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Abstract

This thesis describes the investigation of the MoS2/Au(111) interface and its decoupling
properties for molecular adsorbates by means of scanning tunneling microscopy (STM) and
atomic force microscopy (AFM).

In the first part, we grow single-layer MoS2 on a Au(111) substrate and investigate its structural
and electronic properties. Using STM and AFM, we can distinguish between three different
sites of the MoS2/Au(111) moiré pattern and assign each of them to a certain stacking pattern of
the MoS2/Au(111) interface. We observe a certain orientation of the MoS2 islands with respect
to the underlying Au layers. The electronic properties are probed by scanning tunneling
spectroscopy (STS). These spectra reveal a strong hybridization of MoS2 with the Au(111)
surface with the most pronounced effect occurring at the Γ̄ point of the valence band. By
measuring the decay constant of the tunneling current, we find an unoccupied state of MoS2

around the Γ̄ point 0.4 eV above the conduction band minimum. This state occurs most
probably due to the MoS2/Au(111) interface. Under certain growth conditions, we can produce
nanometer-sized vacancy islands below the MoS2. Here, the hybridization with the Au(111)
substrate is lifted, causing a patch of nearly unperturbed single-layer MoS2. In combination
with electroluminescence measurements we find a vanishing density of state within the
electronic band gap of quasi freestanding MoS2.

In the second part 2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]-thiophene (BTTT) molecules
are deposited on the MoS2/Au(111) sample and investigated by STS measurements. We
observe excellent decoupling properties of MoS2 yielding an energy resolution of less then
6 meV. This allows us to resolve a variety of vibronic states in the positive ion resonance (PIR)
of BTTT. These vibronic fingerprints enable us to distinguish between rotational isomers of
the BTTT molecule, which differ by the rotation of a single thienothiophene group. Density
functional theory (DFT) calculations are performed, which fully reproduce the observed
vibronic spectra in accordance to the Franck-Condon principle. In the last section, we utilize
the high energy resolution to investigate the perturbation potential of different STM tips, acting
on the electronic states of the delocalized BTTT molecule. The effect of the inhomogeneous
potential distribution in the junction is qualitatively reproduced by a simple electrostatic
model of the double barrier junction. By comparing the energy shift of elastic and inelastic
resonances of the PIR, we are able to disentangle the perturbation potential of a dipolar tip
and the applied voltage.





Kurzfassung

Diese Dissertation beschreibt die Untersuchungen von der MoS2/Au(111) Grenzfläche sowie
ihren entkoppelnden Eigenschaften für molekulare Adsorbate mittels Rastertunnel- (RTM)
und Rasterkraftmikroskopie (RKM).

Im ersten Teil wachsen wir eine Monolage MoS2 auf einer Au(111) Oberfläche und untersuchen
ihre strukturellen and elektronischen Eigenschaften. Mit Hilfe von RTM und RKM können
wir zwischen drei verschiedenen Bereichen im MoS2/Au(111) Moiré-Muster unterscheiden
und diese dann verschiedenen Stapelfolgen an der MoS2/Au(111) Grenzfläche zuordnen. Wir
beobachten des Weiteren auch eine bestimmte Orientierung der MoS2 Inseln zu den un-
terliegenden Au Lagen. Die elektronischen Eigenschaften von MoS2/Au(111) werden dann
mit Rastertunnelspektroskopie (RTS) untersucht. Die Spektren weisen auf eine starke Hy-
bridisierung zwischen dem MoS2 und der Au(111) Oberfläche hin, wobei der stärkste Effekt
am Γ̄ Punkt des Valenzbandes auftritt. Messungen der Abklingkonstante des Tunnelstroms
zeigen einen unbesetzten Zustand des MoS2 am Γ̄ Punkt, der etwa 0.4 eV oberhalb des Lei-
tungsbandminimums ist und wahrscheinlich durch die MoS2/Au(111) Grenzfläche entsteht.
Unter bestimmten Präparationsbedingungen können wir nanometergroße Fehlstelleninseln
wachsen. An diesen Stellen ist die Hybridisierung mit dem Au(111) Substrat aufgehoben.
In Kombination mit Elektrolumineszenzmessungen beobachten wir dort ein Verschwinden
jeglicher Zustandsdichte in der elektronischen Bandlücke von MoS2.

Im zweiten Teil werden 2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]-thiophene (BTTT) Mo-
leküle auf der MoS2/Au(111) Probe aufgebracht und mit RTS Messungen untersucht. Wir
beobachten dabei herrausragende Entkopplungseigenschaften von MoS2, die eine Energieauf-
lösung von unter 6 meV erlauben. Dadurch ist es uns möglich eine Vielzahl an vibronischen
Zuständen der positiven Ionenresonanz (PIR) von BTTT aufzulösen. Dieser vibronische Finger-
abdruck erlaubt es uns zwischen verschiedenen Rotameren von BTTT zu unterscheiden, wobei
sich diese nur durch Rotation einer Thienothiophengruppe unterscheiden. Rechnungen mit
Dichtefunktionaltheorie (DFT) von BTTT in Gasphase können die beobachteten vibronischen
Spektren vollständig und in Übereinstimmung mit dem Franck-Condon-Prinzip reproduzie-
ren. Im letzten Abschnitt benutzen wir die neu gewonnene hohe Energieauflösung, um das
Störpotential von verschiedenen RTM Spitzen zu untersuchen, welches auf die elektronischen
Zustände der BTTT Moleküle einwirkt. Der Effekt der inhomogenen Potentialverteilung im
Tunnelkontakt kann qualitativ mit Hilfe eines einfachen elektrostatischen Models der Doppel-
barriere reproduziert werden. Durch den Vergleich der Energieverschiebungen des elastischen
und eines inelastischen Peaks können wir zwischen den Störpotentialen unterscheiden, die
durch eine dipolare Spitze oder die an der Probe angelegte Spannung entstehen.
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— Chapter 1 —

Introduction

In the year 1965 Gordon Moore wrote an article and formulated the observation that the
number of transistors on an integrated circuit board doubled about every two years. He also
predicted this growth rate to continue for the next decade. This formulation became known as
“Moore’s law” and proved to be correct for the next 50 years. In the last years, however, the sizes
of transistors have been reaching a scale of a few nanometers, where quantum mechanical
limits are reached, e.g. current leakage by tunneling.

On the other hand, the need for smaller and more energy conserving transistors is everlasting
in the rapidly growing digitalization of the world, so new solutions have to be found. A
possible new way is to utilize molecular nanotechnology as functional molecules can be used
as building blocks of an electronic circuit. Even though such functional molecules were subject
of many studies [1–3], molecular electronics is still far from industrial scale. One hurdle to take
is the fact, that the molecule has to be placed on some sort of substrate to be contacted. The
interaction with the surface, however, leads to changes of structure or electronic properties of
the molecule. Hence, some candidates, that were promising for molecular electronics in gas
or liquid phase, turned out to be challenging upon adsorption on a substrate.

In order to reduce the interaction between molecules and substrates the need for decoupling
layers arose. In 2004 X. H. Qiu et al. created an ultrathin Al2O3 layer by oxidizing the sur-
face of the NiAl(110) surface. It enhanced the energy resolution of tunneling spectroscopy
measurements sufficiently that vibronic states of copper phthalocyanine molecules could
be observed [4]. A year later J. Repp et al. demonstrated for pentacene molecules on a NaCl
layer, that one can image the molecular orbitals with scanning tunneling microscopy [5]. NaCl
was also used as a decoupling layer when L. Gross et al. resolved the chemical structure of a
molecule with atomic force microscopy [6]. Over the time many other decoupling layers have
been introduced, such as MgO [7, 8], graphene [9–11], or hexagonal boron nitride [12–15],
each with some benefits and downsides.

In this work we present MoS2 as a valuable addition to the field of decoupling layers. In
Chapter 2 the physics of molecular adsorbates are discussed and from that the requirements
for a good decoupling layer are derived. Furthermore, the material MoS2 is introduced, as well
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as the benefits of using a single-layer MoS2 as a decoupling layer. Then Chapter 3 and 4 give a
brief introduction to the experimental and theoretical techniques used in this work and also
to the experimental setup.

The results of the investigations were published in four articles, which are presented and
discussed in Chapter 5. This chapter is thematically divided into two parts, with two publi-
cations each. In the first part we investigate the structural and electronic properties of the
MoS2/Au(111) interface by means of scanning tunneling and atomic force microscopy. MoS2

forms a moiré pattern on the Au(111) structure with different stacking sequences of the atomic
layers at the interface. We assign the different sites of the moiré pattern to those stacking
orders and find a certain orientation of the MoS2 islands with respect to the underlying Au(111)
surface. The electronic properties are probed by scanning tunneling spectroscopy. We inves-
tigate the influence of the Au(111) layer to the MoS2 and find a strong hybridization and an
unoccupied state that most likely occurs due to the MoS2/Au(111) interface. These results are
then compared to the electronic properties of quasi-freestanding MoS2.

In the second part of Chapter 5 we use MoS2 as a decoupling layer for oligothiophene-based
molecules. We achieve an energy resolution of a few millielectronvolts for the molecule’s
electronic states. Enhancing the sensitivity or resolution of an experimental technique often
reveals formerly hidden features and is, therefore, a major driving force to a new or better
understanding of the underlying physical principles. In scanning tunneling microscopy
the spatial resolution is already exceptionally high, which we will then combine with the
newly gained energy resolution. We perform vibrational analysis of two rotamers of the 2,5-
bis(3-dodecylthiophen-2-yl)thieno[3,2-b]-thiophene (BTTT) molecule, that differ only by the
rotation of the thienothiophene group in the center. Using DFT calculations we compare these
results to the vibronic fingerprint of BTTT in gas phase and fully reproduce the measured
spectra. In the last section we investigate the perturbation potential of the tip. The potential
distribution in a tunneling junction is generally inhomogeneous in a plane parallel to the
surface, due to the curvature of the tip apex. Using the high energy resolution, we probe this
inhomogeneity acting as a perturbation potential on the delocalized electronic states of the
BTTT molecule. With a simple electrostatic model we reproduce our observation qualitatively
and distinguish between the perturbation potential caused by the applied bias voltage and the
bias-independent perturbation potential of a dipolar tip.



— Chapter 2 —

Theoretical Background

The motivation to use molybdenum disulfide (MoS2) as a decoupling layer, originates from
the interactions between a molecular adsorbate and the underlying substrate. In this chapter
we will discuss these interactions and then introduce MoS2 as a potential candidate for a
decoupling layer.

2.1. Molecular Adsorbates

The investigation of molecules with a scanning tunneling microscope (STM) requires the
molecules to be adsorbed on a substrate, which has to be made of a conducting material.
In most cases metal samples are used, which have the disadvantage, that they modify the
electronic properties of the molecular adsorbate, due to various interactions like screening
or hybridization, leading to energy level broadening and possibly partial charge transfer .
The strength of these interactions depends on the nature of the adsorption: in case of the
weak physisorption the molecule is only bound by van der Waals forces, barely perturbing the
electronic structure. In contrast to that does the stronger chemisorption involve a chemical
bond formation between adsorbate and surface. The transition between these adsorption
types is gradual, as hybridization does already occur with physisorption but much weaker.

The screening effect, on the other hand, is not as dependent on the adsorption strength.
To understand its origin, we have to consider the functional principle of STM. In tunneling
microscopy or tunneling spectroscopy we usually assume a low tunneling current, i.e. single-
electron tunneling. Depending on the sign of the applied bias voltage, a single electron tunnels
from the tip to the molecular adsorbate or vice versa. In both cases, the probed molecule is
left for a short time in a different charge state, before it relaxes to its (neutral) ground state.
This usually occurs by charge transfer with the underlying surface . At typical parameters,
the tunneling rate between molecule and surface is much higher than the rate between tip
and molecules, ensuring that the molecule is most of the time in its ground state. Without a
conducting surface, the charge would be stabilized in the molecule and no further tunneling
would occur due to Coloumb blockade [16, 17].
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Figure 2.1.: Change of the electronic states of a molecule upon adsorption on a metal surface. In the
gas phase (left) the energy difference between the electron affinity (EA) and ionization potential (IP) is
larger than the HOMO-LUMO gap due to the Coloumb repulsion EC . Screening effects of the metal
substrate reduce EC and thus shift the charge states towards the Fermi energy EF . The shorter lifetime
of the electronic states leads to a broadening and possible energy alignment might cause a rigid shift of
the states with respect to EF

When the electronic state of an adsorbate is investigated by tunneling spectroscopy, the
frontier orbitals of molecules are usually of interest, often referred to as highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). During the
tunneling process, the adsorbate becomes charged and the observed states are not of the
neutral molecule, but are the cationic and anionic states. They are observed at higher absolute
bias voltages, shifted by the Coulomb repulsion energy EC which is required to charge the
molecule, as shown in Figure 2.1. These states correspond to the electron-affinity level (EA)
and ionization potential (IP), and are also referred to as negative ion resonance (NIR) or
positive ion resonance (PIR) in tunneling spectroscopy.

In the case of a molecule adsorbed on a metal surface, the Coulomb repulsion is counteracted
by the sea of electrons in the sample. The electric field of the charged molecule is screened
by image charges in the substrate and EC is strongly reduced. Hence, the observed ionic
resonances in a tunneling spectrum are shifted towards the Fermi energy EF as depicted in
Figure 2.1. This screening can also be enhanced by neighboring molecules, reducing the
Coulomb repulsion even further [18].

Another effect of a metal substrate is the energy broadening of the electronic states. As
described above, the temporarily charged state usually relaxes by charge transfer between
adsorbate and substrate. Due to the high tunneling rate between adsorbate and substrate,
the lifetime of the charged state is very small, which determines the width of a lorentzian
energy broadening, in accordance to the time-energy uncertainty relation. Especially on metal
substrates can the electronic states of the molecule hybridize strongly with the energy bands
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of the metal, reducing the lifetime down to a few femtoseconds and causing a broadening of
tens or even hundreds of millielectronvolts [19].

The hybridization can also lead to an energy level alignment, shifting the molecular electronic
states with respect to the Fermi level of the substrate. Such a shift is usually also accompanied
by a partial charge transfer between adsorbate and substrate.

2.1.1. Vibronic States

The investigation of a molecule’s electronic states often implies the excitation of its vibrational
modes, sometimes causing a complex arrangement of resonances in a spectrum. The com-
bined excitations of electronic and vibrational states are referred to as vibronic excitations and
are described by the Franck-Condon principle [20, 21]: Starting with Fermi’s golden rule, the
transition rate between a ground stateΨ and the excited stateΨ′ is:

Γ= 2π

ħ
∣∣〈Ψ′|H ′|Ψ〉∣∣2

δ
(
E ′−E

)
, (2.1)

with E and E ′ being the energies of the ground and excited states and H ′ the perturbing
hamiltonian, depending on the kind of electronic excitation. In accordance with the Born-
Oppenheimer approximation we can separate the total wave functions into electron wave
functionΨe and vibrational wave functionΨν, which depends on the position of the nuclei:

Γ= 2π

ħ
∣∣〈Ψ′

eΨ
′
ν|H ′|ΨνΨe〉

∣∣2
δ

(
E ′−E

)
. (2.2)

Please note, that we are not considering the spin of the particles. In the following we assume,
that our perturbing hamiltonian can also be split into a part H ′

e acting on the electron wave
function and a part H ′

N acting on the nuclei wave function. This holds true for dipole transition
via photon absorption, as well as for electron tunneling (where H ′

N = 0). Equation 2.2 can then
be approximated by:

Γ= 2π

ħ
∣∣〈Ψ′

e |H ′
e |Ψe〉〈Ψ′

ν|Ψν〉+〈Ψ′
e |Ψe〉〈Ψ′

ν|H ′
N |Ψν〉

∣∣2
δ

(
E ′−E

)
. (2.3)

As the electronic wave functions are orthogonal, i.e. 〈Ψ′
e |Ψe〉 = 0, the equation simplifies to:

Γ= 2π

ħ
∣∣〈Ψ′

e |H ′
e |Ψe〉

∣∣2 ∣∣〈Ψ′
ν|Ψν〉

∣∣2
δ

(
E ′−E

)
. (2.4)

The first integral gives the probability to excite the molecule electronically and corresponds
for tunneling spectroscopy to the tunneling matrix element described in Section 3.1.2. The
second integral 〈Ψ′

ν|Ψν〉 is the overlap integral of the vibrational wave functions and is often
referred to as Franck-Condon factor.

In the following we describe the vibrational wave functions in vibrational normal coordinates,
giving Ψk,n for the nth excitation of the vibrational normal mode k and Ψg for the initial
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Figure 2.2.: a) Comparison of the structure between the uncharged BTTT0 (red) and positively charged
BTTT+ (color) molecule. b) Model of the Franck-Condon principle: After electronic excitation, the
molecule has a new relaxed structure that leads to a shift ∆Q of the equilibrium position in normal
vibrational coordinates. The relative intensity of a vibronic peak in a spectrum is determined by the
overlap between the vibratonal wave functions of the initial state (gray) and the final state (blue).

ground state. Assuming the positions of the nuclei do not change upon electronic excitation,
the overlap integral would be

〈Ψn,k |Ψg 〉 =
{

1 for n = 0

0 for n > 0
(2.5)

and no vibrational modes would be excited.

However, molecules usually deform upon electronic excitation (i.e. charging) as depicted for a
BTTT molecule in Figure 2.2a. In vibrational normal coordinates, this deformation expresses
itself as a shift of the equilibrium position. Thus the overlap of the ground state with the
vibrational states is no longer zero and excitation of vibronic states becomes possible, as
shown in Figure 2.2b. The relative intensity between the vibronic states can be described (for
harmonic oscillators) by the Poisson distribution [22]:

∣∣〈Ψk,n |Ψg 〉
∣∣2 = e−Sk

Sn
k

n!
, (2.6)

with Sk being the so called Huang-Rhys factor of the vibrational mode k. It is determined by
its energy ħωk and relaxation energy εk (see Figure 2.2b):

Sk = εk

ħωk
(2.7)

The total relaxation energy εrel of the molecule is then given by:

εrel =
∑
k
εk =∑

k
Sk ·ħωk . (2.8)

The Franck-Condon principle allows to calculate the intensity and energy of the vibronic
resonances in a dI /dV spectrum. For this the relaxed structure of a molecule in its charged
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and neutral state, as well as its vibrational normal modes, have to be known, e.g. by DFT
calculations, as shown in ACS Nano 12 (2018) 11698. However, in STM such vibronic states are
no visible most of the time, due to the broadening of the energy levels.

2.1.2. Energy Broadening and Decoupling Layers

The resonances of a molecule’s electronic states are not only subject to lifetime broadening,
but to many different broadening mechanisms. They can be due to external sources of noise –
both electrical and mechanical – as well as experimental conditions, e.g. broadening due to
finite temperatures. Most often a lock-in amplifier is used in order to improve the signal-to-
noise ratio in tunneling spectroscopy measurements, which itself also broadens the dI /dV
signal with its modulation voltage. However, all these origins can be reduced to a certain
extent by optimizing the setup, using smaller modulation amplitudes of the lock-in amplifier
or reducing the temperature. In some cases the origins can even be avoided, e.g. by using a
superconducting tip to reduce the effect of the temperature broadening [23].

The lifetime broadening, on the other hand, is an intrinsic broadening of the investigated
system, that can only be reduced by modifying that system. A popular approach is to introduce
a second tunneling barrier between adsorbate and substrate in the form of a decoupling layer.
It should reduce the interaction between the molecule and the substrate, while also having a
minimal interaction with the molecule itself. This implies, that the decoupling layer should be
chemically inert, so the molecules do not hybridize with the states of the decoupling layer.

There are different mechanisms for an excited state to relax after the tunneling event, so there
are also several properties that determine the decoupling quality of a material. The most
prominent way of relaxation is, as described above, the discharging of the molecule back to its
neutral state (assuming this is the ground state). Hence, a decoupling layer is required to have
a band gap around the Γ̄ point at the energy of the excited state. This prohibits a discharging
into the decoupling layer. Additionally it should have a certain thickness, in order to reduce
the tunneling rate between molecule and substrate by a larger vertical distance between them.

Another important point to consider is the possibility of the molecule not only being charged by
the tunneling event, but also becoming vibrationally excited. These vibronic states have been
observed for many molecules on different decoupling layers [4, 5, 10, 11, 14, 24–26], thus they
are not negligible in our consideration of the lifetime. The relaxation of such vibronic states
occurs either by discharging (as described above) or by relaxation of the excited vibrational
mode. The latter can happen by the formation of electron-hole pairs in the substrate at
the Fermi energy to drain the vibrational energy of the molecule. Accordingly, a decoupling
layer with a real band gap (not only at Γ̄) would suppress this relaxation path of the vibronic
state. This real band gap does not need to be large enough to include the electronic state as
required for the quasi band gap around Γ̄, its size only needs to be larger than the energy of
the vibrational modes, in order to prevent the formation of electron-hole pairs.
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The excitation of vibrations brings an additional aspect to the broadening of electronic res-
onances. A decoupling layer with a high electron-phonon coupling might get vibrationally
excited itself, possibly causing additional features or a gaussian broadening of the peaks in
the tunneling spectrum [27]. This is an important factor for ionic materials like NaCl or Al2O3.
Fatayer et al. showed that charging a naphthalocyanine (NPc) molecule on a NaCl layer causes
a deformation of the NaCl lattice that is responsible for 97 % of the total relaxation energy
of the system [17]. In order to minimize this effect, a non-ionic decoupling layer with a low
electron-phonon coupling is preferred.

A promising material that meets all these requirement, as we will show in this work, is molyb-
denum disulfide. It is a naturally occurring material, that gained much attention recently and
is now subject of many studies, in particular its monolayer.

2.2. Molybdenum Disulfide

Molybdenum disulfide (MoS2) is a transition metal dichalcogenide (TMD) with a layered
structure, similar to that of graphite. The single layers consist of Mo atoms, sandwiched
between two layers of S atoms, forming a two dimensional structure. In bulk these layers are
only held together by weak van der Waals forces and, just like graphite, these weakly bound
layers cause a low friction coefficient. This makes MoS2 a good dry lubricant, as which it
has been used for a long time already. Furthermore, it also found use in petrochemistry and
organic synthesis as a (co-)catalyst. Whereas the surface of MoS2 is rather inert, the edges
of the layers (and possible defects) can serve as active sites, e.g. for hydrodesulfurization of
hydrocarbons [28, 29].

The unit cell of MoS2 is typically trigonal prismatic (see Figure 2.3a), where the sulfur atoms of
the upper and lower layer are on top of each other. Under certain conditions, e.g. intercalation
of alkali metals, the meta stable octahedral unit cell has also been observed, where one sulfur
layer is rotated by 180° [30]. MoS2 with an octahedral unit cell is metallic and in bulk its layers
stack in the 1T phase, as depicted in Figure 2.3b. The trigonal prismatic unit cell, on the other
hand, is semiconducting and has two phases. In the more common 2H phase every second
layer is rotated by 180° and the molybdenum site is positioned above the sulfur site of the next
layer (see Figure 2.3c). The less common 3R phase can also been found in nature and consists
of MoS2 layers that are not rotated with respect to each other, but laterally shifted as shown in
Figure 2.3d.

The electronic structure of bulk 2H-MoS2 shows an indirect band gap of 1.23 eV(see Figure 2.4a)
[31]. The maximum of the valence band is located at the Γ̄ point and with an additional local
valence band maximum at the K̄ point. The minimum of the conduction band on the other
hand is located between the Γ̄ and the K̄ point [32, 33]. However, for freestanding single-layer
MoS2 the band structure is different.
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Figure 2.3.: a) Two possible unit cells of MoS2. b) 1T phase of octahedral MoS2 in side view. c,d)
Stacking phases of trigonal prismatic MoS2 in side view (top) and top view (bottom). The layers in the
2H phase are rotated with respect to each other, whereas they are only shifted in the 3R phase. In the
top view, only the Mo atoms are depicted as circles and the bonds with the S atoms as lines.
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a) b)

Figure 2.4.: a) Evolution of the band structure of 2H-MoS2 when thinned down to a monolayer
(from [35]). From left to right: bulk, quadrilayer, bilayer and single-layer MoS2. b LDA (blue dot-
ted) and GW (solid red) band structure of single-layer MoS2with spin-orbit coupling (from [39]). Due to
the strong spin-orbit coupling, MoS2 features a strong spin-split at the VBM and the conduction band.

2.2.1. Single-Layer MoS2

The indirect band gap of MoS2 is strongly dependent on the number of layers or their relative
distance to each other [34]. With decreasing layer number the indirect band gap of MoS2

increases, due to the higher quantum confinement, up to the point that single-layer MoS2

becomes a direct-gap semiconductor (see Figure 2.4a) [35, 36].

The new direct band gap at the K̄ point exhibits a very high exciton binding energy of ≈1 eV
[37–39]. This allows for a long exciton lifetime even at high temperatures and increases the
luminescence quantum efficiency by a factor of more than 104 compared to bulk MoS2 [36].
The long exciton lifetime and high quantum efficiency makes single-layer MoS2 an interesting
material for photonic devices.

Furthermore, a strong spin-orbit coupling leads to a large spin-splitting of the valence and
the conduction band (see Figure 2.4b). At the valence band maximum around the K̄ valleys,
a spin-splitting of nearly 150 meV has been predicted [39, 40], with a spin reversal between
the K̄ and -K̄ point, due to the broken inversion symmetry of MoS2. A recent study was able
to confirm these predictions experimentally for single-layer MoS2 on a Au(111) surface [41],
opening up MoS2 as a promising material for spin- and valleytronics and other spin-devices.

Another – at first sight rather mundane – field of application for such 2D materials is the role
as decoupling layer. For STM studies a broad range of decoupling layers have already been
investigated and are in use, such as Graphene [9–11], hexagonal boron nitride (h-BN) [12–15],
Xe [26], RbI [26], NaCl [5, 42–44] or Al2O3 [4, 24, 45–48], each with its own advantages and
disadvantages. MoS2 can be a valuable addition to this field, as it combines a certain set
of features that constitute a good decoupling layer, as described above in Section 2.1.2. It
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is thicker than graphene or h-BN and thus decouples the adsorbate better from the metal
substrate. It also has a band gap, which prohibits a fast relaxation of the excited adsorbate
state via the decoupling layer itself. These requirements are also met by NaCl or Al2O3, but
MoS2 combines them with a covalently bound structure. Its non-ionic nature reduces the
electron-phonon coupling and inhibits the possible broadening due to phonon excitations in
the decoupling layer.

This combination of decoupling properties distinguishes MoS2 from the other materials and
allows for new kinds of STM investigations with unprecedented energy resolution, as we will
show in this work.





— Chapter 3 —

Methods

The experimental methods used for this work were a combination of scanning tunneling
microscopy (STM), scanning tunneling spectroscopy (STS), and atomic force microscopy
(AFM). They are often summarized as scanning probe microscopy (SPM) and allow for the
investigation of surfaces in real space on an atomic scale. The STM is sensitive to electronic
states of a conducting surface and in combination with STS a powerful tool to probe the
electronic properties of the sample around the Fermi energy with high spatial resolution. An
AFM on the other hand is not restricted to conducting surfaces as it relies on forces in the SPM
junction. Thus it provides more reliable information about the topography of the sample and
is capable of resolving the atomic structure of a single molecule [6, 49].

To complement the experimental results, density functional theory (DFT) calculations have
been performed. It is a useful method to calculate ab intio the electronic structure of many-
body systems, such as molecules.

In the following chapter the methods, which are used in this work, are introduced and their
underlying theory discussed.

3.1. Scanning Tunneling Microscopy

When Binnig and Rohrer introduced the first scanning tunneling microscope (STM) with
atomic resolution in 1982 [50], they opened the doors for a variety of new surface science
techniques. The STM allows the investigation of single structures, without relying on periodic
ordering or having to average over a large area. It is based on the quantum mechanical
tunneling effect, in which a quantum particle crosses a potential barrier of higher energy.
As the tunneling probability between two electrodes is strongly distance dependent, it can
be used to measure the electronic topography of a sample with a nanoscopic probe. Today,
STM has become a versatile tool to investigate many phenomena beyond structure, such as
molecular vibrations [4, 24, 51–53], electroluminiscence [54–60], and spin states [45, 61, 62].
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Figure 3.1.: a) Simple rectangular potential barrier, with an electronic state of energy E0 (blue). b)
Barrier between sample and tip with different work functions and applied bias voltage.

3.1.1. Simple Tunneling Theory

The simplest way to describe the tunneling process is by using the textbook case of a rectangu-
lar potential barrier with height φ and thickness d , as depicted in Figure 3.1. This problem can
be solved analytically with the one-dimensional stationary Schrödinger equation resulting in
a tunneling probability for a particle with energy E <φ and mass m:

T (E , z) ∝ exp

[
−2d

√
2m

ħ2

(
φ−E

)]
. (3.1)

Even though this is only a very simple picture, it already shows an important characteristic
of the tunneling effect: For typical values of φ around 5 eV the tunneling probability – and
therefore the tunneling current – are reduced by one order of magnitude when the width of
the barrier is increased by 1 Å. Assuming different work functions between tip and sample,
and an applied bias voltage Vb to the sample, the tunneling probability becomes in first
approximation:

T (E ,Vb, z) ∝ exp

[
−2d

√
2m

ħ2

(
φt +φs +eVb

2
−E

)]
. (3.2)

This simple picture does not consider the electronic structures of the two leads. To include
those, a many-particle point of view is required.

3.1.2. The Tersoff and Hamann Approach

A complex but more accurate model of the tunneling current has been introduced by Tersoff
and Hamann in 1983 [63]. In their work they used Bardeen’s approach, in which he assumed a
potential barrier between za and zb with two metals a and b at the sides [64]. He considered
two many-particle states of the entire system,Ψ0 andΨµν, whereΨµν differs fromΨ0 by the
transfer of one electron from state µ in metal a to state ν in metal b. For an elastic tunneling
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process without energy loss this gives for the tunneling matrix element:

Mµν = ħ2

2m

∫
dS

[
Ψ∗

0∇Ψµν−Ψµν∇Ψ∗
0

]
, (3.3)

with m being the electron mass and S an arbitrary surface within the tunneling junction.

Tersoff and Hamann used this matrix element to calculate the tunneling current in first order
perturbation theory:

I = 2πe

ħ
∑
µν

f
(
Eµ

)[
1− f (Eν)

] |Mµν|2δ
(
Eν−eVb −Eµ

)
, (3.4)

where f (E) is the Fermi-Dirac distribution, Vb the applied bias voltage and Eµ and Eν are the
energies of states theΨµ andΨν.

In case of an STM junction, these wave functions correspond to the sample and the tip. For the
latter, Tersoff and Hamann assumed an s-wave tip with a local spherical wave function at r0:

Ψµ =
Cµp
Ωt

e−κ|r−r0|

κ|r− r0|
. (3.5)

Cµ is a normalization factor,Ωt the volume of the probing tip, κ=p
2mφ/ħ2 the inverse decay

length and φ the work function of the tip. For the surface wave function they assumed a Bloch
wave that decays exponentially in the vacuum in normal direction z:

Ψν =
∑
G

aG exp

[
−

√
κ2 +|k∥+G|2 · z

]
·exp

[
i
(
k∥+G

) · r∥
]

, (3.6)

where k∥ is the surface Bloch wave vector of the state, G the surface reciprocal-lattice vector,
aG a normalization factor, and κ the inverse decay length as described above. For simplicity,
the work functions for tip and sample are assumed to be equal.

Tersoff and Hamann showed, that inserting these wave functions in equation 3.3 yields:

Mµν(r0) ∝ 1p
Ωt

·Ψν(r0). (3.7)

In the following we consider possible tunneling in both directions, depending on the applied
bias voltage. Thus, the factor with the Fermi-Dirac distributions simplifies to f

(
Eµ

)− f (Eν).
Including equation 3.7 in 3.4 results in:

I (V ,r0) ∝
∑
µν

[
f
(
Eµ

)− f (Eν)
] 1

Ωt
· |Ψν(r0)|2 ·δ(

Eν−eVb −Eµ
)

(3.8)

In oder to express the tunneling current as an integral we define ρt (E) as the density of states
(DoS) of the tip and ρs(E ,r0) as the local density of states (LDoS) of the sample at position r,
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with

ρt (E) ≡∑
µ
Ω−1

t δ(E −Eµ) (3.9)

ρs(E ,r) ≡∑
ν

|Ψν(r)|2δ(E −Eν) (3.10)

For low temperatures we can further assume the Fermi-Dirac distribution to be a step function
and obtain for the tunneling current:

I (V ,r0) ∝
+∞∫

−∞
dε

[
f (EF )− f (EF +eVb)

]
ρt (ε−eVb) ·ρs (ε,r0) (3.11)

∝
eVb∫
0

dε ρt (EF +ε−eVb) ·ρs (EF +ε,r0) . (3.12)

Thus, the tunneling current is directly dependent on the DoS ρt (E) of the tip and the LDoS
ρs(E ,r0) of the sample at position r0 of the tip. The exponential decay of the tunneling current
is included in the spatial dependence of ρs , as defined in equation 3.6. Considering different
work functions and the applied bias voltage, the decay rate can be described equivalent to
equation 3.2. By controlled tip forming (see Section 4.1.1), the tip’s DoS can be optimized to
be constant for small bias voltages. This leaves only the sample DoS and the applied bias as
variable parameter.

Please note, that the assumption of an s-wave tip is chosen as a good approximation for most
metal tips but not for all tips. For some metals, e.g. tungsten, the d-orbitals contribute major
portions to the tunneling current [65]. Furthermore, studies with CO functionalized tips have
shown, that the p-wave orbital of the CO molecule allows to investigate the divergence of the
sample wave function [44].

3.1.3. Scanning Images

The great strength of an STM is its feature to scan small areas in real space and resolve single
structures of atomic size. To perform this, the probing tip is usually mounted to one or more
piezo elements, which allows its movement in all directions with picometer precision. Thus
an image of the surface can be recorded by scanning the area line by line and measuring the
tunneling current.

There are two basic modes of STM, the constant-height and the constant-current mode. In the
constant-height mode the tip scans the surface at a fixed height and the tunneling current is
recorded. The constant-current mode on the other hand uses a feedback loop to adjust the tip
height during the scan and keeps the tunneling current constant. It is slightly slower than the
constant-height mode, but less prone to tip crashes, as the surface most often is not perfectly
flat. Hence, the constant-current mode is the default mode in STM nowadays.
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Figure 3.2.: a) Sketch of tip-sample distance z, tunneling current and its derivative for constant-height
(left column) and constant-current mode (right column). The actual density of states (DoS) is added as
dotted black line in the bottom panels. Due to applied bias voltage and a varying z, the dI /dV signal is
not fully proportional to the DoS. b) For an electron tunneling into a state with energy E0, the tunneling
barrier increases with the applied bias voltage. Thus the tunneling current into that state decreases
with higher bias voltage, potentially giving rise to a negative differential conductance at energies just
above E0, as can be seen in a).

However, as described above, the tunneling current depends on both the topography and
the DoS of the surface making it difficult to disentangle these two effects in the image (see
Section 5.2). Therefore, the constant height mode is generally used for the mapping of the
dI /dV signal or ∆ f in AFM (see Section 3.3). These data are easier to analyze and to compare
with calculations.

3.2. Scanning Tunneling Spectroscopy

Scanning tunneling spectroscopy (STS) is a powerful tool to investigate the electronic structure
of surfaces or single adsorbates. Usually a lock-in amplifier is used to directly measure the
derivative of the current with a high signal-to-noise ratio. As we assume the DoS of the tip to
be constant for small voltages, equation 3.12 yields for the derivative:

d I (Vb,r0)

dV
∝ ρ (EF +eVb,r0) . (3.13)

This means the tunneling conductance is directly proportional to the DoS of the sample. By
keeping the tip position r0 fixed and ramping the bias voltages, electronic states like molecular
orbitals appear as resonant peaks in the dI /dV spectrum. It is, however, an approximation
for low temperatures and small bias voltages, as a large Vb distorts the vacuum barrier and
changes the tunneling probability.
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The position r0 of the tip in STS does not have to be fixed, though. Analogous to STM, the
feedback loop for the tip height can be opened or closed while ramping the bias voltage. In the
constant current z(Vb) spectroscopy, the (∂I /∂V )I signal is recorded with closed feedback loop.
It adjusts the tip height to keep the current at a predefined set point. This has the benefit of
preventing damage in the junction due to high currents, but it requires a minimal bias voltage
to maintain the set point current. The constant current also makes the renormalization easier
for κ measurements (see Section 3.2.1).

On the other hand, the constant height I (Vb) spectroscopy is taken with an opened feedback
loop. The resulting dI /dV signal is thus recorded with fixed r0 and not subject to a change of
the vacuum barrier (for small bias voltages). Furthermore, it enables measurements around
Vb = 0 with bias voltages of a few mV or less, which is not possible with z(Vb) spectroscopy.

In addition, the dI /dV signal can be recorded at a fixed bias voltage in dependence of tip
height (I (z) spectroscopy) or by scanning the sample at fixed bias voltage and height (dI /dV
maps).

In systems with low background conductance, e.g. due to a decoupling layer, also a negative
differential conductance (NDR) may occur, as can be seen around 2 V in the left column
of Figure 3.2a. For an electron tunneling into a state with energy E , the tunneling barrier
increases with the applied bias voltage. Thus the tunneling current into this state decreases at
higher bias voltages. If there are no or only a few new states at higher energy to tunnel into
(a low background DoS) the total tunneling current decreases, even though the bias voltage
increases. Hence, the measured differential conductance dI /dV becomes negative.

3.2.1. Probing the Bandstructure with STM

Even though STM has the benefit of a very high resolution in the real space, it is not simple to
gain information with it about the reciprocal space. For a start, it is mostly sensitive to states at
the Γ̄ point in the Brillouin zone, which is due to the decay constant of the investigated states.
In the simple picture of equation 3.2 the parallel momentum of states is most often omitted.
For localized structures with only localized states (molecules or point defects) this picture is
sufficient to describe the system. In the case of delocalized states, e.g. bulk or 2D materials
with band structure, the parallel momentum k∥ of a state with energy E needs to be taken into
account for its decay constant:

κ=
√

2m

ħ2

(
φ+ eVb

2
−E

)
+k2

∥ . (3.14)

For simplicity we assume here the same work function for tip and sample. As can be seen, the
higher the k∥ of a state, the faster it decays into the vacuum. A state around EF with k∥ = 1Å−1

measured at a typical tip-sample distance of 5 Å would have about 40 times less intensity as an
identical state with k∥ = 0 (see Figure 3.3a). Thus, the tunneling current is usually dominated
by tunneling into states around the Γ̄ point.
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Figure 3.3.: a) Normalized tunneling probability in dependence of the k∥ of the state and tip-sample
distance d . For the height of the potential barrier φ= 5eV are assumed. The ticks labeled K̄ correspond
to the k∥ = 1.3Å−1 at the K̄ point of MoS2. b) dI /dV and (∂I /∂V )I signal for two states with k∥ = 0

and 1.25 Å−1 and a background DoS without k∥. The state with non-vanishing k∥ can only be reliably
observed with (∂I /∂V )I spectroscopy and if it is lower in energy than the state without k∥.

In order to detect a state with high k∥, the tip has to be brought very close to the sample, posing
the risk of damaging the junction, as a state of similar energy without any k∥ would lead to a
high tunneling current. To avoid this problem in constant height dI /dV spectroscopy, a large
tip sample distance would be required, which in turn means the state with high k∥ is no longer
detectable. In constant current (∂I /∂V )I spectroscopy, the variable tip sample distance allows
the probing of the state as long as it is within the quasi-gap at Γ̄. In case of a state without k∥ at
lower energies, the tip is already too far away from the sample to detect the high k∥ state, as
shown in Figure 3.3b.

In 2015 Zhang et al. introduced a method to measure the decay constant κ of the tunneling
current and to detect states with high k∥ [66]. Using a lock-in amplifier, the tip height was
modulated to get the derivative of the tunneling current dI /dz. This is directly proportional to
the decay constant:

κ(Vb,k∥) =− 1

2I0
· dI (Vb)

dz
. (3.15)

As they used this techniques with a closed feedback loop, I0 represents the constant set point
current. From the measured κ signal it is possible to deduce information about the k∥ of a
state according to equation 3.14 and, thus, to roughly localize it in the band structure.

3.2.2. Inelastic Tunneling

Up to this point only elastic tunneling has been considered where the initial and final state
of the electron have the same energy. In inelastic tunneling the electron looses some or
all of its energy in the junction by different mechanisms, enabling it to tunnel into a final
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Figure 3.4.: a) Sketch of the tunneling junction for inelastic tunneling. Due to various mechanisms, the
electron can loose energy in the junction and tunnel into a final state with less energy than the initial
state. b) Off-resonant inelastic tunneling appears as steps in the differential conductance at a threshold
energy (here: ħω) symmetrically around zero bias voltage. In the second derivative of the tunneling
current, these steps appear as peaks and dips. c) In resonant inelastic tunneling, the molecule is excited
vibrationally and electronically. The excitation of several vibrational modes is possible. d) The resonant
tunneling into vibronic states leads to peaks in the conductance spectrum with constant energy spacing
ħω (assuming only one mode is excited). The relative intensity of the peaks is given by the Poisson
distribution..

state with lower energy than the initial state. These mechanisms can be the excitation of
vibrational modes in resonant [4, 24, 52] and off-resonant tunneling [51, 52, 67], by spin-
excitations [45, 61, 62], or by emitting a photon [54–60].

In the following, the mechanisms for vibrational excitation of molecules as well as light
emission from the tunneling junction will be discussed.

Vibronic States of Molecules

The term inelastic tunneling spectroscopy (IETS) usually refers to the off-resonant loss of
a certain energy in the tunneling junction, as depicted in Figure 3.4a. This can be due to
excitations of spin states or molecular vibrations with energy ħω. If the bias exceeds this
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energy threshold an additional tunneling channel is opened that increases the conductance
of the tunneling junction. In the dI /dV spectrum such an excitation appears as two step
functions symmetrically around zero bias at energies of ±ħω. They are most of the time rather
small compared to the elastic conductance background, making their detection challenging
in the first derivative of the current. In the second derivative d2I /dV 2 the inelastic features
appear as clear peaks and dips at the corresponding energies, as shown in Figure 3.4b.

In IETS, the energy resolution of the conductance steps does not depend directly on the energy
broadening of the molecule’s electronic states, but on the broadening of the tip and substrate
states. In a low-temperature STM (T ≈ 4.5K) this yields an energy resolution down to 1-2meV,
enough to detect even small changes in the vibrational energy, e.g. due to different isotopes
in the molecule [68] or external forces which can provide intramolecular resolution of other
adsorbates [67].

Another mechanism is the excitation of molecular vibrations while tunneling resonantly
into an electronic state of that molecule. After the tunneling event, the molecule is excited,
both, vibrationally and electronically, also referred to as “vibronically”. In contrast to the
IETS described above, vibronic states appear as peaks in the dI /dV spectrum and several
vibrational modes can be excited at once, as sketched in Figure 3.4c. This includes the multiple
excitation of a single mode as well as the combined excitation of different vibrational modes
(“progression of progressions”) [47]. The probability to excite these modes—and thus their
intensity—is given by the Franck-Condon principle [20, 21], as described in Section 2.1.1.
However, the vibronic states are subject to the energy level broadening of the electronic states,
which most of the time prohibits the observation of the vibronic resonances.

Light Emission in STM

Another inelastic mechanism is the excitation of the surface plasmon in the STM junction,
which then emits a photon [69, 70]. These photons from the junction are measured in light
emission STM (LE-STM), often with a spectrometer, giving further insights into the electronic
properties of the sample [54–60]. The surface plasmon strongly depends on the shape of the
junction and thusly on the tip [71], therefore the measurements have to be normalized to
the tip-dependent plasmon enhancement function, which can be determined by reference
measurements.

3.3. Atomic Force Microscopy

The investigation of isolating surfaces is not possible with an STM, since it relies on a con-
ducting substrate for the tunneling current. Another technique that fills this gap is the atomic
force microscope (AFM) which detects the effective forces in the junction and does not rely
on a tunneling current. For this, the tip is attached to a flexible cantilever and its deflection is
recorded during the measurement.
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There are different approaches to probe this deflection, depending on the type of cantilever.
For the widely used silicon cantilevers, most of the time a laser beam is reflected from their
backside. A displacement or twisting of the cantilever diverts the laser beam, which can be
detected by a quadrant photodiode or interferometer. The disadvantage of this method is, that
it requires a large distance between cantilever and photodiode to detect small amplitudes.

Another approach uses a piezoelectrical quartz as cantilever [72]. A bending of the quartz
causes a small current which can be detected with a simple operational amplifier. These
cantilevers are usually much stiffer than their silicon counterparts but the sensor is more
compact and capable of measuring deflections down to picometers.

3.3.1. Theory of Dynamic AFM

The choice of cantilever goes hand in hand with the choice of its mode of operation. There are,
in general, two different ways to operate an AFM. In the contact mode the tip scratches over
the surface and is deflected due to Pauli repulsion (see 3.3.2). This deflection depends linearly
on the force and, thus, on the topography of the sample. A very soft and flexible cantilever is
required for this mode, in order to prevent changing or damaging the investigated surface.
With contact mode AFM, it is rather difficult to achieve a high resolution since the tip often
has a large contact area with the surface.

In the non-contact mode (ncAFM or dynamic AFM) the cantilever is oscillating at a given
frequency without touching the surface. Assuming the cantilever to be a damped harmonic
oscillator driven by an external force FD its equation of motion is:

mẍ −2γmẋ +k0x = FD cos(ωt ) , (3.16)

with γ being the damping constant, k0 the spring constant of the cantilever and FD = kD AD

the driving force with angular frequency ω. The solution of this equation yields the oscillation
amplitude in dependence of ω and driving amplitude AD :

A(ω) = AD
ω2

0√
4γ2ω2 + (ω2

0 −ω2)2
. (3.17)

The angular frequency ω0 =
√

k0/m represents for strongly underdamped systems (γ¿ω0)
also their resonance frequency f0 =ω0/2π. In the case of a resonant driving force (ω=ω0) the
equation simplifies to

A(ω0) = AD ·Q, (3.18)

with Q =ω0/2γ as the quality factor of the cantilever. The phase shift between driving force
and oscillator is then given by:

ϕ(ω) = arctan

(
2ωγ

ω2 −ω2
0

)
. (3.19)
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Figure 3.5.: Oscillation amplitude (a) and phase shift (b) of the AFM cantilever in dependence of the
driving frequency with (dotted) and without (solid) external force gradient.

The quality factor Q can be determined in experiment by measuring the full width ∆ fQ of the
resonance curve at height AQ = A(ω0)/

p
2 and by using the relation Q = f0/∆ fQ . Another way

is by scanning the phase shift ϕ(ω) and fitting it at resonance frequency with a linear function,
as the slope is given by:

dϕ

dω

∣∣∣∣
ω0

=−2Q

ω0
(3.20)

If the cantilever is now subject to an external force gradient ∂F /∂z, it causes an effective
change of the spring constant which leads to a change of its resonance frequency. For small
oscillation amplitudes, this can be expressed as:

f ′ = 1

2π

√
k0 − ∂F

∂z

m
. (3.21)

Assuming that the external force gradient is small compared to the spring constant, a good
approximation for the frequency shift is given by [73]:

∆ f = f ′− f0 ≈− f0

2k0

∂F

∂z
(3.22)

As can be seen, the shift of resonance frequency is directly proportional to the force gradient.
Thus, ncAFM can obtain information of the sample without touching or damaging it with the
tip. The absolute force acting on the tip can be approximated by measuring the frequency
shift ∆ f (z) in dependence of tip height and integrating over z. A more precise method is to
deconvolute the force and the tip oscillation [74, 75].

In this work, a frequency modulation AFM (FM-AFM) is used to detect the frequency shift,
which is the main observable in ncAFM. A phase-locked loop (PLL) adjusts the driving fre-
quency to keep the phase shift between cantilever and driving force at a constant value of
ϕ=π/2. In this way, the cantilever is always excited at resonance frequency. A second feedback
loop is applied to the amplitude of the driving signal in order to keep the oscillation amplitude
of the tip constant. A change in this driving amplitude also gives information about possible
dissipations due to tip-sample interactions [76–79].
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Figure 3.6.: Energy (orange), force (blue) and frequency shift (black) for a Lennard-Jones potential with
ε= 1.5eV and zm = 2Å. For the cantilever a spring constant of k = 1.8kNm−1 and center frequency of
f0 = 27kHz was assumed.

3.3.2. Forces in AFM

The probed force gradient in the AFM junction is caused by a combination of different origins.
In the following, the three main forces are discussed.

Chemical Forces

The chemical forces are extremely short ranged forces, that occurs between the atom at the
very apex of the tip and the sample. A common model for the interaction between two neutral
atoms is given by the Lennard-Jones potential [80]:

ELJ = ε
[( zm

z

)12
−2

( zm

z

)6
]

, (3.23)

where zm is the equilibrium distance and ε is the depth of the energy well at zm . The chemical
force can be described by differentiation of the potential:

FLJ =−∂ELJ

∂z
= 12

ε

zm

[( zm

z

)13
−

( zm

z

)7
]

(3.24)

The first term is caused by the Pauli principle: At very close distances (in the range of typical
STM junctions) the orbitals of the two atoms overlap. However, the Pauli principle forbids
two fermions to occupy the same quantum state, forcing the electrons to states with higher
energies. Thus the total energy in the system is increased and causes a repulsive force (Pauli
repulsion). On the other hand, at larger distances an attractive van der Waals force acts on the
two atoms, caused by fluctuating and/or permanent dipoles.

In Figure 3.6 the Lennard-Jones potential is displayed together with the resulting force and
frequency shift. The frequency shift is, in contrast to the tunneling current, non-monotonic
with tip-sample distance, like the potential or the force. When the ∆ f signal is used for the
feedback loop of the tip height, it is only possible on one side of the minimum, usually in the
attractive regime. The repulsive regime is often used in constant height maps at very close
distances, as its short ranged nature yields the best spatial resolution [6].
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Mesoscopic van der Waals Force

As the probing tip does not only consist of a single atom, its whole volume has to be taken into
account. The Pauli repulsion is too short ranged and can be neglected at larger distances. The
van der Waals (vdW) force on the other hand causes a strong attractive background force. A
good approximation of an SPM junction is a sphere in front of a flat infinite surface. The vdW
force between these two can be calculated by integrating over both volumes, which gives [81]:

FvdW =− A

6

R

z2 , (3.25)

with A being the material specific Hamaker constant, R the radius of the sphere and z the
distance between sphere and surface. The vdW force is usually attractive and causes a large
background force, that depends on shape and size of the tip.

Electrostatic Forces

The electrostatic force is the force with the longest range. As the SPM junction is effectively a
capacitor with an applied bias voltage, the electric field causes an attractive force of

Fel =
∂Eel

∂z
= ∂

∂z

(
1

2
CV 2

)
= 1

2

∂C

∂z
V 2. (3.26)

Approximating the junction again with a sphere of radius R that is significantly larger than the
distance z to the surface, the force can be derived from the capacitance [82]:

Fel =−πε0
R

z
V 2 (3.27)

The ability to detect electrostatic forces with an AFM allows for a variety of further measure-
ment techniques. In Kelvin probe force microscopy (KPFM) the electrostatic forces in the
junction are minimized by an applied bias voltage. Thus, it is possible to measure the local
contact potential difference (LCPD) of the sample. Furthermore, this enables the detection of
single-electron charging events [16, 83, 84], the charge state of single atoms [85] or the probing
of the intramolecular charge distribution [86, 87].

3.4. Density Functional Theory

Density functional theory (DFT) is a computational method to investigate the electronic struc-
ture of a many-body system, e.g. a molecule in gas phase. It is based on the two Hohenberg-
Kohn theorems, which state that for a given electron density ρ(r) the potential V (r) is uniquely
determined [88]. The ground state of a system can thus be described with only three spatial
coordinates for ρ(r) instead of 3N variables, with N being the number of electrons.



26 3 Methods

The so called Kohn-Sham potential of the system is described as a functional of the electron
density and consists of an external potential due to the charged nuclei, the coulomb interaction
between the electrons (Hartree term), and the so called exchange-correlation potential [89].
The last potential includes the many-particle interaction and its functional is, in general, not
known in DFT, so it has to be approximated by local-density approximation (LDA) and the gen-
eralized gradient approximation (GGA). In so called hybrid functionals these approximations
are used together with the exact exchange potential from Hartree-Fock theory. A well known
hybrid functional is the “Becke, 3-parameter, Lee-Yang-Parr” functional (B3LYP) [90, 91]. To
describe the electronic wave functions of the single atoms, a set of functions is used, the so
called “basis set”. The resulting molecular orbitals are then described by a linear combination
of those functions.

The relaxed structure of a system, e.g. a molecule, can be found by minimizing the Kohn-
Sham potential with respect to the position of the nuclei in an iterative process. First the
second derivative matrix (Hessian) is calculated from the potential and then the position of
the nuclei adjusted accordingly and the new potential calculated. These steps are repeated
until convergence.

In the relaxed configuration, the Hessian matrix can also be used to calculate the vibrational
normal modes of the molecule [92]. By comparing the relaxed structure of the ground state
and an electronically excited state (e.g. charged) of a molecule in the normal coordinates of
these vibrational normal modes, the vibronic spectrum of the molecule can be calculated, as
described in ACS Nano 12 (2018) 11698. In this work we performed DFT calculations of single
2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]-thiophene (BTTT) molecules in gas phase, using
the Gaussian 09 package [93] with the B3PW91 hybrid functional and 6-31G(d,p) as a basis set
for all atoms.
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Experimental Setup

All measurements in this work were done using a combined STM/AFM system in ultra high
vacuum (UHV) and at low temperatures (LT), shown in Figure 4.1a. The setup consists of
two connected UHV chambers, a preparation chamber and a scanning probe microscope
(SPM) chamber, separated by a gate valve. The preparation chamber is equipped with a
quadrupole mass spectrometer, two leak valves, a sputter ion gun and three load locks for
transfers or mounting evaporators. After preparation the sample can be transferred in-situ
into the SPM chamber, where a liquid helium (LHe) cryostat keeps the SPM head at a constant
temperature of 4.6 K. Both chambers are equipped with ion pumps, keeping UHV conditions
(low 10−10 mbar) during the experiment without causing mechanical noise. Additionally a
titan sublimation pump and a turbo molecular pump are attached to the preparation chamber.
The whole setup is suspended on air dampers to further minimize the mechanical coupling
between machine and building.

4.1. Scanning Probe Microscope

The scanning probe microscope (SPM) unit is a modified Besocke beetle-type scanner from
SPS-Createc GmbH. Resting on three outer piezo tubes is a circular copper ramp, with the
sensor holder, depicted in Figure 4.1b. Using slip stick motion, the copper ramp can be coarsely
moved horizontally and by rotation also vertically, with a maximal lift height of 0.6 mm. The
sensor holder is mounted in the middle of the copper ramp to the inner piezo tube and features
three electrodes to contact the sensor: two for the piezo current of the tuning fork (see below)
and one for the tunneling current. The sensor itself is attached to the sensor holder with two
magnets, ensuring the correct orientation of the sensor. The setup also allows for the usage of
a simple STM tip holder without tuning fork.

During scanning, the tip position is controlled by the outer piezo tubes. In order to prevent
any unwanted slip stick motions, low pass filters are then applied to these piezos. The inner
piezo is only used for driving the AFM cantilever, in order to minimize potential cross talk
between STM and AFM signal. The whole SPM head is suspended by springs to further reduce
mechanical noise from the building.
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Figure 4.1.: a) SPM system comprising SPM and preparation chamber as well as a liquid helium cryostat,
resting on four air dampers. b) Besocke beetle-type SPM with the three outer piezo tubes and copper
ramp. In this modified version, the inner (main) piezo drives the cantilever of the AFM, whereas the
movement is done with the outer piezos. In the bottom, there is the sample stage with six contact pins.
c) Home-made qPlus tuning fork sensor. The quartz tuning fork is glued onto the macor substrate and
contacted via gold wires to two gold spheres. An etched tungsten tip is glued at the end of the free
prong and contacted with a very thin gold wire to the third gold sphere. The magnets can be seen as
dark areas in the reflexion at the bottom. d) Light-Emission setup, similar to the one used in this work.
Photons emitted from the STM junction (1) are collected by a lens (2), guided through a borosilicate
glass in the LN2 shield and with two mirrors (3) reflected to a second lens (4) that focuses the beam into
the slit of the spectrograph (5). The figure was adapted from [94] and modified.
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The SPM is controlled by a Nanonis SPM controller. It consists of a realtime controller (RC4)
with a digital signal processor (DSP), connected to the following modules:

• Signal Conditioning module (SC4) with analog inputs/outputs connected to the SPM

• Oscillation Controller (OC4) with integrated phase-locked loop (PLL) for AFM

• Adaptation Kit for Createc SPMs

4.1.1. Sensor

The employed sensor is home-made, following the qPlus tuning fork design from Giessibl [95]
and shown in Figure 4.1c. It consists of a macor substrate with two magnets for attachment
to the sensor holder, and a commercially available 32768 Hz quartz tuning fork firmly glued
on top of the macor, so its upper prong acts as the AFM cantilever. It is contacted to two of
the three gold spheres at the bottom, which connect to the electrodes on the sensor holder.
At the very end of the cantilever a tungsten tip with 25µm in diameter is attached with non-
conducting glue. The tunneling current is tapped by a 12.5µm gold wire and contacted to
the third gold sphere. Typical values of the qPlus sensors are a spring constant of 1.8 kNm−1,
center frequency around 28 kHz, and a quality factor in the range of Q ≈ 10000.

Before measurement, the tip is prepared by controlled indentation into the substrate and its
quality assured by reference spectra of the clean Au(111) surface.

4.1.2. Light Emission Setup

The setup for the Light-Emission STM (LE-STM) consists of an optical path from the STM
junction out of the vacuum chamber to the spectrograph with a CCD camera, as shown in
Figure 4.1d. Photons emitted from the junction are collected with an achromatic lens with
45 mm focal length mounted in the He-shield. Through a borosilicate glass shutter in the LN2

shield the photons are guided by two mirrors out of the SPM chamber. A second achromatic
lens focuses the beam into the Princeton Instruments Acton SP-2150i spectrograph with
150 lines/mm and 300 lines/mm gratings. The photons are detected by the LN2 cooled CCD of
the Princeton Instruments Pylon 100BR eXelon.

In this work, the 150 lines/mm grating has been used with an 800 nm blaze. Thus, single
photons can be detected within an energy range of 1.2 eV to 2.3 eV.

4.2. Sample Preparation

The substrate we used is a Au single crystal with a polished surface in the (111) direction. Gold
is a very inert coinage metal with the (111) surface being the least reactive face. This makes it
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Figure 4.2.: a) Sketch of the herringbone reconstruction of Au(111). A surplus of Au atoms in the top
layer leads to fcc and hcp stacking sites of the upper three layers (top layer: gray circles, second layer:
black rings, third layer: dots). b) STM image of a clean Au(111) surface. The herringbone reconstruction
is clearly visible by the bright soliton lines. (1 V/150 pA)

easy to get an atomically clean surface, that couples only weakly to adsorbates.

The crystal was prepared by repeated cycles of sputtering with Ne+ ions (p = 10−6mbar,
V = 1kV) and annealing to 820 K. The quality of the sample was confirmed by STM as shown
in Fig 4.2b. The pristine Au(111) surface features the characteristic herringbone reconstruction
where the upper layer of Au atoms transition between face-center-cubic (fcc) and hexagonal-
closed-packed (hcp) stacking (see Figure 4.2a). The areas between these stacking sites are
called soliton lines and appear in STM as protruding lines along the [112̄] direction.

Subsequently, MoS2 was prepared by backfilling the chamber with H2S at about 10−5mbar and
a submonolayer of molybdenum was deposited from an Omicron EFM-3 metal evaporator
onto the Au(111) surface. The sample was then annealed in an H2S atmosphere for 30 min
at about 820 K. The exact parameters varied between preparations to obtain MoS2 islands of
different quality and size.

A submonolayer of 2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]-thiophene (BTTT) molecules
was deposited on the MoS2/Au(111) surface from a Knudsen cell evaporator at 365 K. In order
to reduce the mobility of the BTTT molecules on the surface, the sample was kept at 200 K
during the deposition.
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MoS2 as Decoupling Layer

This work consist of two parts to introduce MoS2 as a decoupling layer on the Au(111) surface.
In the first part we investigate the structural and electronic properties of MoS2 islands grown
on a Au(111) surface and the interaction between MoS2 and the substrate. In the second part,
we then use MoS2 as a decoupling layer for oligothiophene-based molecules. Utilizing the
high energy resolution of this system, we perform vibrational analysis with STS and investigate
the perturbation potential of an STM tip acting on molecular orbitals.

5.1. MoS2 on Au(111)

There are several techniques to obtain single-layer islands of MoS2 on a substrate. Due to
its layered structure, it can be exfoliated – similar to graphene – and then placed on the
desired surface. This poses an easy way to produce large flakes of MoS2 with micrometer
size in ambient conditions. For high quality MoS2 on an atomically clean metal surface, a
bottom-up-approach by growing MoS2 in UHV conditions is more feasable. Helveg et al. used
physical vapour deposition (PVD) to grow small nanoclusters of MoS2 on a Au(111) surface
using an H2S atmosphere and elementary molybdenum [96]. The resulting triangular MoS2

nanoclusters were a few nanometer in size and allowed for the study of edge states [97], but
were not sufficiently large to investigate the band structure of two dimensional MoS2. A further
improvement of the preparation parameters and conditions allowed for the growth of large
MoS2 islands, tens of nanometer in size, not only on Au(111) [98, 99] but also on Ag(111) [100].
A good control of the coverage, island size and also quality of the MoS2 islands is now possible,
which opened up the investigation of MoS2/Au(111) by means of surface science techniques,
such as ARPES [101, 102], LEED [98] or STM [98, 99, 103].

It also enables the use of MoS2 as a decoupling layer for adsorbates, such as organic molecules
of a few nanometer in size. For this use, a proper understanding is required about how the
metal influences the electronic properties of the MoS2 islands, as well as the structure of the
MoS2/Au(111) interface.
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5.1.1. Structural Properties

top-site fcc hcp

Mo AuS

Figure 5.1.: Three different stacking sites in
the moiré pattern of MoS2 on Au(111). In the
top-site stacking, the bottom sulfer atoms of
MoS2 are placed on top of the top layer Au
atoms. The fcc and hcp structures correspond
to two different kinds of hollow-site stacking.

Epitaxially grown MoS2 on the Au(111) surface ex-
hibits a moiré pattern which has been observed
by LEED and STM techniques [98, 99]. It occurs
due to the lattice missmatch between Au(111)
(aAu = 2.88Å) and pristine MoS2 (aMoS2 = 3.15Å),
leading to three different stacking areas of the
MoS2/Au(111) interface, as depicted in Figure 5.1:
one top-site area, where the bottom sulfer atoms
of MoS2 are placed directly on top of the Au atoms
of the uppermost Au layer, and two hollow-site
areas where the Mo atoms are either above the up-
per Au atoms (hcp) or also at a hollow-site (fcc). In
STM, the moiré pattern appears as a corrugation
of different heights with the top-site being a few
pm higher than the two hollow-sites [98]. How-
ever, STM provides an energy (bias) dependent
apparent topographic height of the sample allowing for only tentative assignements.

In addition to the moiré structure, also domain boundaries were observed between islands
that are rotated by 180° [99]. The presence of two rotated domains complicates a closer
investigation with averaging techniques like LEED. By combining AFM and STM one might get
a better insight into the exact structure of the MoS2/Au(111) interface.

In the first part of our publication Surface Science 678 (2018) 136-142 we investigated the
stacking and orientation of MoS2 islands on the Au(111) surface. Using AFM we found a
topographic height difference between the two hollow-sites, with the hcp site being closer to
the Au surface. The apparent height difference between the two hollow-sites in STM on the
other hand depends strongly on the applied bias voltage, with the fcc site appearing lower
than the hcp site when measuring within the MoS2 band gap and vice versa when measuring
out-of-gap.

Furthermore, we found a unique orientation of the MoS2 islands with respect to the upper
two Au layers of the substrate. Because of the herringbone reconstruction, the Au(111) surface
provides two different crystallographic stacking sequences of its upper two layers, namely
fcc and hcp terminated regimes separated by so called soliton lines. This leads to MoS2

islands with two different orientations, rotated by 180°. By tuning the preparation conditions
accordingly it is possible to exploit the unique stacking order of MoS2/Au(111) and allow for
the growth of large singly orientated MoS2 islands. This technique has been introduced shortly
after publication of our work [41].
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5.1.2. Electronic Properties
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Figure 5.2.: Calculated band structure of
MoS2without spin-orbit coupling. In the
background the Au(111) states are sketched
in gray [104]. The sample bias scale on the
right is adjusted to match the VBM at −1.4 V
and the CBM at 0.5 V.

The electronic properties of MoS2 are well studied
for the bulk, but also few and single layer MoS2

have been investigated by experimental [35, 36, 96,
98, 99, 103, 105] and theoretical techniques [34, 37–
40]. When grown on Au(111), however, MoS2 causes
some challenges for a theoretical study. Due to
the moiré structure the unit cell is too large for a
feasable calculation. Some works circumvented
this problem by stressing the underlying Au(111)
surface [106, 107] or rotating the MoS2 in order to
reduce the size of the unit cell [103, 108]. The band
structure obtained in this way exhibits good agree-
ment of the calculated valance bands with experi-
mental observations from ARPES [101]. These ex-
periments show that the valence band minimum
(VBM) at the K̄ point is located at −1.39 eV below
the Fermi energy. Due to a lack of Au states in this
area of the Brillouin zone, the VBM is nearly unper-
turbed and exhibits a clear spin splitting of 145 meV
at the K̄ valleys, similar to free standing MoS2 [101].
Additionally, the band at K̄ is a mixture of the Mo
dx2−y2 , dx y and the S px , py orbitals, giving it an overall in-plane character, which reduces the
interaction with the Au(111) substrate further. Even the buckling due to the Moiré structure
has no influence on the VBM [101]. The valence band around the Γ̄ point on the other hand
is strongly hybridized with the Au d-bands, due to its out-of-plane character [101, 103]. This
interaction should be strongly affected by the buckling of the Moiré structure, but couldn’t be
observed in ARPES due to the broadening of the band.

The conduction band (CB) of MoS2/Au(111) is not as well studied as the valence band, since it is
challenging to measure unoccupied states with ARPES techniques. Using time resolved ARPES,
the conduction band minimum (CBM) is determined to be at the K̄ point with an energy
of 0.5 eV above EF [102], which is – similar to the VBM – located within a gap of the Au(111)
bands. Otherwise, only theoretical studies have given an insight into the band structure of
the conduction bands of MoS2/Au(111) so far. An STM is the perfect tool to measure these
unoccupied states of MoS2/Au(111) as well as the valence band at the Γ̄ point with spatial
resolution. A recent study by Zhang et al. introduced an STS measurement technique to
gain information about the parallel momentum of an electronic state, thus allowing for the
exploration of the Brillouin zone by means of STS [66]. For a more detailed explaination of this
technique see Methods 3.2.1.

We used this method in the second part of Surface Science 678 (2018) 136-142 to investigate the
band structure of the occupied and unoccupied states of MoS2/Au(111) with spatial resolution
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in the real and reciprocal space. For the valence band we confirmed the strong hybridization
between the MoS2 and Au(111) states at Γ̄[101, 103]. These states are indeed influenced by the
moiré pattern, as the VB at Γ̄ is shifted by 300 meV towards the Fermi energy for both hollow-
sites compared to the state at top-site. This shift could be due to a stronger hybridization with
the Au(111) surface or a stronger electronic screening [109]. The VBM at the K̄ point proved
not to be detectable with an STM, as the tunneling current at its energy is dominated by the
Au states around Γ̄.

For the unoccupied states, we were able to detect the CBM at 0.5 eV and found the CBs at
the Γ̄ point at 1.4 eV. This also hints towards an interaction of the CB with the Au(111) states,
as the bands at Γ̄ are predicted to be at higher energy compared to the CBM. Additionally,
we found a state at 0.9 eV located at the Γ̄ point marked by the red box in Figure 5.2. As
no calculation has predicted an additional band at energies halfway between the CBM and
the CBs at Γ̄, it probably originates from the complex interaction with the Au(111) substrate.
Moreover, it appears to be sensitive to the stacking order by showing slight differences between
all three stacking sites, which strengthens the assumption that it probably occurs due to the
MoS2/Au(111) interface.

All these results point towards a complex interaction between MoS2 and the Au(111) substrate.
While the electronic bands are mostly intact, the underlying metal shifts the bands at some
points in the Brillouin zone and in some areas even hybridizes. A comparison to quasi-
freestanding monolayer MoS2 without a Au layer directly under it would therefore be of great
interest.
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5.2. Quasi-Freestanding MoS2

STM

AFM

Figure 5.3.: Constant height image of
quasi-freestanding MoS2 depicting the
current channel (STM) and frequency
shift (AFM). Vb = 5meV during the scan
and feedback opened at Vb = 0.8V/I =
200pA.

Defects in MoS2 are of great interest and topic of many
studies [110–117]. Particularly intrinsic defects like
sulfur or molybdenum vacancies or substitute impu-
rities have been investigated both experimentally and
theoretically. These kinds of defects can also be found
in MoS2 grown epitaxially on Au(111) and will be dis-
cussed in further publications. In this work, we will
focus on the MoS2/Au(111) interaction and defects
occuring at the interface.

Dependig on the preparation parameters, we find
highly symmetric areal defects in our MoS2, which
are investigated in Nano Lett. 8 (2016) 5163–5168. Us-
ing the combination of conductance, force gradient,
and electroluminescence measurements we found the
areal defects to be patches of quasi-freestanding MoS2.
During the growth process, vacancy islands in the
Au(111) substrate of a few nm in size can form and
are then stabilized under the MoS2. These patches of
quasi-freestanding MoS2 do not provide any density
of states within the electronic gap, making them nearly invisible for STM at low bias voltages.
Constant height AFM images on the other hand revealed an unperturbed complete upper
sulfer layer, and hence intact MoS2, as shown in Figure 5.3. The missing density of states
is explained by the lack of hybridization with the Au(111) bands, partially restoring the un-
perturbed band structure of freestanding single layer MoS2. The former strongly-hybridized
valence band around Γ̄ is not broadened anymore but appears as a sharp peak in the dI /dV
spectrum, as shown in Figure 5.4. Additionally, the band gap at the Γ̄ point becomes gradually
larger when measured along such a quasi-freestanding patch of MoS2.

The results from the tunneling spectroscopy were backed by the electroluminescence, which
showed no density of states within the quasi band gap. Also, no features of constant photon
energy—independent from the bias voltage—were found, ruling out radiative relaxations of
excitons in the junction.

The state at 0.9 eV described in Section 5.1.2 seems to disappear when there is a vacancy island
under the MoS2, supporting the assumption that it occurs due to the MoS2/Au(111) interface.
This is, however, a tentative conclusion, as the data are not unambiguous enough to proof the
vanishing of the state at 0.9 eV.

As we are interested in the utilization of MoS2 as decoupling layer for molecular adsorbates,
these quasi-freestanding patches are of special interest. The almost completely vanishing
density of states within the band gap could further amplify the decoupling properties of MoS2.
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Figure 5.4.: Color plot of spatially resolved tunneling conductance, taken by 50 dI /dV spectra across
a “pit’, as shown in the topography image taken at 2.5 V/2 nA). The feedback was opened before each
spectrum at 2.5 V/2 nA. The dotted lines in the color plot correspond to the red dotted lines in the
topography image and mark the edges of the ”pit“. A clear shift of the conduction bands to higher
energies is visible, as well as the sharpening of the valence band around −2 V.
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trans-trans-rotamer

cis-cis-rotamer

Figure 5.5.: Two possible rotamers of BTTT,
which differ by the orientation of the thieno-
thiophene group in the center.

Probing the electronic states of a molecular ad-
sorbate via tunneling spectroscopy can excite the
molecule vibrationally due to inelastic tunneling.
These so called vibronic resonances are usually
hard to detect, as they are, like the elastic reso-
nance, subject to lifetime broadening. Vibrational
energies of molecules are in the range of a few mil-
lielectronvolts (meV) up to a couple of hundreds
of meV, being in the same order of magnitude as
the energy broadening of the peaks. Thus, it is
very challenging to investigate the vibronic fea-
tures of a molecule with an STM.

Utilizing decoupling layers between molecule
and substrate increases the energy resolution to
tens of meV, enabling the measurement of sin-
gle prominent vibronic resonances in molecules [4, 10, 11, 14, 24–26, 47, 48, 118, 119]. The
resolution can be further enhanced by measuring the second derivative of the tunneling
current, similar to inelastic tunneling spectroscopy (IETS) measurements around the Fermi
energy [4, 24]. By fitting equidistant peaks (usually gaussian or lorentzian) to the spectrum,
the vibrational energy ħω is determined and can be compared to DFT calculation, in order to
estimate the corresponding vibrational mode. However, the low energy modes are still not
distinguishable by tunneling spectroscopy. The analysis gets more challenging, when several
vibrational modes are contributing to the vibronic spectrum, leading to a “progression of
progressions” [47].

This is why most of the time the vibrational analysis in STS does not gain as much insight
about the molecular adsorbate as compared to optical techniques. For example, the low
energy resolution prohibits to use the vibronic fingerprint in a spectrum in order to distinguish
between similar molecules, which differ by rotation of a single bond or include different
isotopes. To do this kind of analysis in STM, an even higher energy resolution is required.

In ACS Nano 12 (2018) 11698 we show that MoS2 proves to be an excellent decoupling layer,
providing the necessary energy resolution for vibrational analysis. As molecular adsorbate
the oligothiophene-based molecule 2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]-thiophene
(BTTT; shown in Figure 5.5) [120] was deposited on the MoS2/Au(111) substrate. We observed
on this system the – to our knowledge – unprecedented energy resolution of less than 6 meV
in the tunneling spectrum. It enabled the observation of many vibronic states of the positive
ion resonance (often referred to as HOMO) of BTTT. These vibronic spectra with resonances
of varying height and spacings could indeed be used as a vibronic fingerprint, that allows
to distinguish between two types of rotamers of BTTT, that only differ by the rotation of a
thienothiophene group (see Figure 5.5). Using gas-phase DFT calculations of single BTTT
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Figure 5.6.: A single BTTT molecule on a patch of quasi-freestanding MoS2 before (a) and after (c) the
attempt to take a dI /dV spectrum (b). Without the stabilization of neighboring molecules, a single
BTTT is too mobile to perform dI /dV spectroscopy.

molecules, we were able to fully reproduce the vibronic spectra of the two rotamers, identifying
them unambiguously.

The direct comparison between the measurements of BTTT on MoS2/Au(111) and the DFT
calculation of BTTT in gas-phase gives further proof that MoS2 is an excellent decoupling layer.
By fitting only the low-energy flank of the elastic peak, the lifetime of the excited state could
be estimated to be at least 300 fs. Furthermore, no additional peaks arising from MoS2 were
found in the vibronic spectra, which indicates a negligible electron-phonon coupling of the
material.

Unfortunately, no measurements could be performed on single BTTT molecules on a quasi-
freestanding patch of MoS2 (see Section 5.2). The high relaxation energy of BTTT and thus the
easily excited vibrational modes cause a very unstable junction. As can be seen in Figure 5.6
single BTTT molecules move and rotate during the dI /dV spectra, as they are not stabilized by
neighboring molecules. To investigate the decoupling properties of quasi-freestanding MoS2

a technique has to be developed to grow or move ordered molecular islands onto such a patch
or use different molecules that are not prone to change during spectroscopy.
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Figure 5.7.: Energy scheme of a double bar-
rier junction with applied voltage V ∗ and de-
coupling layer with permittivity ε. A part α of
the voltage drops over the decoupling layer, re-
ducing the applied potential to an adsorbate.
Hence a higher voltage than E0/e is required,
in order to tunnel into an electronic state of
energy E0.

The extraordinarily high energy resolution due to
the MoS2 decoupling layer allows us to investigate
effects which are otherwise hidden or not unam-
biguously identified. In such a case common ap-
proximations may not be sufficient anymore and
a more refined model has to be considered. One
example is the approximation of constant poten-
tial along the surface (“plate capacitor model“).
For most cases it is sufficient to consider only the
vertical axis of the junction. In reality, however,
the tip has a certain (often unknown) shape that
leads to an inhomogeneous potential in all three
Cartesian axes. For AFM, which is sensitive to
the long range electrostatic forces, this effect is
well known and studied, i.e. in the case of Kelvin
probe measurements [121, 122]. In STM and STS
it has also been observed in the form of so called
“charging rings” at field induced charging events
of adsorbates or impurities [24, 123–125]. This is most often the case if the adsorbate is not
lying directly on the metal substrate but on a decoupling layer. In this case, the STM junction
has to be considered as a double tunneling barrier with the applied bias voltage dropping
over both the vacuum between tip and adsorbate, and the decoupling layer (see Figure 5.7).
Assuming a realistic tip model, the ratio between these two barriers varies with the vertical
as well as with the lateral tip-adsorbate distances. The voltage drop directly depends on
this ratio, which leads to the observation of those “charging rings” in the dI /dV maps. The
effect of the voltage drop in a double barrier junction can also be observed as an apparent
shift of the adsorbates ion resonances in the dI /dV spectrum. This, however, has only been
reported in dependence of the vertical tip-adsorbate distance, assuming the plate capacitor
model [4, 24, 126, 127].

In Phys. Rev. B 100 (2019) 035410 we investigate the perturbation potential due to the inhomo-
geneous electric potential in the STM junction, i.e. its dependency on the lateral tip-adsorbate
distance. Again using BTTT molecules adsorbed on MoS2/Au(111), we utilize their delocalized
positive ion resonance (PIR) along the thiophene-based backbone. Due to the inhomogeneity
of the electric potential, we measured an apparent intramolecular shift in energy of the PIR
along the BTTT. Furthermore, we showed that the electric potential applied to the adsorbate
might not only be caused by the bias voltage. Additional charges in the junction, for example
due to a dipole located at the tip, can also contribute a non-negligible electrostatic potential.
By functionalizing the tip with a Cl atom, we created such a tip dipole and investigated its
perturbation potential to the PIR. These two origins of the perturbation potential can be
distinguished by comparing the energies of elastic and vibronic satellite states of the PIR. As
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Figure 5.8.: Line of 50 dI /dV spectra taken at constant height along the backbone of a BTTT molecule
(see inset). In the center of the molecule, additional peaks appear (marked by red arrows) that do
not match the calculated vibronic modes. Feedback opened at the end of the thiophene backbone at
−1.2 V/300 pA.

such, it becomes a useful tool to characterize an STM tip and measure the effect of possible
static charges in the junction.

Please note, that this shift due to a tip position dependent perturbation potential could in
general also be observed with less energy resolution on other substrates. However, in those
cases it is hard to distinguish between a shift of all vibronic peaks (as discussed above) or a
relative change of intensity, that might shift the centroid [26]. Both of these effects are observed
for BTTT on MoS2/Au(111) and are distinguishable.

As can be seen in Figure 5.8 there are additional resonances in the dI /dV spectrum when the
tip is placed in the center of the BTTT. These peaks appear to be additional vibrational modes
of the molecule, that are excited by a different mechanism (compared to the vibronic states),
which is possibly similar to inelastic tunneling spectroscopy (IETS). The exact nature of these
additional resonances is subject to further investigations.



— Chapter 6 —

Conclusion & Outlook

In this thesis, we have introduced molybdenum disulfide (MoS2) as a decoupling layer for
adsorbates on the Au(111) surface. The investigations were performed with a combined scan-
ning tunneling and atomic force microscope (STM/AFM) at low temperatures and supported
by density functional theory (DFT) calculations.

In the first part, we investigated the structural and electronic properties of MoS2 on the
Au(111) surface. We found that MoS2 islands always have the same orientation with respect
to the underlying Au surface and assigned the exact stacking sequences to three different
sites of the well known moiré pattern of MoS2/Au(111). These different stacking sequences
proved to have an effect on the electronic band structure of MoS2. One conduction band was
found around the Γ̄ point at energies 0.4 eV above the conduction band minimum and occurs
most likely due to the MoS2/Au(111) interface. Comparison with quasi freestanding MoS2

patches confirmed the influence of the underlying Au(111) substrate. Tunneling spectroscopy
and electroluminescence experiments showed that the vacancy islands beneath the MoS2

monolayer lift the hybridization with the Au(111) surface and lead to a vanishing of all density
of state within the expected band gap of MoS2.

In the second part of this work, we used MoS2 as a decoupling layer and explored the possi-
bilities, gained by the higher energy resolution. In the first publication, we performed vibra-
tional analysis with tunneling spectroscopy and distinguished single rotamers of the 2,5-bis(3-
dodecylthiophen-2-yl)thieno[3,2-b]-thiophene (BTTT) molecule by their vibronic fingerprint
in the positive ion resonance (PIR). Furthermore, we demonstrated that the tunneling spec-
trum could be fully reproduced with DFT calculations by the simple Franck-Condon picture. In
the second publication, we used the high energy resolution to map the perturbation potential
of different tips, acting on the electronic states of the BTTT molecules. Comparison between
the vibronic states and the elastic state enabled us to distinguish between bias-dependent per-
turbation potentials (due to a voltage drop over the MoS2) and bias-independent perturbation
potentials caused by static tip dipoles.

This already establishes MoS2 as an excellent decoupling layer and opens the door for fur-
ther investigations, i.e. the mechanisms of tunneling inelastically into a molecular orbital.



42 6 Conclusion & Outlook

The newly gained high energy resolution allows for the observation of additional peaks in
the middle of the BTTT molecule (see Figure 5.8), which are not predicted by the Franck-
Condon principle. Further research might lead to a tunneling model merging the on-resonant
(vibronics) and off-resonant (IETS) tunneling mechanisms.

Of special interest are, of course, the quasi freestanding MoS2 patches, also referred to as
“pits”. The most obvious utilization would be for an even better decoupling than the normal
MoS2/Au(111) interface. However, first measurements with BTTT showed a high mobility of the
molecule on such a “pit”, making the tunneling spectroscopy challenging (see Figure 5.6). With
better suited molecules or anchoring mechanisms the decoupling properties of freestanding
MoS2 might lead to an even better energy resolution.

Another field of topic might be to use the patches as chemically inert defects to locally perturb
the electronic structure of one dimensional adsorbates. One-dimensional quantum dots in
graphene nanoribbons (GNR) are a system of high interest and are usually achieved by varying
the width of the GNR or by introducing substituents [128–130]. By placing a GNR on top of
such a “pit”, the change of environment might lead to such confined states without changing
the structure of the GNR.

We have already performed first experiments with armchair graphene nanoribbons (AGNR) on
MoS2/Au(111). The zigzag ends of AGNR have spin-polarized edge states, where the occupied
edge state (OES) and the unoccupied edge state (UES) on the same end are of opposite
spin [131, 132]. At positive bias voltages the OES of the AGNR on MoS2 is shifted above the
Fermi energy of the substrate and thus depopulated, due to the potential drop in the MoS2.
These charging events can be observed as a parabola in Figure 6.1a, marked by the red arrow.
We find the UES localized at the GNR termination at higher bias voltages around 1.7 V, outside
of the MoS2 band gap. The calculated and measured dI /dV maps of the edge states are
displayed in Figure 6.1b.

Additionally, a second resonance is found around 200 meV below the UES. Its spatial distri-
bution in the dI /dV map differs from the expected shape of an edge state and shows an
additional nodal plane. A possible origin for this state is the combination of the electron in the
UES and the hole in the OES to an excitonic state, as sketched in Figure 6.1c. Due to the spin
polarization of the edge states, such an excitonic state could not relax by recombination. These
excitons are also referred to as dark excitons. Around 1.9 V another resonance can be found at
the end of the AGNR and might be an interband excitonic state [133]. In this picture, the hole of
the OES forms an interband exciton with the conduction band. In order to prove this tentative
explanation of the additional states, time dependent DFT measurements are required, to
calculate the wave functions of the excitons and compare them with the experimental results.

The utilization of MoS2 as a decoupling layer for molecular adsorbates bids for many more
investigations of many different systems. The high energy resolution allows us to gain a
closer look at their underlying mechanisms and should help us in our journey to explore the
fascinating world of nanophysics.
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Figure 6.1.: a) Line of dI /dV spectra taken along a GNR on MoS2/Au(111). The occupied edge state
(OES) is located around −0.1 V and can be charged at positive bias voltage (red arrow). The valence
bands can be seen at energies below −0.5 V. At higher positive bias voltages, the unoccupied edge state
(UES) is visible around 1.7 V and the conduction bands (CB) above 2 V. Two additional resonances
are found at energies about 200 meV below the UES and CB and might correspond to excitonic states.
(FB opened before each spectrum at 2.5 V/300 pA). b) Constant current (300 pA) dI /dV maps and
calculated constant height dI /dV maps (with atomic structure) from another GNR are shown to the
right, corresponding to the features marked in the map. c) Energy scheme of the charging event and
formation of the excitonic state. The OES (blue solid line) is shifted above the EF of the sample, due
to the potential drop in the MoS2, and filled with a hole as the electron tunnels into the substrate. An
electron tunneling into the UES could form an excitonic state (orange dotted line) at energies below
the UES (blue dotted line).
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[5] J. Repp, G. Meyer, S. M. Stojković, A. Gourdon, and C. Joachim. Molecules on Insulating
Films: Scanning-Tunneling Microscopy Imaging of Individual Molecular Orbitals. Phys.
Rev. Lett., 94(2):026803, 2005. doi:10.1103/PhysRevLett.94.026803.

[6] L. Gross, F. Mohn, N. Moll, P. Liljeroth, and G. Meyer. The Chemical Structure of a
Molecule Resolved by Atomic Force Microscopy. Science, 325(5944):1110–1114, 2009.
doi:10.1126/science.1176210.

[7] M. Sterrer, T. Risse, U. Martinez Pozzoni, L. Giordano, M. Heyde, H.-P. Rust, G. Pacchioni,
and H.-J. Freund. Control of the Charge State of Metal Atoms on Thin MgO Films. Phys.
Rev. Lett., 98:096107, 2007. doi:10.1103/PhysRevLett.98.096107.

[8] F. Donati, S. Rusponi, S. Stepanow, C. Wäckerlin, A. Singha, L. Persichetti, R. Baltic,
K. Diller, F. Patthey, E. Fernandes, J. Dreiser, Ž. Šljivančanin, K. Kummer, C. Nistor, P. Gam-
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Mapping the perturbation potential of metallic and dipolar tips in tunneling spectroscopy on MoS2
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Scanning tunneling spectroscopy requires the application of a potential difference between the sample and
a tip. In metal-vacuum-metal junctions, one can safely assume that the potential is constant along the metallic
substrate. Here, we show that the inhomogeneous shape of the electric potential has to be taken into account when
probing spatially extended molecules on a decoupling layer. To this end, oligothiophene-based molecules were
deposited on a monolayer of molybdenum disulfide (MoS2) on a Au(111) surface. By probing the delocalized
molecular orbital along the thiophene backbone, we found an apparent intramolecular shift of the positive ion
resonance, which can be ascribed to a perturbation potential caused by the tip. Using a simple model for the
electrostatic landscape, we show that such a perturbation is caused by the inhomogeneity of the applied bias
potential in the junction and may be further modified by an electric dipole of a functionalized tip. The two
effects can be disentangled in tunneling spectra by probing the apparent energy shift of vibronic resonances
along the molecular backbone. We suggest that extended molecules on MoS2 can be used as a sensor for the
shape of the electrostatic potential of arbitrary tips.

DOI: 10.1103/PhysRevB.100.035410

I. INTRODUCTION

Scanning tunneling microscopy (STM) is frequently em-
ployed for the determination of energy levels of individual
molecules on surfaces. Because STM relies on conducting
surfaces, metals are the most frequent choice as a substrate
for the molecules. However, the molecular states are strongly
modified by hybridization and screening from the metal sub-
strate. To preserve the character of isolated molecules, thin
decoupling layers are inserted between the molecule and the
metal. Prominent examples are thin layers of ionic materials,
such as NaCl [1–4] or Al2O3 [5,6]. Alternatively, monolayers
of molecules [7,8], h-BN [9–11], or graphene [12–14] have
been employed.

The incorporation of thin insulating layers implies a second
tunneling barrier between an adsorbate and the metal sub-
strate, such that the molecular states are no longer pinned to
the Fermi level of the substrate. Because of the second tun-
neling barrier, the molecules do not lie on the same potential
as the metallic substrate. The finite voltage drop across the
decoupling layer requires a larger absolute bias voltage for
probing the molecular energy levels than without decoupling
interlayer [5,15]. As the fraction of the potential drop across
the layer is tunable by the tip–sample distance, it has been
suggested to utilize this effect as a gating potential, enabling
controlled charging of single molecules [15–17] or buried
impurities [18]. Such a gating effect of the tip is also important
on semiconducting substrates as band bending shifts all states,
causing new quantum well states [19–21].

Furthermore, it has been shown that the gating potential
does not only depend on the vertical tip–sample distance,

*c.lotze@fu-berlin.de

but also on the lateral distance from the molecule/impurity
[15–18]. The qualitative distance dependence of the charging
peaks could be understood with a pointlike tip model with the
distance scaling according to simple geometrical considera-
tions. Hence, the spatial distribution of the potential within
both tunneling barriers could be neglected. We note that the
peaks signaling the charging event were of several tens of
millielectronvolt (meV) width.

Recently, a single layer of MoS2 has been suggested as
a decoupling layer, where tunneling through electronic states
of molecules revealed sharp resonances of only a few (meV)
width [22]. In this work, we show that the molecular reso-
nances exhibit an apparent shift along the molecular backbone
by some tens of meV. At first sight, this is in disagreement
with the resonances originating from the same molecular
orbital. However, we explain that this apparent shift occurs
as a result of the inhomogeneous potential in the molecular
plane. Hence, we suggest that these narrow resonances are
an ideal sensor for mapping the shape of the potential at the
position of the molecule within the junction. To benchmark
the sensor, we functionalize the STM tip with a Cl atom
yielding an additional dipolar potential.

As a model system we use 2,5-bis(3-dodecylthiophen-
2-yl)thieno[3,2-b]thiophene (BTTT) molecules [23] adsorbed
on a monolayer of MoS2 on Au(111). The molecule consists
of a thiophene and thienothiophene based backbone with two
C12H25 chains attached to the two terminal thiophene groups
[see Fig. 1(b)].

II. METHODS

A monolayer of MoS2 was grown on a clean Au(111)
surface by deposition of Mo and subsequent heating in an
H2S atmosphere [25,26]. BTTT molecules were evaporated

2469-9950/2019/100(3)/035410(8) 035410-1 ©2019 American Physical Society
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FIG. 1. (a) Island of BTTT on MoS2/Au(111). The dark area in
the bottom is due to a vacancy island in the underlying Au(111)
surface [24](1 V/20 pA). (b) Zoom into ordered one-dimensional
phase with overlayed stick-and-ball models of BTTT molecules
(1 V/20 pA). The red cross marks the tip position of the dI/dV
spectrum taken on BTTT. (c) dI/dV spectrum of MoS2 (black) and
BTTT (red): The PIR and the onset of the NIR of BTTT can be
observed at −1 V and 2 V, respectively [22]. (Feedback opened at
2 V/100 pA; Vrms = 5 mV)

from a Knudsen cell evaporator (365 K) onto the sample held
at 200 K. All STM measurements were carried out at 4.6 K.
Differential conductance spectra were recorded using a stan-
dard lock-in technique (modulation frequency of f = 921 Hz).
A metallic gold tip was prepared by controlled indentation of
a tungsten tip into the clean Au(111) substrate. Its quality was
regularly assured by reference spectra on Au(111) and MoS2.
For a single BTTT molecule in gas phase, we performed
DFT calculations, using the GAUSSIAN09 package with the
B3PW91 functional and the 6-31g(d,p) basis set [27].

III. RESULTS AND DISCUSSION

A. Adsorption structure and electronic resonances
of BTTT on MoS2

When evaporated onto a MoS2/Au(111) sample held at
200 K the majority of the BTTT molecules form large islands
on the Au(111) surface. A smaller fraction of the molecules
forms partially ordered islands on the MoS2 as shown in
Fig. 1(a). The most common structure in the short-ranged or-
der is a quasi-one-dimensional arrangement, where the BTTT
molecules are lying with their thiophene backbone and alkyl
chains parallel next to each other [Fig. 1(b)].
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FIG. 2. Line of 50 dI/dV spectra along the thiophene backbone
of BTTT (see inset), displaying the PIR and its vibronic satellites.
The red dashed line highlights the shift of the elastic and inelastic
peaks to larger negative bias voltages at the center of the molecule.
A single spectrum taken at the end of the molecule (marked by blue
dashed line) is displayed in the bottom panel. (Feedback opened
at the end of the thiophene backbone: −1.2 V/300 pA; Vrms =
0.5 mV)

To investigate the electronic properties of BTTT on MoS2

we performed constant-height tunneling spectroscopy [see
Fig. 1(c)]. The reference spectrum on MoS2 shows the typical
conduction band states at 0.9 V and 1.4 V, as well as the
onset of the valence band at −2 V [26]. The spectrum taken
on a BTTT molecule shows a narrow positive ion resonance
(PIR) at −1 V, which can be ascribed to tunneling through
the highest occupied molecular orbital (HOMO). The negative
ion resonance (NIR) reflecting tunneling through the lowest
unoccupied molecular orbital (LUMO) lies outside of the
MoS2 gap (>2 V) [22]. Because the PIR is located inside the
electronic gap of MoS2, it is electronically decoupled from the
environment and exhibits a very narrow line width of 6 meV.
The narrow line width allows for the observation of vibronic
satellite peaks at larger negative bias voltages. These were
analyzed in more detail in a previous work [22].

To probe the effect of the tip’s location on the measured
electronic resonances, we plot a set of 50 spectra taken along
the BTTT backbone in Fig. 2. The onset of tunneling through
the HOMO is shifted by ∼25 mV to larger negative bias
voltages in the center of the molecule than at its terminations
(see red dashed line as guide to the eye). The set of vibronic
peaks follows the same trend. We note that the strongest
dI/dV signal is observed at the terminations of the thiophene
unit with less signal in the center, even though the HOMO
is delocalized along the thiophene backbone. This intensity
distribution can be simulated employing an s-wave tip and
calculating the tunneling matrix element using Bardeen’s
approach [28] at a certain height above the molecule (see
Appendix A).

B. Spatial variation of molecular resonances due
to an inhomogeneous tip–substrate potential

To understand the apparent intramolecular shift of the PIR,
we have to take the shape of the electric potential in the STM

035410-2
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FIG. 3. [(a) and (b)] Plate capacitor model of the tunneling junc-
tion without (a) and with (b) applied bias voltage. The solid blue line
represents the electronic state of an adsorbate. (c) (Top) Simple two
charge model of ϕ(x, z) in the tunnel junction (see Appendix), with
tip radius R = 20 Å, and tip–sample distance zt = 6.5 Å. The effect
of the dielectric constant of MoS2 was approximated by stretching
the vertical axis within the MoS2 layer (below the dashed red line)
by a factor of 6. (Middle) Shape of ϕ(xta, za ) (black solid) above the
MoS2 layer (along the dashed line in top panel) as well as effective
bias potential 〈φb(xta, za )〉 obtained by perturbation theory (dashed
red line). (Bottom) Electric potential φd (xta, za ) (black) due to a
dipole located at the tip with positive charge pointing towards the
surface (p = −3 D) and distance d = 3 Å between the charges. The
effective dipole potential 〈φd (xta, za )〉 from perturbation theory is
plotted by the dashed blue line. (d) Sketch of the junction and the
used labels.

junction into account. Because the decoupling layer acts as
an insulator, the junction can be described as a double tun-
neling barrier. We consider an electronic state of an adsorbate
between these barriers with an energy of E0 with respect to
the aligned Fermi levels of the two leads [Fig. 3(a)]. When
a bias voltage Vb is applied between surface and tip, it drops
over both barriers as depicted in Fig. 3(b). Hence the effective
bias voltage, applied to the adsorbate, is reduced by a factor of
α � 1. In order to measure the adsorbate’s state, the voltage
drop across the decoupling layer needs to be compensated and
the bias voltage has to be increased to V > E0/e. In fact, the
adsorbate state appears in a dI/dV spectrum at a bias voltage
of [5,15]

V ∗
0 = E0

e(1 − α)
= V0

1 − α
. (1)

In the often used model of a plate capacitor for the tunnel-
ing junction, the potential is constant within a plane parallel
to the substrate. The factor α is therefore independent of the
lateral distance between tip and adsorbate. For a more realistic

tip model, however, the electrostatic potential at a certain
point in the junction depends not only on the vertical but also
on the lateral distance to the tip. A position-independent factor
α is no longer sufficient to account for the voltage drop across
the decoupling layer.

In first order, the inhomogeneous electric potential in the
junction scales with the applied bias voltage and depends
on the position. It can be described by φb(�r) = Vb ϕ(�r), with
ϕ(�r) being the potential shape of dimension unity and Vb the
applied bias voltage. As the tip is grounded, the potential
vanishes there [φb(tip) = 0], whereas at the metal surface it
is equal to the bias voltage [φb(metal substrate) = Vb]. The
voltage between an adsorbate at position �ra and the tip is then
Vb ϕ(�ra). Accordingly, the voltage drop across the decoupling
layer is Vb (1 − ϕ(�ra)) = Vb α(�ra). Here, we approximate a
vanishing contact potential difference (CPD), which would
introduce a bias offset [29] (see Appendix E).

Due to the position-dependent voltage drop, the energy
level of the adsorbate can be tuned with respect to the sample,
which has been employed for an effective gating of the adsor-
bate state [15,16,18]. It depends on the distance of the tip from
the molecule, both in the lateral as well as vertical direction.
As a result charging rings appear when the adsorbate’s state
crosses the Fermi level of the substrate.

In the following, we explain that the shape ϕ(�r) of the
potential in the tunneling barrier is responsible for the afore-
mentioned apparent shift of the molecular resonance across
the molecule. For this we use a simple model to describe ϕ(�r)
between tip apex and sample. The tip is approximated by a
point charge and the constant electric potential of the sample
surface is ensured by a mirror charge of opposite sign in the
metal substrate. A more detailed description of the model is
given in the Appendix. The resulting ϕ(x, z) is represented
by several contour lines in the top panel of Fig. 3(c). In
accordance with our experimental setup the tip is grounded
[ϕ(tip) = 0] and the bias voltage (here normalized to 1) is
applied to the surface [ϕ(x, 0) = 1].

The resulting potential shape at the height za of an adsor-
bate on the decoupling layer ϕ(xta, za) is shown in the mid
panel of Fig. 3(c) (solid black line) with xta being the lateral
distance between tip and adsorbate. In order to account for the
dielectric constant εlay of the MoS2 layer, we approximated
za = dlay/εlay = 6.1 Å/6.4 ∼ 1 Å, with dlay being the thick-
ness of a MoS2 monolayer [30]. Because of the curvature of
the tip apex, ϕ(xta, za) is minimal when the tip is placed right
above the adsorbate (xta = 0).

To analyze the effect of the inhomogeneous potential on
molecular states of an adsorbate, we employ a simple per-
turbation model (for details see Appendix). We represent
the molecular orbital of the BTTT by the seventh mode of
a particle in a one-dimensional box (PiB) of length 14 Å.
The perturbation potential within the box is given by the
inhomogeneous potential along the molecule as determined
in Fig. 3(c) (solid black line). The effective potential shape
〈ϕ(xta )〉 of the PiB was calculated in first order perturbation
theory and displayed in Fig. 3(c) (dashed red line). In this sim-
ple model, the effective potential can be roughly approximated
as an average of the bias potential along the molecule. Since
〈ϕ(xta )〉 depends on the tip position, the required bias voltage
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to measure a delocalized state [V ∗
0 = E0/e〈ϕ(xta )〉] depends

on xta. Hence, the molecular energy levels appear to lie at
different energies along the molecule, with the shift being
strongest in the order of a few percent when the tip is located
at the center of the molecule. This is in agreement with our ex-
perimental observation of a larger negative bias voltage being
required for probing the PIR in the molecule’s center (Fig. 2).

C. Inhomogeneous potential due to a tip dipole

In addition to the inherent inhomogeneous potential in
the tip–substrate junction, the tip may carry a local dipole
moment at its apex. STM tips are known to provide a dipole
moment of up to a few Debye [31,32], depending on their
termination. Hence, the applied potential to an adsorbate on
a decoupling layer would be a superposition of the potential
set by the applied bias voltage φb and the dipole potential φd .
The effect of an additional potential in a tunneling junction has
been utilized in a slightly different configuration for scanning
quantum dot microscopy [33]. Considering the effect of the
dipole in a similar perturbation model as above leads to a shift
of the electronic energy levels in the dI/dV spectrum to V ∗

0 =
E0/e − φd (now neglecting the effect of the inhomogeneity
of the applied bias voltage). For a metal tip, the dipole usu-
ally points with the positive charge towards the sample, i.e.,
φd > 0 within the junction, thus requiring a larger negative
bias voltage for measuring an electronic state in the dI/dV
spectrum. The effective potential of a tip dipole also depends
strongly on the lateral distance between tip and adsorbate,
as shown in the bottom panel of Fig. 3(c) (solid black).
Employing an equivalent perturbation model as above for the
effect of a dipole potential (see Appendix) on a PiB state we
obtain the effective potential 〈φd (xta )〉, shown as the dashed
blue line across the molecule. For the measurement of the PIR
of BTTT with a metal tip, this would also cause an apparent
shift of the state to more negative bias voltages in the center
of the molecule. Hence, a dipole of a metal tip qualitatively
shifts the states in the same direction as the inhomogeneity of
the potential in the tip–sample junction itself.

D. Comparison of metal and Cl tip

To illustrate the shift originating from the inhomogeneity
of the junction and a possible tip dipole, we impose a tip
dipole in the opposite direction on the tip. To this end, we
pick up a Cl atom from co-deposited Fe-octaethyl-chloride
molecules. The Cl is expected to be negatively charged at
the tip apex, and, thus, exhibit a dipole oriented away from
the substrate [31]. To exclude any effects of the molecular
environment, we first probe the shift of the PIR along a BTTT
molecule as shown in Fig. 4(a). Afterward, we measure on
the very same molecule again with a Cl functionalized tip.
Now, we observe an inverted trend of the shift of all reso-
nances along the molecule. A smaller negative bias voltage is
required for PIR excitation in the center of the molecule than
at its terminations. (The asymmetric intensity in the map is
probably due to interaction with the neighboring molecule.)
The inversion of the trend directly reflects that the dipole
plays a significant role. At first sight, it may be surprising
that the shift with both tips—though of opposite direction—
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FIG. 4. (a) Line of 22 dI/dV spectra along a BTTT molecule
[marked in (b)] measured with a metal (top) and a Cl functionalized
(bottom) tip. While the peaks for the metal tip shift to more negative
bias voltages, the Cl tip causes a shift to more positive bias voltages
in the center of the molecule. The red arrow marks the vibronic state
of the C–C stretching mode. (Feedback opened at the end of the
thiophene backbone: −1.3 V/150 pA; Vrms = 1 mV) (b) Topography
of BTTT molecule, with line of spectra marked by black arrow
(1 V/20 pA). (c) Simulated shift of an electronic state with energy
−0.85 eV in a dI/dV spectrum due to a decoupling layer without
(red) and with tip dipole of p = 3 D (blue).

is of approximately the same size. The dipole of the metal
tip is expected to be much smaller than of the Cl tip [31].
However, the effect of the inhomogeneous junction geometry
and a metal dipole add up, whereas the dipole of the Cl
tip overcompensates the potential shift due to the junction
geometry.

Adding up the effect of an inhomogeneous junction and
of a tip dipole, the effective electric potential applied to the
adsorbate is

〈φa(xta )〉 = Vb 〈ϕ(xta )〉 + 〈φd (xta )〉. (2)

It consist of the bias-voltage-dependent term due to the
position-dependent voltage drop, as well as a bias-voltage-
independent term from the dipole potential. In accordance,
an electronic state with energy E0 is observed in the dI/dV
spectrum at a bias voltage of

V ∗
0 (xta ) = E0/e − 〈φd (xta )〉

〈ϕ(xta )〉 . (3)

Figure 4(c) displays the calculated V ∗
0 (xta ) of a decoupled state

at E0 = −0.85 eV for a tip without dipole moment (red) and
with dipole moment of p = 3 D (blue). With these parameters
we can reproduce the observed behavior of the measured data
displayed in Fig. 4(a) with our simple model.
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In order to disentangle the two origins for both metal
and Cl functionalized tip, we utilize the shift of the vibronic
resonances as compared to the elastic resonance. As example,
we choose the vibronic resonance associated to the C–C
stretching mode at about �V ∗ = 210 mV [marked by red
arrow in Fig. 4(a)].

The voltage difference �V ∗(xta ) between the elastic and
the inelastic peak is accordingly

�V ∗(xta ) = |V ∗
inel. − V ∗

ela.| = h̄ω

e〈ϕ(xta )〉 , (4)

with h̄ω being the energy of the vibrational mode. Please note
that �V ∗ depends solely on the spatially varying bias potential
shape 〈ϕ(xta )〉 and not on the potential of the tip dipole. In
Fig. 5(a), the calculated elastic (black) and the inelastic peaks
are plotted along the molecule for a tip without (red) and
with dipole (blue). The energy scale is shifted by Vela.(xta ),
thus the elastic peak is always at 0 V. As a vibrational energy
we use h̄ω = 180 meV to account for the 10%–15% voltage
drop in our model and to reproduce the experimental values.
The voltage difference �V ∗(xta ) is largest in the center of the
molecule, where 〈ϕ(xta )〉 has a minimum. Since the dipole
potential is canceled out by the subtraction, the inelastic peaks
shift independently of the tip dipole.

In contrast, by normalizing the bias voltages with V ∗
ela.(xta ),

the term 〈ϕ(xta〉) cancels out and we obtain the normalized
voltage

v(xta ) = V ∗
inel.

V ∗
ela.

= 1 +
∣∣∣∣ h̄ω

Eela. − 〈φd (xta )〉
∣∣∣∣ (5)

In the case of no tip dipole, 〈φd (xta )〉 vanishes and v is
independent of the position of the tip. Hence, a vibronic state
is expected to appear at a constant normalized voltage as dis-
played by the red dashed line in Fig. 5(f). For a tip including
a dipole moment, the normalized energy of the vibronic state
changes in dependence of the tip position. When measuring
a PIR (Eela. < 0) with a Cl functionalized tip [φd (xta ) < 0]
the normalized voltage of the vibronic state should shift to a
higher normalized voltage at the center of the molecule [blue
dashed line in Fig. 5(f)].

The dI/dV spectra measured with both tips along the
BTTT are displayed in Fig. 5 with shifted [(b) and (c)] and
normalized [(d) and (e)] voltage axis. The vibronic states
of the C–C stretch mode are marked by the dashed white
lines as a guide for the eye. In the case of a shifted voltage
axis, both tips feature a similar shift of the vibronic state to
more negative energies by a few percent, i.e., larger voltage
difference between elastic and inelastic peak. In accordance
with the calculation, this confirms the effect of the geometry-
imposed inhomogeneous potential for both tips. Please note
that the exact height for both tips are unknown, thus the
experimental data can only be compared qualitatively between
the two tips and the simulation.

For the normalized voltage axis the two tips behave differ-
ently. For the metal tip, the vibronic state is at nearly constant
normalized voltage along the molecule, independent of the tip
position. This implies a negligible dipole moment of the metal
tip, when a vanishing CPD is assumed (see Appendix E).
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FIG. 5. (a) Calculated shifted bias voltage of elastic (black) and
vibronic peak along a molecule for a tip with (blue) and without
(red) tip dipole. The effect of the constant dipole potential cancels
out, yielding an identical shift for both tips. [(b) and (c)] Measured
dI/dV spectra with shifted bias voltage axis for Cl and metal tip,
with white dotted lines as a guide for the eye. Both tips show a
similar shift of the inelastic peak, indicating a similar effect due to
the inhomogeneous bias potential. [(d) and (e)] dI/dV spectra with
normalized bias-voltage axis for metal and Cl tip. For the metal tip,
the inelastic peak is nearly constant, pointing towards a negligible
tip dipole moment. (f) Calculated normalized bias voltage of elastic
(black) and vibronic peak for a tip with (blue) and without (red) tip
dipole.

Accordingly the energy shift along the molecule measured by
a metal tip is almost exclusively due to the inhomogeneous
potential within the junction. For the Cl tip, the vibronic state
shifts strongly to higher normalized voltages as predicted and
plotted in Fig. 5(f) for a nonzero dipole moment.

IV. CONCLUSION

In conclusion, we presented the perturbation effect of an
inhomogeneous electric potential in the STM junction on a
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(b)(a)

FIG. 6. (a) Highest occupied molecular orbital of the BTTT
molecule. (b) Calculated constant-height image of the HOMO, mea-
sured with an s-wave tip.

delocalized molecular orbital. Utilizing the excellent decou-
pling properties of single-layer MoS2, we demonstrated that
this effect causes an apparent intramolecular shift of the PIR
of the thiophene based BTTT molecule. The inhomogeneous
potential in the junction does not only originate from the
applied bias voltage, but also from a tip dipole of a func-
tionalized tip. Using the vibronic resonances in the tunneling
spectra we were able to distinguish between the two origins.
This observation is important to take into account, because
it is relevant for all adsorbates with delocalized electronic
states on a decoupling layer. In turn, we suggest to use the
resonances’ shift as a sensor for inhomogeneous potentials
and dipole components in the tip.
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APPENDIX A: TUNNELING PROBABILITY INTO PIR

The BTTT molecule was calculated in gas phase, using the
GAUSSIAN09 package with the B3PW91 functional and the
6-31g(d,p) basis set [27]. The constant-height dI/dV image
[Fig. 6(b)] was then simulated by calculating the tunneling
matrix element at each point of the flat-lying molecule [28]

Mta ∝
∫

dS(�∗
t ∇�a − �a∇�∗

a ). (A1)

Here, �a is the wave function of the molecule obtained by
DFT calculations [Fig. 6(a)] and �t the spherical wave func-
tion of an s-wave tip. We choose our integration plane at 1.5 Å
above the center of the molecule. The calculations reveal
the largest tunneling probability at the terminations of the
thiophene backbone. The images resemble the experimental
data at negative bias voltage, thus evidencing tunneling via
the HOMO.

APPENDIX B: JUNCTION MODEL

We model the STM junction as an almost spherical,
grounded tip with radius R and distance zt to a conducting
surface, held at bias voltage Vb, as shown in Fig. 7(a). The
potential within this junction can be approximated by a point
charge q and its mirror charge −q separated by 2(R + zt ) at
x = 0 [Fig. 7(b)]. The resulting potential reads

φb(x, z) = 1

4πε0

[
q√

x2 + (z − R − zt )2

− q√
x2 + (z + R + zt )2

]
+ C. (B1)

R

q

-q

zt

R

zt

R

zt

q

-q

qd

-qd

qd

-qd

dd

(a) (b) (c)

FIG. 7. Tip models: (a) spherical tip at distance zt to the substrate. (b) Approximating the electric potential by two charges. The dashed
lines represent isopotential surfaces of the dipole. The isopotential surface at distance R between charge and surface (red) is chosen as a model
for the metal tip. (c) Approximating the tip dipole with two charges qd and their mirror charges.
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We choose the constant potential C in a way, that
φb(0, zt ) = 0, yielding

φb(x, z) = q

4πε0

[
1√

x2 + (z − R − zt )2

− 1√
x2 + (z + R + zt )2

− 1

|R| + 1

|R + 2zt |

]
.

(B2)

Thus the isopotential surface around the charge q approx-
imates the grounded tip with radius R [dashed red line in
Fig. 7(b)].

The charge q is chosen to cause a certain bias voltage Vb

applied to the sample [φb(x, 0) = Vb]:

q = −4πε0

(
R2

2zt
+ R

)
Vb (B3)

Furthermore we can write the potential between surface
and tip as

φb(x, z) = Vb ϕ(x, z). (B4)

Inserting Eqs. (B2) and (B3) yields

ϕ(x, z) = 1 −
(

R2

2zt
+ R

)[
1√

x2 + (z − R − zt )2

− 1√
x2 + (z + R + zt )2

]
. (B5)

A map of ϕ(x, z) is displayed in Fig. 3 of the main text, for
R = 20 Å and zt = 6.5 Å.

To account for the decoupling layer, we assume the
molecule to be at za = 1 Å above the substrate.

APPENDIX C: DIPOLE MODEL

We approximate the tip dipole with two mirror charges
centered to the tip apex as depicted in Fig. 7(c). For a tip with
a dipole p and length d , the potential is

φd (x, z) = p/d

4πε0

[
1√

x2 + (z − zt + d/2)2

− 1√
x2 + (z − zt − d/2)2

− 1√
x2 + (z + zt − d/2)2

+ 1√
x2 + (z + zt + d/2)2

]
. (C1)

The potential at za = 1 Å is displayed in Fig. 3 of the main
text, for p = −3 D and d = 3 Å.

APPENDIX D: PERTURBATION MODEL

In order to investigate the influence of an inhomogeneous
potential to the energy of a molecular state, we use a simple
perturbation model. The molecular orbital is represented by a

x-L/2 L/2

FIG. 8. Wave function of the seventh mode of a particle in a one-
dimensional potential well with infinite walls.

particle in a one-dimensional box of length L. We choose the
seventh mode, to emulate the six nodal planes of the HOMO
of the BTTT molecule. Hence, the wave function is des-
cribed by

�(x) =

⎧⎪⎨
⎪⎩

0 x < − L
2√

2
L sin 7π

L

(
x + L

2

) − L
2 < x < L

2

0 x > − L
2

as depicted in Fig. 8.
The energy of the molecular state within a potential is then

shifted by

E (xta ) = e
∫ +∞

−∞
�∗(x)φ0(x − xta )�(x) dx, (D1)

whereas e is the elementary charge and xta the lateral position
of the tip relative to the molecule.

For the inhomogeneous potential in the molecular plane,
we use

φ0(x) = φb(x) + φd (x) (D2)

= Vb ϕ(x) + φd (x), (D3)

with φb(x) and φd (x) being the bias and the dipole potential,
respectively, at height za as described above.

Hence, the shift due to the perturbation is

E (xta ) = eVb

∫ +∞

−∞
�∗(x)ϕ(x − xta )�(x) dx

+ e
∫ +∞

−∞
�∗(x)φd (x − xta )�(x) dx

= eVb〈ϕ(xta )〉 + e〈φd (xta )〉.
In the main text, 〈ϕ(xta )〉 and 〈φd (xta )〉 are displayed in Fig. 3,
for L = 14 Å, which corresponds to the length of the thio-
phene backbone of the BTTT molecule.

An electronic state at energy E0 [see Fig. 3(a) in the main
text] appears, thus, in a tunneling spectrum at bias voltage:

V ∗
0 (xta ) = E0/e − 〈φd (xta )〉

〈ϕ(xta )〉 (D4)

APPENDIX E: EFFECT OF CPD

In the main text, we approximated the contact potential
difference (CPD) with VCPD = 0. In this section the effect
of a nonvanishing CPD in the junction is discussed. In good
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approximation, we can assume the total potential to depend
linearly on the CPD [29,34]:

φtot = ϕ(�r) (Vb + VCPD). (E1)

In case of an additional dipole at the tip, we have to expand
the equation to

φtot(�r) = ϕ(�r)Vb + ϕ(�r)VCPD + φd (�r). (E2)

As can be seen, the bias-voltage-depended term is not
affected by the CPD. The bias-voltage-independent part φstatic

on the other hand, now consists of both the dipole potential,
as well as the CPD:

φstatic(�r) = ϕ(�r)VCPD + φd (�r). (E3)

Hence, the effect of a nonvanishing CPD can be viewed as
a modification of the dipole term in our simple model. The
observation in Sec. III D—no effective dipole on the metal
tip—then implies that the CPD and the possible dipole field
roughly cancel each other.
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List of Abbreviations

AFM Atomic force microscopy/microscope

Au Gold

BTTT 2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]-thiophene

CB Conduction band

CBM Conduction band minimum

DFT Density functional theory

DoS Density of States

fcc Face-centered cubic

GGA Generalized gradient approximation

hcp Hexagonal closed-packed

HOMO Highest occupied molecular orbital

LDA Local density approximation

LDoS Local density of states

LN2 Liquid nitrogen

LUMO Lowest unoccupied molecular orbital

Mo Molybdenum

OES Occupied edge state

S Sulfur

SPM Scanning probe microscopy/microscope

STM Scanning tunneling microscopy/microscope

STS Scanning tunneling spectroscopy

TMD Transition metal dichalcogenide

UES Unoccupied edge state

UHV Ultra high vaccum

VB Valence band

VBM Valence band maximum

vdW van der Waals
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