part of most things around us, e.g.
cars, phones or watches. This is only possible because of silicon-based integrated circuits,
which have large impact on the society in the last decades [1]. The demand for larger com-
putation capacity, cheaper electronic memory and faster, more powerful processors is still
growing. It drives the miniaturization of single electronic components which are today hit-
ting the physical limits.

The immense knowledge made it the fundamental material in integrated electronics for more
than six decades. Mostly because of the astonishing control over the processing of the ma-
terial, like e.g. doping, which determine the material properties. With the upcoming 2nm
technology, as announced by IBM [2], established for transistor devices, the scaling possibility
for silicon-based devices reaches a breaking point. It is the limit of miniaturization of silicon-
based electronics as already predicted at the end of the last century [3-5]. As technology
gets more and more complex and expensive, it drives the search for alternative materials and
concepts which offer further scaling opportunities.

Three main paths open up to overcome the limitations of silicon-based electronics: more effi-
cient architecture and packaging, new models of computation, and new material and device
concepts [6]. In the scope of this thesis, the third path is investigated focusing on carbon as
promising candidate for future electronics. Carbon materials show an incredible diversity in
terms of dimensionality and structure, including diamond, graphite, graphene, buckyballs,
amorphous carbons, nanotubes and -fibers [7-9]. This variety can be extended even further
by adding hydrogen, which leads to a wide range of organics. The huge diversity sparks off
a huge variance of electronic properties, some of them even being unique [10-13]. Nanoma-
terials carry properties like a large surface area, high flexibility and usually good electronic
conductivity compared to bulk materials [14-17]. This puts nanostructures like tube, rods,
sheets and fibers into the focus of research. By combining these advantages, carbon nano-
materials have shown to be promising candidates for advanced electronic applications like
batteries, transistors, ligh emitting diodes (LEDs), sensors and solar cells [18-24].

In any case, fundamental understanding of the materials properties is crucial for the possi-



Chapter 1 Introduction

ble development of new concepts, improving miniaturization, heat dissipation and operating
speed. For example, the field of sensor development aims for miniaturized devices while
maximizing the sensitivity, which is often limited by reaction barriers or grain boundaries in
mircoscopic solid-state devices. The signal in these sensors usually originates from oxidizing
or reducing adsorbed gases and the concomitant change of carrier concentration. A promis-
ing candidate for this application is graphene, a two-dimensional (2D) sheet of carbon. It
shows extraordinary electronic properties, including outstandingly high conductance values
and mobilities around 10° cm? V=1 s™1 at room temperature [13, 25, 26], resulting in an ex-
tremely low noise material and qualifying it for highly sensitive sensor applications. It was
shown, that even the attachment or detachment of a single gas molecule changes the carrier
concentration, inducing a step-like change of conductance [27]. This leads to the ultimate
sensitivity of graphene-based sensors, which are able to detect individual gas molecules. De-
spite this promising prospects, the inert character of graphene requires functionalization in
order to exploit a broad range of applications [28, 29]. One aim of the first experimental
part of thesis is to analyze the functionalization of graphene by hydrogen adsorption and the
interaction between this surface and physisorbed molecules.

Besides the interesting applications of graphene at nanoscale, it also offers novel opportunities
for macroscopic usage [30, 31]. Graphene reveals a conductivity of up to 100 MSm™* [13, 25,
26] compared to approx. 60 MSm™! [32] in copper, which is todays number one conductor
track material. Furthermore, it outperforms copper in terms of thermal conductivity, density
and abundance on earth [31, 33, 34]. To fabricate macroscopic graphene-based materials,
usually compounds filtered from a graphene powder dispersion are used [35]. This leads to
lower conductivity compared to single graphene layers but can still reach up to 80 MSm™!
with optimized production parameters, like doping and graphene flake size [36, 37]. This
indicates the possibiliy of enormous efficiency improvements. Additionally a switch from
copper to carbon could allow a massive reduction of weight and volume. To be able to fully
exploit all the possible advantages, the detailed understanding of the interplay between the
mesoscopic properties of the individual building blocks and the transport behavior of the
macroscopic material is essentially. One approach for a complete description of the conduc-
tivity is presented in this thesis.

Another form of carbon-based conductors are carbon nanofibers (CNFs), whose application
diversity ranges from lightweight construction purposes and composite reinforcements, sensor
applications and electrochemical capacitors to opto- and nanoelectronics [38—40]. The rea-
sons for this wide range are high stiffness and tensile strength combined with a large chemical
resistance and low thermal expansion. Their high electrical conductivity and high surface to
volume ratio qualifies them for both mechanical and electronic applications. External condi-
tions like stress, strain or gaseous environments can distinctly influence the conductance of
CNPFs, especially qualifying them as candidates for sensor applications as well [40]. Again,
a high electric conductivity is the key parameter for optimizing the components for these
applications. One method to tune the electronic properties, is the use of other carbon-based
nanostructures for optimization of the graphitic structure of the material [41-43]. In this the-
sis, the correlation between the structural properties and the electronic transport of pristine
and carbon nanotube (CNT)-templated CNFs was investigated with the aim to maximize the
conductivity.

Towards ultimate miniaturization, the path leads to molecules as buildings blocks. Especially



DNA and the group of chiral molecules gained a lot of interest within the last years due to
their spinfiltering properties [44-46]. This so-called chiral induced spin selectivity (CISS)
effect allows the construction of extremely small electronic components overcoming the lim-
itations of magnetic-based memory technologies and paves the way for the production of
inexpensive, high density memory devices [47-50]. The electron transport through single
chiral molecules is examined in this thesis, highlighting its geometric configuration as an im-
portant factor.

The realization of all these future applications is linked to a deep understanding of the phys-
ical background behind the conductance in low dimensions. Fundamental research is needed
to smooth the path into the next generation of electronic devices, superseding the dominance
of silicon technology.

Structure of this thesis

Part I of this thesis continues, after this introduction, with an overview over the fundamental
physical concepts in Chpt. 2, including the general concepts of low-dimensional transport and
a comparison between diffusive and ballistic transport. The determination of the resistivity of
a material is highlighted with regard to confinement, anisotropy and inhomogenities. Local-
ization effects, which start to play a role in low-dimensional disordered systems, are explained
before section is concluded by an overview of electron transport through molecules.

Part II presents and discusses the experimental methods and results of this work. Starting
with a description of the used measurement setups and techniques in Chpt.3. These are
namely the four-point probe scanning tunneling microscope and mechanically controllable
breakjunctions.

Analysis of adsorption processes of atomic and molecular species to graphene is investigated
in Chpt. 4. Hydrogen adsorption to graphene is investigated, before combining this function-
alized surface with PbPc molecules.

Chpt. 5 focuses on the electronic transport through low-dimensional carbon-based compound
materials. The effect of templating with low-dimensional carbons to the conductivity prop-
erties of CNF is analyzed followed by mixed experimental and simulation approaches for
determining the complete conductivity tensor of a compound material.

The last experimental chapter, Chpt.6. deals with electron transport through single chiral
molecules, analyzing the dominant transport mechanism and presenting a model to include
geometrical configurations.

Part I1I summarizes and concludes the findings of the former chapters and gives an outlook
to possible further investigations.






Chapter

Electrical transport in low dimensions

This chapter describes the basic concepts in physics this thesis is based on. In the first
part, Sec.2.1, the general concepts of electron transport in low dimensions are explained,
including the definition of length scales, transport regimes and a description of diffusive
and ballistic transport. Sec.2.2 describes the determination of the resistivity for different
materials, confined, anisotropic and inhomogenious systems. Sec. 2.3 introduces the concept
of Anderson localization in various dimensions and the variable range hopping transport
mechanism. Lastly, electronic transport through molecules is outlined in Sec. 2.4.

2.1 General concepts of low-dimensional transport

2.1.1 Characteristic length scales

The electrical transport in low dimensions is characterized by different distinctive length pa-
rameters that give information about which physical effects predominate. One of the most
fundamental parameters to determine the transport regime is the electronic mean free path
Ae. It describes the distance an electron can move in between two scattering events. These
scattering processes can be either elastic or inelastic, depending on whether energy is trans-
ferred or not. Elastic scattering, e.g., on impurities, causes a change of momentum of the
charge carrier, while inelastic scattering, e.g, electron-electron scattering, changes both mo-
mentum and energy. Although there are two different mean free paths for elastic A¢ and
inelastic \j, scattering, they are usually combined.

The phase coherence length Ag gives the distance for which the quantum coherence is pre-
served. This quantity is relevant, because elastic as well as inelastic, events can induce a
randomization of the phase. Another fundamental value in any metallic system is the Fermi
wavelength \p = 27 /kp which is associated with the Fermi wavenumber kp.

There are three main transport regimes: diffusive, semi-ballistic and ballistic transport.

For example in graphene, the Fermi wavelength is determined by the electron density n
by Ap = 2y/m/n. For the example of epitaxial monolayer graphene on SiC substrates
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a) Diffusive b) Ballistic
L L
w //AST\\/AW/V?' w
WL >>A,, Ay W,L << Ag, Ay

Figure 2.1: Schematic illustrations of the diffusive (a) and ballistic (b) transport regimes. The
electron trajectories are marked in red.

(n = 1.2 x 10 cm™2), the Fermi wavelength is in the range of 10nm. Based on those
values, two main electron transport regimes can be defined.

As a model for a nanoelectronic material, a conductor with the length L and width W in
between to ideal contacts is assumed. In this setup the physical dimensions limit the current
flow through the system due to the finite characteristic lengths A\ and Ag. For a macroscopic
conductor, the dimensions are significantly larger than the mean free path and the phase
coherence length, W, L > Ao, A¢. A large number of scattering events occur in between the
contacts as schematically pictured in Fig. 2.1 a). This transport regime is called diffusive and
can be described by the Drude-Sommerfeld model as explained in Sec. 2.1.2.

If the mean free path and the coherence length are large compared to the physical dimen-
sions, W, L < ¢, Ap, the ballistic transport regime is entered. The only scattering events
that occur, are reflections from the physical boundaries of the conductor, as schematically
depicted in Fig.2.1 b). This transport regime can be explained by the Landauer formalism
as shown in Sec.2.1.3, There are two ways to reach the ballistic regime, either by increasing
the mean free path or by extreme narrowing of the conductors.

2.1.2 Diffusive transport

A voltage gradient in between two electrodes leads to an electric field £ which acts as a
driving force for electrons within the electronic system. The relation in between the current
density J and the electric field E is described by Ohm s law

J=0E (2.1.1)

where o is the material-specific electrical conductivity.

Already in 1900, P. Drude proposed a model to describe diffusive electron transport based
on kinetic gas theory [51]. This model was later extended and corrected by A. Sommerfeld
[52] who described the electrons as a fermionic gas.

To determine the conductivity within this framework, the current density can be expressed
as a function of the average electron velocity <v>= hk/me, where m, is the electron mass
and k its momentum. The current density is given by the electron density n, the electron
charge e and the average velocity <wv>:

enh
J=en<v>=

Me

<k>. (2.1.2)

10



2.1 General concepts of low-dimensional transport

The average momentum distribution < k> vanishes for thermal equilibrium, <k >y = 0 and
no current flows. To obtain a finite current flow, the electron momentum distribution needs
to deviate from equilibrium. For this case the current density can be written as:

h h
o [<k>— <k>¢] = o
Me Me

J =

Sk. (2.1.3)

External forces like electric fields and scattering events change the momentum distribution.

If only steady-state conditions (% = 0) are considered the expression for the momentum
distribution can be written as or
ok = W (2.1.4)

where 7 describes the average time in between to scattering events. To determine the con-
ductivity o, Ohms law can now be used

7”L€27'

J =

E =neuE =oFE. (2.1.5)
Me

In this case, u describes the electron mobility. This leads to the definition of the conductivity

2 2)\
g="0T % (2.1.6)
Me meVp

The mean free path A, as defined in Sec.2.1.1 is used for this definition.

Within this transport model, the Fermi velocity vp = hikp/me is used rather than the average
drift velocity vp. This is due to the fact, that only electrons with energies in a small range
of kg T, where kg is the Boltzmann factor and T the temperature, around the Fermi energy
EF partake in transport.

Under equilibrium conditions, all states within the Fermi sphere with the radius kg are
occupied. External electric fields cause a shift of ok, as schematically depicted in Fig.2.2 a).
Only the states close to (kg + dk) can be redistributed whereas the states deeper inside the
Fermi sphere stay occupied as long as shifts dk remain small compared to kg.

For moderate field intensities this shift dk is vanishingly small compared to kr, which means
only a very small amount of the present electrons contribute to electronic transport. The
shift in the momentum distribution can be visualized by the definition of quasi Fermi levels,
as depicted in Fig.2.2. For electrons moving in the direction of the external electric field,
and the accompanying force eF, a quasi Fermi level of F* is defined and another quasi Fermi
level F'~ for electrons moving in the opposite direction. All states below F~ are filled and
carry no current. In the energy range between the two quasi Fermi energies F'™ and F~
states with —kp are empty while the states with kg are full. The electrons in these states are
the ones carrying the current [54].

2.1.3 Ballistic transport

If the mean free path of the electrons is larger than the physical dimensions of the conductor,
the ballistic transport regime is entered. Again, a conductor between to ideal contacts. Ideal
contact here mean that no electrons are reflected while entering or leaving the reservoirs, is
used as a model for the following considerations. The model is depicted in Fig.2.3 a).

11



Chapter 2 Electrical transport in low dimensions

a)

_________ e

~ Electrons that
carry current

Compensated electrons

Ky

Figure 2.2: a) Fermi spheres in equilibrium and the effect of an electric field. The equilibrium
distribution is shifted by dk. The redistribution of states is indicated by the red arrow.
Adapted from [53]. b) Dispersion relation E(k) with quasi Fermi levels arising from
the external electric field. Electrons that contribute to the current are marked in blue.
Adapted from [54].

Due to the reduced dimensions of the conductor W,L. << A, the dispersion relation only
consists of a few modes. An applied bias voltage causes a splitting of the quasi Fermi levels
pt — u" > 0, as schematically shown in Fig.2.3 b). In consequence, the +k (-k) states are
only populated from electrons origination from the left (right) electrode respectively. An
electron coming from the left contact populates a +k state in the conductor and exits into
the right contact without reflection. The same is true for an electron originating from the
right contact for a -k state.
The quasi Fermi levels for +k and -k states inside the contacts are almost equal due to the
high subband density. In the conductor where only few subbands are present. An external
voltage results in a splitting of the quasi Fermi levels. This system now features —k (+k)
quasi Fermi level that are equal to the Fermi levels of the adjacent contacts. This effect is
shown in Fig. 2.3 c).

Based on this consideration, the current through a one dimensional conductor is given by
the summation of the currents carried by the right and left moving state

R S

— k+) (2.1.7)

By converting the sum into an integral

> = 2£/dk, (2.1.8)
- 27

the current is given by

2e [® 2e

1= [T (1 (B) — - (E)M(E)E = M (! — ). (2.1.9)
0

The additional factor 2 arises from the spin degree of freedom and f; and f_ represent the
Fermi-Dirac distribution function of the left and right moving states. M denotes the number

12
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EA +k states

HL

-k states

Hr

>
X

Figure 2.3: a) Illustration of a narrow conductor in between to ideal contacts. b) Electron dispersion

in the ballistic wire and the contacts.

Within the contacts, the electron dispersion

appears continuous because of the high subband density. The narrow wire includes only
a few subbands. ¢) Variation of the quasi Fermi levels along the wire and the contacts.

Adapted from [53].
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of modes within the conductor and is now assumed to be constant in the energy range of
! < E < pf. The conductance can now be calculated by
I 2 (p—u") 2 eV 22

G—V—ZM?—F 7—7M (2.1.10)
From this equation it is obvious that the conductance of ballistic wires is quantized and
increases with the number of modes present in the conductor. The value 2e?/h ~ 77.5 uS is
referred to as the quantum of conductance Gy.
This result shows, that the current is only dependent on the applied voltage and not on
the dispersion of electrons. In experiments, the measured resistance of a ballistic system
originates only from the interface between conductor and contact [54]. So far, ideal contacts
are assumed, which means that the probability of injection and exit of an electron into and
out of the active region is 1. If any kind of scattering is included, the transmission is decreased
(T'<1). Taking this transmission probability for the n-th mode T}, into account, the Landauer
fomula is deduced

62 M
=25 3T, 2.1.11
G =2 n; (2.1.11)

A generalization of the Landauer formalism to multi-probe systems was developed by M.
Biittiker, allowing to determine every current and corresponding resistance in a multi-terminal
device [55-57].

2.2 Determination of the material resistivity

The resistivity is a tensor describing the direction dependent components of the electron
conductance in a specific material. The most fundamental view on this tensor p, is defined
as the ratio of an external electric field F and current density J through the material.

P= (2.2.1)
This simple relation is valid only for isotropic samples in the diffusive transport regime and
gets more complex if those conditions are not met. The specific resistivity of a material can
be deduced from the resistance. This is very advantageous as the latter can be determined
by experiment. To extract the resistivity from a measured resistance value, the geometry
and the overall set-up has to be very well known. This prerequisites makes the extraction of
the conductivity tensor extremely challenging. The relation of resistance and resistivity for
different material systems will be explained in the following.

14



2.2 Determination of the material resistivity

Figure 2.4: a) Schematic representation of a) a 2pp and b) an in line 4pp setup and c)a 4pp square
setup for the calculation of the resistance

2.2.1 2-point and 4-point measurements

Two-point probe (2pp) setups are the most simple and intuitive way to measure the resistance
of a conductor, the setup is schematically shown in Fig. 2.4 a). Current injection and voltage
probing takes place at the same time using the same two probes. This leads to a total
Resistance of

R2pp = Rsample + R + Ry, (222)

which consists of the sample resistance Rgqmpie and the resistance of the probes R;(i = {1, 2}).
The resistance of the probes includes the contact resistance R¢ ; and the lead resistance R ;.
As R; is usually by far the smallest component of the circuit it can be neglected in most
experiments. In experimental use, each contacting process causes a slightly different contact
resistance. The need to exactly determine the probes resistances, makes it rather challenging
to achieve the extraction of Ryumpie in practical use of this measurement geometry.

A possibility to overcome this limitation is using a four-point probe (4pp) geometry. Two
examples for such geometries are shown in Fig.2.4 b) and c¢). In the linear case shown in
Fig.2.4 b), the two outer probes serve as current injectors while the voltage is measured in
between the two inner probes. The current flowing to the inner probes can be estimated
to be zero, due to the high impedance of the voltmeter. Thus, the probe resistance can be
neglected and the complete voltage drops over Rggmpie, Which means Rypp = Rgample- This
method is only valid if the resistance of the probes can be considered to be orders of magni-
tude smaller than the input resistance. For metallic samples this is usually the case, anyway
for semi-conducting surfaces non-ohmic contacts may occur, resulting in comparatively by
high contact resistances up to several M.

2.2.2 Resistivity of confined systems

The resistivity in a 4pp-measurement can be calculated assuming a uniform and infinite
sample [58]. The current density J = I/27r? and the corresponding electric field impinged by
a single tip spreads spherically into the sample and is described for a distance r; from the
tip by

pl AV

= —. 2.2.
27rr% dr ( 3)

E., =pJ =

15
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Figure 2.5: Schematic illustration of the current flow in 3D, 2D and 1D

Integration of this relation leads to the potential at a point P

/OdV— / dr Py =L~ (2.2.4)

2’7['7’1

The voltage drop is given by the difference of potential between two probes

Ip Ip Ip 1 1
=—(———). (2.2.5)
2rry 2mry 2wry 1o

V(P) =

This relation can easily be extended to 4 probes in a configuration as shown in Fig.2.4 b),
where the voltage drop is measured between the inner probes. The result for a 4P in line

array is then:
Ip 1 1 1
V=V-V — — — - — . 2.2.6
LT T o K 82+83> <81+82 83>] ( )

In the case of equidistant probe spacing s; = sp = s3, as shown in Fig. 2.4 b), this relation
simplifies to

v
phine — 27r57. (2.2.7)

Things get more complicated if anisotropy or finite sample sizes comes into play. Finite sam-
ples require the use of correction factors for finite sample thickness, probes in the proximity
of a single sample edge and samples of a finite lateral dimension. These factors were exten-
sively evaluated for two-dimensional (2D) systems by many studies and several mathematical
approaches [58-62].

The ratio between the sample thickness ¢ and the probe spacing s determines the dimension-
ality of the electron transport. This effect is described by the correction factor F;(t/s) which

is determined by
In2

In{[sinh(t/s)]/[sinh(t/2s)]}
When the thickness t of the sample is big compared to the probe spacing, t/s > 4, it can
be considered of infinite thickness. If one dimension is confined, a semi-infinite 2D system

is realized, leading to t/s << 1. In this case F; becomes unity and the expression for an
infinite 2D sheet is determined to

F = (2.2.8)

line _ T 14

2D =5 (2.2.9)
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2.2 Determination of the material resistivity

Table 2.1: Bulk resistivity p and sheet resistance Ry calculation for linear and square tip arrange-
ments for samples of different dimensions

Sample shape | colinear arrangement | square arrangement
v 21s V
3D bulk 278y 351
T V 2 V
2D sheet mT m T
1D wire §¥ —

In the case of a 2D system, the resistance is no longer dependent on the tip distance. The
resistivity can be assumed to be constant for a homogeneous and finitely thick sample, thus the
bulk resistivity is often replaced by the so-called sheet resistance R, which can be described
by

R,="L. (2.2.10)

Although the sheet resistance is measured in (2, it is often denoted by /0 to make it
distinguishable from the resistance.
Further confinement leads to 1D systems, e.g. atomic wires or carbon nano fibers. The current
density is constant in the one-dimensional (1D) case and independent from the electrode
distance s. For a circular wire with a radius a much smaller than the probe spacing, the
system gets quasi-1D and the current density is calculated to J = I/(ra?). The resistance is
known to be proportional to the probe spacing and the relation between measured resistance
and resistivity is given by

Vv
where ¥ = 7a? is the wire section. The sheet resistance of a semi-infinite 2D system and the
resistivity of a 1D wire, can still be determined exactly from the measured resistance. These
kind of low-dimensional materials can be characterized using modern measurement tech-
nologies, achieving the low probe distances needed in this case. For the presented isotropic
systems, the resistivity is simplified to being a scalar value instead of a tensor. The dimension-
ality of the measured electron transport is, of course dependent, on the physical dimensions
of the sample and the position of the probes in relation to it.
In experiments, the four probes are often arranged in a square setup as shown in Fig.2.4
c). This geometry has the advantage, that the required area is significantly smaller. The
maximum probe spacing is reduced from 3s to v/2s. The corresponding calculation for the
bulk resistivity p and the sheet resistance Rs can be derived from the preciding considerations
with s; = s4 = s and s9 = s3 = v/2s. Table 2.1 gives a summary of the relations described so
far.

From this relation it gets clear that the sheet resistance is independent from the probe
spacing Rop o const., while it decreases in the 3D case with Rgp o< 1/s. In a 1D system the
resistance increases linear with the probe spacing, Rip o s. The dimensionality is crucial
for the scaling behavior of the resistance, therefore, a precise controlled probe spacing in
experiment grants access to the system dimensionality.
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Chapter 2 Electrical transport in low dimensions

Table 2.2: Electrical resistance Ry = Vi /I for anisotropic 3D and 2D samples and in-line and square
probe arrangement

Sample shape ‘ 4p in-line ‘ 4p square
1 vV PxPz «\— 1
3D bulk smeeV/OyPz | o[l — (14 2)7 5]
1n2 \/ PxP, -
2D sheet 2= \/PxPy Yo In(1 + g—y)

2.2.3 Anisotropy

Anisotropy describes the angle dependent electron transport through a material, resulting in
a resistivity tensor rather than a scalar. Remembering the initial description of the resistivity
from Eq.2.2.1, Ohm’s Law can be rewritten to

Eq P11 P12 P13 J1
Eo| = p21 p22 p23 Jo (2.2.12)
E3 P31 P32 P33 J3

where E; and J; are the electric field and the current density along the i-th direction. The
problem occurring in experiments is, to disentangle the single components from each other
and fully determine the resistivity tensor. The experimentally measured resistance is no
longer proportional to the resistivity, as the I/V ratio in an anisotropic sample measured
along an arbitrary axis depends on more than one resistivity component.

The problem of measuring and decoupling of the resistivity tensor components was first solved
by Wascher based on an idea of van der Pauw [63, 64] who suggested a transformation of the
anisotropic cube with dimensions [ onto an isotropic parallelepiped of the dimensions !’ using

=P, 2.2.13
B ( )

where p = ¥px X py X p, and i = {x,y,z}. An in-line geometry on an anisotropic semi-
infinite 3D sample is assumed, with the corresponding resistivities p;, py, p, along the x-,y-,
and z-axis, respectively. Assuming the 4 probes aligned on the x-axis of the anisotropic
solid with a probe distance s,. The probes are still aligned after the x’-axis transformation
with a distance s, = /px/p, according to Eq.2.2.13. V, and I, are preserved during the
transformation and the resistivity for isotropic samples is, given by 2.2.7 as:

Pz Va
= om, [ 5= 2.2.14
P ™ psta: ( )

The resistance along the x-axis Ry = Vy/Iy allows to rearrange this relation to be:

1
R, = NS (2.2.15)

27S,;

The case of 2 dimensional samples can be solved by a similar approach. An overview of the
determined formulas for in-line and square configurations are given in Table 2.2. While in the
3D cases the resistance still decreases with increasing probe distances, it remains constant in
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2.3 Localization

the case of an infinte 2D sheet. To gain information about the anisotropy, either the probes
need to be rotated or the current/voltage probes have to be exchanged. Rotation of the
probe array by 90° leads to the measurement of Ry = V/I;. The anisotropy value Ry /Ry is
easily obtained, if the probes are assumed to be aligned at the x- and y-axis. It is obvious,
that a square arrangement of probes is more sensitive to anisotropy compared to the linear
geometry. In case of anisotropic 2D systems, the determination of anisotropy via the two
components p, and p, is only possible using the square arrangement.

Anyhow, if the contacts are not perfectly aligned along the main axis, the evaluation of data
gets more complicated. If the 4PP array is rotated by an arbitary angle © with respect to
the two othogonal main axis, the equation for resistivity changes to:

R 6) = mln (1+ %)2 — 4c0s’0sin?O(1 — Z—Z)Z
Par Py ) = Tont (sin?© + £ c0s20)? '

(2.2.16)

The highest anisotropy is naturally seen for two orthogonal contact configurations. For
systems with an extremely high anisotropy, i.e. px/py > 20, negative resistance appears due
to a deformation of the electrostatic potential.

2.2.4 Inhomogenities

The discussion in the previous sections is only true for homogeneous samples. The determi-
nation of the conductivity tensor for an inhomogeneous material is still even more complex
and cannot be accessed from the experimental side only. In modern technology, large scale
fabrication of materials, build up from microscale elements can lead to inhomogenities in the
sample. To characterize the homogeneity, mapping approaches can be used, including the
characterization via fixed or movable contacts and terahertz time-domain spectroscopy [65].
For inhomogeneous, anisotropic materials, the dimensionality cannot simply be determined
by resistivity measurements with different probe distance. Furthermore, the anisotropy can-
not reliably be measured by a rotational square measurements.

An alternative is given by simulating the correlating microscopic and macroscopic properties
of materials. For example, 1D building blocks such as carbon nano fibers were used to model
the properties of 3D macroscopic samples [66-68]. Very recently, simulations based of resistor
networks were established to model system made up from 2D building blocks [36, 37, 69].
Based on this simulation approach, anisotropic materials can be analyzed. Through these
simulations the possibility of detangling the conductivity components is provided.

2.3 Localization

Localization describes a limitation of the propagation of waves due to scattering in disordered
systems. The effect can be divided in weak and strong localization. If the distance between
scatterers in an array is longer that the phase relaxation length, the resistance of this array
increases linearly with its length, following Ohm’s law.

Anderson showed, that electrons can be localized by a random potential, suppressing dif-
fusion even though classical particles would be delocalized [70]. The fundamental basis of
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Chapter 2 Electrical transport in low dimensions

localization, is the multiple interference of wave components, which are scattered by random
scattering centers.

The particles become localized if the disorder is sufficiently strong. The envelope of the wave
function decay exponentially from a point rg in space:

(W (r)| o< exp(|r — 7ol /€). (2.3.1)

where & describes the localization length. Electrons are scattered after an average time of 7
when propagating in a random potential V(7).

2.3.1 Anderson localization

The Anderson localization is a transition, tuned by a control parameter like the particle
wave frequency, the particle energy or the disorder strength. At positions where the random
potential forms a deep well, localized orbitals exist. Because of the different energies of the
orbitals, the overlap and admixture is small. Orbitals close in energy are spatially apart, so
the overlap is exponentially small. Based an these assumptions, the electron wave functions
are expected to be exponentially localized in strongly disordered systems. In the special case
of one dimensional systems, all states are localized, independent of how weak the disorder is
[71].

Moving towards three dimensions, particles within a system are delocalized for weak disor-
der. Localized and extended states cannot coexist, because any perturbation would induce
hybridization and therefore delocalization. Localized and extended states of a certain en-
ergy can be assumed to be spatially separated. With increasing disorder, a sharp transition
from delocalized to localized states occurs, at a critical disorder strength v, or energy. loffe
and Regel introduced a qualitative criterion for when the Anderson transition is expected
in three-dimensional (3D) systems [72]. As the main free path Ae is reduced by increasing
disorder, its value gets smaller than the Fermi wavelength of the particle. This is when the
Anderson transition occurs.

Ae < Ap. (2.3.2)

The relevant mean free path in this consideration belongs to the momentum transfer. With
a fixed disorder strength and varying energy a similar transition can be observed. The cor-
responding, critical energy, separating the localized from delocalized states is called mobility
edge [73, 74]. At zero temperature, the energy dependent electron mobility vanishes on the
localized site and increases continuously with energy separation in the delocalized phase.

2.3.2 Transition in 1, 2 and 3 dimensions

A d-dimensional cube of length L is assumed to have a dimensionless conductance g in units of
the quantum of conductance, g = e%/ﬁ In strongly disordered systems, all states are expected

to be localized with an average localization length . This means, that g(L) is exponentially
decreasing with increasing L
g(L) x e F/¢ (2.3.3)
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2.3 Localization

Abrahams et al. [75] defined ((g)

ding
o~ B(g) (23.4)

as a function of g only, which is not dependent on the disorder and can be calculated within
the limits of strong and weak disorder. For strong disorder § is determined to

B(g) < in(g/gc) <O, (2.3.5)

and does not depend on the dimensionality.
Within the conditions of weak disorder, where the conductance behavior is ohmic,

g o L372 (2.3.6)
holds true. This means § is given by
Blg)=d—2 (2.3.7)

The question whether the system is localized or delocalized is answered by integrating the
equation from a starting point Ly with known conductance. Depending on whether 3 along
the integration path is positive or negative, the conductance will vanish or become infinite
for L.

In three dimensions (d = 3) both cases 5(g) > 0 and £(g) < 0 exist for large and small g,
respectively. A point exist where 8 vanishes, this marks the separation in between localized
and delocalized states. In one dimension, § is always negative, indicating only localized states
exist in the system. In two dimensions, 8 — 0 for g — co. To determine whether 3 is positive
or negative for large g, scale dependent corrections need to be applied to the results based
on the Drude model. With addition of a correction factor § is determined by [75]

Blg)=(d-2) - g, (2.3.8)

where a = 2/7. This means S(g) < 0 for all g, indicating all states are localized.

2.3.3 Temperature dependence and variable range hopping

The particle energy, and therefore the temperature, is one of the key parameters driving the
Anderson localization. In a degenerate electron gas, the metal-insulator transition (MIT)
occurs if the Fermi energy Ep moves across the critical energy, or mobility edge, E. [76].
Analog to the consideration of the conductivity, the conduction will be ohmic if Er > E..
In the case of Ep < E. the states become localized. The conductance of a localized system
decreases with decreasing temperature. At high temperatures, transport occurs via excitation
to the mobility edge, the conductance is given by:

o = oge—(Be=Er)/keT (2.3.9)

At low temperatures transport via variable-range hopping from one localized state to the
other is expected. Neglecting electron-electron interactions, the conductivity follows [77]

e

o o e T/ (2.3.10)
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Chapter 2 Electrical transport in low dimensions

in the three-dimensional case and can be generalized to d dimensions
o o e~ (To/DV D (2.3.11)

Where Ty is correlated with the localization length ¢ and the density of states at the Fermi
energy D(Ep) as follows
Ty(€) ~ 14(€ 2kp(Er)) ", (2.3.12)

where kp denotes the Boltzmann factor [74, 77]. Subsequently, Ambegoakar et al. derived
the same behavior as shown in Eq.2.3.11 by the percolation method [78].

2.4 Transport through molecules

A molecular junction consists of a molecule, acting as a wire, in between two electric contacts.
The most simple approach to describe the electron transport through such a system is based
on the Landauer theory described in Sec.2.1.3. It is assumed that incoming electrons are
scattered at the metal molecule interfaces and along the molecular wire itself. The scattering
processes does not necessarily have to be inelastic. Elastic scattering as well will prevent the
electrons from passing through the junction.

This fundamental viewpoint suggests the resistance of the junction arises from scattering.
This coherent conductance is suitable for the characterization of most short molecular wires,
particularly at low temperatures. Under those conditions the conductance g(E,V) is given,
based on the Landauer theory by

2

9B, V) =2 T y(B,V) (2.4.1)

i,

The prefactor equals the quantum of conductance and T; ; describes the probability of a carrier
passing through the molecule from the left electrode in transverse mode i to be transmitted
into the right electrode in transverse mode j.
Coherent as well as incoherent transport is observed in molecules and will be explained in
more detail in the following sections 2.4.1 and 2.4.2. In complex biomolecules, an overlap

between both mechanism is observed leading to an intermediate regime, as described in
Sec. 2.4.3.

2.4.1 Coherent transport: tunneling

Coherent transport means, the phase information of the wave function associated with the
propagating electron is preserved and inelastic interactions only take place inside the elec-
trodes. In the most simple case, the transport mechanism is described by quantum mechanical
tunneling through a potential barrier. The barrier in this case originates from the molecule
inside the junction.

A potential barrier with the height V, and the width L is assumed. From a classical point
of view, a particle will be reflected when E < V( and transmitted when E > V.

Within the framework of quantum mechanics, determination of the the electrons wave func-
tion is needed, therefore three regimes are defined as depicted in Fig. 2.6. The wave functions
in each of these regions and their first derivatives are matched at the boundaries (x = 0 and
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2.4 Transport through molecules
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Figure 2.6: Tunneling through a potential barrier (blue). Three regions are indicated by numbers
that are considered indivudially. The wave function of an electron in each of the regions
is indicated in cyan.

x = L), this is schematically shown in Fig. 2.6. The effective mass is assumed to be constant
over the whole range and the solutions of the Schrédinger equations in the three regions are
of the form

Y1 = ajexp(ik;x + ble*iklx)
1y = agexp(ikox + bye~1keX) (2.4.2)
13 = agexp(ik1x),
where the wave vector in the regimes x < 0 and x > L is, identical (k; = k3) because

V(x) = 0 in both cases. a and b describe the amplitude of a wave moving in positive or
negative direction along the x-axis respectively. The wave vectors are determined to

K 2mE
| =
FLZ
(2.4.3)
m(E — V)
e

Using the first derivative and the continuity of the wave function of the position x = 0 and
x = L and solving these equations, the expression for the energy dependent transmission
coefficient for E < Vj is derived:

4E(Vo — E)

T = .
4E(Vo — E) + Vi§

(2.4.4)

The transmission is exponentially dependent on the barrier width. Based on Eq.2.4.2 and
Eq. 2.4.4 this decay is given by

T x exp(—2koL) = exp(—2L+/2m.(Vy — E)/h). (2.4.5)

Keeping in mind, that the conduction is determined from the transmission, this consideration
explains the exponential decay of conductance within tunnel barriers of all kinds with the
electrode distance, as described by

G(L) = Aeyp(—pBL) (2.4.6)
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Chapter 2 Electrical transport in low dimensions

where L is the length of the molecules and A is a prefactor determining the order of magni-
tude of the conductance. This is of course also true for molecular junctions where tunneling
is the dominant transport mechanism. The attenuation factor f depends on the particular
molecule and is quite independent of the anchoring. Typical values for 8 for conjugated
molecules range from 0.2 A~ to 0.4 A~!, while the value is even higher for aromatic com-
pounds, ranging from 0.8 A=! to 1.2 A~ [79-86].

To describe the I-V characteristics of system where tunneling is the dominant transport mech-
anism, the energy and voltage dependent transmission probability is required. To describe
the effect of an external voltage to the barrier, a linear drop in the potential within the barrier
region is assumed. Simmons derived a formula for the I-V curves of a barrier of arbitrary
shape in 1963 [87]. At zero temperature the current through a rectangular barrier can be
written as:

_ Wﬁ%é*‘\/@ — (Vo + eV)eAVVoteV (2.4.7)

where Vj is the average barrier height relative to the negative electrode and

_ 2oL

4=

2. (2.4.8)

In this case a is a dimensionless correction factor. Depending on the bias regime, this
formula can be further simplified. It is worth paying attention to the fact, that this transport
mechanism is rather insensitive to temperature.

When considering molecular junctions, not only a double barrier needs to be passed, but
also the energetic position of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) with respect to the Fermi energies of the electrodes
plays a role. These effects are not taken into account by the Simmons model.

Depending on the interaction in between the molecule and the electrodes, charge flow, rear-
rangements and geometric reorganization occurs. The transmission within the molecules and
the corresponding phase coherence starts to influence the transport. Hybridization of the
molecular orbitals and the metallic states induce a finite broadening, which is dependent on
the coupling strength. This causes the molecular states to have a finite lifetime. In the most
simple case, one molecular orbital - either HOMO or LUMO depending on the molecular
structure - dominates the electron transfer in a certain voltage range. This scenario can be
described by a single level resonant tunneling model.

It is assumed, that the contributing molecular orbital has an energy of €y( V). An external
bias voltage shifts the level with respect to the Fermi energies of the contacts, which are set to
0 within this consideration. The key parameters in this model are the scattering rates in be-
tween the molecular bridge and the contacts. I'z, g for the left and right contact respectively,
describe the coupling strength and have dimensions of energy. They determine the lifetime
or broadening of the molecular level. The chemical bond in between the electrodes and the
molecules were found to have a significant effect on the electron transport through molecules,
allowing tailoring of electronic properties by chemical modification of specific groups and
compounds [82, 89-98].

The energy and voltage dependent transmission coefficient can be determined via the Breit-
Wigner-Formula [99]. This is a valid assumption for noble metals like gold, showing a rather
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Figure 2.7: a) Schematic representation of a tunneling junction as explained by the Simmons model.
b) and c) Coherent tunneling through a molecular junction without (b)) and with (c))
applied bias voltage. Adapted from [88].

flat density of states around the Fermi energy.

AT TR
T(E, V)= 2.4.9
(E,V) [E —e(V)]?2+ [T, + TR (249)
Now, the current can be calculated following the Landauer approach [100]:
2 o0
(V) = g T(E,V)[f(E — eV/2) — f(E + eV/2)] dE. (2.4.10)

The temperature dependence of coherent transport is deduced by the energy dependence of
the transmission which is usually not very pronounced. Based on the former assumption the
temperature dependent conductance in the linear regime is given by

o 2e% 1 00 AT TR 1
G(T) = (T)M o (B —€)? —|—F2]cosh(ﬁE/2)

dE, (2.4.11)

where = 1/kgT. If an off-resonant situation is considered (|eg| > T',kgT) the conductance
remains completely temperature independent.

2.4.2 Incoherent transport: hopping

With increasing length of the molecular bridge it becomes more probable, that the tunneling
traversal time gets larger than the time scales associated with inelastic interactions. In the
regime, where coherence is completely lost, the electrons tunnel sequentially from one segment
of the molecule to the other. This is designated as hopping transport.
This transport regime can be described by a model of a molecular bridge with N states
with the ascribed transfer rate k;; in between the states i and j. For simplicity, all states
are assumed to have the same energy, which differs from the Fermi energy of the metallic
electrodes by AE. The value AFE is the injection energy which, in this model, acts as an
activation energy. This situation is depicted in Fig. 2.8.

The current between the two molecular sites ¢ and i+1 is determined by the occupations
P; and P;4; of those two sites. The current itself is conserved and it gets irrelevant where it
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Chapter 2 Electrical transport in low dimensions

Figure 2.8: Schematic representation of the hopping transport model. N sites are connected via the
transfer rates k; ;1 ;. The left and the right states, marked with L and R, correspond to
the electrodes. Adapted from [88].

is evaluated. It can be determined to [101-103]
I = e(kip1,: P — kiiv1Pis), (2.4.12)

For simplification the transfer rates in between the internal bridge sites are assumed to
be equal: kjij;1 = k. The transfer rates to the left and right electrodes are designated
as k;, and kg, respectively. Furthermore a stationary situation is assumed, which means
dPj/dt = 0. The occupancy of the electrodes is determined by the Fermi functions, Py = f,
and Pyy; = fr.

Combining all these assumptions and keeping in mind, the tunneling is incoherent, classical
kinetic equations can be used and simplified to show the charge current is given by [88]

o~ AE/kpT
1/k‘L + 1/k)R + (N — 1)/]{:]

I= 8 eVIRBT (£ — fR). (2.4.13)

Based on this, the linear conductance is determined to

o2 o—AE/kpT

" kgT 1)k, + 1/kg + (N — 1) /K]’

G (2.4.14)

From Eq.2.4.14 two crucial signatures of hopping conductance can be determined. First the
conductance decays linearly with the number of segments within the molecular bridge, and
therefore with the molecular length. If the activation process is ignored, a simple combination
of resistors in series is adopted, leading to a simple explanation for the linear relation.

The second signature is the exponential dependence of the conductance on the temperature.
In the presented model, this is due to the process taking place at the metal molecule interface,
but in general it can be located anywhere within the junction.

Within the framework of this simplified model, the main signatures of hopping conductance
can be explained, but no quantitative predictions can be generated, especially the transition
from coherent to incoherent transport is ignored by this simple model.

2.4.3 The intermediate regime: biomolecules

Biomolecules reveal a large number of parameters that can be utilized for functionalization
e.g., the secondary structure, sequencing of subunits, polarization, dipole moments, chiral-
ity, oxidation potential or hydrogen bonding [85]. This flexibility and large variety makes
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2.4 Transport through molecules

understanding of the electron transfer through this systems a complex problem, that is not
resolved completely until today [104, 105].

When analyzing the electron transfer through biomolecules regarding length dependence, co-
herent tunneling transport is the most common mechanism through short molecules while
incoherent hopping is dominant for long molecules. This two borderline cases are too simple
to generate a general transport model for biomolecules. In systems were the molecular length
can be tailored, like DNA and polypeptides, the two different mechanisms, explained before,
were observed in the same molecules for long and short sequences.

In between those two limiting cases, the coexistence of both mechanisms were proposed by
several studies investigating the transport properties of DNA [106]. This is in line with the
earlier propagated model of superexchange. There the carriers are assumed to only virtually
reside on the intermediate bridge units instead of incoherent hopping transfer in between
distant redox centers [85, 107-110].

Additionally, within solid state junctions the molecules are exposed to large electric fields,
which may induce a Stark effect and renormalize the molecular orbitals, as exemplarily showed
on 15mer polyalanine [111]. For peptides correlated transport phenomena might also be of
importance. A recent study reported that, two-step electron transfer is faster than single
step reactions [109].

In summary, the detailed description of electron transport through biomolecules is still puz-
zling. Unresolved questions are e.g. the transition from a conducting to a insulating state
upon mechanical stretching in OPE3 molecules [112] or the exact mechanism behind the
chiral induced spin selectivity (CISS) effect that will be explained in more detail in Sec. 6.1.1.
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Chapter

Experimental methods

In this Chapter, the experimental measurement methods are explained. The surface transport
investigations analyzing adsorbates on graphene (Chpt. 4) and the characterization of carbon-
based compound materials (Chpt.5) are performed by means of four-point probe (4pp)-
scanning tunnelling microscope (STM) combined with scanning electron microscope (SEM).
A description of the overall system, is presented in Sec. 3.1.1 followed by a detailed explana-
tion of the measurement setup in Sec. 3.1.2.

Transport measurements through single molecules were performed using mechanically con-
trollable break junction (MCBJ). The sample fabrication is presented in Sec.3.2.1, followed
by a description of the instrumentation and measurement principle Sec. 3.2.2.

3.1 The 4pp-STM/SEM

Establishing an electric contact in between a macroscopic measurement device and a nanoscopic
system is technically very challenging. The used 4pp-STM/SEM system is designed by and
purchased from Omicron Nanotechnology GmbH. The setup is explained in more detail in
the following.

3.1.1 UHV chamber and overall setup

Since transport measurements on nanostructures are very sensitive to contamination, the
transport investigations are performed under ultra-high vacuum (UHV) conditions at a base
pressure of 3 x 10719 mbar. The system is divided in two main parts: An analyzing chamber,
consisting of the 4pp-STM and a SEM, and a preparation chamber which allows the in-situ
manipulation of samples. An overview over the chamber is schematically shown in Fig. 3.1
a). Sample and tips can be transferred into the system via load locks without breaking the
vacuum conditions.

The preparation chambers manipulator allows sample heating either via a backside filament
or direct current as well as liquid nitrogen cooling. Up to three evaporators can be used for
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Figure 3.1: a) Schematic picture of the UHV setup. The system is divided into a preparation and
an analysis chamber. The preparation chamber features several evaporators, a hydrogen
cracker and a SPALEED for structural analysis. The STM itself and the SEM are
located in the analysis chamber. A gas inlet system allows the exposure of samples to
determined partial pressures of different gases. Samples and tips can be transferred to
the UHV vie the load locks.b) Schematic representation of the multi-tip STM consisting
of three standard and one high resolution scanner. Fig. b) adapted form [113].

direct thin film deposition. A gas inlet system combined with a hydrogen cracker can provide
both atomic and molecular gases, like hydrogen, CO and Os.

Structural analysis can be performed using the spot profile analysis low energy electron
diffraction (SPALEED) system mounted to the preparation chamber. The diffraction pattern
allows conclusion regarding the crystallographic structure and properties. Unless declared
otherwise all used samples were degassed for at least 4h at a temperatures of 450 °C.
Electrical transport measurements are performed in the analysis chamber which consists of
the multi-tip STM and a high resolution SEM. The sample can be heated and cooled during
the measurement. Cooling with liquid nitrogen or helium leads to an minimum sample
temperature of 80 K or 25 K respectively.

The separation of the two parts allows sample preparation at elevated pressure without
compromising the pressure within the measurement system itself.

3.1.2 The 4pp-STM measurement setup

The multi-tip STM is build up from 4 scanners. All scanners are fully feedback controlled
STMs. This capability is needed to allow the navigation of the tips on the sample surface
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within a nanoscale. One of those scanners is a so-called high resolution scanner. While this
special scanner is better protected against vibration and usually used for STM measurements,
the other three are mainly applied for transport investigations.

All transport measurements were performed using electrochemically etched tungsten tips.
Voltage pulses with up to =210V are used to clean the tips before measurements.

To allow a precise positioning of the tips of the 4pp-STM, a SEM is mounted above the stage.
The column is a GEMINI type, commercially fabricated by Carl Zeiss AG. The electron beam
is generated by a field emission cathode, where electrons are extracted by a strong electric
field from a filament tip. The tip is additionally heated to generate a high emission current
and beam stability. The GEMINI type column features an additional booster voltage, applied
after extraction of the electron beam, to maintain a high beam energy throughout the whole
column. On the lower end of the column, close to the sample, deceleration of the electrons to
the chosen energy takes place. This technique leads to a small beam diameter and minimizes
the effect of aberration. This is of high importance in this specialized system, because due
to the STM scanners the working distance of approx. 15mm is relatively large. The images
are generated by the signal of an in-line secondary electron detector.

The tips are held in feedback controlled mode to allow navigation across the sample without
crashing. The feedback mode was turned of for the measurement itself and the tips are man-
ually lowered via piezo elements towards the sample surface. The resistance is checked during
this lowering to find stable contact conditions without crashing. A direct contact between
tips and sample is achieved, leading to an ohmic contact on metallic surfaces. The contact
conditions and resistance values of each tip are checked subsequently to ensure all probes
are properly approached. Voltage and current is sourced and probed by means of a Keithley
sourcemeter.

On of the main advantages of this measurement system is its flexibility. There are no limita-
tions of probe arrangements beside the size of the tips and the sample. This allows any kind
of probe spacing and geometries.

3.2 Mechanically controllable break junction (MCBJ)

The MCBJ approach is based on stretching a thin metallic wire down to an atomic point
contact. Due to the geometry this kind of setup provides a high stability at a wide range of
conditions. MCBJ has proven to be a flexible, stable and reliable tool to analyse the properties
of single molecules [114-117]. The samples were structured by electron beam lithography to
achieve a constriction of few micrometers providing a base for the formation of stable atomic
gold (Au) contacts. The detailed process of sample fabrication is shown in the next section,
followed by a description of the measurement principle.

3.2.1 Sample preparation

The samples were fabricated using the technique of electron beam lithography (EBL), an
overview over the fabrication process is given in Fig.3.2. A 125 um thick stainless steel sub-
strate is used to ensure flexibility of the sample. A polyimide layer is applied via spin coating
to provide electrical insulation of the gold structure from the substrate.

Au contact pads are fabricated by shadow mask evaporation, building up from 8nm of
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1. Stainless steel substrate 2. Polyimide coating 3. Contact pad deposition
125um thickness Spin coating insulating layer Shadow mask evaporation

of contact pads

4. E-beam resist coating 5. E - beam exposure 6. Development
Spin coating Exposure at 30kV, 340uC/cm? Metylisobutylketone (MIBK)

200nm MMA + 180nm PMMA

7. Metal deposition 8. Lift off 9. Reactive ion etching
Deposition of 7nm Cr Lift off in Acetone RIE in O2/CHF3 80:20
+ 70nm AU atmosphere

Figure 3.2: Fabrication process of the electron beam structured MCBJ samples, starting with a
stainless steel substrate. An insulating layer is spin coated, followed by macroscopic
contact pads. The electron beam lithography is done with a double layer resist. The
structure is developed after exposure and the bridge is formed by Au evaporation. Metal
and resist residuals are removed during lift off. As a final step reactive ion etching is
used to generate a freestanding structure.

chromium (Cr) as an adhesive layer followed by 100nm Au. Those contact pads allow to
contact the sample with macroscopic spring contacts, eliminating the need for further lithog-
raphy steps.

A double layer of positive electron beam resist (methylmethaacrylate (MMA) and polymethyl-
methaacrylate (PMMA)) is used for structuring. The different behaviour under development
of the two resists generate a protrusion, simplifying a clean lift off. The incident electron
beam triggers a chemical modification in the resist, leading to solubility of the exposed parts
upon development. Electron beam structuring was done using a JEOL-SEM 5900, equipped
with an Raith lithography stage, at an acceleration voltage of 30 kV and a dose of 340 uC/cm?.
After exposure and development, 5nm Cr to ensure adhesion and 70nm Au is evaporated,
forming the constricted structure defined by the lithography step. The remaining resist is
removed during the lift off.

As a final step, the polyimide layer is etched via reactive ion etching (RIE) in an O2:CHF3
atmosphere, resulting in an underetched middle part of the structure. A freestanding Au
bridge is formed, allowing the stretching and breaking of the structure.
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spring contacts
gold bridge \
counter support\

stainless steel substrate/

pushing rod and piezo

Figure 3.3: Setup for electronic transport measurement. The structured sample is stretched and
broken by an piezo motor. The geometry of the setup allows very precise control of
the electrode distance. The inset shows a false color SEM image recorded under a tilted
angle. The freestanding part of the Au wire can clearly be seen. (Fig. taken and modified
from [119])

3.2.2 Instrumentation and measurement principle

Transport measurements were performed using the setup depicted in Fig 3.3. The freestand-
ing gold bridge is elongated by deforming the substrate from underneath by a piezo motor.
The small step size of the motor combined with the sample geometry allows a very precise
control of the contact formation. The relation between the movement of the motor and the
total change of length modification of the sample can be described by the reduction factor

R, given as
6tu

R=—5 =T3x 107¢ (3.2.1)
where, t denotes the thickness of the structure of 138 pm, u the length of the freestanding
bridge, denoted from the SEM images to be =~ 2 yum and L the overall length of the sample of
15 mm, resulting in a reduction factor of 7.3 x 107%. Once the gold bridge is broken, forming
atomic contacts, the electrode distance can be manipulated with sub-nm range precision due
to the pm step size of the piezo [118].

All measurements were performed under high vacuum conditions at a pressure of 107 Pa,
providing an extremely clean environment. Unfortunately, the vibrations of the necessary
vacuum pumps limit the stability of the measurement.
Conductance traces were recorded by applying a constant voltage in between 1 mV and 100 mV
and carefully bending the sample. Upon thinning of the wire a quantization of conductance
can be observed, which can be seen as defined steps in the measurement. By sweeping the
voltage IV curves can be measured at a fixed electrode distance, allowing deeper insight into
the electron transport mechanism.

The Au bridge was fused after every conductance measurement and opened again to ensure
clean contacts.
polyalanine (PA) molecules were introduced to the junction via a solution, formed by 0.1 mM
propylene glycol with 25wt% trimethylamine as a solvent. The solvent desorbs during the

pumping process and only the PA molecules remain at the surface as a self assembled mono-
layer (SAM).
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Chapter

Adsorption of atomic and molecular species
on graphene

Graphene is a monolayer of carbon, formed by atoms arranged in a honeycomb lattice. The
material is widely known for its extraordinary physical properties and is heavily under re-
search interest since its discovery in 2004. There is a wide variety on possible applications
for this material, reaching from electrical and thermal conducting purposes to sensors. An
overview over the structural and electronic properties of graphene is given in Sec. 4.1, followed
by a description of the production of epitaxial graphene on silicon carbide (SiC) substrates
in 4.2.

Hydrogen adsorption to graphene is analyzed and explained in Sec. 4.3, followed by the pre-
sentation of the results on lead phtalocyanine (PbPc) molecules on hydrogenated graphene
samples in Sec. 4.4. Finally, this chapter is concluded and summarized in Sec. 4.5.

The project was realized in the framework of the hanover school of nanotechnology doctorate
program, a cooperation of the groups of Prof. Tegenkamp (Technische Universitiat Chem-
nitz), Prof. Sindelars ( University of applied sciences Hannover) and Prof. Renz (located at
the Institute of inorganic chemistry, Leibniz Universitdt Hannover).

4.1 Structural and electronic properties

Graphene is an atomic layer of carbon and consists of sp?-hybridized atoms. Each atom
forms three covalent o-bonds with an angle of 120 ° relative to each other. This leads to the
formation of a hexagonal planar atomic configuration with honeycomb arrangement.

One additional perpendicular m-bond is formed by the 2p, orbital. The electrons in this
m-system are delocalized — mimicking a two-dimensional (2D) electron gas— causing the out-
standing electronic properties of graphene. Although the notation graphene refers to single
atomic layer of graphite, it is often used for multilayer system up to up to ten layers at all.
In this case, the binding energy between carbon atoms within one layer is by far larger than
the binding energy in between the layers (4.3 eV compared to 0.07 e€V). This is the reason
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1

Figure 4.1: a) The graphene lattice with its two sublattices A and B (marked in green and red
respectively). The unit cell is defined by the lattice vectors a{ and a3. b) Reciprocal
lattice of graphene with marked I', K, K’ and M point and the reciprocal lattice vectors

l;i and l?;

why the mechanical exfoliation of graphene layers from graphite crystals works surprisingly
well [26].

The lattice structure of graphene can be described by a triangular Bravais lattice with a base
of two atoms per unit cell (see Fig.4.1 a) ). The unit cell vectors ai and a3 are defined by

a?:% (3,v3) ;55:% (3,-v3), (4.1.1)

where a is the carbon-carbon distance of 1.45 A and the lattice constant of the honeycomb
structure is a = |aj| = |a3| ~ 2.46 A. The corresponding reciprocal lattice is shown in Fig. 4.1
b). The reciprocal lattice vectors can be determined by

a:%(lﬁ);@:%(l,_ﬁ). (4.1.2)

The two points K and K’ are nonequivalent, due to the two present sublattices, and are
located at

27
27
_
K'= % (1, \/§> .
Those points define most of the physical properties of graphene. The tight binding approach is

suitable for calculating the band structure of the material, taking only m-orbitals and nearest
and next-nearest neighbor hopping into account. The tight binding Hamiltonian reads as

H=—t Z (aljb;i + H.c.) —t Z <ai’i (am- + b:rm- (bg,i—i—H.c.))) (4.1.4)

<1,7>,0 <1,7>,0

(4.1.3)

Uﬂ) describe the anni-

where for the chosen units i equals one for simplicity [120]. ae,; (aT
hilation (creation) of an electron, carrying spin s on sublattice A. For sublattice B the the
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10

-5 <

Figure 4.2: 3D representation of the bandstructure of graphene. The conduction and the valence
band touch at the edges of the Brillouin zone. The image is produced via Eq. 4.1.5 using
MATLAB.

annihilation (creation) of an electron is pursuant described by b, ; (bT . The nearest- and

o,i
next-nearest-neighbor hopping energies are described by t and t. While hopping in between
nearest neighbors requires a change of sublattice, the next nearest neighbor hopping allows
the electron to remain on the original sublattice. This results in t > t’ with t ~ 2.8eV and
—0.02eV < t/ < 0.02eV [121].

This considerations result in the famous bandstructure of graphene, which is shown in
Fig.4.2. The valence and conduction bands touch at exactly one point at the corners of the
first order Brillouin zone (K, K”). For undoped graphene, the Dirac point is perfectly aligned
with the Fermi level, so the system is a zero-overlap semimetal. The energy bands are given

by [120]:

E(T{)) = ithJ 3+ 2cos (\/gkya> + 4 cos <§kya> cos (gkxa>

(4.1.5)
—t}, (2 cos (\/ﬁkya> + 4 cos (?kﬂ) cos (;kxa>> :
Close to the K and K~ points the dispersion relation can be described by
E(X) = +hu|k — K| (4.1.6)

where the Fermi velocity is vy ~ 106%. Comparing to a free electron gas, where

ve=k/m=4/2¢/m (h=1) (4.1.7)

39



Chapter 4 Adsorption of atomic and molecular species on graphene

it gets clear, that the Fermi velocity of graphene is not dependent on the energy or momen-
tum and the dispersion relation is essentially linear in close range around the Brillouin zone
corners. These points are called Dirac points due to the linearity.

4.2 Epitaxial graphene on silicon carbon substrates

a) MLG b) QFMLG

S LoDt bbb 666666688

000000000 000000000
000000000 i 000000000

[1100] [1100]

[0001]
[0001]

o Silicon in SiC Carbon in SiC @ Carbon in Graphene Dangling bond © Hydrogen

Figure 4.3: Crystal structure of a) monolayer graphene (MLG) and b) quasi-freestanding monolayer
graphene (QFMLG) on the (0001=-face of a SiC substrate. In case of MLG, the buffer
layer is covalently bound to the SiC substrate, the MLG is located on top of this buffer
layer. In the intercalated QFMLG, the dangling bonds are saturated by hydrogen atoms.

The unconventional properties of graphene were discovered using mechanically exfoliated
flakes from highly oriented pyrolytic graphite (HOPG) [25]. Several fabrication techniques
for graphene were demonstrated since then, including besides exfoliation [25], the unzipping
of carbon nano tubes [122] or chemical reduction of graphite oxide [123]. The two most
prominent and promising methods are chemical vapour deposition (CVD) on transition met-
als [124-130] and thermal decomposition of SiC [131-137].

In this thesis, epitaxial graphene fabricated by the "Physikalisch-Technische Bundesanstalt"
in Braunschweig, Germany [138, 139]. The thermal decomposition of SiC has been intensively
studied and has shown to be a suitable approach for high quality large scale graphene con-
venient for electronic applications [140]. The main advantage of this approach is the direct
fabrication of the graphene layer onto a semi-insulating, commercially available substrate
without the requirement of transfer processes [132, 140, 141].

During annealing of SiC substrates Si is sublimated and the surface is graphitized. This
method is suitable for preparation of graphene under ultra-high vacuum (UHV) conditions
at typical temperatures of more than 1400 °C. It is possible to grow graphene from the silicon
terminated (0001) face as well as on the carbon terminated SiC (0001) face. The growth
process is the same for both faces: the Si vapor pressure is significantly higher than this of
C and the Si sublimates faster at high temperatures. The remaining C atoms rearrange to a
graphitic film at the surface. The graphene growth rates, growth morphology and electronic
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Figure 4.4: a) spot profile analysis low energy electron diffraction (SPALEED) pattern of a clean
MLG sample and b) a QFMLG sample. The first order diffraction spots from graphene
and the underlying SiC substrate are marked in blue and yellow, respectively. The
graphene layers both reveal a (6\/3 X 6\/3) R30° structure. Due to the complex crystal
structure, besides the graphene and SiC spots, several reconstructions of the surface can
be seen.

properties are different for each polar surface due to different surface reconstructions and
growth kinetics [142-144].

The graphene layer is not directly grown on top of the substrate, but a rather complex buffer-
or zerolayer is formed. This layer is partially sp® hybridized and forms covalent bonds to the
underlying SiC crystal. It is therefore non-conductive and showing a band gap. The layer
forms a (6\/3 X 6\/5) R30° reconstruction with respect to the SiC, providing a template for
subsequent graphene layer growth. This buffer layer forms a non-interacting interface to
graphene layers on top of it, thus decoupling it from the SiC the substrate still has a signifi-
cant electronic influence.

If the growth process is continued, another layer forms underneath the first one decoupling
the initially grown layer from the substrate. This results in the presence of a buffer layer and
a layer of MLG. Due to the decomposition process, the growth is not layer by layer on top
of each other but reverse.

Charge transfer between the interface states of MLG induce an electron concentration of
1.2 x 10 ¢cm~2 [145-148] shifting the Fermi level to around 0.45eV above the Dirac point
To transform the a buffer layer into a graphene layer with improved electronic properties,
intercalation of chemical species between this layer and the substrate has proven to be a
suitable approach. A wide range of materials, including hydrogen [149-151], sodium [152],
oxygen [153], lithium [154], silicon [155], gold [156], flourine [157] and germanium [145] has
shown to be suitable for intercalation processes. The covalent bonds between the buffer layer
and the SiC substrate are broken leading to an electronically decoupled QFMLG layer. Hy-
drogen has shown to be the most promising candidate for this purpose until now.

QFMLG is slightly p-doped so the Fermi level is shifted under the Dirac point by approx.
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100 meV. The different structure of the two sample types can be observed in the diffraction
patterns, exemplary SPALEED measurements are shown in Fig.4.4. The diffraction pat-
tern of graphene on SiC is quite complex and includes spots originating a lot of different
reconstructions, which will not be explained in detail in this work. The interested reader is
referred to the work of Riedl from 2010 [150]. The LEED pattern shows the characteristic
(6\/3 X 6\/3) R30° reconstruction originating from the bufferlayer [158]. The diffraction
measurements do not allow to distinguish between buffer layer and monolayer graphene.

In case of hydrogen intercalation, the reconstruction spots loose and the graphene spots

gain intensity. This is a strong indication for the decoupling of the interface layer from the
substrate [149, 150].

4.3 Hydrogen adsorption on graphene

Carbon based materials have shown to be promising candidates for hydrogen storing [159—
162] and vapor sensing applications [27, 163-167]. In this chapter the influence of atomic
hydrogen adsorption to MLG and QFMLG with focus on the electronic transport properties
is analyzed. Understanding the impact of hydrogen adsorption to the electronic properties
lays the baseline for future applications based on this effects.

The results presented in this chapter are published under "Strong localization in weakly
disordered epitaxial graphene" by D. Slawig et al. in Surface Science 707 (2021) [168].

4.3.1 Adsorption of atomic hydrogen

The delocalized electron system found in graphene mimics a two dimensional, relativistic
electron gas. Point defects like hydrogen atoms, induce a local change from sp?-hybridized
orbitals to sp>-hybridization. This effect does not only introduce scattering centers but also
breaks the sublattice symmetry. This distortion of the honeycomb lattice is accompanied by
a gap opening around the Dirac point Ep and ordering of spin states around the H atom
[169-171].

The electronic gap is defined by the coverage of hydrogen and large gaps can be opened by a
very low amount of adsorbed hydrogen as schematically shown in Fig. 4.5, this plot is based on
data collected from several studies, working experimentally with STM/STS [162] and angle-
resolved photoemission spectroscopy (ARPES) [170, 172] or theoretically [173-176]. Rossi et
al. [177] came up with a empirically found universal correlation between gap energy Egap
and H coverage ©: Egp = 3.8 €V - (0/100%)%5. The correlation becomes evident when
comparing with the other result in Fig. 4.5. The adsorption process is quite complex and
requires well defined starting conditions. There is a wide variety of studies performed on this
topic, including measurement techniques like STM and ARPES [162, 172, 178, 179]. Different
sticking coefficients were reported for hydrogen on graphene and/or graphite, differing by sev-
eral orders of magnitude, from 1 to 10~* [180-182]. The sticking is highly dependent on the
quality of the graphene samples, high quality surfaces show an improved sticking probability.
The chemisorption process is coupled to a steric effect. The formation of sp>-bonds between
graphene and a hydrogen atom requires a tetrahedron angle of 109.5°. Starting from a flat
graphene surface, this requires the puckering of a carbon atom, shifting its atomic position
by 0.1 nm out of the graphene plane [183]. This leads to an adsorption energy of 0.2-0.3 eV
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Figure 4.5: The bandgap at the Dirac point in dependence of the hydrogen coverage on a graphene
sample is shown. The data points are collected from several studies as referenced in the
legend [162, 170, 172-177].

[181, 184] for planar graphene. Contrary the adsorption of H on MLG reveals a considerably
lower energy of 0.05 eV for the first atom, which is even vanishing for the second H atom and
the formation of a dimer structure [162]. From theoretical investigations it is obvious, that
the ortho-position for a second hydrogen is energetically not favorable, thus the p,-state of
every second C-atom is on average saturated by a H atom [184].

The reconstruction of the buffer layer modulates the graphene layer. As proven by scanning
tunnelling microscope (STM), the convexly curved parts of the MLG structure provide pref-
erential adsorption sites [162, 177], because the binding angle is already present and no
puckering of carbon atoms is needed. Two main factors determining the adsorption energy
become apparent from calculations: first the formation of the C-H bond and second the dis-
tortion of the carbon lattice and the correlated charge redistribution.

There is a maximum surface coverage of 0.4 ML predicted by theory. Still, the existence of
graphane - fully hydrogen saturated graphene sheets - were anticipated by calculations and
proven by experiment [25, 176, 185].

In this work, the low coverage regime is investigated. An extraordinary change of the elec-
tronic properties is induced in the material by hydrogen coverages below 1 % and is therefore
of high interest. This adsorption regime is not examined by surface transport so far.

The experiments containing atomic hydrogen were performed using a thermal cracker (MBE
components), hosted in the preparation chamber of the four-point probe (4pp)-STM. A
cracking efficiency of 40 % is achieved for filament temperatures of 1700 °C. The partial Hy
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pressure used for the adsorption was set to 1 x 107" mbar. According to manufacturer
specifications the loss of H atoms due to recombination in our setup is approx. 90% caused by
the distance in between the cracker outlet and the sample of 12cm [186-188]. This results
in a an exposure of the sample surface to a dose of about 0.25 Langmuir/min of atomic H.
The wide range of reported sticking coefficients as mentioned above, does not allow a direct
calculation of coverage from the dosage. In accordance with our experimental results regard-
ing localization lengths and mean free path a sticking coefficient of 8 + 2 x 10™% is deduced.
This results in an adsorption rate of ~ 3 x 107 ML/min. The relative coverages are given
in monolayers (ML) with respect to C-atom density (3.8 x 10 cm~2). All adsorptions were
performed at a substrate temperature of 300 K.

Heating of the sample to 920 K is found to lead to complete desorption of the hydrogen,
restoring the electronic properties of the clean graphene sample. The sample is heated before
every adsorption to assure a clean surface without residuals. For the coverage dependent
transport measurements the sample was transferred in-situ at 300 K. Atomic hydrogen is
expected to act as an acceptor. Assuming, that one electron from graphene is transferred
to the chemical bond, in case of MLG at least a concentration in the order of 1013 cm=2 HT
ions, equivalent to 0.0025 ML, or 0.25 % ML, is needed to shift the Fermi energy to the Dirac
point. As shown above, the investigated coverage regime is lower by at least one order of
magnitude. Moreover, due to recombination inside the hydrogen cracker, most of the beam
will consist of neutral H-atoms [186]. This means the shift of the electrochemical potential is
even smaller.

The sticking coefficients for hydrogen adsorption on MLG and QFMLG are quite similar.
Therefore, although the coverage may differ by a factor of two, the Fermi level is shifted in
both sample types roughly by the same amount. As QFMLG is in fact slightly p-doped,
again the Fermi level will not coincide with Ep. Based on this assumption, the lift of the
honeycomb lattice symmetry and concomitant gap opening at Ep, as discussed in context of
Fig. 4.5, is excluded to be responsible for the electronic transport. This is in line with ARPES
measurements on MLG, showing extended Fermi surfaces for comparable H coverages [189].

4.3.2 Structural analysis

The structural influence of H adsorption on MLG was investigated by high resolution

SPALEED. For reference a diffraction pattern of clean MLG has been obtained (see Fig. 4.4).
The surface was exposed to various dosages of atomic hydrogen at room temperature. At this
temperature, the barrier for intercalation can not be overcome by the hydrogen atoms, thus
only adsorption to graphene at the vacuum interface takes place. Diffraction measurements
show no structural changes for hydrogen terminated surfaces within the low coverage regime.
Compared to the diffraction pattern of clean MLG, as shown in Fig.4.6 a). The diffraction
pattern is not changed for the hydrogen exposed sampled, as shown in Fig.4.6 b). The
diffraction peaks are not broadened, but the background intensity is increased upon hydrogen
adsorption, as shown in Fig. 4.6 ¢). This is expected for uncorrelated defects at the surface
[190]. The coverage of less than 1% ML is not expected to change the structural properties
of the sample. For high hydrogen coverages, an increased lattice constant by up to 2% was
observed [191]. This effect was not seen in the SPALEED measurement, underlining the
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Figure 4.6: a) SPALEED pattern of a clean MLG sample and b) a hydrogen terminated sample
The first order diffraction spots from graphene and the underlying SiC substrate are
marked in blue and yellow, respectively. Besides the graphene and SiC spots, several
reconstructions of the surface can be seen. No structural differences were observed in
the measurements. This is underlined by linescans, shown in c), which were taken along
the red dotted lines in a) and b). While the FWHM remains almost unchanged, the
background increases, indicating the presence of defects at the surface.
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Figure 4.7: a) I-V curves of clean (black) and H-terminated MLG (blue) and measurements for clean
(black) and hydrogen terminated (green) OFMLG All measurements were performed at
300K.

achieved low coverages.
Despite the absence of structural changes in the low coverage regime, hydrogen adsorption
on carbon surfaces is known to have a high impact on the electronic transport properties.

4.3.3 Electrical transport measurements

I-V measurements on both sample types, MLG and QFMLG, reveal a linear characteristic
as shown in Fig. 6.6, indicating the expected metallic behavior. The sheet resistance Ry for
clean MLG is determined to be approx. 0.5k /0. This is in nice accordance with former
studies [139]. The resistance value for QFMLG is initially higher and determined to approx.
14kQ/0. A completely decoupled layer is expected to show lower resistivity values than a
MLG layer, because the electrochemical potential is closer to the Dirac point, which is ac-
companied by higher charge mobility [192]. Although at the Dirac point the density of states
is lowered and no conductance exists. The resistivity indicates incomplete intercalation of the
used sample with remaining fractions of buffer layer. The intercalated areas are percolated
and the 2D behavior is obtained as revealed by tip distance dependent measurements [58].
The linear characteristic of the I-V curves is preserved upon hydrogen adsorption for both
samples, as shown in Fig. 6.6. During hydrogen adsorption the sp?-hybridization of graphene
is locally changed to a sp3-type bonding. The distortion of the lattice induces a change of
the electron density, which acts as scattering center for propagating electrons, as described
in Sec.4.3.1. This effect increases the resistivity.

The sheet resistance Ry was found to increase for both sample types, MLG and QFMLG.
As shown in Fig. 4.8, Rs increases by several orders of magnitude upon adsorption, even
though the coverages are very low. This metal-insulator transition (MIT) is in agreement
with SPALEED revealing reconstruction spots characteristic for a buffer-layer (cf. Fig.4.4 b).
A closer look to Fig. 4.8 shows, almost the same time constant 7 on the resistance increase for

46



4.3 Hydrogen adsorption on graphene

a) ' ' ' ' by 10°———————
107_ I:MLG b
5 o QFMLG 18 o
g/ 10°; ] g’ 1044
8 ] 8 o
C C
S 10°4 1 8
@ @
= 10% 1 = 104
[0} i [0
2 2 o
n 10%4 1 &
10% 1= : : : 10—
0 20 40 60 0 1 2 3 4 5
Adsorption time (min) Coverage (10°ML)

Figure 4.8: a) Sheet resistance as a function of H coverage for MLG (black) and QFMLG (red) mea-
sured at 300 K. The resistance is increased upon hydrogenation in both cases. Compared
to the QFMLG sample, in case of MLG saturation is reached after approx.30 min at a
resistivity of 50k{). b) Shows the resistivity increase as a function of coverage for the
MLG sample.

MLG and QFMLG in the low coverage regime (mvrc =~ 450 s, 7qpmrc =~ 1000s). Slightly
different sticking coefficients might explain the difference of a factor 2 in the time constants.
In case of MLG the corrugation due to interaction with the buffer layer creates preferred
adsorption sites for hydrogen in the low coverage regime [162]. On these preferred adsorption
sites, chemisorption can take place without energy barriers, this is not the case for QFMLG.
Higher hydrogen coverages were shown for p-type graphene samples by gating dependent
hydrogenation experiments [193]. The coverages on MLG and QFMLG are expected to be
very similar and the different chemical potentials do not seem to be the driving force for the
different time scales.

The exponential increase of the resistance with increasing number of chemisorbed H atoms
ny, is described by R o expL/Lg, and indicates localization in the system. The effect of
localization is explained in more detail in Sec.2.3. In this scenario the mean-free path Lg
decreases upon adsorption, for measurements with fixed probe spacing L. The mean-free
path for the electrons is in this case expected to be inversely proportional to the number of
chemisorbed H atoms Lo oc 1/,/ny. This includes the assumption of homogeneous adsorp-
tion on the surface. For the MLG sample, a clear plateau is reached at a coverage of approx.
5 x 1073 ML. The transition is not as clear for the QFMLG sample.

Within the picture of Drude band conduction, the resistance is expected to follow R o
1/Lg o y/ng, where ny is the concentration of H atoms. This correlation does not explain
the exponential increase in resistance. This exponential increase is a hallmark for localiza-
tion within 2D systems. It indicates that the phase coherence lengths Lg exceeds Lg. The
measurements are performed at a temperature of 300K, coming along with the limitation
that only energy barriers below 2kgT = 50 meV can be probed by transport. Although the
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Figure 4.9: Relative change of the resistivity as a function of temperature. The clean MLG sample
shows an increase of the resistivity with increasing temperature (back squares), while for
H-terminated MLG and QFMLG surfaces the resistivity decreases ( blue open squares
and green open circles, respectively). The H-coverages for MLG and QFMLG were
0.0029 ML and 0.0006 ML, respectively.

H coverage further increases, its effect cannot directly be examined. To gain further inside
into the transport behavior, temperature dependent measurements were performed. All ad-
sorption processes were done at 300 K before cooling the sample, realizing different coverages
in a reproducible way. Measurements were performed for a temperature range from 120 to
300 K, keeping the surface coverage constant during cooling.

The resistivity strongly increases with decreasing temperature for both sample types, as
shown in Fig. 4.9 for exemplary H coverages. For comparison the temperature dependent re-
sistivity of clean MLG is shown, where the resistivity decreases with decreasing temperature
because of remote phonon-electron scattering [194].

4.3.4 Temperature dependence

The electrical measurements indicates, that hydrogenated graphene shows a behavior com-
parable to defective MLG. This comparison indicates variable range hopping (VRH) as the
dominant transport mechanism [194]. During adsorption VRH replaces the metallic transport
originating from the initial clean graphene layer. This behavior is an indication for activated
transport. This is caused by the chemisorption of hydrogen and the concomitant change of
electronic structure within the layer.

The concept of Anderson localization, as described in Sec.2.3.1 can be used to describe this
behavior. Although this model is used to describes strongly disordered systems, it is possible
to provide a description of the measured phenomena. The resistivity within this framework
given by Eq.2.3.11 and determined by

Raheet o exp(To(§)T)/ (Y, (4.3.1)

48



4.3 Hydrogen adsorption on graphene

a) 180 ~ a1 )10 ~ Ftvral| 9 E12] . a MLG
9001 € e o QFMLG
~ 160 ~ =10] -
S 140 L 800y IR
c "
2120 2 700/ g 8 -
: £ 600; S 6 ¢
o’ 100{d =2 o d=2 8y .
80, To = 39000 K 50011, =22783 K T ] 8. . 5
£ =45nm 400{¢ =11 nm 39 2 R
140 160 180 200 140 160 180 200 0.000 0.005 0.010
Temperature (K) Temperature (K) Coverage (ML)

Figure 4.10: Sheet resistance Rg in dependence of the temperature for a) 0.0029 ML H on MLG
and b) 0.0006 ML H on QFMLG. The fit corresponding to the variable range hopping
model is marked by solid lines. The fit results for the parameters of the Anderson model,
namely the dimension d, the Anderson temperature Ty and the localization length £ are
shown in the panels. ¢) Localization length for different hydrogen coverages on MLG
and QFMLG. The mean free path L is indicated by the dotted line and fits nicely to
the determined localization lengths.

where d denotes the dimension and Ty(§) the Anderson temperature, which can be calculated
according to Eq.2.3.12[74, 195] and depends on the localization length £ and the density of
states at the Fermi energy D(Er). D(Er) is around D(Ep) = 2 x 10 em~2eV~! for MLG
and D(Ep) =~ 5 x 10712 cm~2eV~! for QFMLG [196, 197].

The residual contribution of the phonon-assisted transport channel destroys the phase coher-
ence within the 2D electron gas system. To obtain a consistent picture, data points measured
at temperatures higher than 200 K were excluded, to eliminate this residuals. The fitting
results within the framework of this model are shown in Fig.4.10 a) and b) for MLG and
QFMLG, respectively.

For both systems, hydrogenated MLG and QFMLG, the dimensionality d is 2. This is inde-
pendent from the hydrogen coverage probed within this study, underlining the preservation
of the two dimensional character of graphene. Contrary, higher hydrogen coverages cause an
increase of the Anderson temperature Ty. The corresponding localization length is therefore
reduced upon adsorption, as shown in Fig.4.10 ¢). The mean free path is found to scale
nicely with the determined localization length £ o< L‘y. The mean free path lengths can be
parameterized as L‘g oc /1,/omp, where the factor a describes the tendency of H to form
dimers on graphene surfaces. The cluster density is therefore lower than the H atom density,
the best agreements was obtained for a = 0.3...0.5. This finding fits to the expected dimer
formation of H atoms on graphene surfaces.

For example, a coverage of 0.0029 ML refers to a density of 2 x 10'2 cm~2 H-clusters. This
corresponds to the occupation of every third (6 x 6) site with a separation of 4.5nm. This,
in turn correlates with the localization length.

The graphene lattice remains rather intact, as shown by diffraction measurements, and the
wave function becomes localized in between the hydrogenated parts of graphene

012

| (r)] o< exp(|r — ro|/§). (4.3.2)
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Figure 4.11: Arrhenius plots of hydrogen terminated MLG a) and QFMLG b) for different H-
coverages. In this visualization the activation energy is proportional to the slope of
the curves. ¢) Deduced activation energy F, deduced from the data sets shown in a)
and b). The dashed lines are guides to the eyes.

In turn, the hydrogenated graphene system resembles the condition of weak disorder and
fulfills the Toffe-Regel criterion [72]. For MLG with Ep ~ 0.5eV and vp = 1 x 105ms™!,
the Fermi wavelengths Ap = hvp/Ep ~ 8 nm. H adsorption at the preferred convexly curved
sites of the (6x6) reconstruction introduces scattering centers of much smaller separation
lengths than the Fermi wavelength of the electrons, and is therefore violating the Ioffe-Regel
criterion. Chemisorption leads to a concomitant charge transfer from the graphene substrate
to the C-H bonds and the w-bands are renormalized, as seen in ARPES. Those effects are
additionally amplifying the localization effect. The Fermi wavelength is even larger for almost
charge neutral QFMLG.

In order to determine an average activation energy E, to overcome phase coherence and
therefore discriminate localization of electronic states, we performed an Arrhenius analysis.
The activation energy can be determined by

R x exp(E,/kpT). (4.3.3)

As seen in Fig.4.11, the activation energy is around E, =~ 30meV in the low coverage
regime and increases with increasing H-coverage. Although the adsorption of H on MLG
and QFMLG transforms the metallic system in well defined insulating states, the resistivity
behavior for a fixed H-coverage is well described with one activation energy over a wide a
temperature range. In detail, for H-terminated MLG the activation energy varies between
28 meV and 35meV for coverages ranging from 0.0006 to 0.008 ML. A similar behavior was
found for QFMLG, where the activation energies range from 26 meV to 48 meV for a coverage
of 0.0006 ML und 0.0016 ML, respectively. This means in first approximation, with regard
to measurement uncertainties, the activation energies are independent from the used type of
graphene. The determined activation energies are not corresponding to an actual gap opening
at the Dirac point. Due to the internal doping of the graphene samples, this would not be
possible to determine via electronic transport. The analyzed energies rather describe a loose
of phase coherence.
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4.3 Hydrogen adsorption on graphene

In ARPES measurements performed in former studies, the 7 states of the clean system
strongly renormalizes and give rise to what in this context is designated as a quasiparticle
transformation [189]. Apparently, cooperative effects start to play an important role and
increase the phase coherence.

4.3.5 Conclusion

The chemisorption of atomic hydrogen to graphene samples introduces scattering centers
and breaks the sublattice symmetry, resulting in an electronic band gap at the Dirac point.
The adsorption process was analyzed using two different types of graphene samples, MLG
and QFMLG. A MIT transition was induced by chemisorption of small hydrogen concentra-
tion below 1% of an monolayer. The metallic transport behavior originating from the clean
graphene layer was replaced by VRH transport upon hydrogenation. This transition was
observed by temperature dependent measurements with surface coverages of up to 0.008 ML
of atomic hydrogen.

During the adsorption of hydrogen the sublattice symmetry of the graphene lattice is broken,
introducing an electronic band gap of approx. 1eV [170, 172]. This band gap opening was
proven by scanning tunnelling spectroscopy (STS) and is increasing with higher H coverages
[162, 169]. Data recorded on the hydrogen clusters, indicates that the hydrogen covered parts
of the samples are charge neutral. This means electronic hopping or tunneling across these
areas is very unlikely.

The Anderson model can be successfully applied within the limit of weak disorder, although
the system is not heavily disordered. The localization length and the mean free path coincide
nicely. The selective chemisorption of H and the cluster formation act as scattering centers
and in turn determine the mean free path.

For temperatures, below 200 K, the phase coherence length exceeds the mean free path and
constructive interference of the charge carriers occurs, according to the loffe-Regel criterion.
Based on former studies, the hopping and tunneling transport across or around these charge
neutral hydrogen covered areas can be excluded as very unlikely. Thus, the Anderson model
can be applied in the limit of weak disorder. The determined localization lengths coincide
nicely with the mean free paths, which are determined by the coverage and the concomitant
clustering of hydrogen.

At low temperatures, the charge carriers constructively interfere according to the Toffe-Regel
criterion. The activation energies, determined via Arrhenius analysis, for this MIT do not
refer to the band gap opening on the Dirac point but to a breakage of phase coherence. An
ordinary band insulator is therefore excluded.
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4.4 Organic molecules on hydrogenated graphene: PbPc
adsorption

Combining organic molecules and graphene is a promising approach for realizing new func-
tional materials and sensor approaches [27, 163, 165, 173, 198]. The adsorption of molecules
to graphitic substrates was of high interest during the last years [199-203]. A wide range of
phenomena were investigated, ranging from large interactions, like the opening of a bandgap
introduced e.g. by perylenetetracarboxylic diimide (PTCDI) to very weak coupled molecular
layers, e.g. perylenetetracarboxylic dianhydride (PTCDA) [204]. The flexibility and tailoring
possibilities of organic molecules open a large playground for functionalized materials.
Graphene based sensors thereby arouse a lot of interest [163, 165, 173, 198, 205-207]. Detect-
ing charge transfer by less than one electron by electrical conductivity measurements at room
temperature were reported [27], producing extraordinary sensitivity factors. Taguchi realized
one of the first gas sensors, using SNOg, in 1972 [208]. The sensitivity of chemical detectory
relying on gas-solid surface reactions is often limited by the sintering process and the dense
network of grain boundaries arising from the nanoparticle sizes. A chemical modification of
those particles, e.g. oxidization or reduction induces an increase or decrease of conductance.
While the first sensors were designed for detection of petroleum gas [209], their concepts were
sucessfully extended to a wide range of other materials, including hydrogen [206].

Reaction barriers limit the sensitivity of these sensor concepts additionally, requiring elevated
temperatures or the addition of metals. 2D graphene provides the highest surface to volume
ratio and highly mobile low-noise charge carriers. Resistivity measurements capture changes
in the carrier concentration as well as in charge carrier mobility thanks to the transport prop-
erties governed by the electronic bands. This makes graphene a highly promising candidate
for sensor approaches.

Designing a sensor approach with molecules on graphene is rather challenging, despite the
high potential sensitivity pf graphene it is not selective to molecules. This difficulty can be
overcome by functionalization of graphene, although this often comes along with cutbacks
of the exceptional properties of pristine graphene [198, 210, 211]. The interplay of PbPc
molecules and chemisorbed hydrogen is investigated by surface transport and density func-
tional theory (DFT). DFT calculations were performed by U. Gerstman working at the
university of Paderborn. Transport investigation were performed by means of 4pp-STM.
The results presented in this chapter are submitted to be published under "Adsorption and
reaction of PbPc on hydrogenated epitaxial graphene" in the Journal of Physical Chemistry
C.

4.4.1 PbPc on graphene

Pthalocyanine molecules are of great interest because of their flexibility and functionalizabil-
ity. The central core atom can be varied in size and charge, allowing to tailor the shape and
the magnetic state of the molecule. Molecular storage concepts were investigated and there
are proof of principle studies [212, 213].

In this work, PbPc molecules were used. The structure of this molecule is depicted in
Fig.4.12. The central Pb atom is large compared to the cavity in an HoPc molecule. This
causes a shuttlecock configuration as shown in the side view in Fig.4.12 b). This configura-
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Figure 4.12: Strucutre of a PbPc molecules in a) top view and b) side view. Carbon atoms are
shown in grey, nitrogen in blue and lead in orange. The side view pictures the typical
shuttle cock configuration. Possible adsorption sites (Njn, Nout, Pb,top and Pbyase)
are indicated.

tion can be switched from top to bottom with an energy barrier of 4.3V [214].

The adsorption of PbPc on clean MLG surfaces was studied in previous work, e.g. by Nguyen
et. al. [213, 215, 216]. As shown by STM studies, the adsorption of PbPc molecules on
graphene surfaces results in highly ordered monolayer structures, with the Pb-atom pointing
upwards. Because of the high energy barrier thermally activated switching is very unlikely.
On graphene, the upward orientation of the Pb atom is energetically favored by at least 0.3 eV
compared to the downward direction [217] and indicates the absence of a strong hybridization
in between the molecular core and the underlying graphene [215].

All adsorption processes are performed under UHV conditions at a substrate temperature of
300 K. Thermal evaporation at 540 K from a Knudsen cell was used for organic beam epi-
taxy. The coverage of PbPc molecules is given in regard to a physical monolayer of flat-lying
molecules. scanning electron microscope (SEM) images show the presence of PbPc molecules
and provide a reasonable measure for the coverage as shown in Fig.4.13. The black contrast
represents the flat-lying molecules within a densely packed structure [215]. It was shown
that the coupling between PbPc molecules and epitaxial graphene is very weak. Therefore,
a high mobility of the molecules is expected at room temperature [218, 219]. Based on this
assumption, the black contrast stems from nucleated molecules. PbPc has a large highest
occupied molecular orbital (HOMO) lowest unoccupied molecular orbital (LUMO) gap and
the secondary electron signal detected by the SEM is accordingly low. The molecules form
islands in the vicinity of steps or other defects. A closer look to Fig.4.13 b) reveals islands
forming along the [1120] direction of the 6H-SiC wafers and are elongated along the step
edges. The islands are formed by densely packed layers as observed in STM and shown in
Fig.4.13 ¢) [215].

From an electronic point of view, highly mobile molecules can be described as a 2D gas at
the surface which is in equilibrium with those islands. Only the nucleated molecules can be
visualized via SEM, but it is still a reasonable way of estimating the surface coverage. The
relative change of resistivity upon PbPc adsorption is shown in Fig.4.14 a). A small increase
of about 4 % with every adsorption step is observed.
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Figure 4.13: a) SEM image of clean MLG. The white spots refer to bilayer graphene. The overall
secondary electron contrast is quite uniform and demonstrates a homogenious and
percolated growth of graphene. b) SEM image of MLG with 0.2 ML PbPc. The dark
contrast corresponds to islands of PbPc molecules and reflects the insulating state of
PbPc. ¢) STM image (V= -1V, I1=100pA, T = 77K) of PbPc on pristine graphene.
The unit cell of the well ordered structure is marked in green (Figure from [215]).

Former STS studies show the density of states of the adsorbed molecules and reveal no elec-
tronic states at the Fermi energy, indicating the molecules do not contribute to the electronic
transport. The STS data shows no strong shifts in the molecular states, ruling out a charge
transfer scenario [215]. The coupling between the PbPc molecules and the graphene surface is
noninvasive and does not result in a change of electronic transport properties of the material.
The resistance increase can apparently be explained by degradation of the PbPc layer due to
the SEM electron beam during the tip positioning process. Irradiation dependent measure-
ments show an increase of resistance with increasing beam exposure time. This is a strong
indication for e-beam induced damages of the molecular layer [215, 220, 221]. More details of
this degradation effect in this specific system, along with coverage, exposure time and beam
energy dependent measurements are reported in the work of Nhung et.al. from 2019 [215].
For the used acceleration voltage of 15kV and a probe current of 1nA, an increase of resis-
tance of 2.5 Q0 / min is expected. A tip positioning time in the range of 1 min is estimated
for the presented measurements. Based on this assumptions, the measured increase matches
the expectation very well.

The corresponding I-V measurements are shown in Fig.4.14 b). The characteristics are
strictly linear for all measured coverages, as exemplary shown for 0.07 ML and 0.47 ML indi-
cating the ohmic transport behavior is preserved upon adsorption.

4.4.2 Co-adsorption experiments: H and PbPc on graphene

As shown in Sec. 4.3.1, the effect of hydrogen adsorption towards graphene is very strong even
for sub-monolayer coverages. Ultra low coverages of only half a percent of a monolayer induce
an increase of resistivity by two orders of magnitude. This large effect, arouses interest in
co-adsorption experiments.

PbPc molecules were evaporated onto pre-hydrogenated MLG. Thereby different hydrogen
coverages, in between 0.0014 ML and 0.0033 ML, were used for the preoccupancy. The results
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Figure 4.14: a) Relative change of resistivity of graphene with increasing surface coverage of PbPc.
A small increase of about 4% is seen for every adsorption step. b) IV measurement
corresponding to different PbPc coverages of 0.07 ML and 0.47 ML. The characteristic
remains strictly linear, indicating an ohmic behavior.

for three different initial hydrogen coverages are shown in Fig.4.15. The data is corrected
by the effect SEM induced molecular fragmentation, the value Ry determines the resistivity
of the clean MLG sample which is determined to 680€/0J. The resistivity of the hydro-
genated graphene sample drops by orders of magnitude upon adsorption of PbPc¢ molecules
and reaches the values of clean graphene. The effect of chemisorption of hydrogen to graphene
is completely annihilated.

The resistivity drops exponentially before reaching the value for clean graphene Ry after
adsorption of ~ 0.1 ML of PbPc. The adsorption rate is 0.15 ML/min and is kept the same
for the different hydrogen pre-occupancies. Transport measurements can not be performed
during the adsorption and require sample transfer due to experimental limitations. Thanks to
the constant adsorption rate, the measurements refer to the same time scale. All preparation
and transfer steps were done in the same manner for all measurements, so the data can be
analyzed with regard to their time performance. Apparent decay times can be determined as
shown in Fig.4.16 a). This allows a qualitative discussion of the results based on comparison
of the three data sets.

The apparent decay times 7 represent an upper limit and are in the order of 100s. The
time turns out to play a larger role than the coverage itself. If it is assumed, that every PbPc
molecules is able to release one hydrogen atom from the graphene layer, a similar density of
hydrogen and PbPc is expected. From literature, where the diffusivity for CuPc is determined
to 10719 cm? /s [222, 223], it is known that high mobilities of the molecules on graphene are
expected at room temperature. Based on such values, the decay times are expected to be
significantly smaller. This is an indication for a small number of mobile molecules on the
surface and a very efficient annihilation process.

The I-V characteristics remain strictly linear during the whole adsorption process, indicating
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Figure 4.15: Resistivity upon PbPc adsorption on pre-hydrogenated MLG with different pre-
occupancys. Ry determines the resistivity of the clean MLG substrate.
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Figure 4.16: a) Change of resistivity versus time upon PbPc adsorption on MLG with different
hydrogen coverage. The graph includes the transfer time prescribed by the experimental
setup and the adsorption time of PbPc molecules. R refers to the resistance of clean
MLG. b) Change of the resistivity for H adsorption on 0.2 ML PbPc on MLG. The
resistance values were corrected by the effect of molecule fragmentation during SEM
imaging.
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the transport behavior is ohmic and not changed with hydrogenation nor for the PbPc or the
co-adsorbed phase.

To gain further insight into the system, measurements with a reversed adsorption sequence
were performed. An initial coverage of 0.2 ML PbPc was evaporated to the substrate. The
graphene surface still provides enough adsorption sites for hydrogen. Again the data is cor-
rected by the molecular fragmentation. The results are shown in Fig.4.16 b).

Compared to the reversed adsorption sequence, the observed change of resistivity is lower than
expected for the localization process indicated by chemisorption of H atoms. This means, in-
coming H atoms are annihilated by the mobile PbPc molecules on the surface. The resistivity
is increasing up to a coverage of 2 x 1073 ML of hydrogen before reaching the original value
again. The hydrogen adsorption was done subsequently using the same parameters for every
step, excluding heating of the sample by the cracker filament as the reason for the transport
behavior. The higher efficiency of the annihilation process for increasing H coverages may
be explained by a modified retention times of the PbPc molecules in the islands or by varied
mobilities of the molcules.

4.4.3 Theory and discussion

Under the assumption of a 2D PbPc gas on the surface, an increase of resistivity with increas-
ing hydrogen coverage is expected. The concentration of mobile PbPc molecules is expected
to be in the order of 107> with respect to the graphene lattice at maximum. For hydrogen
coverages larger than 2 x 1073 ML, the diffusivity of the molecules gets large enough to
sample on average each graphene lattice site. The annihilation process gets more effective for
higher hydrogen coverages.

Either the reaction of PbPc and H takes place before adsorbing to graphene, or the retention
time of the PbPc molecules is modified by the presence of H-centers. Also, the PbPc islands
are exposed to the hydrogen, which leads to an enlarged concentration of the PbPc gas at the
surface, making the annihilation process more effective. Even after adsorption of 2 %ML of H,
no significant change of resistivity is measured and no MIT takes place. This is indicative for
higher order reaction dynamics. With the size of a PbPc molecules covering approximately
40 graphene unit cells, there are various reaction sited for H atoms provided.

To shine further light on this effect and the total reaction energy, DFT calculations were
performed. The considerations are based on the reaction

(H/MLG)s + PbPc, = (MLG), + (H/PbPc),.

where (H/MLG)s describes a chemisorbed H-atom at the MLG surface, while the index g
refers to (physisorbed) species in the gas phase. The PbPc¢ molecules provide a number of
adsorption sites, e.g. the PbPc atom in the center, the C atoms and the N atoms on the lobe
as shown in Fig. 4.12 [224]. The adsorption geometry of PbPc on planar MLG was analyzed in
prior studies [215], and it was shown that the molecule adsorbs almost planar with the central
Pb atom pointing upward. In a monolayer configuration the molecules are slightly tilted as
revealed by m-stacking and intermolecular interaction details [217]. Intuitively, the atop
position of the PbPc with its shuttlecock position appears as the energetically preferred since
the m-stacking of the lobes and the MLG can be preserved. However a stable configuration
was only found for H atoms adsorbed on top of the central atom. The calculated binding
energies, with respect to atomic H and Hy molecules are summarized in Table4.1.
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Table 4.1: Calculated binding energies the adsorption of atomic H to PbPc and free-base HoPc with
respect to chemisorbed H at MLLG and hydrogen in the gas phase. All energies are given

in eV.

System absorption site @QMLG gas phase
Graphene +H — -0.95

H+H - -2.26
HPc +H Chase -3.17
PbPc +H Pbatop -0.03 +0.17
PbPc +H Pbpelow — -0.19
PbPc +H Cuying -1.17 -1.49
PbPc +H Nin -2.07 -1.99
PbPc +H Nout -2.38 -2.37
PbPc(H) +H Ny -2.70 -2.66
PbPc(Ha) +H  Noyt -2.53 -2.43
PbPc(Hs) +H Ny -2.83 -2.79
PbPc(Hy) +H Njy, -1.03 -1.09
PbPc(Hs) +H  Niy -1.08 -1.01
H,Pc +H Nout 2.33 2.26
HoPc(H) +H  Nout -2.64 -2.60
HoPc(Hg) +H  Noyt -2.45 -2.38
HoPc(Hs) +H  Nout -2.73 -2.70

The adsorption close to the plane of the wings, from below, is not possible and the H atom
is barrier-less re-chemisorbed to graphene. An adsorption to the C atom at the wing, which
is the closest to the substrate, is more probable. This could yield a reaction in between the
H atom and the CH- group, resulting in a sp3-hybridization of the affected C-atom. The
concomitant structural relaxation of the wings results in a reduction of binding energy on
graphene by 0.32 eV compared to the gas phase (cf.4.1). Nevertheless, there still is an energy
gain of 0.95eV for adsorption of a H atom from the graphene layer.

The largest binding energy is found for adsorption of H atoms to the twofold coordinated
pyridinic Nyt atoms that bridge the four wings. The energy gain for this process is —2.38 , eV,
which means an energy gain of 1.43eV compared to H/graphene. Although the adsorption
to the Nj, atoms is possible, due to a small steric hindrance, the adsorption to Ngy is
preferred by 1.35eV compared to an adsorption to Nj,. Molecular hydrogen is not adsorbed
by PbPc compared to the atomic species stabilized by the graphene support. The reaction
of chemisorbed H atoms with the azo-nitrogen is surprisingly even barrier-free. The reaction
between a chemisorbed H atom an a PbPc molecules is depicted in Fig.4.17. Free base and
planar HoPc molecules do not allow such an efficient reaction. The presence of the Pb atom
obviously increases the reactivity of the molecule.

The chemisorption of H to MLG promotes the barrier-less reaction. Annihilation reactions
with varying positions of the PbPc with respect to the H center of graphene were analyzed
and show that the PbPc is guided, once the H atom is within the geometric dimension of the
molecule. If one of the four Ny is crossing the H center with 0.2 A lateral capture radius
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Figure 4.17: H atom chemisorbed on graphene reacting barrier-free with the nitrogen atom Nout of a
PbPc molecule. The binding energies for further adsorption sites are shown in Tab. 4.1.
a) Initial situation. A mobile PbPc molecule passes by a chemisorped H atom. b) The
H atom is detached from the graphene. ¢) The H atom is transferred to the out N atom
of the PbPc molecule. d) Final position. The H decorated PbPc molecule is relaxed.

the process is barrier-free, otherwise a multi-step process with moderate thermal activation
energy is required.

The barrier-free reaction depends critically on the distance between one of the reacting N-
atoms and the H atom. A threshold distance of 1.75 A was determined for atomic-H attraction
in the gas phase. This values holds also true for free-base HaPc and centro-symmetric CoPc
and CuPc, confirming the reaction to be a common feature of Pc molecules.

Chemisorbed hydrogen is located about 1.8 A above the lower part of the graphene substrate.
This means, Van-der-Waals interactions allow a detachment of the H atom from graphene
for Hypg-N distances below 1.6 A or adsorption heights below 3.4 A. The detached H atom
afterwards can be collected by the mobile Pc molecule.

The chemical reaction of atomic H-atoms and the Ngy-atom of the molecule seems to be
very local without parasitic inductive and mesomeric effects across the PbPc. The electron of
the attached H atom is distributed over the entire molecule upon adsorption. The resulting
HOMO is almost identical to the LUMO of isolated H-free PbPc, as shown in Fig.4.18 a).
As a result, the remaining azo-sites of PbPc can be subsequently saturated with additional
H-atoms. For H4PbPc a total binding energy of -2.83 ¢V is found. This is again only true for
atomic hydrogen, the chemical reaction between molecular hydrogen and the PbPc molecules
is neither probable nor energetically favorable. With respect to molecular Hs a significantly
lower binding energy of —0.5¢€V is found.

While for H4PbPc further adsorption of H atoms to the Ny, position is possible, the strongly
reduced binding energy of about 1.1eV makes this reaction appear less probable. For planar
Pc molecules, e.g. CoPc and CuPc , the binding energy of the third hydrogen adsorption is
reduced to -1.9eV, indicating the high efficiency of H annihilation is a generic property of
non-planar Pc molecules.
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c) PbPc-H PbPc (island)

Figure 4.18: a) Comparison of PbPcb) PbPc molecule in the gas phase: The shuttlecock structure
of the molecule flattens upon adsorption of H to the Nyys-atom. b) Monolayer of
PbPc and hydrogenated PbPc on epitaxial graphene. The intermolecular distance
becomes significantly enlarged upon hydrogenation of the molecules due to a reduced
flexibility of the wings. c¢) Isolated hydrogenated PbPc on MLG in comparison to
layered PbPc molecules as found in islands. Because of the flattening of the PbPc
molecule upon hydrogenation, the PbPc-H molecules tend to enlarge the intermolecular
distance significantly or detach from the islands.

Compared to the gas phase structure of PbPc the relative bending of the shuttlecock structure
is step wise reduced upon H adsorption as shown in Fig. 4.18 b). This flattening is independent
on the substrate.,thus the resulting structure mimics more and more the one found for dense
aggregation on HOPG [217], which suggests an increased binding energy if adsorbed on MLG.
According te the DF'T calculations this increase is actually moderate and amounts to roughly
0.03 eV per attached H-atom. Due to the flattening of the structure dense aggregation of the
molecular species, as expected within the islands, gets less energetically favorable as depicted
in Fig. 4.18. Consequently, H decorated molecules on the edge of the island are absorbed in a
more planar form, this means they are slightly shifted away from the remaining PbPc island.
On HOPG, a similar shift was found to remove the intermolecular interaction completely
[217].

This means, H decorated molecules at the edge of the islands detach easily from the dense
packed structure. This enlarged number of mobile PbPc molecules may give a hint towards
the increased annihilation efficiency with increasing H exposure.
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4.4.4 Conclusion

The co-adsorption processes of atomic H and PbPc molecules to MLG was analyzed by
means of surface transport. While PbPc molecules couple very weakly to the graphene
samples, localized hydrogen centers are known to strongly influence the transport behavior.
This effect of hydrogenation to the transport properties of graphene is completely annihilated
in presence of PbPc molecules. This interaction provides a chemical approach for selective
reaction of mobile, physisorbed molecules.

DFT calculations reveal a barrier-free adsorption of hydrogen atoms to the azo-N atoms of
the PbPc molecules. An energy gain is found for the reaction of one PbPc molecules with
up to four H atoms, with a binding energy of —2.8eV w.r.t. atomic hydrogen for H4PbPc.
This annihilation process is found to be very effective and amplified by the size of the PbPc
molecules.

4.5 Chapter conclusion

Graphene is a very promising material for different electronic and mechanical applications.
Adsorption of atomic and molecular species to the initial inert material was analyzed within
this chapter with special regard to possible sensor applications.

Atomic hydrogen has shown to have a massive influence on the transport behavior of MLG
and QFMLG. Tiniest amounts, below 1% of a monolayer of chemisorbed hydrogen induces
a MIT. This large effect, obviously breaks the inert character of the graphene, providing a
chemical approach for a selective reaction with physisorbed, mobile molecules.

The combination of atomic hydrogen and organic molecules on graphene was studied on the
exemplary system of H and PbPc on MLG. The large effect of hydrogen chemisorption to
graphene was found to be completely annihilated by the PbPc molecules. DFT calculations
revealed that the N atoms of the PbPc molecules are preferential adsorption sites, allowing a
barrier-free reaction with the chemisorbed H atoms. The size of the molecules amplifies the
cross section of the reaction, making the annihilation process even very efficient.

61






Chapter

Low-dimensional carbon-based structures

Carbon is one of the most versatile building blocks for materials and depending on its form,
hard as diamond or flexible as graphene. Microscopic carbon materials exist in different forms
and dimensionalities, from zero-dimensional (0D) structures such as Cgp, to one-dimensional
materials like 1D carbon nanotube (CNT) and carbon nanofiber (CNF), up to 2D graphene
layers and nano-sheets and finally the well known macroscopic materials like graphite and di-
amond [7—9]. These nanoscale structures are nowadays used as building blocks for compound
materials, taking the nanoscale properties to a large scale producible macroscopic level.
This chapter is split in two parts covering two of those carbon-based materials. The first
part of this chapter, Sec.5.1 deals with CNF and the effects of doping them with nanocar-
bons, like CNT. The material system is presented in Sec.5.1.1, followed by structural and
electrical characterization in Sec.5.1.2 and Sec. 5.1.3, respectively. The results are discussed
in Sec.5.1.4.

Section 5.2 describes the characterization of a graphene-based thin film conductor material.
The material is described in Sec.5.2.1, followed by the presentation of the experimental re-
sults in Sec. 5.2.2. Additional simulations to determine the complete conductivity tensor are
described in Sec.5.2.3. All transport investigations presented in this chapter were done by
means of the 4pp-STM/SEM setup, which is describes in detail in Sec.3.1. The results are
summarized and concluded in Sec. 5.3.

5.1 Carbon nanofibers

Among carbon-based conductor materials, CNFs gained a lot of attention due to their simple
fabrication, high temperature, chemical and mechanical stability and good electronic proper-
ties [39, 225, 226]. Within the different production methods, electrospinning and carboniza-
tion of polyacrylonitrile (PAN) is one of the most recognized. Compared to other precursor
materials under investigation, like lignin and rayon, PAN leads to a higher degree of order
within the graphitic structure of the fibers after high temperature carbonization [227].

This graphitic structure is the key parameter for modifying the material properties, because
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Figure 5.1: Schematic figure of the fiber fabrication process. Including electrospinning, stabilization
for 10h with or without external creep stress and carbonization at a temperature of
1700°C.

of its impact to structural and electronic features of the sample. The formation of aligned
graphitic domains in PAN fibers is limited by the formation of graphitic loops and by the dis-
order introduced to the carbon planes caused by the structure of the precursor material [228,
229]. One approach to overcome this limitation is the controlled addition of nanocarbons like
CNT, often referred to as doping, which has already shown to improve the graphitization
within the fibers [41, 42, 230, 231]. The effect of this doping on the structural and electronic
properties of PAN-based CNFs is analysed and presented in the following.

These results were published as "Polyacrylonitrile (PAN) based electrospun carbon nanofibers
(ECNFs): Probing the synergistic effects of creep assisted stabilization and CNTs addition
on graphitization and low-dimensional electrical transport" by Ali, Slawig et. al. in Carbon
2021 [232]. The author of the present thesis participated in this study by performing and
analyzing of the transport measurements and contributions to the original manuscript.

5.1.1 Sample variety and preparation

Sample preparation was done by A.B. Ali working in the group of Prof. Sindelar at the Uni-
versity of Applied Science Hanover. The fabrication process is schematically shown in Fig. 5.1
and can be found in more detail in Ali et. al. 2021 [232], where also the effect of different
carbonization temperatures were analyzed from a structural point of view. The highest qual-
ity graphitic structure was found in samples processed at 1700 °C. Thus, these samples were
used for the transport experiments presented here.

The samples were fabricated by electrospinning, followed by a 10h stabilization step and
high temperature carbonization. A set of four different samples with different process pa-
rameters was fabricated. Two of the samples are made from unmodified PAN. One of them
was clamped during stabilization, exposed to the shrinkage stress contingent of the process
to avoid free relaxation of the fibers, this sample is from here on marked as PAN. The other
undoped sample was stabilized with additional creep stress during the stabilization step, from
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Figure 5.2: Isolation process of single fibers from the compound material. The compound is dissolved
in isopropanol and ultrasonicated to ensure the disassembly of the fibers. The solution
is dropped onto an oxidized silicon wafer and upon the evaporation of the solvent, the
fibers are isolated on the surface. An Example of an isolated CNF observed by SEM is
shown on the right.

here on named PAN-T. The same process was used for the CNTdoped, or templated, fibers.
1 wt% CNT was added to the initial solution, from which the samples were spun. Again, to
one of the samples additional creep stress was applied, designated as PAN/CNT-T, while the
other one was exposed only to shrinkage stress, named PAN/CNT.

Measurements were performed using the composite material and isolated single fibers. To
single out individual CNFs, a piece of the fiber mat was dissolved in isopropanol and ultra-
sonicated for 5min. The fibers are added to a oxidized silicon wafer via the drop casting
method. The native oxide layer ensures the electronic isolation of the fiber from the silicon
substrate. The solvent evaporates and the isolated fiber remains on the substrate. The com-
plete isolation process is shown in Fig. 5.2. Isolated intact fibers with lengths of up to 80 ym
were realized with this method. The main advantage of this isolation process is the ensure
structural integrity of the fiber surface. It is therefore preferable to mechanical methods, like
rubbing of the compound material.

5.1.2 Structural effects of CNT doping to CNF

While the focus of this work lies on the transport characteristics, A brief overview of the
extensive structural analysis of the samples is given in the following. Detailed results of the
structural analysis can be found in [232]

Scanning electron microscope (SEM) pictures of the four investigated samples are shown in
Fig.5.3. These images show that external creep stress (samples PAN-T and PAN/CNT-T)
leads to an alignment of the fibers within the compound. The average diameter,measured
after carbonization, ranges from 205 nm + 49 nm for PAN to 250 nm + 39 nm for PAN/CNT.
The shrinkage upon carbonization is reduced for the CNT-templated samples, indicating a
higher thermal stability of the sample. For comparison of the properties of the samples, the
difference in diameter is neglectable. To gain deeper inside to the structural properties of the
single fiber itself, X-ray diffraction, raman spectroscopy, infrared spectroscopy, x-ray pho-
toelectron spectroscopy (XPS) and transmission electron microscopy (TEM) measurements
were performed. The results can be briefly summarized as follows:
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Figure 5.3: SEM pictures of the four investigated samples. The diameter of the fibers is found to
be homogeneous and of similar size for all samples. The fiber compounds exposed to
external stress are well aligned.

PAN fibers show no preferred alignment of graphitic planes. On an atomistic view, as observed
in TEM measurements, curved fragments are observed, forming fullerene like structures. The
addition of CNT increases the degree of graphitization inside the structure, as shown by a
reduction of Ip /I ratio in Raman spectroscopy [233] and an increased sp?/sp? ratio in XPS.
This enhanced graphitization also increases the crystal size within the fiber, as seen in X-ray
diffraction. TEM measurements reveal better aligned domains without curved fragments in
the templated sample. These findings are in line with former studies, which have shown the
formation of graphite in glassy carbon is enhanced upon the introduction of CNT. This effect
can be explained by a confinement of matrix in the close range to the dopants [234] and the
introduction of stress in the structure due to the alignment of the CNT [43].

The addition of creep stress during the stabilization process is known to improve the graphitic
structure of the fibers, preventing curved structures and leading an enhanced orientation of
crystal planes [235]. Surprisingly the atomistic picture shows, for the PAN/CNT-T sample a
reduced graphitic plane alignment compared to the PAN-T as well as the PAN/CNT sample.
Even fragmented and discontinuous domains are observed, which were not found in the other
samples. Apparently, the admixture of CNT is counteracting on the effect of creep stress.
CNT prevents the loss of orientation in a system without a global order by anchoring the
PAN chains during stabilization. For the stressed system, the chains are aligned externally
and the anchoring function of CNT is locally interfering with this effect.
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Figure 5.4: Rotational square measurement for a) PAN fibers with and without tension b) CNT
doped PAN fibers with and without additional stress. c¢) Comparison of the anisotropy
values corresponding to each of the samples.

5.1.3 Electrical Transport properties

Carbonized CNF with and without CNT doping were measured via four-point probe (4pp)
STM. This approach has already proven to be a suitable method for fiber analysis [236].
Fiber mats as well as single fibers were addressed, leading to a wide variety of possible mea-
surement approaches. Furthermore no contact fabrication, e.g., by lithography is necessary
reducing the possibility of structural damage to a minimum.

The measurements done on the compound material show linear I-V characteristics, indicating
ohmic behavior. I-V curves were recorded for different angles with respect to the main fiber
alignment of the sample. The probe distance is 50 um for all measurements. The resistance
values in dependence fn the angle are shown in Fig. 5.4 a) and b) for the PAN and PAN/CNT
samples respectively. The measurements reveal a clear dependence of the resistance on the
angle between the measurement direction and the main fiber alignment direction. In both
cases, the anisotropy is higher for the samples exposed to creep stress during the stabilization
step, as shown in Fig. 5.4 ¢). When comparing the two non-stressed samples, the anisotropy
is slightly increased upon templating with CNT.

The ensemble is microscopically not homogeneous so conductivity values can not be discrim-
inated from anisotropy measurements, as described in Sec.2.2.4. The analysis nevertheless
gives rise to a qualitative comparison between the samples, indicating differences in fiber
orientation and package density, which could already be seen in the SEM images.

The samples treated with creep stress, show much larger anisotropy values, which is obvi-
ously correlated to the improved alignment of the fibers within the compound. This effect
limits the number of current paths perpendicular to the main fiber alignment direction. Pre-
vious work shows, that the electron transport in CNF takes place near the surface [236],
therefore any fiber crossing acts as a scattering center, increasing the resistance along this
current path. An improved alignment causes a reduction of fiber crossings and leads to an
decreased resistivity of the compound material in the main direction of fiber alignment.
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Figure 5.5: a) SEM image of a single PAN/CNT fiber contacted with 4 tips. b) Exemplary I-V
characteristics of single fibers measured for the PAN and the PAN/CNT sample. The
measurements indicate an ohmic behaviour for all samples. The resistance changes due
to the structural changes upon external creep stress and templating. ¢) Overview of the
measured conductance values of the samples.

To analyze the materials conductivity,the influence of different packing densities and the fiber
alignment need to be excluded. To do so, single fibers were investigated. To eliminate contact
resistance, 4pp measurements were performed, carefully positioning 4 probes on one sample.
Fibers of all four types show linear IV characteristics, again indicating ohmic transport behav-
ior. Apparently the main transport mechanism is conserved upon templating. The resistivity
itself varies due to the structural changes within the atomic structure of the individual fiber.
The single fiber resistivities are shown in Fig. 5.5 ¢). The resistance drops significantly upon
the exposure to external creep stress in the presented samples, for PAN fibers by approx. 20%
from 210 Qum to 170 Qum. This effect was observed in several studies before and is explained
by the enhanced microscopic alignment of the graphitic units within the fiber [235-237].

A similar effect is observed when comparing the PAN and the PAN/CNT samples, where the
templating significantly reduces the resistance, to a value of 180 Qum. Similar improvement
of the electrical and mechanical properties with increasing CNT doping has been shown be-
fore [238, 239]. Depending on the preparation an improvement of electrical conductivity up
to 2 orders of magnitude for 0.5w% CNT in PAN CNF in possible[41]. The effect found in
the presented data is not as large, but still significant. The exact quantity of the effect is
dependent on the sample preparation method.

This effect is canceled for the PAN/CNT-T sample, where the measured resistance is 200 Qum
and is therefore higher compared to the PAN-T and the PAN/CNT sample. This counter
intuitive results will be discussed in more detail in the next section.
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Figure 5.6: Schematic illustration of the electron transfer process through CNF without (top) and
with (bottom) preferred alignment direction of the graphitic planes. Within the crystal
sp? hybridized areas, band conductivity is dominant (marked with green arrows), while
in between the crystalline sptextsuperscribt3 parts hopping takes place (red arrows).
The disorder of the structure on the top leads to an increased backscattering probability,
resulting in a higher resistivity of the structure. The schematics are not to scale and the
measured resistivity values indicate a low proportion of insulating parts.

5.1.4 Discussion: combining structural and electrical properties

The measured transport data is discussed in connection with the structural properties. The
electrical properties of compound material are determined by the conductivity of single fibers
and the local alignment. Electron transfer in CNF takes place close to the surface, therefore
every fiber crossing acts as a scattering center. External stress improves the alignment of the
fibers within the composite material, leading to enhanced conductivities. Due to different
packaging densities, diameters and alignments of the sample sets a comparison of the single
fiber properties can not be deduced from the compound material.

The internal structure of the fibers consists of sp? hybridized crystalline units and sp® hy-
bridized areas. The electron transport process is a combination of band conductivity in the
graphitic domains and hopping in between those domains, across the insulating parts. Ad-
ditionally, disorder within the fiber structure favors backscattering of the electrons, leading
to an increased resistance. The electron transfer process is schematically shown in Fig. 5.6
for a fiber without and with preferred alignment direction of the graphitic planes. Based on
this assumptions the increase of number and size of the sp? areas result in an increase of
conductivity.

This behavior, based on the structural properties, is suggested by the presented conductivity
measurements. The structural analysis shows an enhanced graphitization and higher align-
ment of graphitic planes for the PAN/CNT sample compared to the PAN fibers, as reflected
by the increased conductivity of the templated fibers.

The exposure to external stress leads to an increased alignment of the graphitic planes, as
shown by comparison of the PAN and the PAN-T samples. In case of templated structures the
influence of stress is not straight forward. In case of the PAN/CNT-T sample, the graphitic
planes are discontinuous and fragmented, leading to an increased resistivity compared to the
PAN-T. This also leads to an increased scattering probability in between the ordered areas.
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The increased backscattering probability partly voids the effect of enhanced graphitization.

5.1.5 Conclusion

The influence of nanocarbon doping on the electrical and structural properties of CNF was
analyzed. Pure and CNT-doped PAN-based CNF were fabricated by electrospinning. Each
sample type was stabilized with as well as without external creep stress. This set of four
samples was analysed regarding structural and electronic properties. Measurements were
performed on the compound material as well as on isolated single fibers.

External creep stress leads to an alignment of the fibers within the compound, reducing the
anisotropy of the composite material. Additionally , the graphitic planes within the fibers are
better aligned, resulting in a reduced resistance. The fibers stabilized without external creep
stress, show an improved alignment of the graphitic planes upon CNT doping. This reflects
to the electronic properties, resulting in decreased resistivity of the individual fibers. By
combining both effects, the resulting in conductivity decrease compared to samples treated
only with external stress or doping with CNT.

The presented findings reveal the strong dependence between electronic transport and the
characteristics of the graphitic domains, e.g. size and alignment. External creep stress and
the addition of CNT allow the tuning of those structural and electronic properties. The
addition of nanostructures influences not only the structural properties but also the hopping
and band mobilities.

5.2 Graphene-based conductor materials

To transfer the extraordinary properties of graphene to a macroscopic scale, nanocarbons like
graphene flakes are used as building blocks to form composite materials. This concept is the
base for a novel species of high carbon-based conductive materials. The bottom up approach
and the corresponding influence of the exact assembly, overlap and alignment of the building
blocks to the macroscopic conductivity causes a complicated analysis of the electronic prop-
erties.

For example, atomically thin sheets can be assembled from graphene dispersed in solution.
From that a strong paper like material can be produced by vacuum filtration [35, 240, 241].
This facile synthesis allows, the fabrication of graphene-based nanoelectronic devices [242,
243]. Nevertheless the field of graphene-based conductor materials is still new and many chal-
lenges and opportunities remain. Within this work, the fundamental transport characteristics
of this kind of material is under investigation. This provides the base for understanding the
tailoring possibilities regarding possible future applications. The results presented in this
chapter were published as "Anisotropic transport properties of graphene-based conductor
materials" by D. Slawig et al. in the Journal of Materials Science [244]. While the trans-
port study and analysis was performed by the author of this thesis, sample preparation and
simulation were done by L. Rizzi, working for Bosch and the Technical University Chemnitz.

70



5.2 Graphene-based conductor materials

0.40 4 T

a)
0.35

0.30

Frequency
o o ©
- N N
(4] o (4]
1 1 1

0 2 4 6 8 10 12
Flake area (um?)

Figure 5.7: a) Area distribution of 177 graphene flakes on a silicon substrate, determined from high
resolution SEM images. The shown flakes act as microscopic building blocks for the used
sample. The flakes appear as dark gray shapes in the inset. The average flakes size is
2.51+0.15 yum?. b) SEM image of the sample surface, revealing inhomogeneities on the
micro scale, while the overall sample is macroscopically homogeneous.

5.2.1 Sample preparation and structural properties

The graphene-based conductor materials were synthesized from a liquid graphene dispersion
via vacuum filtration. This kind of materials are expected to be highly conductive, flexible
and stable [35, 243, 245-247]. The dispersion was centrifuged to eliminate the smallest
flakes. Analysis of SEM images of the final dispersion revealed an average flake size of 2.51 £+
0.15 pum?. The area distribution was obtained from the analysis of SEM images, as shown in
Fig. 5.7 a). The sample is produced from the flakes via a vacuum filtration process. More
detailed information on the sample production process can be found in Ref. [37]. The film
density of 1.4140.11g - cm ™3 was calculated from the measured thickness of 4 + 0.3 um and
the determined mass of 6.4 mg.

The SEM image shown in Fig. 5.7 b) exhibits a certain roughness of the surface, although the
mum-sized flakes are arranged in flat layers. The film is homogeneous on a macroscopic scale,
but the random positioning of the individual flakes cause an inhomogeneous structure on the
microscale. The dispersion used to fabricate the investigated samples was 10 weeks old and
comprised heavily agglomerated flakes. Due to this agglomeration, the sample is expected to
contain rather nanographite particles than monolayer graphene flakes.

5.2.2 Experimental results: electrical transport measurements

The sample was brought to ultra-high vacuum (UHV) and degassed over 12h. Electric trans-
port measurements were performed on the produced samples including a high number of
graphene flakes, not on the single flakes itself. The probes were approached, fully feedback
controlled, into tunneling contact, and manually lowered to form an ohmic contact with the
sample surface. This ensured reliable transport measurements despite the flexible sample
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Figure 5.8: a) Resistance measured at three different positions (red, green and blue symbols) as a
function of the rotation angle using the so called rotational square method (fixed probe
distance of 50 um), shown in the inset of panel b). For comparison, the data measured on
a monolayer graphene sample (grey x symbols) [248] is shown. b) Resistance anisotropy
(Rhigh/Riow) as a function of the tip distance. The dashed line is a guide to the eye. The
green arrows indicate the strong variation of the anisotropy values. All measurements
were performed at 300 K.

while keeping the surface damage reasonably low.

First, in order to gain information about the anisotropy, the rotational square method with
a tip distance of 50 um was applied. The tips were arranged in a square configuration, as
shown in the inset of Fig. 5.8b) and explained in Sec. 2.2.3. Measurements at different
positions across surface were taken to investigate the overall homogeneity of the sample. The
results for three different positions are shown in Fig.5.8a). The resistance values vary be-
tween Rpjgn ~ 20 € and Rjow ~ 12 2, thus representing the overall good conductivity of this
graphene-based conductor material. No significant differences for the different positions on
the sample surface were found, indicating a macroscopic homogeneity.

Although, there are variations seen upon the change of angle, there is apparently no prefer-
ential direction for electron transport. To allow a comparison, a measurement on monolayer
graphene [248] is shown. In thrdr two quasi-2D systems, which are very sensitive towards
anisotropy, a clear maximum is visible, contrary to the measurements performed on the in-
vestigated material.

Apparently, in this graphene-based conductor material there are contributions from bulk
transport, which expectantly lowers the sensitivity towards anisotropy. Uncorrelated varia-
tions are explained by microscopic inhomogeneities, i.e., the influence of the exact configura-
tion of the flakes in between the measurement probes.

Tip distance (indicated in yellow as s in Fig. 5.8 b) ) dependent measurements using a square
configuration were performed to further investigate this effect. Based on the fact that the
resistances along different directions show no clear trends, a fixed orientation of the square
tip arrangement with respect to the sample was used. The ratio between the two measured
resistance values, measured with an angle of 90° to one another, Ryjgn and Rioy, serve as an
indicator for the local anisotropy. The results are plotted in Fig.5.8 b).
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Figure 5.9: Measurement of the local anisotropy for different tip distances. The resistance increases
with a decrease of the tip distance due to bulk contributions. For large distances a high
number of flakes is in between the probes and the overlay is averaged in the different
directions. For tip distances in the range of the average flake size, the number and
orientation of the nanographitic flakes is crucial. The flakes are of nonuniform shape
and pictures as square for reasons of clarity.

For large tip distances, no significant anisotropy was observed and the ratio is close to 1, i.e.,
the random orientation of a high number of flakes averages out any anisotropy. By reducing
the tip distance, the anisotropy becomes gradually larger and exhibits a maximum around
s ~ 5 pm. In this distance range, strong variations of the anisotropy (marked by green arrows)
are observed. For even smaller probe distances the anisotropy tends to saturate or possibly
decreases. These measurements were difficult to realize, due to the materials flexibility and
surface damages induced by the probes. For probe distances in the range of the average flake
dimension of ~ 1.5 um?, the anisotropy is expected to vanish, because the single flakes are
isotropic and only their alignment and overlap gives rise to the measured anisotropy. This
small probe distance could not be realized experimentally, but because of the influence of the
exact probe configuration, and the variation of flakes sizes a conclusive data point is seen at a
probe distance of 5 ym. For slightly larger distance, there is a high probability that adjacent
flakes are contacted. Thus, the higher anisotropy values on this length scale of a few flake
lengths, are indicative for a rotational misalignment of the flakes. This effect is schematically
explained by Fig. 5.9.

One has to keep in mind that, for those small probe distances, bulk contributions play a
major role within transport. The increase of the resistance with decrease of the tip distance
is expected for a 3D transport regime. Apparently, for small distances, the number and also
the orientation of single nanographitic flakes plays a major role. The azimuthal orientation of
the flakes with respect to the fixed 4-tip assembly explains the conflicting anisotropy values
marked by green arrows in panel b). For small distances, the exact flake configuration is
crucial. A hallmark of the individual flake configuration at a certain position of the sample
surface was observed, as this configuration significantly influences the measured conductivity.
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Figure 5.10: Resistance R versus the 4pp tip distance s in a semilogarithmic plot. The 2D and 3D
regime is indicated in blue and red, respectively. The dotted lines describe the expected
2D and 3D behaviour based on the extracted conductivity values. The measurements
were performed at 300 K using a squared array tip assembly as sketched in the insets.

Based on these conclusions not only the macroscopic sample but also the microscopic build-
ing blocks can be classified as anisotropic and microscopically inhomogeneous. This effect
vanishes due to averaging for large dimension but has to be considered for understanding
the fundamental material properties. While the in-plane anisotropy vanishes with large tip
distances, the sample remains strongly anisotropic in the out-of-plane direction.

Besides anisotropy and homogeneity, the dimensionality aspect has to be considered. The
corresponding correction factor F; as determined in Sec. 2.2.2, based on the probe distance s
and sample thickness t = 4 pum, is unity.The factor beeing F; = 1 for t/s < 1/4 is only valid
for homogeneous and isotropic materials, and marks the 2D regime in this case. For large
tip distances the influence of single flake configurations can be neglected thanks to averaging
and the system can be considered homogeneous and isotrop.

In contrast, for t/s > 4 the correction factor becomes dependent on the probe spacing s and
determines to F; = 21In2(s/t). This behavior is expected for 3D transport [58, 60]. The vari-
ability of the measurement system allows a material characterization in 2 and 3 dimensions
for thin film samples. Those two borderline cases of a 2D sheet and an infinite 3D sample
are analyzed.

In order to further characterize the graphene-based conductor material, tip distances from
35 pm up to 300 pm were realized. Within this regime, no significant in-plane anisotropy was
found and py = py can be assumed. The results are shown in Fig. 5.10. A clear tip distance
dependence is found and marks the 2D /3D transition. For a characterization of the 2D/3D
transition, resistor network simulations were used.

As shown in Fig. 5.8, the system reveals no anisotropy for tip distances larger than s=35 ym
and appears as a 2D system for s >100 um. Therefore, the electrical resistivity in the

2D regime for the squared configuration can be deduced via Rop = V;ﬁf =In(1 + z—’y‘) =
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Figure 5.11: Eddy current measurement of the analysed film. The conductivity appears homoge-
neous on a macroscopic scale and the average value agrees with the data obtained from
microscopic 4pp measurements.

Px(y) In(2)(27t) "1 [58], where t is the thickness of the sample and py and py are the macro-
scopic resistivities in x- and y-direction. The resistance is assumed to be isotropic in this
case. Details of the equations and their deduction can be found in Sec.2.2.2 and Sec. 2.2.3.
As a result, the in-plane conductivities o) = p;é,) for the 2D regime are determined to
be oy = oy = 65.2 = 1.6kS/m. To substantiate this result, additional macroscopic measure-
ments via a non-contact eddy current device (SURAGUS EddyCus TFmap 2525SR) were
conducted. The mean sheet resistance is approximately 4.1 €2 and the resistivity is found
to be homogeneous across the sample, as shown in Fig. 5.11. The resulting conductivity of
Oeddy = 61.1kS/m matches the microscopic 4pp measurements very well. This underlines the
presented data, but only gives insight into the lateral conductance components and cannot
fully reveal the anisotropic conductivity tensor including in- and out-of-plane parameters.
For probe separations between s=35 ym and s=100 ym , 3D behaviour (cf. Fig. 5.10) is ob-
served. For this regime, the p, component of the resistivity tensor can be deduced for a square
4pp configuration from Rgp = 7Vp’;(;')pz[1 —(1+ g—’y‘)_%] = 7”);({?%(2 —+/2) [58]. Based on the
in-plane conductivity mentioned above, the out-of-plane conductivity is o, = 133 £ 0.5S/m.
This result clearly corresponds to graphite, which is known to show anisotropy values in the
range of 4 x 107* [249], rather than to graphene [249, 250]. This is an expected result due to
the sample preparation method.

The 2D/3D transition discussed in context of Fig.5.10 occurs at a considerably larger tip
separation length than expected from on theory [58]. However, considering an effective thick-

ness of the material teg = t\/€, with £ = ppﬁ = o’;—(zy) ~ 490 as the bulk anisotropy, the
x(y

condition determining F; becomes s ~ 4tz = 4t1/€. Using the sample thickness of t=4 um
and /€ ~ 20, a tip distance of s &~ 320 um is at least required to enter into a full 2D behavior.
This is in good agreement with the presented findings.

5.2.3 Simulation

The simulations are based on a three-dimensional (3D) random resistor network model and
were executed by Bosch in cooperation with the Technical University Chemnitz and the
Fraunhofer Institute for Electronic Nano Systems ENAS.
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Nanographite flakes were modeled as randomly shaped polygons with a surface area A and
a thickness tg.ie. The individual flakes were grouped into layers, which were then stacked
to form a 3D structure. Despite the random flake shapes and positions, control over the
overall packing density of the structure p and the average surface area of the flakes A is
achieved. Overlaps between flakes constitute the nodes of the network, while the individual
flakes connecting the nodes correspond to the edges. In-plane electron transitions between
flakes can be neglected compared to the dominant out-of-plane transitions. From the fully
constructed resistor network the macroscopic electrical conductivity of the given system is
computed. Further details are reported in the publications by Rizzi et.al. from 2018 and
2020 [36, 37].

The resistances of the network edges are based on the following geometric properties: the
overlap areas, the distances between overlaps, and the orientation of overlaps towards each
other. Additionally, the flake thickness tg.ie, the in-plane flake conductivity oj, and the
conductivity between individual nanographite flakes ooyt are included. While the geometric
properties are randomly generated and only their averages are controlled. tgake, Oin, and ooyt
serve as physical input parameters. They characterize the individual microscopic building
blocks of the thin film and are closely linked to the macroscopic conductivity tensor. The
input parameters can be modeled according to statistical distributions or with uniform effec-
tive quantities [36].

The 4pp transport measurements yield the macroscopic conductivity tensor o = (oy(y),
Ty(x)s 0,). With the help of microstructural simulations, the macroscopic sample conduc-
tivity is mapped to the properties of the microscopic building blocks. For the simulations
presented here, the structures comprised a minimum of 95000 flakes. The experimentally
determined values of A = (2.5 £ 0.15) pm? and the packing density of p = 0.6199 £ 9 - 107°
were fixed. Performed parameter studies for 675 sets of the physical input parameters were
performed, covering the range of 96 layers < tgake < 104 layers, 100kS/m < o3, < 1500kS/m
and 200 S/m < ooy < 1000 S/m. ooyt and oy, refer to out-of and in-plane conductivity com-
ponents on the microscopic scale, i.e., for the graphitic nanoclusters. These parameter ranges
were identified with an appropriate set of test simulations to limit the calculation time. The
resulting macroscopic film conductivities oy(,) and o, are visualized in Fig. 5.12.

The flake thickness tgake is directly converted to the number of stacked graphene layers N in
each nanographite flake and indicated by the color of the circle in Fig. 5.12. In this represen-
tation, all data points that correspond to a specific flake thickness are located on a straight
line, with negligible deviations due to the hidden parameters oy, and ooyt. The reason for
this being geometric anisotropy of each individual flake. Since the average flake area A is
fixed, each flake thickness yields a different ratio of the flake dimensions, i.e. a well-defined
different geometric anisotropy.

The black frame, magnified in the inset in Fig. 5.12, indicates the margin of error for the
results of the 4pp measurements. The frame immediately shows that the measured results
can only be obtained when the average flake thickness in the thin film is between 98 and 104
graphene layers, which confirms the building blocks to be nanographite rather than graphene.
Based on the best fitting parameter sets, compared to the measured conductivity tensor, 675
different structures are generated, to evaluate the statistical fluctuations due to microstruc-
tural variations. The mean of each parameter set is shown in Fig. 5.12. While several possible

combinations of o,(,) and o, are found which are located within the range of the experimental
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Figure 5.12: Simulation results for 675 different parameter sets. The black square indicates the
anisotropy range expected from the experimental data, the black dotted line illustrates
the mean experimental anisotropy. The optimized parameters are the in-plane and
out-of-plane conductivity values, as well as the number of atomic layers in the graphite
flakes. Every set of fitting parameters are indicated by circles, the color indicates
the number of atomic layers. The enlarged part of the simulation results shows the
anisotropy range expected from experiments, the parameters producing the best fitting
results are indicated by the red star.

results, the parameters fitting best to the mean anisotropy can be identified (marked by red
star). The optimal parameter set and the resulting macroscopic thin film conductivities are
summarized in Table 5.1. The determined values for the flake conductivity oj, = 350kS/m
and the conductivity between flakes ooyt = 810S/m are well within the known range of
graphite conductivities [251]. These parameters complete the microscopic explanation for
the macroscopic thin film measurements.

5.2.4 Conclusion

A nanographite-based thin film conductor material was investigated. This material is rep-
resentative for many solid state phases fabricated from microscopically well-defined two-
dimensional building blocks. Systematic 4pp measurements with varying probe spacings
reveal characteristic length scales at which such compounds can be treated as isotropic and
even 2D. Moreover, for length scales close to the size of the microscopic building blocks,
details about the assembly of these were unveiled and used as input for network simulations.
By modelling the experimental conductivity values, details of the network structure as well as
the electronic properties of the microscopic flakes became accessible and allow a comprehen-
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Table 5.1: Parameters producing the best fitting results determined by simulation. i, and oqy; refer
to the in-plane and out-of-plane conductivities for the microscopic nano-graphitic build-
ing blocks and oy, 0, to the properties of the macroscopic graphene-based conductor
material, respectively.

tfake [layers] ‘ Oin [kS/m] ‘ Oout [S/m] ‘ Tx(y) [kS/m] ‘ o, [S/m]
100 | 350 [ 810 |66.25740.256 | 134.86 4 0.3952

sive description of the material. The combination of transport measurements and simulation
allowed the determination of the complete conductivity tensor.

5.3 Chapter conclusion

Two types of low-dimensional carbon-based conductors were analyzed, CNT-templated CNF
and a graphite-based conductor material.

Mayor similarities were found in regard to the electrical resistivity. A main point of influ-
ence is the degree of ordering within the structure. The crystallite size and the alignment of
the planes towards each other play a mayor role in determining the resistivity. Within well
ordered graphitic areas, band conduction takes place. The crystallites are interfused with
sp3- hybridized areas or grain boundaries. These act as scattering centers or even barriers,
allowing only tunneling or hopping electron transport. This co-existance of transport mech-
anisms raises the need of a complex description for electron transport through this group of
materials.

While macroscopic transport characteristics can be determined quite easy through estab-
lished measurement methods, investigating microscopic building blocks is more complicated.
Not only the microscopic properties of the individual building blocks but also their crossings
and alignment towards each other play a major role. This effect gives, for example, rise to
the improved conductivity of CNF exposed to creep stress.

While effects originating from the exact configuration of the microstructures are averaged out
on a macroscopic scale, they have to be considered for a detailed description of the materials
properties. In the case of CNF the alignment of the graphitic planes within the fibers plays
a major role for the transport characteristics. A similiar effect found in the graphite-based
conductor material is the presence of the number of graphite layer within the single building
block gets crucial as shown by simulations.

From a technological point of view, only detailed understanding of the microscopic and meso-
scopic properties of these materials will allow the optimization of materials for applications
like energy storage or sensing. Characterization of novel carbon-based materials was shown
on two exemplary systems. Mayor focus was put on the combination of macroscopic and
microscopic investigation, allowing to paint a complete picture of electron systems inside this
promising materials.
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Chapter

Transport through single helical molecules

In this chapter, transport measurements through single polyalanine (PA), (within this study:
polyalanine based polypeptides) molecules by means of mechanically controllable break junc-
tion (MCBJ) are presented. The molecules and their relevance for research and development
are explained in regard to their special spin filter properties, namely the chiral induced spin
selectivity (CISS) effect in Sec.6.1. For the use of this effect the understanding of electric
transport properties through this class of molecules is of general interest. The present work
targets this issue, compared to the former chapter, on a more fundamental level. The exper-
imental results are shown in Sec.6.2. A model describing the results and a discussion of the
measurements is presented in Sec. 6.3, followed by the conclusion of this chapter in Sec6.4.
Most of the findings in this chapter were published under the title of "Electronic transport
through single polyalanine molecules" by D. Slawig et al. in Physical Review B 102 [119].

6.1 Polyalanine molecules and the CISS effect

6.1.1 The CISS effect

Enantiomers in chemistry are stereoisomers of molecules, that have identical composition,
connectivity and conformation - but also have a non super-imposable mirror image. The two
stereoisomers are comparable with a persons left an right hand, that also are mirror images
of each other. The possible existence of two enantiomers of a molecule is called chirality.

A lot of biomolecules are chiral, e.g. DNA, peptides or proteins [252-254]. A polypeptide is
used in the present study. Chiral molecules provide an unusually large electron spin polar-
ization, known as the CISS effect. The large spin selectivity is unanticipated, since organic
molecules are non-magnetic and known for their small spin orbit coupling (SOC). It was
shown, that in fact the secondary structure is relevant for spin polarization [254]. Once the
spinpolarized current is created, no further chirality of the material is needed to preserve this
polarization [50].

Within the last two decades theoretical studies on the CISS effect [255-262], resulted in a
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Figure 6.1: Energy scheme for the momentum-spin states of an electron propagating through a
helical molecule. The states corresponding to opposite direction of motion and spin are
degenerated and separated by an energy corresponding to twice the spin-orbit energy.
For a left handed a) and a right handed b) helix, the ground states are exchanged.
(Adapted from [48])

now broadly accepted model. It correlates the spin selectivity with a combination of en-
hanced SOC connected to breaking of spatial inversion symmetry. Anyhow the CISS effect
is not understood so far and underestimated by several orders of magnitude by theoretical
approaches.
The most simple approach to explain the CISS effect, is to consider a helical potential along
the propagation axis of an electron. The lack of inversion symmetry and the transverse elec-
tric field component, cause an effective magnetic field oriented along this propagation axis.
Within this effective magnetic field, the degeneration of the electron spin states is annulled
leading to two possible spin states.
Cyclotron motion can be used for an estimation of the magnitude of this effective magnetic
field within the molecules. Within this model the effective magnet field Beg is given by
mu

| Begsl =~ - (6.1.1)
where m describes the electrons mass, assuming the rest mass of a free electron, given by
m =9 x 1073! kg, q indicates the electrons charge q = 1.6 x 107! C. At a kinetic energy
of 1eV the electron velocity is v = 6 x 10° m/s. The molecular radius is given by r, a
typical value of r = 0.5 nm is assumed here. Based on these considerations, the SOC can be
estimated by

muv
Hsoc = 228 |Begy| = 257 (6.1.2)

2qr

where pug = 9.2 x 1072* J/T is the Bohr magneton, and g is the g-factor for an electron.

Within this model Hgpc is determined to Hgoc = 390 meV. By applying this simple model,
the estimated value for Hgoc is large enough to explain the CISS effect. The distance in
between the two possible spin states is hereby twice the value of Hgoc [46]. The freely
propagating electron now has four possible states, described by the direction of motion (M+
designates positive direction and M— negative direction) and the direction of spin (S, indi-
cating spin up and Sgown Spin down). For an electron moving in the positive direction M +
through a left-handed helix, S, is stabilized relative to Sqown. Thus M + Sy, is the ground
state. An electron with negative spin moving in the same direction, in the state M+ Sqown is
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located higher energy. In between the two states is a gap corresponding to twice the spin-orbit
energy Hgoc. This scenario is depicted in Fig6.1 a). Furthermore each state is degenerate
with the state for an electron moving in the opposite direction with the opposite spin, thus
the states M + Sy, and M — Sgown are degenerate as well as M + Sqown and M — Sy, If
the handedness of the helical molecule is changed, the ground and the higher lying states are
exchanged, as depicted in Fig.6.1 b).

By now, it is known that no spin flipping takes place within this effect, but the backscattering
of electrons containing the preferred spin is suppressed, while it is enhanced for electrons with
different spin direction [254]. It was shown that the enhancement factor of spin polarization
in helical systems is larger by a factor 102-10% compared to planar systems [263].

From the experimental side of view, many approaches were used to shine light on the de-
scribed effect. The CISS effect was initially discovered by photoemission experiments. A
monolayer of chiral molecules on a gold layer was found to provide spin selective properties.
Based on the knowledge that circular polarized light ejects spin polarised photoelectrons from
gold, switching the lights polarization and monitoring the photoelectron transmission, leads
to the conclusion that the transmission through the chiral monolayer is spin dependent [264,
265]. This first examinations were followed by studies using photoemission [44, 266] elec-
tronic transport via magnetoresistance [47, 267, 268] and single molecule studies [45, 269,
270]. Furthermore, electronic transfer correlated with spin selectivity was under examination
e.g. via spin dependent electrochemistry [266, 267] and capacitance analysis [271]. Chiral
molecules and their spin polarization properties are of high interest regarding the develop-
ment of future electronic devices and ongoing investigations reveal the high potential of this
molecular based spintronic approach, indicating their future relevance in electronics and chi-
ral selective chemistry [272, 273].

However, detailed investigation of electron transport across single PA molecules are missing to
date. The possibility to achieve spintronic devices without permanent magnets is promising
in regard of miniaturization and new device concepts. There was already a proof of concept
for a new memory device based on chiral molecules [47]. Recently, it was shown that simply
chemisorbing a molecular layer of chiral molecules results in magnetization of a ferromagnetic
substrate [274, 275]. This effect does not require external magnetic fields or current and may
provide possibilities for further miniaturization of electrical devices by serving as a miniature
magnetization opportunity.
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6.1.2 Polyalanine molecules
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Figure 6.2: Peptides used in this study. a) The building blocks cysteine (C), alanine (A) and ly-
sine(K) forming the molecular structure. Atomic structure of the 36mer polypeptide b)
along the helical axis and c) perpendicular to the helical axis. d) Schematic picture of the
a-helix structure, containing 10 windings. The colors represent the individual building
blocks. e) Overview over the number of monomer building blocks and the corresponding
lengths.

During this work, polyalanine based peptides, PA in the following, were analyzed. The pep-
tides are build up from alanine (A), cysteine (C) and lysine (K) in a sequence of CIAAAAK],,.
An atomistic picture of the individual building blocks is shown in Fig 6.2 a). Those molecules
arrange in an a-helix secondary structure, which is known to be very stable.

In this study three different molecular lengths were used, containing 16 (n=3), 26 (n=>5)
or 36 (n=7) monomers (16mer, 26mer and 36mer molecules respectively). The helix fea-
tures a pitch size of 0.54 nm per winding, resulting in molecular lengths of Lpa1g = 2.4 nm,
Lpagos = 3.9 nm and Lpasg = 5.4 nm. An overview over the number of monomers and the
corresponding lengths is shown in 6.2 e). As an example, the 36mer molecule is depicted in an
atomistic presentation in Fig.6.2 b) and ¢), Fig. 6.2 c¢) shows the helical secondary structure.
Due to the structure of the molecules there is a large intrinsic dipole, e.g. around 129D for
a 36mer molecule.

Scanning tunnelling microscope (STM) studys [276, 277] reveal the formation of a self as-
sembled monolayer (SAM) on the surface of gold (Au) contacts [276, 277]. The thiol (-SH)
functional group located at the C unit of the PA molecules ensure a strong bond to the
gold contacts. The strong dipole is expected to have an impact on the self-assembly of the
molecular layer. The STM measurements reveal a well ordered lattice-periodic structure with
hexagonal symmetry on the Au(111) surface as shown in Fig.6.3 a) [276, 277].

Former studies on PA molecules on highly oriented pyrolytic graphite (HOPG) samples, show
a very similar picture [278]. Hydrogen bonds in between the NH and CO functional groups
along the helical backbone are enabled by interdigitation of the molecules. Due to this, the
molecular layer reveals a lateral and also a high rotational order. Density functional the-
ory (DFT) calculations show a strong hybridization between the S 2p and the Au 3d states
for cysteine on Au(111), along with the formation of bonding and antibonding states below
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the Fermi energy Ep [279]. Another outcome of these calculations is the rotation of the
molecular axis of cysteine by around 30° with respect to the surface normal. Further details
depend severely on the residual groups as well as the length of the molecules [280].

In order to verify the length of the molecules used in the transport experiments STM

Figure 6.3: a) STM image recorded for thiolate-terminated molecules at +1.5V and 0.5nA. A dens-
ley packed monolayer with a unit cell of a = b = 1.2nm and an angle of a = 60%irc.
Figure from [277] The thiole end group causes an up-right standing alignment of the
molecules. STM images b) to d) are recorded for phenyl-terminated PA molecules, the
phenyl groupd cause a flat lying arrangement of the molecules. b) Different domains
can be observed in large-scale STM images. Image taken under ambient conditions in
solution. ¢) Zoom-in of b), showing more clearly the assembly of the PA molecules into
stripes (+1.1 V, 1.1 nA, 300 K). d) Closeup of the same PA/HOPGsystem investigated
by UHV-STM (4+1.2 V, 0.9 nA, 77 K). The average length is about 5.4 £ 0.3nm. (Fig.
taken from [119])

measurements on 36mer molecules functionalized with phenyl groups on both ends were per-
formed. Phenyl groups lead to a flat-laying configuration of the molecules. As shown in
Fig. 6.3 different domains can be observed. High resolution STM images performed under
UHV condition show molecules lining up in stripes. The unidirectionally closed packaging
for the flatlying molecules is most likely, favored by the interdigitation process, which was
proposed for the formation of self-assembled monolayer structures on HOPG and Au(111)
[277, 278]. The length of the molecules was determined to be 5.4+ 0.3 nm. This analysis
is limited by the quality of the STM measurements, although the length can be considered
constant in the scope of this study. This is in accordance to the expected quality for molecules
synthesized by means of a peptide sequencer.

6.2 Experimental results

All measurements shown in this chapter were performed by means of MCBJ which is explained
in detail in Sec. 3.2. Clean Au junctions were measured as a baseline for the molecular mea-
surements. The typical steps at integer values of Gy, as expected from the Landauer fromula,
Eq. 2.1.11 explained in Sec.2.1.3, were observed in the measurements. This result is exem-
plarily shown in Fig. 6.4 a). The conductance trace is plotted over time, to underline the long
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Figure 6.4: a) Conductance trace of a clean Au junction. Clear steps at integer values of Gy can be
seen, indicating the formation of an atomic point contact. The measurement is plotted
versus time, to show the junction stability, which is proven by measuring an atomic
point contact for more than 30 minutes. b) Conductance traces during the opening cycle
of a junction with 36mer PA-molecules. The steps above Gg can be attributed to Au-
Au configurations.The plateaus below Gy correspond to molecular configurations inside
the junction. The different traces are shown to underline to importance of statistical
analysis. (Fig. taken and modified from [119])

time stability. The value of 1Gq is characteristic for an atomic point contact formed by Au
atoms and was stable for more than 30 min [281-285]. This indicates a high stability of the
measurement setup. An exposure to the used solvent without molecules show no difference to
the clean junctions, indicating a complete evaporation. The latter conductance traces, show
well established plateaus below Gy, as shown in Fig. 6.4 b), which are not present in traces
from clean or pure solvent exposed junctions . Therefore this low conductance values can be
attributed to transport through single PA molecules.

The conductance traces of molecule incorporated junctions differ strongly in comparison to
each other, which can be explained by different molecule-contact and molecule-molecule con-
figurations inside the junction. To extract reliable information from those measurements a
statistical analysis was performed. Up to 2 x 108 conductance traces at a constant bias voltage
of 10mV were evaluated for each of the three molecules lengths. The recorded conductance
values plotted as histograms are shown in Fig. 6.5. Histograms present the distribution of
data. The data range is divided into a series of intervals, so called bins. The bin size used
in this study is 0.002 Gg. The number of events that fall into a specific bin is counted. This
allows a lucid imaging of the plateau values.

For each molecule the histogram reveal the most probable conductance values (marked by
violet arrows), which are Gpai1g = 50 mGo, Gpazs = 10 mGg and Gpasg = 7 mGo. Additional
satellite peaks, most clearly seen in the 36mer molecule measurement, can be identified in all
the histograms. The satellites are better visualized on a logarithmic scale as shown in the
insets of Fig6.5. Those satellite peaks refer to different molecule-molecule configurations [86,
286], as discussed in detail in Sec 6.3.2.
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Figure 6.5: Normalized conductance histograms of PA molecules of different length in between Au
electrodes. The histograms are normalized to the peak with the highest counts (bin
size 0.002 Gg) to increase comparability. All measurements were performed at 300 K.
The main conductance and the satellite peaks are marked with arrows. Inset: The low
conductance regime on a logarithmic scale. a) Analysis of about 1.7 x 10° data points
for the 16mer PA. The main conductance peak is located at Gpaig = 0.05 Go. b) A
26mer molecule; 3 x 10* data points. The main peak is located at Gpaos = 0.01 Gg. (c)
Histogram for a 36mer molecule; analysis of 2 x 10% data points.The main conductance

peak is at Gpage = 0.007 Go.(Fig. taken from [119]) 85
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Figure 6.6: a) I-V curves for three molecular lengths taken at 300 K of the most stable configuration
(marked with violet arrows in the histograms shown in Fig. 4). Inset: Linear power-law
behavior. b) Asymmetric I-V curve as recorded in less than 5% of the measurements
¢) Comparison of the dI/dV characteristic of an asymmetric curve (as shown in b))
and a STM measurement. Due to the different types of contact the scale differs and
is normalized for better visualization. The overall shape of the measurements is very
similar. d) Temperature dependent I-V curves for a voltage range from -1V to 1V,
exemplarily for 26mer. The characteristic does not change upon temperature change.
The absolute value of the current is shown here, to highlight the symmetry of the current
with respect to the polarity of the bias voltage.

The histograms show a large background compared to measurements of smaller molecules
[287, 288]. Due to the length of the molecules, in the present case multiple molecular con-
figurations in the junction are possible. Assuming PA molecules are attached to each Au
contact, the configuration entropy is additionally enlarged.

In addition to the conductance measurements, I-V characteristics were recorded. By sweeping
the voltage from -150mV to 150 mV at the most stable configurations, deeper insight in the
electron transport properties is gained. The used voltage and molecular length is expected
to cause electric fields varying in between 10° and 10° V/cm. Despite the large intrinsic
dipole of the molecule, measurements of the three molecules shows symmetric I-V curves in
almost all cases, as shown in Fig. 6.6 a). Asymmetric I-V curves, as exemplarily shown for
a measurement of a 36mer molecules in Fig. 6.6 b), are similar to those obtained by scanning
tunneling spectroscopy [278] on SAM structures as shown in Fig.6.6 ¢). The shape of the
curves is very similar and indicates measurements on single molecules. Those type of curves
were only observed in less than 5% of the measurements.
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6.3 Discussion and the ratcheting model

The measurement results allow a wide range of analysis. In the following section, the dom-
inant transport mechanism is determined, followed by propose of a model to explain the
measurement data. Energetic considerations regarding the tunneling barrier and an internal
and external Stark effect complement this discussion.

6.3.1 Determination of the dominant transport mechanism

The dipole moment of the used molecules is a result of the helical assembly of CO and NHjs
sites within the polypeptide units. The pairing and the accompanying interdigitation of
these molecules, as seen in STM [278], are most likely mediated by the formation of hydrogen
bonds. Nevertheless, the helical structure is maintained as seen in STM.

Scanning tunnelling spectroscopy (STS) experiments have shown that there is no density
of states in the low-bias regime at Ep for the case of single molecules [278]. Therefore the
electronic transmission around zero bias is extremely low. In general, transport through
molecules can be often described by elastic tunneling, as described in Sec.2.4.3, where the
conductance is given by the universal quantum conductance Gy weighted by the transmission
for each channel. The preexponential factor according to this model is around 0.25 Gg for our
measurements, which is reasonably close to the value expected for a perfect quantum point
contact [88, 289].

In accordance to that, electronic tunneling is expected to be the dominant transport channel.
The basic transport mechanisms through organic molecules and their significant characteris-
tics are explained in more detail in Sec.2.4. The I-V characteristics show a linear power-law
behavior in the low-voltage regime, as shown in the inset of Fig.6.6 a). This means the
current is almost directly proportional to the voltage (I oc V!'1) for a fixed distance. This
behavior is expected for elastic tunneling as described in further detail in Sec.2.4.1.

The conductivity found for PA is comparably high with respect to other biomolecules [290—-
292], which might be explained by the chirality of the molecule. CISS related studies found
that for one electron spin, which means half of a non polarised current, long-range and effi-
cient electron transport is expected [293]. This finding for chiral molecules is in qualitatively
accordance with the high conductance values found here.

This assumption is substantiated by temperature dependent measurements, which are shown
exemplarily for a 26mer molecule in Fig. 6.6 d). The measurements at 300 K and 90 K look al-
most the same, thus activated transport in this temperature regime is negligible. This further
indicates electron tunneling along the PA molecules as the dominant transport mechanism.
Within the Landauer Theory the conductance G can be modelled as a function of the effective
length L as G(L) o< e #. The decay constant 3 is specific for the analyzed molecule. For
example, for tryptophan and conjugated molecules decay constants of 5.8 and 4 £2 nm™ were
found respectively [85, 86, 286, 288|, while measurements on alkane based molecules revealed
values between 3 = 7Tnm~! and 8 = 11nm~'. The effective length is not mandatorily the
length of the molecule. To apply the model to the conductance measurements, molecular
configurations need to be considered.
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Figure 6.7: a) Illustration of the ratcheting of two interdigitated PA molecules with different effec-
tive lengths L. b) Change in the conductance versus the electrode distance for a 16mer
molecule. The plateau length of 0.7-0.8 nm fits nicely to the lengths of five monomers
[AAAAK] as sketched in a) for a 36mer PA.

6.3.2 Molecular configurations: The ratcheting model

For molecules implying a large dipole, asymmetric I-V characteristic are expected. The sym-
metric I-V curves measured here can be explained by the possible interdigitation of two
molecules. Each of the molecules chemisorbs on one contact via the thiole bond formed
by the lysine terminated side of the peptide. Based on the accompanying STM study, the
molecules are expected to form a SAM on the Au nanoconstriction. Therefore it is likely
that during the break of the junction, molecules lean in between the electrodes from both
sides. Due to this formation, two molecules with opposing dipoles lay beside each other
within the junction as schematically drawn in Fig6.7 a). In such a scenario the overall dipole
is significantly reduced. Only one enantiomer is present in the molecular solution used in
this experiment, this means interdigitation, as observed in STM measurements [277] between
adjacent molecules is still feasible and will stabilize certain molecular configurations. When
the electrode distance is changed, the periodicity of the molecular sequence leads to stable
positions at specific overlap values, which correspond to a number of [AAAK] units.

To underline this concept, the conductance as a function of electrode distance for a 16mer
molecule is shown in Fig.6.7 b). The electrode distance was calculated from the motor po-
sition, corrected by the reduction factor of the system. Steps of about 0.7-0.8 nm occur,
corresponding nicely with the 0.75nm [AAAAK] unit length of the polypeptides. The con-
figuration with the highest probability, is a head-to-head configuration with an overlap of
0.75nm, or rather one [AAAAK] unit, to provide an effective current transmission. This
changes for smaller effective lengths during the closing cycles, were the overlap is increased.
The corresponding molecular configurations are schematically shown in Fig 6.7 b) for a 36mer
molecule.

This analysis leads to the conclusion of various two-molecule assemblies that are stabilized
by interdigitation. Ratcheting takes place during the opening and closing cycles, triggered
by the periodicity of the molecules.

Relating those considerations back to the statistical analysis of the conductance traces, all
three molecular lengths show the same modulation in the histograms. To some extent, of
cause other ratcheting configurations than the most probable ones are also likely, giving rise
to the background in the histograms. In any case, the pronounced satellite peaks indicate an
overlap by multiples of the unit length as most stable positions, which is in nice accordance
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Figure 6.8: a) Exponential fit through the main conductance peaks for each of the three molecules.
b) Conductance values for the peak positions found for the 36mer molecule as a function
of the number of monomers. c¢) Data referring to the conductance values of the satellites
shown in Fig. 6.5 were superimposed on the fit shown in a). This allows to determine
the effective length of the molecule in the junction. (Fig. taken from [119])

with the proposed ratcheting model.

An exponential fit to the three intense conductance peaks from the histograms in Fig. 6.5 as
a function of the molecular length L is shown in Fig6.8 a). The main peaks, marked with
violet arrows in the histograms, are assumed to correspond to a head-to-head configuration
of two PA molecules. A decay constant of 5 ~ 3.5nm™"! is obtained, which is comparable
with the reported values for conjugated molecules.

The satellite peaks found in the histograms were positioned on the tunneling curve generated
from the main peaks to analyse the corresponding effective molecular lengths. This corre-
sponding lengths refer to integer values of monomers, as is depicted in more detail for the
36mer molecule in Fig. 6.8 b). As a matter of fact, the satellite peaks show a fivefold sequence
periodicity, which matches exactly the five monomer [AAAAK] units of the polypeptide with
a length of 0.75nm. This periodicity nicely emphasizes the proposed ratcheting behaviour,
which assumes stable configurations of two molecules which overlaps corresponding to those
molecular building blocks.

6.3.3 Estimation of the tunneling barrier

To evaluate the barrier height for a tunneling process the I-V curves shown in Fig.6.6 a)
are further analyzed. The tunneling current can be reasonably parametrized by I oc Ve=2L,
k is determined by the electron mass m, and the effective tunneling barrier height ®* via
Kk = v/2m®* /h. Assuming that the tunneling barrier is independent of the molecular length,
it can be modeled from the difference in the I-V sets for two different molecules with different

lengths L; and Lo via
2 2
o = h x In (L/12)
877’LE (L2 — L1)2
The resulting barrier height determined from the ratio of the 36mer and the 16mer molecules

(measurements shown in Fig. 6.8) is shown in Fig. 6.9. The effective length is the most prob-

(6.3.1)
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Figure 6.9: The effective barrier height ®* calculated from the I-V curves in Fig. 6.6 for the 36mer
and 16mer PA molecules. Inset: Barrier height in the low-bias regime deduced from
different data sets.(Fig. adapted from [119])

able head-to-head configuration, according to the discussion above, two times the molecules
length corrected by the overlap of one [AAAAK] unit. In the low-bias regime the tunneling
barrier is constant for fields up to 10° V/cm. For large fields, the barrier starts to change.
For the low-bias regime in the range of -0.25V to 0.25V the barrier is constant at a value of
approx. 35meV. For larger voltages the barrier starts to decrease. Unexpectedly no temper-
ature dependence is found for the electronic transport although the barrier height is in the
range of kT at room temperature.

Studies using molecular orbital theory reveal a gradual decrease of the gap with an increas-
ing electric field, for critical fields around 1 x 107 V/cm, for a 15mer polyalanine, [111]. The
so called Stark effect describes the shift of molecular states due to static, external electric
fields. This effect has already been observed for other biomolecules [294, 295]. The external
fields in the measurements shown in Fig.6.5 are comparably low. Thus a renormalization
of the molecular electronic states due to an external Stark effect is negligible for low-bias
conductance measurements as shown here.

In the presented case, the molecular structure along the molecules is renormalized by the
strong interaction of the local electric field that comes along with pair configuration of the
molecules. Despite symmetric I-V curves resulting from the pairing, the dipole might not
necessarily be canceled. As concluded from the measurements here, the local dipole is still
present, giving rise to a strong renormalization due to internal electric fields. This trend may
be increased by additional intermolecular hydrogen bonds. Besides this internal Stark effect,
it is shown that external fields effects exceeding 5 x 10° V/cm change the molecular orbital
structure [111].

An study by Christancho et al. published in 2010 [Christancho2010], indicates an increase
of the external field by roughly a factor of 5 which reduces the effective barrier height by 30 %
. The determined tunneling barrier for PA molecules is smaller by one order of magnitude
compared to other systems. This means the molecular fields causing the internal Stark shift as
observed in this work, should be larger by a factor of 10% to 10* compared to the external ones.
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6.4 Chapter conclusion

The electron transport through polyalanine based peptides of various lengths was studied via
MCBJ. Analysis of length dependence and I-V characteristics, point to electron tunneling as
the dominant transport mechanism.

Statistical analysis of conductance traces was performed and and revealed regularly spread
satellite peaks next to the main conductance peaks. The intermolecular interaction and the
peptide sequence lead to a locking of the PA assembly inside the junction at multiples of
the [AAAAK] units. A ratcheting effect during the opening and closing of the junction is
proposed, explaning the presence of multiple stable configurations inside the junction and
causing the presence of satellite peaks in the histograms. The conductance values of the
used molecules were determined to be 0.007 Gg, 0.01 Gy and 0.05 Gg for peptide sequences
containing 16, 26 or 26 monomers respectively.

The high conductance through the molecules is reflected by the small reduction factor of
f = 3.5 nm~!. This is in agreement with the low apparent tunneling barrier of 35meV.
A temperature dependence of electronic transport is not found but would be expected for
tunneling barriers in the range of kgT at room temperature. This discrepancy could not be
addressed within this work and remains a question for following studies. I-V measurements
from 90K to 300 K show no temperature dependence and exclude hopping transport as an
effective mechanism.

Within the framework of nonresonant tunneling, the transmission probability depends expo-
nentially on the molecular lengths. The reduction factor for saturated molecules is usually in
the range of 7-11nm™ [79] and therefore significantly larger than the one measured for the
PA molecules within this study. This indicates a smaller electronic gap structure.

For proteins, like DNA, a two-channel model including tunneling as well as hopping is even
more appropriate [106] to describe the electron transport through this systems. For larger
molecules, where donor-bridge-acceptor configurations come into play, the hopping transport
can better be describes by Marcus theory, where the conductance is related to the electron
transfer rate kgp. Linear dependence is expected for off-resonant tunneling and sequential
hopping. The coupling strengths in our case are not known, but this theoretical approach
combining hopping and tunneling might lead to more detailed understanding of the transport
mechanism in future analysis.

Chemisorbed molecules at both Au contacts are assumed, resulting in symmetric I-V curves.
The presence of the molecular dipole and the interdigitation process leads to molecular fields
introducing an internal Stark effect. Large external fields exceeding 5 x 10° V/cm addition-
ally change the molecular orbital structure. However, to understand these findings regarding
electron transport, further calculations including configuration aspects of peptide sequences
are necessary.

A detailed measurement series investigating the transport properties of single PA molecules
was performed. Based on the analysis, a model was proposed explaining the transport prop-
erties of this polypeptides in regard to their geometrical configuration within the electrodes.
This new finding provides an important stepping stone towards the understanding of electron
transport through biomolecules. Regarding the CISS effect, measurements using magnetic
contacts could be used in future measurements to investigate the behavior.
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7.1 Summary

The electronic structure of two-dimensional graphene is known to be (very) sensitive to the
presence of other specimen in close vicinity. In this context the sensoring properties of
graphene for molecular and hydrogen co-/adsorption is investigated the first research topic.
The second topic considers one-dimensional carbon fibers and two dimensional graphene flakes
accumulated in fabric-like compound materials. Electronic conductivity has been found to
depend significantly on the orientation of the microscopic building block and their internal
properties.

Finally, single molecule conductivity is investigated by means of mechanically controlled break
junction measurements as the third research topic.

Adsorption of atomic and molecular species on graphene

The inert character of extended 2D graphene prevents a flexible functionalization of graphene.
Highly reactive atomic hydrogen is utilized to break this inertness, allowing the electronic
transport properties to be tailored. Atomic hydrogen was found to induce a metal-insulator
transition (MIT) on monolayer graphene (MLG) and quasi-freestanding monolayer graphene
(QFMLG) even for extremely low coverages below 1% ML. The metallic transport of pris-
tine graphene is replaced by variable range hopping (VRH) upon hydrogenation as shown by
temperature dependent measurements. The resistance increased by several orders of mag-
nitude for the measured H-coverages up to 0.008 ML. Hopping around and tunneling across
the chemisorbed hydrogen centers were excluded and localization effects, described within
the framework of Anderson localization, were found and confirmed by the coincidence of the
localization lengths, the mean free paths and the coverage, with regard to clustering of the
H atoms. The chemisorption of H and the concomitant sublattice symmetry breaking, result
neither in a band insulator nor in a "bad metal". The very large Fermi-wavelengths of pristine
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graphene get determined by the mean free path upon hydrogenation. The interaction of pris-
tine and hydrogenated graphene with organic molecules was investigated exemplary for PbPc.
While the transport through pristine graphene is not influenced by PbPc, a strong effect was
observed for hydrogen-functionalized graphene. Here, the molecules completely annihilate
the resistance increase introduced by H chemisorption. DFT calculations revealed a barrier-
less chemical reaction in between the N atoms of the PbPc molecules and the chemisorbed H
atoms, restoring the transport properties of pristine graphene. An energy gain of 2.8 eV with
respect to atomic hydrogen is found for the absorption of 4 H atoms to the N-atoms of PbPc.
The reaction is amplified by the size of the PbPc molecules and the possible subsequent
adsorption to all four N atoms of the molecule, inducing an extremely efficient annihilation
process. This chemical reaction was experimentally observed for the first time in the scope
of this thesis.

This proofs that graphene-based sensors selective to physisorbed molecules can be achieved.
The presented analysis confirms a large sensitivity of around 10 ppm of functionalized graphene
towards PbPC molecules.

Low dimensional carbon based materials

In the second experimental chapter, analysis of CNFs and a graphene-based compound mate-
rial are presented. Main similarities between those two composite materials were found with
regard to electric conductivity. A major influence on the properties is the degree of ordering
inside the structure, which is true for both the internal crystallinity inside the microscopic
building blocks as well as for the alignment of this units towards each other in the compound.
The impact of graphitic plane alignment within the nanostructures to the macroscopic con-
ductivity of the material was shown on CNFs. Templating of the structure with CNT as
well as external creep stress result in an improved alignment and enhanced conductivity of
the structure. A strong dependence between the structural and electronic properties was
revealed, the addition of nanocarbons therefore results not only in structural improvements
but also in an enhanced conductivity. This improvements are not straight-forward additive
and parasitic effects can start to play a role, e. g. the combination of carbon nanotube (CNT)
templating and external creep stress in CNF results in a lower conductivity than the individ-
ual techniques.

The interplay between the microscopic alignment and the compound properties was illumi-
nated by experiment and theory on a graphene-based conductor material. Graphene flakes
resemble perfect microscopic building block and can be easily tuned with regard to their size
and number of layers [36, 37, 69], providing very defined components for compound mate-
rials. Probe distance dependent measurements on such compounds revealed characteristic
dimensions: while spacings significantly larger than the size of the microscopic building block
allowed to treat the material as two-dimensional (2D) and isotropic, measurements at the
scale of the building blocks reveal details about the assembly. These have been used as input
for simulations. The complete conductivity tensor, combining the mesoscopic properties of
the building block and the macroscopic ones of the compound material can not be accessed
by experiment alone. The grain boundaries between the individual building blocks act as
scattering centers or barriers, allowing electrons only to pass by via tunneling or hopping
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transport. The co-existence of these two transport mechanisms requires a rather complex
description of the materials properties. On a macroscopic scale, effects originating from the
exact configuration of the nanoscale units average out, but a detailed understanding of elec-
tron transport through composite materials requires an exact knowledge of these influences.
An approach for combining the macroscopic and microscopic transport properties to achieve
the complete conductivity tensor by a combination of experiment and simulation was pre-
sented in this thesis. This is a crucial first step for material optimization with regard to
possible applications like sensing or energy storage.

Transport through single helical molecules

Electron transport through chiral polyalanine molecules was investigated by means of MCBJ.
Length dependent measurements revealed electron tunneling as the dominant transport mech-
anism with conductance values between 0.007 Gg and 0.01 Gy for molecular lengths between
2.6nm and 5.4nm. The reduction factor is determined to 3.5nm~' and is in good agree-
ment with the determined low tunneling barrier of 40meV. This large conductance values
are counter intuitive, regarding the length of the molecules. The electrode distance of several
nanometers makes direct tunneling an unlikely mechanism to reach the determined high con-
ductance values. A process including several molecular states und multiple charge carriers
could explain this behavior, but is not accessible by experiment. The energetic structure
of the molecule is changed in presence of charge carriers and induce space charge effects.
A theoretical appraoch by density functional theory (DFT) or the non-equilibrium greens
function formalism can be a possibility to identify those effects and mechanisms. Addi-
tionally, intermolecular effects are found in transport measurements and scanning tunnelling
microscope (STM) studies, which means the rotational ordering needs to be considered in
application and research study design. Molecules are expected to chemisorb at both Au
contacts and induce an interdigitation process, which results in symmetric I-V curves. The
interdigitation combined with molecular dipol moments induce an internal Stark effect in the
system. Based on this, a model explaining the observed transport properties in regard to
their geometrical configuration between the contacts is proposed.

7.2 Outlook

Multiple carbon-based materials were investigated in the scope of this thesis. For all these
materials, fundamental understanding of the electron transport is crucial to exploit their full
application potential. The transfer of graphenes extraordinary properties towards macro-
scopic applications can be made possible by the use of compound materials. These already
started to be used by industrial companies, like Bosch. Macroscopic graphene-based con-
ductors provide not only weight savings but are also very cost-efficient, with prices nearly
one order of magnitude below copper. To optimize these materials and exploit their range of
usability, tailoring of the properties to a special use is needed. This can be e.g. achieved by in-
tercalation or doping techniques [245, 247]. The presented way to determine the conductivity
tensor of such materials can be used for a large number of materials and allow a compari-
son between those. The conductivity tensor can be used as a reference to qualify, describe
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and compare novel or tuned materials. Besides, the exact influence of alignments, crossings
and a detailed descriptions of the different transport mechanisms still needs to be consid-
ered and quantified in future investigations to complete the description of electron transport
through carbon-based materials. Graphene is a well established material for a wide range
of research questions and applications. Functionalization is needed to transfer this to sensor
questions and studies. Hydrogenation of graphene is a suitable functionalization method to
break the inert character and achieve a sensitivity towards physisorbed molecules like PbPc.
The chemical reaction was found to be barrier-free by DFT calculations. Surprisingly, to the
knowledge of the author, the reaction between H atoms and the N atom of the PbPc molecule
are not investigated experimentally and almost no theoretical studies were performed until
now. In the scope of this work, the interaction of PbPc with H functionalized graphene was
proven. This reaction is expected to occur for other metallic Pc molecules as well but is
not investigated yet. An experimental approach to further investigate this behavior cav be
the direct observation of the reaction by STM Further analysis of the underlying chemical
reaction might bring forth other material combinations showing a similar behavior. Also,
graphene-based applications, sensitive to other specimen can be developed.

Molecular electronics, using biomolecules and their exceptional properties like spin selective
electron transfer is just beginning to develop and still far away from industrial usage. But the
CISS effect has already shown its potential in applications [47]. To exploit the possibilities,
the effect itself and the concomitant electron transfer through chiral molecules needs to
be completely understood. While the physical background of the CISS effect was puzzling
at first, there is now a broadly accepted theoretical explanation. However, there are still
differences between theory and experiment that need to be solved. This means, the electron
transport through biomolecules needs to be further investigated, with respect to co-existance
of different transport mechanisms or configurational aspects. Furthermore, intermolecular
effects start to play a role and need to be carefully considered for the possible application
development. To completely understand the findings presented in the scope of this work,
theoretical investigations including the configuration aspects of the peptide sequence are
needed. From the experimental side, simultaneous investigation of the spin selectivity and
the electron transport properties of the molecules are possible with measurements using
magnetic contacts.

Fundamental understanding is the first step on the way towards new electronic applications.
Carbon-based materials are found in all states of application development, ranging from
market-ready industrial purposes to proof of concept devices in research studies and will
continue to grow in importance in the next years. Based on the findings of this work, new
uses of carbon-based materials become possible, especially sensor applications show promising
prospects for the future after silicon-based electronics.
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