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A scientist in his laboratory is not a mere
technician: he is also a child confronting
natural phenomena that impress him as

though they were fairy tales.

— Marie Curie (1934-1986)





Abstract

Molecular charge transfer complexes are an interesting class of materials due to their
promising applications in molecular electronic devices. Understanding the charge
transfer between donor and acceptor molecules at the nanoscale is crucial for the
ongoing development and optimization of those devices. In this thesis, we investigate
charge-transfer processes within prototype mixed molecular systems on the single-
layer molybdenum disulfide (SL-MoS2) on Ag(111). The characterization of molecules
on SL-MoS2 is motivated by the fact that SL-MoS2 electronically decouples molecules
from the metal substrate and enables us to resolve the electronic properties (vibronic
states and charge transfer processes) of an almost isolated molecule. Spectroscopic
measurements of SL-MoS2 on Ag(111) reveal the semiconducting bandgap. We also ob-
serve a moiré pattern due to the lattice mismatch between SL-MoS2 and Ag(111). The
decoupling properties of MoS2/Ag(111) are challenged for tetracyanoquinodimethane
(TCNQ) molecules. Deposition of TCNQ molecules on MoS2/Ag(111) results in the
formation of self-organized molecular islands. STS measurements reveal that the
lowest unoccupied molecular orbital (LUMO) is significantly narrower than on a metal
substrate. The LUMO is accompanied by additional characteristic spectroscopic
features which are identified as vibronic states with strong electron-phonon coupling
using Franck-Condon picture.
After investigating the electron acceptor TCNQ, an electron donor counterpart

tetrathiafulvalene (TTF) is added to the system. The deposition of both TTF and
TCNQ on MoS2/Ag(111) leads to the formation of a mixed monolayer. Local STS
measurements show electronic modifications in the mixed structure. The onset of
conductance is closer to the Fermi level compared to the pure molecular islands. The
modification is attributed to a charge-transfer process between TTF and TCNQ.
Additionally, one can charge/discharge the molecules by gating them with the STM
tip. Subsequently, we characterize another kind of charge transfer complex consisting
of dicyanovinyl-quinquethiophenes (DCV5T-Me2) and C60. Deposition of DCV5T-
Me2 leads to the formation of two types of islands with different packing densities.
Spectroscopic measurements within the more densely packed island reveal a smaller
HOMO-LUMO gap due to the stronger screening effect. Screening effects lead
to a smaller HOMO-LUMO gap for C60 molecule surrounded by other molecules.
Depositing both molecules on MoS2 still leads to homo-molecular islands. At the
interface, some C60 molecules locate on DCV5T-Me2 molecules. For those C60, a
modified electronic structure indicates an influence of the underlying DCV5T-Me2

molecule with partial charge transfer or screening effect.
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Kurzfassung

Molekulare Ladungs-Transfer-Komplexe sind eine interessante Klasse von Materiali-
en aufgrund ihrer Anwendungsmöglichkeiten in molekularen elektrischen Bauteilen.
Ausschlaggebend für die Weiterentwicklung dieser Bauteile ist das Verständnis der
zugrunde liegenden Ladungs-Transfer-Prozesse auf der Nanoskala. In dieser Arbeit
untersuchen wir den Ladungsaustausch zwischen zwei Prototyp-Molekülen auf einer
Molybdän-Disulfid (MoS2) Monolage (ML) auf Silber(111). Die Charakterisierung der
Moleküle auf ML-MoS2 erfolgt aufgrund der guten elektronischen Entkopplung der
Moleküle vom Metallsubstrat. Dies hat zur Folge, dass die elektronischen Zustände
(z. B. Ladungsaustausch oder vibronische Übergänge) der Moleküle nahezu denen
isolierter Moleküle entsprechen. Wir charakterisieren zunächst die von uns gewachse-
ne MoS2-Schicht auf Ag(111): Sie weist eine Bandlücke und ein Moire-Muster auf,
das durch leichte Unterschiede zwischen den Gitterkonstanten von MoS2 und Ag
hervorgerufen wird. Die Entkopplungeigenschaften des MoS2 betrachten wir zuerst
für Tetracyanoquinodimethan (TCNQ). Die Moleküle bilden durch Selbstorgani-
sation Inseln und wir beobachten, dass das niedrigste unbesetzte Molekülorbital
(LUMO) wesentlich schärfer erscheint als auf einem Metallsubstrat. STS Messungen
zeigen, dass neben dem LUMO weitere Resonanzen auftreten. Mithilfe des Franck-
Condon-Prinzips können wir diese als vibronische Zustände mit starker Elektron-
Phonon-Wechselwirkung identifizieren. Zusätzlich zum Elektronenakzeptor TCNQ
untersuchen wir den Elektronendonor Tetrathiafulvalen (TTF). Gleichzeitiges Auf-
dampfen der beiden Moleküle führt zur Ausbildung von gemischten Inseln, was sich
in einer Modifikation der elektronischen Struktur widerspiegelt. Die Bandlücke ist
kleiner und näher am Fermilevel als für die separaten Molekülinseln. Die Verände-
rung interpretieren wir als Ladungsaustausch zwischen TTF und TCNQ. Darüber
hinaus können die Moleküle durch die Spitze des STM geladen und entladen werden.
Zusätzlich haben wir ein weiteres Beispiel für Ladungs-Transfer-Komplexe untersucht,
bestehend aus Dicyanovinyl-Quinquethiophen (DCV5T-Me2) und C60. Hierbei zeigt
das DCV5T-Me2 zwei verschiedene Inselarten mit unterschiedlicher Packungsdichte.
Durch eine stärkere Ladungsabschirmung in der dichteren Packung zeigt diese eine
kleinere HOMO-LUMO Energielücke. Ähnliches ist beobachtbar bei C60, wo wir die
höchste Ladungsabschirmung für Moleküle feststellen, die von sechs weiteren C60

Molekülen umgeben sind. Die gemeinsame Deponierung von DCV5T-Me2 und C60

führt nicht zu gemischten Inseln, sondern zu homogenen Inseln, wobei sich teils C60

Moleküle auf den DCV5T-Me2 Inseln anlagern. Diese C60 zeigen eine modifizierte
elektronische Struktur, die auf einen Einfluss der zugrundeliegenden DCV5T-Me2

Moleküle hindeuten, mit partiellem Ladungstransfer oder Abschirmungseffekten.
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Acronyms

Au Gold

Ag Silver

CB Conduction band

CBM Conduction band minimum

DCV5T-Me2 dicyanovinyl-quinquethiophenes

DFT Density functional theory

DoS Density of states

FWHM Full width half maximum

Hcp Hexagonal closed-packed

HOMO Highest occupied molecular orbital

LUMO Lowest unoccupied molecular orbital

Mo Molybdenum

S Sulfur

SOMO Singly occupied molecular orbital

STM Scanning tunneling microscopy/microscope

STS Scanning tunneling spectroscopy

SUMO Singly unoccupied molecular orbital

TCNQ 7,7,8,8-tetracyanoquinodimethane

TTF tetrathiafulvalene

TMDC Transition metal dichalcogenide

UHV Ultra high vacuum

VB Valence band

VBM Valence band maximum
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CHAPTER 1

Introduction

More than 50 years ago, Gordon Moore predicted that the number of transistors
on a microchip doubles every two years [1]. Ever since, scientists were motivated
to "miniaturize" electronic devices and search for technological structure to reach
even smaller scales. One alternative approach to conventional Si-based technologies
is molecular electronics. In 1974, Aviram and Ratner proposed an electronic device, a
rectifier, based on utilizing an organic single molecule [2]. Since then a lot of effort
has been done to use organic molecules in electronic devices. Over the years, organic
electronic devices such as organic light-emitting diodes (OLEDs) [3, 4], organic solar
cells (OSCs) [5, 6] and organic thin film transistors [7, 8] have been developed. Or-
ganic electronic devices have some advantages compared to inorganic semiconductors
such as easy processing, high flexibility and low-cost fabrication [9]. However, the
maximum efficiency of organic solar cells (12 %) is still much lower than the efficiency
of inorganic solar cells, e.g. GaAs thin film solar cells (29 %) [10].

The motivation to study single molecules is that they are "building blocks" of
any molecular-sized electronic device. Therefore, it is crucial to understand the
fundamentals of the interaction of single molecules with their environment (substrate
and neighbors) and the influence of this interaction on electronic and structural
properties of molecules. Beyond characterizing single molecules’ properties, the inter-
action between molecules in the form of charge transfer (CT) has attracted attention
due to their prospective applications in molecular electronics [11, 12]. The charge
transfer between the donor and the acceptor molecules in molecular charge transfer
complexes (CTCs) gives rise to new electronic features which are different from those
of the parent compounds. Another important aspect is to understand vibrational
phenomena of single molecules in molecular assemblies. The vibration induces energy
dissipation to the system that subsequently reduces the lifetime of the electronic
devices and their stability [13–15].

Scanning tunnelling microscopy (STM) is a versatile and powerful tool to study
molecules on surfaces. It is capable of investigating atomic-scale structures in real
space, in particular to study single molecule junctions [16, 17], to measure vibrational
states of single molecules [18, 19] or to manipulate single molecules [20, 21]. STM
also allows to study the charge transfer (CT) interaction between molecules. One
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1 Introduction

drawback of STM is the necessity of using a conducting substrate which subsequently
affects the electronic properties of the adsorbates. Adsorbing molecules on metal
surfaces obscures their intrinsic electronic states due to hybridization, charge transfer
and screening, which broaden and shift the molecular resonances [22–26]. The charge
transfer between electron donor and acceptor are also modified by the interaction with
the underlying metal surface. To reduce the influence of the substrate, the electronic
properties of the adsorbates is needed to be electronically separated from the metal
surface. For that, an isolating or semiconducting layer is employed to facilitate
investigating CT processes. These decoupling layers not only make investigating CT
possible, they also enable to study vibronic states which we presented in this work as
well.

A wide range of thin layer materials have been used as a spacer between the
adsorbate and the metal surface. Decoupling layers such as graphene [27, 28], MgO
[29, 30] and hBN [31, 32] have been presented over the years. A few breakthroughs
have been achieved by using decoupling layers. A NaCl layer have employed to image
the molecular orbital of pentacene molecules by Repp et al. [33] . The vibronic states
of copper phthalocyanine molecules have been observed using an Al2O3 layer by Qiu
et al. [18]. More recently, Krane et al. [19] introduced single-layer molybdenum
disulfide (SL-MoS2) on Au(111), a member of the transition metal dichalcogenide
(TMDC) family, as a decoupling layer. The SL-MoS2 has advantages over other
candidates, such as having three-atomic layers and being non-ionic. With that sys-
tem, Krane et al. obtained a quite remarkable energy resolution for the vibronic
signature of 2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene (BTTT) molecules,
which enables to distinguish between different rotamers (isomer with different bound
rotation) of the molecule.

In this work, a low-temperature scanning tunnelling microscope (STM) was used
to study different molecular adsorbates on SL-MoS2/Ag(111) with high resolution.

This thesis is structured as follows :
In chapter 2, an introduction is given to scanning tunnelling microscopy and the
theoretical background underlying the methods used in this work is briefly described.
The details of the experimental setup are provided, also sample and tip preparation
procedures used in our experiments are described.
In chapter 3, we focus on the physics of molecular adsorbates and how their prop-
erties are influenced by the environment. The interaction between molecule and
substrate as well as the interaction between molecule and their neighbours in the
assembly are considered. We also explain the charge transfer process in the donor-
acceptor molecular assemblies and explain how the voltage drop in the DBTJ gives rise
to charging the adsorbate. In our work, double barrier tunnelling junction (DBTJ)
consists of the vacuum barrier and the decoupling layer (SL-MoS2). Eventually,
we explain the Franck-Condon model which we use to simulate dI/dV spectra and
investigate the vibronic states of different molecules on MoS2/Ag(111).
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In chapter 4, we introduce the general structural and electronic properties of MoS2.
In chapter 5, we report the growth of SL-MoS2 on Ag(111). We study its struc-
tural and electronic properties by means of scanning tunnelling microscopy and
spectroscopy. For a SL-MoS2 on Ag(111) we observe a moiré pattern. The electronic
properties on different moiré sites are investigated by STS. Furthermore, SL-MoS2 is
suggested as an effective decoupling layer on Ag(111).
In chapter 6, we investigate 7,7,8,8-tetracyanoquinodimethane (TCNQ) molecules
on MoS2/Ag(111). We show that the electronic coupling with the metal surface is
significantly suppressed by the decoupling properties of SL-MoS2. TCNQ molecules
show a vibronic fingerprint within the MoS2 band gap, which was found in good
agreement with DFT calculations based on the Franck-Condon model.
In chapter 7, we investigate charge transfer (CT) in the mixed structure of tetrathi-
afulvalene (TTF) and TCNQ molecules. First, we investigate the electronic prop-
erties of TTF molecules in pure TTF islands. Next, we deposit both molecules on
MoS2/Ag(111) and obtain the charge transfer complex (CTC). In the mixed structure
we find modified electronic features that were not seen neither on the pure TTF nor
on the pure TCNQ molecular assemblies. Two different charge transfer mechanisms
are considered in order to explain the particularity of the TTF-TCNQ electronic
structure.
In chapter 8, we divide the experiment into three parts. We examine the struc-
tural and electronic properties of methyl-substituted dicyanovinyl- quinquethiophenes
(DCV5T-Me2) and C60 molecular islands on MoS2/Ag(111). DCV5T-Me2 form two
types of molecular island on MoS2. We compare the two types of molecular islands
structurally and electronically. The electronic properties of the islands are measured
with STS and compared to the isolated molecules to inspect the influence of inter-
molecular interactions via screening effects on the molecular states. We investigate
the adsorption, assembly and the electronic properties of C60 on MoS2. Finally, we
study the electronic features at a DCV5T-Me2/C60 interface.
In chapter 9, we summarize the results presented in this thesis.
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CHAPTER 2

Theoretical and Experimental
Background

The Scanning Tunnelling Microscope (STM) was introduced for the first time in 1981
by Binning and Rohrer as a new way to study surfaces with atomic resolution in real
space and, more importantly, the local electronic properties [34, 35]. One year after its
invention, Binning and Rohrer solved one of the most intriguing problems in surface
science. They reported the first real space image of a Si(111)-7×7 surface [36]. This
striking innovation granted them the physics Nobel prize in 1986, which was shared
with Ernst Ruska who designed the first electron microscope. As a versatile tool,
STM evolved over time into other techniques such as spin-polarized STM (SPSTM)
[37], STM induced light emission [38] and vibrational spectroscopy [39]. STM is also
capable of manipulating single atoms and molecules in order to create and investigate
artificial structures [40, 41].
In this chapter, the working principle of the STM followed by the theoretical

background of the tunnelling process will be introduced. Additionally, conductance
spectroscopy will be explained which allows us to probe the local density of states
(LDOS) of the sample. In the last part, the experimental set up and sample preparation
will be presented.

2.1 Working Principle of STM
The working principle of STM is based on the quantum mechanical tunnelling effect,
in which a particle can tunnel through a (classically forbidden) potential barrier.
Fig. 2.1 depicts a schematic set up of an STM. A voltage is applied between the
sharp metal tip and the conducting sample. A (tunnelling) current can be detected
when the tip approaches the sample sufficiently close. Classically, current cannot flow
between tip and sample if the potential barrier of the vacuum gap is larger than the
energy of the electrons. However, in the quantum mechanical picture particles have a
certain probability to cross the potential barrier (quantum tunnelling effect). Fig.
2.2a shows the energy diagram of the system of tip-vacuum-sample and Fig. 2.2b
shows the one-dimensional wave function for a rectangular potential barrier. The
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z +x-x
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sample

tip

piezoelectric tube
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Vs
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loop

controller

Figure 2.1: Working mechanism of the STM. A sharp metallic tip is brought close to
the sample, by applying a bias voltage between them a current flows between tip and
sample. The movement of the tip is controlled in xy as well as z direction by means
of a piezoelement. The inset shows the close-up tunnelling junction in the STM. The
feedback-loop controls the tip-sample distance to keep the current constant.

tunnelling current depends exponentially on the tip-sample distance and is typically
in the range of pA to nA. For a rectangular barrier the tunnelling current (for small
voltages and temperatures) is given by [42]:

It ∝ exp(−2κd);κ =

√
2mφ

h̄2 , (2.1)

where d is the barrier width (tip-sample distance), κ is the decay constant, m the
mass of the electron and φ the effective local work function φ=1/2(φs+φt), φs and
φt are the work functions of the sample and the tip, respectively.

The origin of the formula will be elaborated in detail in the following section. When
the tip-sample distance is increased by one Å the tunnelling current is reduced by
one order of magnitude. The remarkable resolution achievable with STM is based on
this strong dependence of the tunnelling current on the tip-sample separation.
When the tip scans over the sample surface line by line, the topographic STM

image is recorded. A piezoelectric tube is attached to the tip and acts as an actuator
to control the tip-surface distance. When a bias voltage is applied to the sample, the
tunnelling current flows through the junction. Due to the small tunnelling currents
in STM, an I-V converter is an essential element to amplify and convert it to a
voltage that can be measured more precisely. A feedback mechanism also constantly
controls the tip height by approaching or retracting the tip from the surface to keep
the current constant.

In order to acquire topographic images of a surface, STM can operate in two modes,
visualized in Fig. 2.3. In constant-current mode (see Fig. 2.3a) the tunnelling
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2.1 Working Principle of STM

Tip SampleVacuum 
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E

Z
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e -
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0                    d
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Figure 2.2: a) Schematic energy diagram of the tip-vacuum-sample tunnelling junction.
The voltage (Vb) is applied to the sample and enables electrons to tunnel from tip to
sample in the energy range between EF and EF+eVb. b) Real part of the particle
wave function in one dimension, for a rectangular tunnelling barrier of width d and
height V0. The particle is traveling from left to right.

current is kept constant while the tip height is adjusted by the aforementioned
feedback loop. The recorded image consists of the feedback signal as a function of
the lateral position and reflects the convolution of topography of the surface and
LDOS. When the tip laterally approaches an edge at the surface the tunnelling current
increases due to the reduction of the tip-surface distance. Consequently, the feedback
loop retracts the tip to maintain the constant tunnelling current.

Alternatively in the constant-height mode (see Fig. 2.3) the tip scans the surface
at a constant height (the feedback is switched off) while recording the current. The

scanning direction 

a)   constant current b)   constant height

scanning direction 

z log (I)

Figure 2.3: Schematic illustration of constant-height and constant-current topography
modes, where the apparent height and the tunnelling current are recorded, respectively.
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2 Theoretical and Experimental Background

Figure 2.4: In the Tersoff-
Hamann approximation, the
STM tip is modeled as locally
spherical with a radius R cen-
tered at r0. The separation
surface S (within the vacuum
barrier) is indicated by the red
dashed line [44].

S

Tip

Sample

Z

R

r0

recorded image reflects the changes in the tunnelling current.
As the feedback loop is disabled in the constant-height mode, this mode is only

used when the scanning area is sufficiently flat and the conditions are stable. For
instance, small thermal drift or piezo creep can cause the tip to go out of tunnelling
contact or into contact with the surface. Accordingly, the constant-current mode is
the preferred operation mode because it provides safer operation of the STM as it
avoids unintentional tip-surface contact.

2.2 Theory of Tunnelling Current in STM
In 1961 and prior to the invention of the STM, the theory of tunnelling current was
published by Bardeen [43]. His theory, which was based on a metal-insulator-metal
junction, was used by Tersoff and Hamann in 1983 to describe the tunnelling process
in an STM [44]. In their model the STM tip is considered as a spherical s-wave with
the radius R, centered at a position r0 with a distance z from the surface. Fig. 2.4
illustrates the corresponding model.
The tunnelling current in first-order perturbation theory is given by [44]:

It(V ) =
2πe

h̄

∑
µ,ν

f(Eµ)[1− f(Eν + eV )]|Mµν |2δ(Eµ − Eν), (2.2)

where f(Eµ) and f(Eν) are the Fermi functions of the tip and sample,V is the applied
bias voltage and Mµν is the tunnelling matrix element which describes the probability
of transmission between the tip eigenstate (ψµ) and the sample eigenstate (ψν) with
Eµ,ν the corresponding energies. Assuming small voltages and low temperatures,
equation (2.2) gives us:

It(V ) =
2πe2V

h̄

∑
µ,ν

|Mµν |2δ(Eν − EF )δ(Eµ − EF ), (2.3)

8



2.2 Theory of Tunnelling Current in STM

Figure 2.5: Schematic energy
diagram of the WKB approx-
imation potential. For posi-
tive sample bias voltages, tun-
nelling occurs from tip to
sample. φt and φs are the
work function of tip and sam-
ple, respectively. The trape-
zoidal barrier shape is approxi-
mated by a rectangle of height
φ+eV/2, with φ=1/2(φs+φt). Tip SampleVacuum 

EF

EF

EVAC

eVb / 2 φt

φs

En
er

gy
 

eVb

where EF is the Fermi level and Mµν is expressed by Bardeen’s theory as [43]:

Mµν = − h̄2

2me

∫
d~S.(ψ∗µ∇ψν − ψν∇ψ∗µ). (2.4)

The quantity in the parentheses is the current operator and the integral is taken
over the surface (~S) which is entirely within the vacuum barrier (see Fig. 2.4).
To evaluate the matrix element Mµν , we consider the spherical s-wave tip from
the Tersoff-Hamann approximation and the semiclassical Wentzel-Kramers-Brillouin
(WKB) approximation which considers a general shape of the potential barrier. In
the simplified case, a trapezoidal shape of the barrier is approximated by a rectangle
of height φ+eV/2 (see Fig. 2.5) and we obtain:

|Mµν |2 ∝ exp

[
− 2z

√
2me

h̄2

√
φ− E + eV/2

]
, (2.5)

where φ is the average work function of the tip and the sample. This equation shows
the striking feature of the tunnelling current which is its exponential dependence
on the tip-surface distance. The schematic energy window in the STM junction is
depicted in Fig. 2.6. For small bias voltages and temperatures the tunnelling current
will be:

It(V ) =
2πe

h̄

∫ EF +eV

EF

dEρt(E − eV )ρs(E)|Mµν |2, (2.6)

where ρt and ρs stand for the tip and surface density of states, respectively. Equation
2.6 indicates the relation of tunnelling current to the tip and surface DOS and also
indicates the dependence on the energy window defined by the bias voltage. If we
consider the first approximation in which ρt is constant, the tunnelling current is
proportional to the density of states of the surface.
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2 Theoretical and Experimental Background

2.3 Scanning Tunnelling Spectroscopy (STS)
We have explained in the previous part that the tunnelling current contains information
about the DOS of the surface. Therefore, scanning tunnelling spectroscopy is a
powerful method to study the electronic properties of the surface or adsorbates on
the surface by directly measuring the energy dependence of the LDOS [45]. One can
record the differential tunnelling conductance dI /dV by measuring the tunnelling
current when the bias voltage is ramped at a fixed tip height.
The derivation of the tunnelling current (Eq. 2.6) with respect to the bias voltage
yields:

dI

dV
∝ ρt(EF )ρs(EF + eV )|Mµν |2

+

∫ eV

0
dEρt(E − eV )ρs(E)

d|Mµν |2

dV

+

∫ eV

0
dEρt(E)

dρ

dE
|Mµν |2,

(2.7)

We have considered a simple approximation where the tip density of state is voltage
independent. Additionally, we assume a small bias voltage in which the tunnelling
matrix element (transmission coefficient) is constant. We obtain:

dI

dV
∝ ρs(EF + eV ). (2.8)

Therefore, by measuring the dI/dV we will get information of the density of state
of the surface.

2.3.1 Lock-in Amplifier
We obtain the dI/dV signal by using the lock-in amplifier method. A lock-in amplifier
adds a sinusoidal voltage (Vmod sin(ωt)) to the DC voltage bias. This sinusoidal
voltage has a few millivolts amplitude and a frequency of some hundreds of Hertz.
This will subsequently modulate the tunnelling current as:

I(V + Vmod sin(ωt)) ∝
∫ e(V+Vmod sin(ωt))

0
ρs(E)dE, (2.9)

which for small Vmod can be written in the form of a Taylor expansion:

I(V +Vmod sin(ωt)) ∝ I(V )+
dI

dV
Vmod sin(ωt)+

d2I

dV 2
V 2
mod sin2(ωt)+O(V 3

mod), (2.10)

The first term is referred as the zero-order component and is proportional to the
tunnelling current. The second term is proportional to the differential conductance
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Figure 2.6: Schematic energy diagram of STM junctions. a) No bias voltage is applied
hence the Fermi level of tip and sample are aligned. b) At positive sample bias
electrons tunnel from the tip into unoccupied states of the sample. c) Oppositely, at
negative sample bias electrons tunnel from occupied states of the sample into the tip.
The length of the arrows represents the higher tunnelling probability of the electrons
with higher energies.

and hence to the LDOS. Therefore, by mixing the input signal with a reference
signal, we can filter and extract the signal with the frequency ω which is proportional
to the dI/dV and so the LDOS. As this method filters out the majority of the
frequencies (except around ω), we obtain a better signal-to-noise ratio than by taking
the numerical derivative of the current.

The described technique provides access to another spectroscopic mode called
dI/dV map. This map is acquired when the STM tip scans the area of interest
while the dI/dV signal from the lock-in amplifier is recorded. In contrast to the
topographic image where all states between EF and EF+V contribute, dI/dV maps
only depict the DOS of the scanned region at a certain energy [46].

In the following chapters, we visualize frontier molecular orbitals via dI/dV maps.
We compare the experimental dI/dV maps with the simulated frontier molecular
orbitals. All simulations presented in this thesis are obtained by DFT calculations for
the molecule in gas phase, using GAUSSIAN09 package with the B3PW91 functional
and the 6-31g(d,p) basis set [47]. Using DFT, we calculate the molecule’s wave func-
tion and the distribution of the squared tunnelling matrix element (|Mµν |2, following
eq. 2.4) along the planar molecule. The tip wave function (s-wave) is defined by a
spherical function ∝ (κ |~r-~r0|)−1 exp(-κ |~r-~r0|) [44] with decay constant κ=

√
2mφ/h̄.

The overlap of the tip and molecule wave functions depends on the tip height z, which
is the distance between the center of the s-wave tip and the center of the flat-lying
molecule.
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2 Theoretical and Experimental Background

2.4 Experimental Setup

2.4.1 Preparation and STM Chambers
In this thesis all the measurements are carried out with a CreaTec STM based on
a design by Gerhard Meyer [20]. The experimental system consists of two UHV
chambers; a preparation chamber and a measurement (STM) chamber which are
separated by a gate valve. To avoid undesirable contamination, all preparations and
measurements are done in the UHV chambers.

To maintain the low pressure condition of ∼ 10−10 mbar in the preparation cham-
ber several pumps including two ion pumps, a turbomolecular pump, a titanium-
sublimation pump (TSP) and a cryo pump (cold trap) are mounted to the cham-
ber. The preparation chamber is also equipped with additional tools like a mass-
spectrometer, a sputter gun and slots to mount molecular or metal UHV evaporators.

A movable manipulator transfers the sample between two chambers. The manipula-
tor is able to move in three directions (x,y,z) independently and rotate around its axis.
In order to anneal the sample, the manipulator is equipped with thermo-couples and
heating filaments. It can also be pre-cooled with liquid helium to transfer the sample
into the STM chamber. The preparation process of the samples will be explained in
the following section.
The STM chamber includes of the STM scanning head which is in contact with

a liquid helium bath at an equilibrium temperature of 4.2 K. In order to reach and
maintain low temperature, two cylindrical shields surround the measuring stage and

cryostat
preparation chamber 

STM chamber 

manipulator 

mass spectrometer 

damping feet 

a) b)

sapphire ball 
outer piezo

inner piezo
sensor holder

sensor

sample stage

Figure 2.7: a) Image of the STM which consists of two UHV chambers: preparation
and STM chamber, cryostat all on four air dumpers. b) Photo of the Besocke-type
STM head. Three outer piezos with sapphire balls are connected to the copper ramp.
The inner piezo at the center holds the sensor a sample stage holds the sample. The
pictures are adapted and modified from [48].
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Figure 2.8: a) Schematic representation of the fcc Ag(111) surface with 2.89 Å
neighbouring atom distance. b) STM image of clean Ag(111) showing several terraces
and a large flat terrace, the image is recorded at 1V and 25 pA. c) dI/dV spectrum
acquired with open feedback (set point: I = 100 pA and V = 2.5 V, Vmod=10mV) on
a bare Ag(111) surface, showing the onset of the Ag(111) surface state at -60 mV.

the cryostat, the outer one provides 70 K shielding and the inner one provides 5 K
shielding with liquid nitrogen and helium, respectively.

2.4.2 STM Head
The head of the STM is designed by Karl Besocke (so-called beetle design) and
developed by Gerhard Meyer and Sven Zöphel at FU Berlin [49, 50]. This design
has high mechanical and thermal stability and works in the temperature range of 4.5
K to 300 K. As shown in Fig. 2.7b, the STM head consists of a base plate where
the sample stage is mounted. Three outer piezo in contact with spherical sapphires
hold the three-fold copper ramp. By applying saw tooth-shaped voltage pulses to
the electrodes of the piezo elements, the ramp moves laterally and rotationally which
leads to the change of the tip position in vertical as well as horizontal direction. The
maximum lift height is 0.6 mm. In the center of the ramp the scanner piezo holds
the scanning sensor and the tip. One disadvantage of the beetle design is the slightly
coupled movement in z and xy. When the ramp is moving down in z direction to
approach the sample there will be a slight unintentional shift in the xy direction and
vise versa. Another disadvantage is the lack of a fixed reference frame in xy because
of the rotation of the ramp.
In order to damp low frequency vibrations, four pneumatic feet are used to lift

the whole chamber during measurement (see Fig. 2.7a). Moreover, an eddy-current
damping system is implemented by springs on which the STM head is hanging.

The data was analyzed using the following softwares: SpectraFox[51], WSxM [52],
OriginPro and Igorpro.
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2 Theoretical and Experimental Background

Figure 2.9: Schematic
tungsten tip etching in
NaOH. The etching pro-
cess occurs near the sur-
face of NaOH [55].

2.5 Sample and Tip Preparation
To investigate single molecules or self-assembled molecular islands we need an atomi-
cally clean substrate. In this thesis we exploit Ag as a substrate which is polished in
the (111) direction. Ag(111) is a weak interacting substrate and can form flat and
large terraces. The silver lattice crystallizes in face centered cubic (fcc) with a lattice
parameter of 4.085 Å [53]. Therefore, the neighbouring distance in the close-packed
(111)-plane will be 2.89 Å as illustrated in Fig. 2.8a. An STM image of the Ag surface
in Fig. 2.8b shows several terraces as well as a large and flat surface. To clean the
surface, repeated cycles of sputtering and annealing are performed. For sputtering,
the noble gas Ne is ionized and accelerated toward the sample (with an energy of 1
kV for 20 min at 10−5 mbar). Subsequently the sample is annealed at 800 K for a few
minutes to obtain larger terraces. The preparation of an atomically clean sample is
adapted from Musket et al. [54]. Following the cleaning procedure, single-layer MoS2

is grown on the Ag surface (the details will be explained in chapter 5). Afterwards,
different molecules (adsorbates) are evaporated on the clean sample. The sample is
pre-cooled before transferring into the STM chamber. The detailed preparation of
each system will be explained in their corresponding chapters.

2.5.1 Tip Preparation
The preparation of the tip defines the resolution and the quality of the STM images.
We chemically etched a tungsten (W) tip in a sodium hydroxide (NaOH) solution
in order to obtain a microscopically sharp tip apex. Fig. 2.9 illustrates the etching
process.
Another preparation technique can be applied during the measurement to regain the
metallic tip after a contamination. The tip is indented into the clean surface for by
few Ångstroms while a few volts are applied. The quality of the tip can be examined
by STS measurements on the clean surface. The dI/dV spectrum on bare Ag(111) in
Fig. 2.8c reveals a surface state at ∼ -60 mV [56, 57]. This processes can be repeated
until the desired tip obtain.
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CHAPTER 3

Molecules on Surfaces

STM is a powerful tool to study molecular adsorbates on surfaces. Numerous STM
studies have been carried out, investigating various molecular properties such as
electronic, optoelectronic [58, 59] and magnetic properties [37, 60], as well as molecular
vibrations [61, 62] and charge transfer [22, 63]. As mentioned in the introduction
chapter, while using single atoms and molecules as "building blocks" of electronic
devices is a long-term goal, STM studies are of great importance to characterize
theses "building blocks". One important aspect is how the molecular properties are
modified upon adsorption on a surface.
In this chapter, I present the basics about the particular properties of molecules

adsorbed on surfaces that are essential to understand and interpret the experimental
results that will be presented later on.

3.1 Molecular Energy Levels on Surface
It was mentioned in the previous chapter that the working principle of the STM is
based on a conducting substrate. Metal surfaces are known to modify the electronic
properties of the molecules due to screening and hybridization effects which lead to
energy-level shifting and energy-level broadening, respectively.
Depending on the nature of the molecule and the substrate, their interaction is

categorized into two types: physisorption and chemisorption. The adsorption types
are distinguished by their the adsorption energy. In the physisorption, molecules
are bound to the surface by weak van der Waals forces, whereas in chemisorption,
molecules are covalently bound to the surface. The modification of the electronic
features due to hybridization is much weaker for physisorption compared to chemisorp-
tion.

During the tunnelling process in STS measurements, the adsorbate becomes tran-
siently charged either positively or negatively depending on the polarity of the bias
voltage. Thus, the observed states are not of the neutral molecule, but the cationic
and anionic states. The energy of these states are related to the electron affinity (EA)
and ionization potential (IP), and are also referred to as negative ion resonance (NIR)
or positive ion resonance (PIR) in tunnelling spectroscopy. Due to the additional
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Figure 3.1: Schematics of shifting and lifetime broadening of the molecular levels
upon adsorption on a metal surface. In the gas phase (left), the molecule shows
energetically discrete and localized peaks at the energetic positions of the electron
affinity (EA) and ionization potential (IP). When the molecule is brought on the
metal surface the Coulomb energy (Ec) is reduced as a consequence of the screening
effect. Thus the charge states shift toward the Fermi level (close to LUMO and
HOMO). Another effect is the energy level broadening due to the shorter lifetime of
the electronic states when coupled strongly to the metal surface. The right end panel
shows the energy level alignment due to the charge transfer between molecule and
the surface. This causes a rigid shift of the molecular level with respect to the Fermi
level.

charging energy, STS probes the states at larger energies than the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).

Screening reduces the IP-EA gap, when the molecule is brought into contact with a
metal substrate. The charge of the molecule at the interface creates an image charge
in the surface. The interaction between the positively or negatively charged molecule
and the negative or positive image charge in the surface increases the EA and reduces
the IP [64, 65]. In other words, the Coulomb repulsion energy (Ec) is reduced and
molecular resonances shift closer to the Fermi level as depicted in Fig. 3.1.

Another screening mechanism arises due to the polarizability of the neighbouring
molecules in a self-assembled molecular island. The charge carriers in the neighbour-
hood screen the added or removed charge, which decreases the Coulomb repulsion
even more [66].

Moreover, due to the charge transfer (CT) between the molecule and the surface,
the energy levels of the molecule realign (shift) with respect to the Fermi level of the
surface as sketched in Fig. 3.1 (right panel) where the HOMO-LUMO gap shifts.
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3.2 Decoupling Layers and Energy Broadening

3.2 Decoupling Layers and Energy Broadening
In contrast to the free molecule, when the molecule is deposited on a metal surface,
the tunnelling electron quickly leaves the molecular state into the metal within the
timescale of femtoseconds. This results in a lifetime broadening up to hundreds of
millielectronvolts (meV) of the molecular states.
As a consequence of this broadening, the intrinsic electronic properties (fine electronic
structures within the energy scale of few meV to hundreds meV) are obscured and
cannot be detected in tunnelling spectroscopy. To reduce this effect a thin decoupling
layer between molecule and metal substrate is introduced. This additional layer
between the adsorbate and the surface acts as a second tunnelling barrier, which
reduces the overlap between molecular orbitals and the substrate’s metallic states and
thus hybridization and lifetime broadening. Having a certain thickness, a decoupling
layer also provides an adequate large vertical distance between the adsorbate and the
substrate.

Vibrational excitations are usually hidden in the broad resonances and cannot be
detected when a molecule is deposited on a metal surface. Using different types of
decoupling layers the vibronic states of several molecules were observed in former
works [18, 27, 28, 33, 67–70]. However, to study vibronic properties of molecules,
the different decoupling layers are not equivalent. For example, it was reported for
STS studies of molecules on NaCl decoupling layer, that the strong electron-phonon
coupling within the ionic lattice upon electronic excitation of the molecule provokes
an energetic broadening of the molecular resonances [71]. This should be considered
when ionic lattices such as NaCl and Al2O3 are acting as a decoupling layer.
Molybdenum disulfide is suggested as a promising non-ionic decoupling layer. In the
following chapter we will investigate its structural and electronic properties.

3.3 Double Barrier Tunneling Junction and
Charging Effect

In this thesis, we investigate the intrinsic electronic properties of adsorbates. We
have explained in the previous section that a non-conducting spacer inserted between
adsorbate and metal surface may act as decoupling layer. Such a decoupling layer
behaves as a second tunnelling barrier for the STM junction, which is thus called
a double-barrier tunnelling junction (DBTJ). In this junction the applied voltage
drops between tip and molecule and also between molecule and metal substrate. The
ratio of the voltage drop (α) between tip and molecule to the voltage drop between
molecule and metal depends on the double barrier capacitance and changes with the
tip-surface (vertical) distance. Therefore, the voltage drop is divided between the two
tunnelling barriers and molecular energy levels are not fixed and can shift with respect
to the Fermi levels of the tip and sample depending on the applied bias voltage.
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Figure 3.2: a) Energy level diagram at zero bias where the Fermi levels of sample
and tip are aligned. The adsorbate electronic state is shown as ε. b) At higher bias,
the voltage drop across MoS2 and vacuum barriers are displayed as αVs and (1-α)Vs.
At positive sample bias, when the tip’s Fermi level shifts up, molecular state (ε) is
also pulled up with respect to the Fermi level of the surface.

One important consequence is that a molecular level can cross the Fermi level of the
sample and thereby changing the charge state of the molecule (charging effect) [63, 72].

When the bias voltage is zero the Fermi levels of tip and sample are aligned as
depicted in Fig. 3.2a. Here, ε is the molecular state in the unbiased junction with
respect to the Fermi levels of the tip and surface. By applying a bias voltage Vs, the
voltage drop is divided between vacuum and the decoupling layer (see Fig. 3.2b). αVs
corresponds to the voltage drop across the decoupling layer and an empty molecular
state. Tunnelling through the molecular state (ε) occurs when:

|Vs| = |
ε

e(α− 1)
| (3.1)

When the molecular level is pulled across the Fermi level of the substrate, the
molecule is charged. We consider the molecular state filled and charging occurs at:

Vs =
ε

eα
. (3.2)

Generally, charging of a molecule occurs when two requirements are met. First having
a double barrier tunnelling junction and second a molecular state near the Fermi level
as in Fig. 3.2. In this case (see Fig. 3.2b), the tip Fermi energy is shifted up with
respect to the molecular resonance (ε) by an applied positive bias. Consequently, the
molecular resonance shifts with respect to the sample states due to the small barrier
between molecule and sample. Subsequently, the electron in state ε is transferred
to the sample. This event is observed as a sharp resonance in the dI/dV spectrum
(so-called charging peak).
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Figure 3.3: Electric field induced by the bias in the STM junction. a) The tip is
located above the adsorbate and the electric field lines are shown as perpendicular
lines to the surface (top panel). From top view, the field lines are shown as rings
centered at the projected position of the tip (lower panel). b) As the tip is moved
laterally away from the adsorbate, the position of the resonance in dI/dV shifts to
higher energies. In other words, this shift has a parabolic dispersion with the lateral
position of the tip. c) In a constant height line above the adsorbate, when the bias
sweeps the dispersion of the tip field at the adsorbats appear in parabolic. As the tip
moves laterally away from the adsorbate for a given electric field more bias is needed
to apply.

The charging events can also be detected in constant-height dI/dV maps as a
charging ring [72–74] and in constant-height dI/dV line spectra as a parabola [63, 75,
76]. The observation of the charging rings or parabolas is due to an inhomogeneous
electric field in the junction. To explain the origin of these effects, we sketch this tip-
induced effect in Fig. 3.3. Considering the inhomogeneous junction, the iso-contours
of the electric field at the surface appear as circles. When the tip is placed above the
adsorbate as in Fig. 3.3a (top panel), the field is strongest at the adsorbate. When
the tip moves away (Fig. 3.3b) from the projected tip location, the field is weaker
(smaller) at the adsorbate. As the electric field is inversely proportional to the total
distance between tip and adsorbate, the adsorbate still can be charged even when the
tip is further away from the adsorbate at an adequate bias voltage. This event can be
detected as a ring in dI/dV map and as a parabola in dI/dV line spectroscopy (Fig.
3.3c). We explain charging and the observation of charging peaks and parabolas in
chapter 7.

In this thesis (the presented experiments), the value of the voltage drop across the
decoupling layer (single-layer MoS2) is considered ∼ (10-15)% [19, 77] when the tip
is at a distance of typical tunnelling conditions. This value was found first by Krane
at al. [77] as they identified a shift of the resonances for 2,5-bis(3-dodecylthiophen-
2-yl)thieno[3,2-b]thiophene (BTTT) molecule adsorbed on MoS2/Au(111). We also
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3 Molecules on Surfaces

obtain the same values in our data in chapter 7 when we observe charging in the
mixed structure of tetrathiafulvalene (TTF) and 7,7,8,8-tetracyanoquinodimethane
(TCNQ) molecules.

3.4 Charge Transfer Complexes
Charge transfer complexes in organic materials have attracted attention due to the
various potential applications in organic electronics [11, 12], storage devices [78, 79]
and organic photovoltaic cells [80, 81].
Charge transfer complexes (CTC) are generally based on the interaction between

an electron donor (D) and an electron acceptor (A) species. The donor molecule
with a small ionization potential (IP) interacts with an acceptor counterpart with a
large electron affinity (EA). Thus the donor can be oxidized by the loss of charge and
the acceptor is reduced by gaining charge. The reaction for a charge transfer salt is
described by [82]:

Dm +An → [Dm]+δ + [An]−δ, (3.3)

with m and n as integers and δ as the charge-transfer ratio. This reaction requires
the condition

∆E = IP − EA− C < 0. (3.4)

where C contains of the Coulomb, polarization, and exchange energy [83]. The IP of
the donor provides the energy needed to remove an electron from the HOMO and
the EA of the acceptor describes the energy obtained in filling the LUMO.

In chapter 7, we investigate a charge-transfer film composed of the electron donor
TTF and electron acceptor TCNQ on a single-layer MoS2/Ag(111).

3.5 Vibronic States
The simultaneous excitation in the electronic and vibrational energy level of a molecule
is responsible for a vibronic transition. Vibronic excitations are described by the
Franck-Condon model [84, 85] which explains the relative intensities of vibronic
transitions by relating the probability of a vibrational transition to the overlap of the
vibrational wave functions.

The probability of the transition between a ground state ψ and an excited state ψ′

with Hamiltonian H is given by:

P =
∣∣ < ψ′|H|ψ >

∣∣2. (3.5)

Due to the fact that the electron moves much faster than the nuclei we are allowed to
separate the electron and the nuclei motions. The Born-Oppenheimer approximation
suggests to consider the total wave functions (ψ) as ψe.ψν , where ψe is the electron
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Figure 3.4: Scheme of vibronic excitation in Franck-Condon picture. A neutral
molecule (M0) is shown in its ground state. When adding or removing an electron,
the molecule is excited electronically which may couple to vibrational excitations.
The Born-Oppenheimer approximation considers the vertical transition between M0

and M1. Due to the electronic excitation, the molecule distorts and a shift of the
equilibrium position (∆Q) is displayed in the vibrational normal coordinate. The
overlap between the vibrational wave functions of the initial state (gray) and the final
state (red) gives rise to the vibronic peaks whose intensities are given by a Poisson
distribution sketched in the right panel. Picture taken from [86].

wave function and ψν is a vibrational wave function. In other words, the Born-
Oppenheimer approximation does not consider changes in the nuclear coordinates or
momentum during the excitation.

P =
∣∣ < ψ′eψ

′
ν |H|ψνψe >

∣∣2, (3.6)

The total Hamiltonian (H) is the sum of electronic Hamiltonian (He) and vibrational
Hamiltonian (Hν). Using H=He+Hν , we get:

P =
∣∣ < ψ′eψ

′
ν |He|ψνψe >

∣∣2 +
∣∣ < ψ′eψ

′
ν |Hν |ψνψe >

∣∣2. (3.7)

Because of the orthogonal electron wave function (< ψ′e|ψe >= 0), we obtain:

P =
∣∣ < ψ′ν |ψν >

∣∣2∣∣ < ψ′e|He|ψe >
∣∣2. (3.8)

The first term (< ψ′ν |ψν >) is called Franck-Condon factor which describes the overlap
of the vibrational wave functions of the ground state and excited state and therefore
the probability to excite a vibrational state. The second term is the probability to
excite the molecule electronically.
The vibronic excitation within the Franck-Condon model is depicted in Fig. 3.4.
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M0 is the neutral molecule in the ground state and M1 is the charged molecule in
the excited state. The higher harmonics of vibrational modes h̄ωk of the excited
molecule are also shown. Considering a harmonic oscillator with parabolic potential,
the intensities of the nth excited states with vibrational mode k are given by a Poisson
distribution [71, 87]:

Ikn = eSk
Snk
n!
, (3.9)

where SK is the so-called Huang-Rhys factor of the vibrational mode k as:

Sk =
εk
h̄ω

, (3.10)

with the energy (h̄ωk) and the relaxation energy εk.

In this thesis, we applied the Franck-Condon model to identify and understand
the vibronic excitation we observe experimentally in STS. For this purpose, we deter-
mine the energy of the vibrational mode as well as the relaxation energy (and the
Huang-Rhys factor) that are related to the electronic excitation of a molecule. These
parameters are extracted with the following method which has been implemented in
previous works [19, 88]. The calculations are carried out by the B3PW91 Functional
with the 6-31g(d,p) basis-set implemented in the Gaussian09 code [47].

First, the geometry of the relaxed structure of the neutral state and the charged state
of the isolated molecule is calculated with ab initio DFT calculation. Comparing those
states, we obtain the displacement upon charging (ηα) in mass-weighted coordinates.
Then, for each atom (α) the displacement (lαk) corresponding to all vibrational modes
k for the charged molecule is calculated. There are 3N-6 vibrational modes for a given
molecule with N atoms. The relaxation energy for each mode can be determined by:

εk =
ωk
2

(
N∑
α

~lαk. ~ηα

)2

. (3.11)

When we obtain the Huang-Rhys factors, we can simulate the vibronic spectrum.
First, we numerically calculate the convolution (progression) of all vibrational modes.
We consider the excitation of all modes due to the coupling of two or more modes
and/or the excitation of several harmonics of one vibrational mode. Then, a Lorentzian
function with a given half-width-at-half-maximum and the amplitude defined by the
Poisson distribution (eq 3.9) is applied to the vibronic spectrum.

In the following chapters, we use the Franck-Condon model and the corresponding
calculations to simulate the dI/dV spectra for TCNQ , DCV5T-Me2 and TTF
molecules on Sl-MoS2/Ag(111).
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CHAPTER 4

Molybdenum Disulfide:
Structural and Electronic

Properties

The layered transition metal dichalcogenides (TMDCs) are described by the general
formula MX2, where M represents the transition metal (Mo, W, Nb, Ta, Ti, Re) and
X stands for the chalcogen (S, Se or Te). The layered structure is formed by three
atomic layers covalently bonded, where the transition metal is sandwiched between
two chalcogen sheets in the form of X-M-X. In the bulk material, the triple layers are
stacked by van der Waals forces similar to graphite. The weakly bound layers make
TMDCs appropriate as dry lubricants which have been used for decades.

Due to the weak interlayer interactions, TMDCs are found in several structural
polytypes depending on the stacking order of the layers [89]. Fig. 4.1 shows three
possible structures of TMDCs and their corresponding unit cells. The numbers and
letters are used to label different phases. The number represents the number of the
layers to determine the unit cell and the letter defines the chalcogen arrangement, T
trigonal, H hexagonal and R rhombohedral. In the 2H phase one layer is rotated by
180◦ and in 3R the layers are laterally shifted.

Generally, depending on the number of transition metal d-electrons, bulk TMDCs
exhibit metallic, half-metallic, semiconducting or superconducting properties [90].
The wide range of electronic properties can be explained by the Wilson and Yoffe
model. They suggested that the valence band mainly shows the chalcogen s and p
character, while the conduction band arises from the transition metal d states [91].
Thus, the degree of filling of the d orbitals determines whether the TMDC is a metal,
semi-metal or semiconductor.

Molybdenum disulfide (MoS2) is a member of the TMDC family. Like other
TMDCs it can be found in 1T, 2H and 3R structure. The 2H phase is more common
while the 3R phase is rarely found in nature [92]. Due to the difference in their
crystal symmetry, 1T and 2H phases exhibit quite different electronic structures; the
2H phase is a semiconductor while the 1T phase exhibits metallic character. The
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1T

2H

3R

chalcogen

transition metal

Figure 4.1: Schematic of the three possible stacking configurations of TMDCs and
their corresponding unit cells which are shown as rectangular. In 2H phase the layers
are rotated with respect to each other and in the 3R phase they are shifted laterally.

electronic structure of bulk 2H-MoS2 in Fig. 4.3a shows an indirect band gap of
1.23 eV [93]. The maximum of the valence band is located at the Γ̄ point and the
minimum of the conduction band is located between the Γ̄ and K̄ point. In the
following, particularly we focus on single-layer MoS2, its structural and electronic
properties. We show that the band structure for single-layer MoS2 is different from
the bulk due to its 2D nature.

4.1 Single-Layer MoS2: Structure

Single-layer MoS2 (SL-MoS2) consists of three atomic layers where molybdenum atoms
are sandwiched between two sulfur layers and are bonded covalently [94, 95]. Similar
to other single layer TMDCs, SL-MoS2 is found in two structural types, depending
on the position of the chalcogen to the metal element in the X-M-X structure. It can
be formed either in 1T (tetragonal symmetry and octahedral coordination) or 1H
structures (octahedral hexagonal closed packing and trigonal prismatic coordination)
[90, 94]. As shown in Fig. 4.2 in the trigonal prismatic unit cell, sulfur atoms of the
upper and lower layer are located on top of each other, whereas in the octahedral
unit cell one sulfur layer is rotated by 180◦ [92]. As we have stated in the previous
section, due to the difference in their crystal symmetry these two phases exhibit quite
different electronic structure; the 1H phase is semiconducting while the 1T phase is
metallic. X-ray diffraction and Raman scattering show octahedral coordination is the
metastable structure of single layer MoS2 [92].
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Trigonal Prismic 
(1H)

Octahedral
 (1T)

Mo

 S

Side View

Top View

Figure 4.2: Stick and ball model of the single-layer MoS2 unit cell with top view of
two phases: trigonal prismic (1H) and octahedral (1T).

4.2 Single-Layer MoS2: Band Structure
The electronic properties of MoS2 depend on the number of layers as depicted in Fig.
4.3a [96, 97]. Decreasing the number of the layers, the indirect band gap increases
and SL-MoS2 becomes a direct band gap semiconductor due to quantum confinement
[98–100]. The direct band gap of free standing MoS2 has been predicted to be 2.8 eV
[101, 102].
Another consequence of the quantum confinement in SL-MoS2 is a high exciton

binding energy of ∼ 1 eV compared to the bulk MoS2 which is ∼ 0.1 eV [101–103].
Therefore, the long exciton lifetime subsequently enhances the luminescence quantum
efficiency and makes SL-MoS2 an interesting candidate in photonic devices [99].

In addition, because of the absence of inversion symmetry and a strong spin-orbit
interaction, SL-MoS2 exhibits a large spin splitting of the valence band maximum
at K̄ point (see Fig. 4.3b) by the value of 150 meV [102, 104, 105]. Bana et al.[106]
experimentally confirmed the spin polarization of the valence band states near the
K and -K points of the Brillouin zone for SL-MoS2 on Au(111) surface. The first
Brillouin zone is shown in Fig. 4.3c. Hence, the system is promising for spintronic
devices with selective access to the spin-orbit split bands at K̄ and -K̄ by circularly
polarized light.

In chapter 3, we have described the application of decoupling layers in STM
measurements. There are a wide range of decoupling layers which have been used in
STM measurement, such as graphene [27, 28, 108], NaCl [33, 109–111], hexagonal
boron nitride (hBN) [67, 112–114] and Al2O3 [115–118]. Although each one has its
own advantages and drawbacks, SL-MoS2 is considered a promising candidate in
this field. Compared to graphene and hBN, SL-MoS2 with its three atomic layers is
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bulk MoS2 single layer MoS2quadrilayer MoS2 bilayer MoS2a) b)

c)
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Figure 4.3: a) Calculated band structure of bulk, quadrilayer, bilayer and single
layer MoS2. The solid arrows indicate the lowest energy transitions. Bulk MoS2 is
characterized by an indirect band gap. The direct excitonic transitions occur at the K
point. With reduced layer thickness, the indirect band gap becomes larger, while the
direct excitonic transition barely changes. Hence, single-layer MoS2 is a direct band
gap semiconductor [96], b) Electronic band structure calculated for single-layer MoS2

with (solid line) and without (dotted line) inclusion of the spin-orbit interaction [104],
c) Corresponding bulk and surface Brillouin zone marked with the high symmetry
points [107], d) Brillouin zone and schematic band structure for two mirror domain
orientations of SL-MoS2. The colors of the split valence band maximum (blue/red)
refer to the different spin orientation of these states [106].
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4.2 Single-Layer MoS2: Band Structure

thicker. Hence, in a naive picture the tunnelling barrier induced by a SL-MoS2 should
be wider and the decoupling should be more efficient. Nonetheless, this requirement
is achieved by Al2O3 and NaCl as their thickness can be tuned. Due to non-ionic
character of SL-MoS2 the electron-phonon coupling is less strong compared to the
ionic films. This consequently prevents the significant broadening due to the phonon
excitation in the decoupling layer [71, 119].

In the following chapter, we explain the growth conditions of SL-MoS2 on Ag(111)
surface and we analyze its structural and electronic properties.
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CHAPTER 5

Molybdenum Disulfide (MoS2)
on Ag(111): Structural and

Electronic Properties

The work presented in this chapter was published as:
Monolayers of MoS2 on Ag(111) as decoupling layers for organic molecules: resolution
of electronic and vibronic states of TCNQ, Asieh Yousofnejad, Gaël Reecht, Nils
Krane, Christian Lotze and Katharina J. Franke. Beilstein J. Nanotechnol. 2020, 11,
1062–1071 [120]

5.1 Introduction
Besides the interesting property of having a direct band gap explained in the previous
chapter, single-layer MoS2 (SL-MoS2) has another fascinating feature. Adsorbing
molecules on metal surfaces significantly reduces the life time of the excited state of
the molecule due to the hybridization. Semiconducting SL-MoS2 acts as a spacer
which decouples molecules from the metal substrate and enables us to observe intrinsic
electronic features of molecules [19, 88]. SL-MoS2 on Au(111) has been exploited as
a promising decoupling layer [19]. Here, we will explore this potential on Ag(111)
surface. Ag(111) is an attractive substrate due to its smaller Schottky barrier height
compared to Au(111) in field effect transistor (FET) devices.
In this chapter, I describe the growth and properties of SL-MoS2 on Ag(111).

5.2 Growth of Single-Layer MoS2 on Ag(111)
Single-layer MoS2 can be obtained via various techniques. For instance, single layers
can be produced by exfoliation of the corresponding bulk materials. The procedure is
similar to graphene exfoliation, because the layers are also held together by weak van
der Waals forces. Chemical vapor deposition (CVD) is another approach to synthesize
MoS2. To avoid defects, the growth of TMDC layers in ultra-high vacuum (UHV)
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Figure 5.1: a) Schematic depiction of growth process of single-layer MoS2 on Ag(111).
b) STM topography of single layer MoS2 on Ag(111) surface recorded at V = 1.2V, I
= 20pA. Inset: Line profile of a single-layer MoS2 island along the green line.

conditions is desirable. The successful growth of several TMDC layers on metal sur-
faces has been reported earlier [95, 121]. For instance, the growth procedure of MoS2

was reported by S. Helveg, et al. [122] using physical vapor deposition (PVD). They
synthesized triangular nanoclusters of size 30 Å on Au(111). Then Grøneborg et al.
[123] changed the temperature and pressure to obtain larger MoS2 islands on Au(111).

In this work, the growth procedure of SL-MoS2 on Ag(111) has been adapted from
Grøneborg et al. [123]. In order to grow large molecular islands of MoS2/Ag(111)
which we will present in the following chapters, we need to grow large MoS2 islands
on Ag(111). The Ag(111) surface was cleaned by two cycles of 1-keV-Ne+ sputtering
and 500◦C annealing under UHV conditions as mentioned in chapter 2.

Following the recipe of Grøneborg et al. [123], the synthesis was initiated by back
filling the chamber with H2S gas to the pressure of (1 × 10−5) mbar. The Mo was
evaporated for 20 min in the H2S atmosphere (see Fig. 5.1a) while the sample was
held at 550◦C. The sample subsequently was annealed for 30 min at 550◦C in H2S
atmosphere and post annealed for 5 min without H2S gas. Afterwards, the sample
was cooled down and transferred into the STM chamber. The result of this procedure
are small and relatively large high quality MoS2 islands of few hundreds nm large
(Fig. 5.1b).
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Figure 5.2: a) Close-up STM topography view of the moiré superstructure of single-
layer MoS2/Ag(111) (V = 1V, I = 20pA). The periodicity of the superstructure is
depicted by a1 and a2 vectors which a1=a2=(3.3±1) nm. b) Atomically resolved
terminating S layer (V = 5mV, I = 1 nA). c) A model of single layer MoS2 on Ag(111)
showing the lattice mismatch between MoS2 layer and Ag(111) surface.

5.3 MoS2 on Ag(111): Structural Properties

Fig. 5.1a represents the topographic image of Ag(111) surface after growing MoS2 as
described in the previous section. MoS2 appears in large islands from tens to hundreds
of nanometers. The apparent height of the islands (inset Fig. 5.1a) is (2.3±0.2)Å
which agrees with the result of a single layer of MoS2 on a Au(111) surface [123].
The single layer apparent height is significantly smaller than the layer distance in the
bulk structure [124] due to electronic-structure effects. MoS2 islands (Fig. 5.2a) show
a hexagonal pattern ascribed to a moiré structure, which arises due to the lattice
mismatch between SL-MoS2 and Ag(111) surface as illustrated in Fig. 5.2c. The
moiré superstructure appears with the periodicity of (3.3±0.1) nm on this island.
A similar moiré periodicity was also observed for MoS2/Au(111) [95, 123] which
can be explained by the comparable lattice constant of Au (4.08Å) and Ag (4.09Å).
Investigating about 30 MoS2 islands on Ag(111), we also observe moiré patterns
with lattice constants between 3.0 nm to 3.6 nm. The occurrence of different moiré
sizes indicates the shallow energetic minima of the lattice orientations. In Fig. 5.2b,
atomically resolved STM image depicts the S-S distance of 3.15 Å of the top layer
which is in agreement with former works and the expectation of the bulk structure
[122, 124, 125].
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Figure 5.3: a) Constant-height dI/dV spectra on MoS2 on Ag(111) surface acquired
on top and on hollow region of the moiré structure as shown on the inserted STM
topography (feedback opened at V = 2.5 V, I = 0.5 nA, Vmod = 10 mV). Dashed
lines indicate the conduction band minimum (CBM) at ∼ 0.05 V and valence band
maximum (VBM) at ∼ 1.55 V. The strong features in the dI/dV spectra are associated
to the onset of specific bands, which are labeled by Q, Γ1 and Γ2 according to their
location in the Brillouin zone. The assignment follows Ref.[19]. b) Logarithm of
dI/dV spectra of a) showing the band gap of 1.6 eV.

5.4 MoS2 on Ag(111): Electronic Properties
As mentioned in the previous chapter, MoS2 is exploited as a decoupling layer. It thus
needs to provide an electronic band gap. Here we investigate the electronic structure
of SL-MoS2 on different locations as the moiré pattern bears a topographic and an
electronic modulation [126]. Typical constant-height dI/dV spectra recorded on top
and hollow moiré site of MoS2 are displayed in Fig. 5.3a. In the inset of Fig. 5.3a, the
local sites are shown as gray and red dots on top and hollow site, respectively. First,
I focus on the description of the spectrum on top moiré which shows two pronounced
peaks at 0.77 V and 1.28 V and a shoulder at -2 V.
In order to determine the band gap more accurately, the dI/dV spectrum in

logarithmic scale is shown in Fig. 5.3b [127–129]. It depicts a gap in the density of
states flanked by an onset of conductance at ∼ -1.55 eV and ∼ 0.05 eV (marked by
vertical dashed lines as VBM and CBM, respectively). Hence, the energy difference
of 1.6 eV can be associated to the band gap of SL- MoS2 on Ag(111). We note
that, the observed band gap is considerably smaller than the calculated value of
2.8 eV for free-standing single-layer MoS2 [101, 102]. This difference indicates a
strong hybridization of the electronic states between SL-MoS2 and Ag substrate [105].
Furthermore, we note that the spectral features are similar to those that have been
obtained for SL-MoS2 on Au(111) [105, 126, 127].
To compare the spectra, in Fig. 5.4a we plot the spectra on the top sites of the

MoS2 moiré on Au(111) and Ag(111). At negative sample bias the onsets of the
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Figure 5.4: constant-height dI/dV spectra acquired a) on top and b) on hollow site
of the moire structure MoS2 on Ag(111) (red curves) and on Au(111)(blue curve).
Feedback opened at V = 2.5 V, I = 0.5 nA, Vmod = 10 mV (all spectra, except for
hollow site on Au(111): Vmod = 5 mV).

conductance are the same, whereas at positive sample bias the feature is ∼ 140
mV closer to Fermi level on Ag(111) compared to Au(111). Before discussing the
difference between SL-MoS2 on Ag(111) and Au(111) in more details, we inspect the
electronic properties at the different stacking locations of the interface of MoS2 and
Ag. The dI/dV spectra shown in Fig. 5.3a are recorded on top and hollow site of
MoS2. The spectrum on the hollow site (Fig. 5.3b) shows a shift of ∼ 130 mV toward
the Fermi level (EF ) at negative bias, while the shift at positive bias is slightly away
from the Fermi level by ∼ 50 mV. On Au(111), there are also variations between
hollow and top sites with the strongest shift at negative bias voltage [126] (see Fig.
5.4). Before elucidating the impact of the substrate and the moiré top or hollow site
on the electronic features, we discuss about the origin of the spectroscopic features.
As the MoS2 spectrum on Ag(111) resembles the one on Au(111), we can attribute
the peaks at 0.77 V and 1.28 V to the bands at the Γ point [126]. Similarly, the
shoulder at -2 V could be assigned to the band close to the Q point [126] (in chapter
4, see Fig. 4.3b shows Γ and Q of the first BZ).

It is expected for the CBM to lie at the K̄ point for free-standing as well as metal-
supported single-layer MoS2 [96, 99, 105, 130]. However, STS is not able to detect
states at the K̄ point (such as CBM and VBM) of the Brillouin Zone. This failure is
due to the large k‖ value which results in a large tunnelling decay constant [126, 131].
The tunnelling current depends on the distance according to I(z)∝ exp(-2zκ) where
κ is the decay constant. For an electronic state with parallel momentum (k‖) and
the energy barrier φ, the decay constant is κ=(2mφ/h̄2+k2

‖)
1/2. Therefore, the states

at the edge of the BZ like VBM and CBM of MoS2 having large k‖ values are not
detectable at the expected location (K̄ point) via constant-height STS.

Now we compare conductance spectra in Fig. 5.4 on different sites on Ag and Au
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to explain the influence of the substrate on the electronic features. Spectra on both
top and hollow sites of the moiré structure (Fig. 5.4a and b) reveal a rigid shift in
the conduction band on Ag compared to Au substrate. The lower work function of
Ag(111) (4.50 eV) than Au(111) (5.25 eV) [132] can be a straightforward explanation
for the down shift of the unoccupied state on Ag. Using photoemission, Maciej
Dendzik et al. [133] have observed a down-shift of ∼ 280 meV in the valence band
structure of WS2 on Ag(111) compared to Au(111).
Angle-resolved measurements further showed that the shift also included band

distortions, such that bands at Q were crossing EF (instead of at K). The band
distortion was explained by hybridization of the WS2 bands with the Ag substrate
[133]. As explained earlier that our dI/dV signal is not k‖-sensitive, we would not
be able to detect band distortions in the MoS2–Ag system. However, the clear shift
of the states at Γ can be easily understood by hybridization of S-derived states of
mainly out-of-plane character with Ag states in analogy to Ref. [105]. In the occupied
states, the bands on the hollow site follow the same trend of a down-shift, suggesting
that the states near Q̄ are equally affected by hybridization with Ag states [133]. In
contrast, the tunnelling spectra on the top sites, seem to coincide for Au and Ag
substrate. We also note that the tunnelling conductance close to the Γ point is the
most sensitive to the precise location on the moiré pattern. Hence, we suggest that
this site is most strongly affected by screening effects, which may vary on the different
substrates [134] and partially compensate for hybridization effects.

5.5 Conclusion
In this chapter we explained the growth procedure of SL-MoS2 on Ag(111) via PVD
method and we obtained fairly large islands of hundreds nm width. STM images
revealed the moiré structure of SL-MoS2 on Ag(111) as a consequence of the lattice
mismatch between the layer and Ag(111) substrate.

We studied the electronic properties of SL-MoS2 on Ag(111) and observed the band
gap of 1.6 eV. As expected the band gap was significantly smaller than the band gap
of free-standing MoS2 due to the hybridization of the electronic states with metal
substrate. Moreover, the band gap was similar compared to the one on Au(111) with
a shift in energy of ∼ 140 mV at positive bias while the onset of conductance at
negative bias stays the same. To investigate the impact of different stacking at the
interface on the electronic features, we recorded dI/dV spectra on top as well as the
hollow site of the moiré. At negative bias of the hollow site the spectrum exhibits
a shift toward the Fermi level relative to the top site, while at positive bias much
smaller shift away from Fermi level is observed.
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CHAPTER 6

Decoupling properties of
Monolayer MoS2 on Ag(111):

Resolving Electronic and
Vibronic States of TCNQ

The work presented in this chapter was published as:
Monolayers of MoS2 on Ag(111) as decoupling layers for organic molecules: resolution
of electronic and vibronic states of TCNQ, Asieh Yousofnejad, Gaël Reecht, Nils
Krane, Christian Lotze and Katharina J. Franke. Beilstein J. Nanotechnol. 2020, 11,
1062–1071 [120]

The chemical structure of the prototype organic acceptor molecule tetra-cyano-
quino-dimethane (TCNQ) is shown in Fig. 6.1a. TCNQ consists of two dicyanomethy-
lene termination groups (C3N2) with a strong electrophilic character [135–137] and
a central quinonoid ring that stabilizes the anionic system, because it allows an
efficient charge delocalization [138]. The central ring can accommodate up to two
electrons upon charge injection which increases its aromaticity and gains energy [138,
139]. As a consequence of this particular chemical structure, TCNQ exhibits a high
electron affinity measured between (2.8 ± 0.1) eV by collisional ionization technique
[140–142] and (3.383 ± 0.001) eV by means of vibrationally resolved photoelectron
spectroscopy [143], the latter value is also obtained via DFT calculation [138]. This
prototype electron-acceptor molecule has been extensively investigated by STM on
different substrates [26, 144–148]. TCNQ can form charge transfer compounds with
both organic and inorganic donors and exhibit a wide range of electrical, optical
and magnetic properties [149, 150], particularly in optoelectronic organic devices,
including organic light-emitting diodes or field-effect transistors [151]. Because of
its strong acceptor character, TCNQ has been exploited as a p-dopant in organic
semiconductors.
Here, we use TCNQ molecule as a model system to understand the fundamental
aspects of energy level alignment at SL-MoS2-organic interfaces. TCNQ is also
implemented here as a test molecule to explore the decoupling properties of SL-MoS2

on Ag(111), whereas it has already been studied on SL-MoS2 on Au(111) [19].
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In this chapter, we focus on the adsorption of TCNQ molecules on SL-MoS2 on
Ag(111) and we characterize the electronic energy level of the molecule. Due to its
electron accepting character, we detect a negative ion resonance within the MoS2

band gap. Tunnelling spectra exhibit a reproducible fine structure which we attribute
to the excitation of vibronic states. The decoupling properties of MoS2 reduces
the fast relaxation into the metal surface which would otherwise leads to a lifetime
broadening [71, 119].

6.1 Structural Properties of TCNQ on MoS2

/Ag(111)
In this work, TCNQ molecules are evaporated on a single layer of MoS2/Ag(111)
(preparation is described in chapter 5) while the sample is held at 230K. At this
temperature, TCNQ molecules adsorb on both, the MoS2 layer as well as on the
Ag surface, but form different arrangements. On Ag(111), the TCNQ molecules
form small and disordered islands (Fig. 6.1b) whereas on MoS2 they organize in
densely-packed islands like those shown in Fig. 6.1c.
Deposition at lower sample temperature (150K) decreases the molecule diffusion

which eventually prevents the formation of well-organized islands (see Fig. 6.1d).
Before describing different molecular arrangements, we need to identify individual
molecules and their arrangements within an island. Scanning at low bias voltage (0.3
V), the molecules appear as homogeneous elliptical protrusions as depicted in Fig.
2a. Fig. 2b shows the STM image of the same area as in Fig. 2a, scanned with a
higher bias voltage (0.8 V). Here, the TCNQ molecules appear as back-to-back double
U-shapes separated by a nodal plane at the middle. As we will discuss later and
based on the previous works on TCNQ [26, 144, 148, 152], this U shape appearance
resembles the spatial distribution of the LUMO resonance of the free molecule. The
moiré pattern of SL-MoS2 remains intact (Fig. 6.1c and 2b) and can be seen through
the molecular island. This is an indication of the weak interaction between the
molecules and the MoS2 layer.
Through closer inspection of the TCNQ islands, we are able to determine the

lattice parameters of the molecular self-assembly defined by vectors a1=(0.9±0.10)
nm, a2=(1.0±0.10) nm and an angle of (96±2)◦ between them. A simple model
that accounts for these lattice parameters is depicted in Fig. 2b. According to this
model all TCNQ molecules take the same orientation with respect to each other in a
way that each TCNQ molecule has six neighbours. The corresponding superimposed
molecular model suggests strong C ≡ N · · · H - C intermolecular bonding between
the cyano endgroups and the hydrogens in the quinone ring of the neighbouring
molecule. All H and N atoms are involved in constructing the intermolecular bonds
which leads to the organization of molecular islands on the surface. The structure of

36



6.1 Structural Properties of TCNQ on MoS2 /Ag(111)

4 nm

MoS2

c)

a)
Ag(111)

b)

2 nm

4 nm

d) MoS2

Ts= 230 K

Ts= 230 K

Ts= 150 K

Figure 6.1: STM topography of the surface after depositing TCNQ molecules at a
sample temperature of 150 K and 230 K during evaporation. a) Stick-and-ball
molecular model of TCNQ. Gray spheres represent C atoms white spheres account for
H atoms and blue for N atoms. b) TCNQ molecular assembly on Ag(111) recorded
at V = 1V, I = 200 pA. c) STM topography of the closed-packed molecular island
on MoS2/Ag (111) recorded at V = 1V, I = 20 pA. d) STM topography of TCNQ
molecules at sample temperature 150 K during evaporation (recorded at V=1V and
I=10 pA), where molecules take random arrangements at lower sample temperature.
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Figure 6.2: a) STM topography of a TCNQ island on MoS2 /Ag(111) (V = 0.3 V, I
= 40 pA). b) STM topography of TCNQ island on MoS2 /Ag(111) (V = 0.8 V, I =
200 pA). Superimposed molecular model suggesting intermolecular bonding (dashed
lines). White arrows represent the unit cell of the self-organized TCNQ domain with
lattice vectors a1=(0.9±0.10) nm and a2=(1.0±0.10) nm and an angle of (96±2)◦
between them.

such close-packed assembly suggests that the intermolecular attractions are dominant
for the formation of such islands and confirms the weak molecule–MoS2 substrate
interaction. The formation of highly-organized molecular islands on MoS2 also reflects
the low diffusion energy barrier on MoS2 compared to the Ag(111) surface. Similar
arrangements have been found for TCNQ deposited on weakly interacting substrates
[26, 144–148].

6.2 Electronic Properties of TCNQ on MoS2

/Ag(111)
To characterize the electronic structure, we first perform STS measurements on TCNQ
on Ag(111). Fig. 6.3a shows a STM image of the randomly arranged molecules where
the spectra were taken. Differential conductance spectra shown in Fig. 6.3b exhibit a
fingerprint between 1 V to 2 V which does not exist on bare Ag(111). The energy of
the broad resonances varies from molecule to molecule. The variation of the energies
is a consequence of the screening from neighbouring molecules. We observe a large
energy broadening and an energy discrepancy of the resonance depending on the
molecules’ environment. According to the TCNQ spectra of the previous works on
Au(111) [26] and on Ag(111)[147], we can associate this resonance to tunnelling into
the LUMO state of the molecules. At negative sample bias, we do not observe any
feature similar to previous work [26].
In the following, we elaborate these observations compared to our measurement
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Figure 6.3: a) Topography image of TCNQ molecules on Ag(111) scanned at V = 1V,
I = 200pA. b) dI/dV spectra taken on four TCNQ molecules display resonances at
positive sample bias voltage from 1V to 1.7V. Feedback opened at I = 300pA, V =
2V with Vmod =10mV. Gray spectrum recorded on Ag(111) as a reference spectrum.

on MoS2/Ag(111). In the previous section, we have shown that there is a strong
bias-voltage dependence of the appearance of TCNQ molecule on MoS2 (Fig. 6.2a
and b). This could point towards energetically well separate molecular states. To
study this in more detail, we perform STS measurement on top of the molecules. At
first glance and in contrast to TCNQ on Ag(111), the dI/dV spectra of TCNQ on
MoS2/Ag(111) in Fig. 6.4b exhibit narrow resonances.
The difference between spectra of TCNQ on Ag(111) compared to those on

MoS2/Ag(111) (broad vs. sharp resonances) is related to the lifetime broaden-
ing of the excited states due to the considerable hybridization on Ag(111) (as we have
explained in chapter 3) which also confirms the decoupling properties of SL-MoS2

[19]. The energy of the states vary for molecules on Ag(111) compared to those on
MoS2/Ag(111).

This can be explained via screening effect as we mentioned above, where different
molecular assembly results in different screening effects. On Ag(111), TCNQ molecules
take random arrangements whereas on MoS2 each molecule has the same number
of surrounding molecules which all take the same orientation. Beside the screening
effect due to the neighbouring molecules, molecule on Ag(111) undergo additional
screening effects due to the charges on the metal surface. With the well-decoupled and
organized molecular islands on a MoS2 layer, we have an ideal system to investigate
the intrinsic properties of TCNQ. For this reason, in the following of this chapter we
focus our study on TCNQ molecules on MoS2/Ag(111).

The dI/dV spectra in Fig. 6.4b reveal two pronounced resonances at 470 mV and
640 mV which are not observed on bare MoS2. Another peak is seen at 1.3 V which
matches with the Γ resonance of the bare MoS2. The gray spectrum on the nearby
bare MoS2 is recorded as a reference spectra with the same tip. At negative bias
voltage, we observe an onset of conductance at -1.8 V which is located outside of the
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Figure 6.4: a) STM topography of a self-assembled TCNQ island on MoS2/Ag(111),
recorded at V = 0.2V, I = 20 pA. b) dI/dV spectra acquired on TCNQ molecules
shown in a), with the location marked by colored dots. The gray spectrum was
recorded on bare MoS2 layer for reference. Feedback opened at V = 2V, I = 100
pA, with Vmod = 20mV. c) Zoomed spectra of b) shows 20 mV shift of the onset at
positive bias.

MoS2 band gap (see section 5.4).
To trace the origin of each resonance, we record the spatial distribution of the

dI/dV signals (dI/dV maps) shown in Fig. 6.5(a-d) in constant-height mode at the
energy corresponding to the four resonances. On the map acquired at 470 meV in
Fig. 6.5a, we observe the same double U-shape distribution separated by a nodal
plane which we observed Fig. 6.2b in the STM topography scanned at 800 mV. Fig.
6.5b shows a map taken at 640 meV corresponding to the second peak which exhibits
the same shape as in Fig. 6.5a. As the spatial distribution is similar to the first map
we can relate both resonances to the same origin. The map recorded at 1.3 V (the Γ
resonance of MoS2) shows only elliptical shapes as the STM topography (Fig 6.2a).
The last map in Fig. 6.5d is acquired at -2 V. It shows a quite blurred dI/dV signal
over the molecule, which is more localized in the center on the TNCQ compared to
the elliptical distribution of Fig. 6.5c. The low-resolution dI/dV map could result
from recording at a bias voltage outside of the MoS2 band gap or because the tip is
too far away from the surface.

To identify the molecular orbitals, we compare the recorded conductance maps
to the calculated shape of the molecular orbitals in gas phase. By comparing our
findings with former works, we could attribute the double U-shaped distribution to
the LUMO of TCNQ [26, 144, 152]. Here, we simulate constant height dI/dV maps
of the free, flat-lying molecule. First, we calculate the gas phase electronic structure
using density-functional-theory calculations with the B3PW91 functional and the
6-31g(d,p) basis set as implemented in the GAUSSIAN09 package [47]. The iso-density
contour plots of the HOMO, LUMO and two higher unoccupied molecular orbitals are
shown in Fig. 6.5e (right panel). The calculations reveal that the HOMO and LUMO
resonances are distinguishable by the absence and presence of the nodal plane at the
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Figure 6.5: a-d) Constant-height dI/dV maps of a TCNQ island on MoS2 recorded
at the resonance energies derived in Figure 3d. Feedback opened at a-c) V = 2 V,
I = 100 pA and d) V = -2V, I= 30 pA on the center of molecule with Vmod = 20
mV. Close-up images with enhanced contrast on one molecule are shown as inset
for each map. e) Energy-level diagram of TCNQ determined from gas-phase DFT
calculations (left). The isosurfaces of the frontier molecular orbitals are shown on the
right. These have been used to calculate the tunnelling matrix element Mts with an
s-wave tip at a tip–molecule distance of 7.5 Å, workfunction of 5 eV. The map of the
spatial distribution of |Mts|2 is shown in the middle panel.

center of the molecule. For direct comparison, as explained in chapter 2 we calculate
the tunnelling matrix elements between the s-wave tip and the spatially-resolved
molecular wave function across the molecule [43]. The maps of the square tunnelling
matrix elements are depicted in Fig. 6.5e on the left of the corresponding molecular
orbitals. Because the LUMO+1 and LUMO+2 resonances are quasi degenerated,
we use the sum of their wave functions for the calculation of the tunnelling matrix
elements. As expected, the nodal planes of the molecular orbitals dominate the
simulated dI/dV maps and can be taken as a robust signature for molecular orbital
identification. Additionally, the simulated maps reveal that the dI/dV intensity is
not directly proportional to the isosurface density. For instance, there is hardly
any intensity within the U shapes of the TCNQ LUMO, and the HOMO is mainly
localized at the very center of the quinone moiety. We note that the simulated maps
are obtained at a tip–molecule distance (center of the s-wave tip to center of the
molecule) of 7.5 Å. This value was chosen because it represents reasonable tunnelling
conditions in the experiments. However, variation of the tip height by (±2 Å) does
not have any influence on the observation of the main features within the simulated
map (i.e., nodal planes, or intensity maxima) [88].
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Now, comparing this to the experimental dI/dV maps, we can identify the origin
of the molecular resonances. As mentioned earlier we can attribute the resonance
at 470 mV to the LUMO where the double-U shape map is in good agreement with
the calculation of the tunnelling matrix element. As the spatial distribution for the
resonance at 640 mV is similar to the first map we also can relate it to the LUMO
resonance. As the energy difference (170 mV) between these two resonances lies within
the typical vibrational energies of the organic molecules we may allocate the second
peak to a vibronic excitation. We will clarify this point in the following section.
The dI/dV map recorded at the energy of 1.3 V (Fig. 6.5c) with the elliptical

shape is similar to the STM image taken within the MoS2 band gap in Fig. 6.2c.
DFT calculations show that the next higher unoccupied molecular orbital lies 3 eV
above the LUMO resonance which also exhibits a nodal plane which is not observed
in the experiment. Therefore, we cannot attribute the origin of the third resonance
(at 1.3 V) to the molecular orbital (LUMO+1) but to direct tunnelling into the MoS2

state at the energy of the Γ point.
Fig. 6.5d presents the conductance map acquired at -2 V. The strong localization

of the dI/dV signal on the center of TCNQ agrees with simulated conductance maps
of the HOMO (Fig. 6.5e, left panel). DFT estimates the HOMO–LUMO gap of 2.5
eV which fits with our results. However, this value is smaller than what was found in
former work of TCNQ on gr/Ir(111) 3.5eV [152]. We note that, our data clearly shows
that the HOMO is at or within the valence band of MoS2. Therefore, we refrain from
a definite assignment.

Considering the simulation, here we elaborate the energy level alignment. We find
the LUMO resonance close to the Fermi level of the substrate, while the HOMO lies far
below it. This indicates that TCNQ molecules stay neutral with a negligible amount
of charge transfer, in contrast to the strong acceptor nature of TCNQ. Nonetheless,
its electron affinity of ∼ 3.4 eV [138, 143] is consistent with the LUMO alignment just
above EF when considering the work function of MoS2 /Ag(111) of 4.7 eV [153]. This
behaviour has also been observed when a thin layer of TCNQ was investigated on
Au(111) surface. Due to the weak interaction of TCNQ molecules with the substrate
LUMO resonance in the intramolecular structure is fairly unperturbed [26]. We also
observe a ∼ 20 mV shift of the LUMO onsets (Fig. 6.4c) between the spectra of
TCNQ molecules lying at the top or hollow sites of the moiré structure of MoS2.
These shifts are in the same order of magnitude with the moiré-induced energy shifts
in unoccupied states of the MoS2 layer (see section 5.4) and thus reflect the different
screening properties from the substrate. In turn, we do not observe any modification
of the electronic structure of MoS2. This indicates weak interactions of the molecules
all along with the MoS2 layer.

We notice that the resonance at 470 mV has a∼ 100 mV widths, which is significantly
narrower than the typical resonance width observed on metal surfaces (∼ 500 mV)
[26, 147]. This reflects the decoupling properties of MoS2 layer on a metal substrate.
The width we observe here is broader than the width of HOMO resonances in other
organic molecules on MoS2/Au(111) [19, 88, 154]. It can be due to the locations of
the HOMO and LUMO resonances. The HOMO resonance is protected by the MoS2
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band gap in those cases, here the LUMO lies right at the onset of the conduction
band. This provides relaxation pathways for electrons tunnelling into the LUMO,
though still significantly less than on the bare metal.

6.3 Vibronic Excitation of TCNQ on
MoS2/Ag(111)

In the previous section, we associated the origin of both resonances at 470 mV and 640
mV to the LUMO of the TCNQ molecule. Here we analyze it in more detail in Fig.
6.6. The experimental spectrum of TCNQ in a close-up view of the spectral range is
shown in Fig. 6.6b (low panel). The LUMO peak is set to zero energy and the peak
height has been normalized. We observe satellite peaks which have been attributed
to the excitation of the intermolecular vibronics in former works [18, 27, 67, 70, 117,
155, 156]. Vibronic states can be explained upon charge injection, when vibrational
excitation of the molecule is coupled to an excited electronic state. The spatial
distribution associated to these sidepeaks should obey the same symmetry as the
parent orbital state [62, 157, 158]. The origin of the vibrational process observed in
Fig. 6.6b is schematically illustrated in Fig. 6.6c. This representation of the vibronic
process is also known as the Franck-Condon model. When probing the LUMO in
tunnelling spectroscopy, the molecule is transiently negatively charged. Within the
Born-Oppenheimer approximation, this process is described by a vertical transition
in the energy level diagram from the ground state M0 to the excited state M−. Upon
charging, the molecule undergoes a geometric distortion, captured by the shift of the
potential energy curve of the excited state. Therefore, the electronic excitation allows
for an additional excitation of a vibration within the molecule (vibronic state). To
confirm the vibronic excitation hypothesis, we use the Franck-Condon model. As we
explained in chapter 3, in the Franck-Condon picture the peak intensity Ink of the
nth excitation level of the mode k is described by Poisson distribution as [71, 87]

Ikn = eSk
Snk
n!

where the Sk is the Huang-Rhys factor ( Sk = εk
h̄ω ) which reflects the electron-phonon

coupling strength [71] and εk is the relaxation energy. From DFT calculations, we
obtain εk and Sk for all the vibrational eigenmodes in the negatively charged states
of the TCNQ molecule.

From the DFT calculation, we extract the geometry of the molecule in the ground
state M0 and the excited state M− to obtain the displacement of the atoms upon
charging. Then we compare it to the displacement of the atoms upon vibration.
Thus, we can quantify the Huang-Rhys factor for all the vibrational eigenmodes,
(plotted in upper panel of Fig. 6.6b as red dots in the right axis). To each of the
vibronic states, we apply a Lorentzian peak with a full width at half-maximum
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Figure 6.6: a) STM topography of a TCNQ island recorded at V = 1V, I = 10 pA. b)
Simulated (top panel) and experimental (bottom panel) dI/dV spectra at the position
indicated by the blue dot in a) with feedback opened at V = 2V, I = 100 pA, with
Vmod = 10mV. The simulated spectrum is obtained from DFT calculations for all
the vibrational mode of the TCNQ− molecule with a Huang-Rhys factor higher than
0.01 (dots associated with the right axis). A Lorentzian peak of 60 meV broadening
is applied to all of these modes. c) Schematic representation of electron transport
through a TCNQ molecule adsorbed on MoS2/Ag(111): singly charged TCNQ− is
formed upon injecting an electron into a vibronic state of an unoccupied molecular
electronic level. d-f) Visualization of the vibrational modes contributing to the
satellite peaks. The orange arrows represent the displacement of the atoms involved
in these vibrations.
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6.4 Conclusion

(fwhm) of 60 meV and intensity proportional to the Poisson distribution. This leads
to a simulated Franck-Condon spectrum shown the upper panel of Fig. 6.6b. We
find a good agreement between our calculation and the experimental spectrum as
depicted in Fig. 6.6b, which enables us to identify the vibrational modes that are
involved in the vibronic excitations. Note that the voltage drop across the SL-MoS2

is scaled by ∼ 10% between the experimental bias voltage axis (low panel) compared
to the calculated energy axis (top panel) [19, 77]. As we have explained in chapter 3,
implementing the decoupling layer we thus consider the STM junction as a double
barrier junction where the applied bias voltage drops both over the vacuum between
tip and adsorbate and the decoupling layer (see Fig. 6.6c).
Based on the Huang-Rhys factors (Sk > 0.1), five vibrational modes are mainly

responsible for the features observed in STS. Two of the modes are lower in energy
(14.8 meV and 41.7 meV) than our energy resolution of 60 meV, and three other modes
with energies 150.9 meV, 175.0 meV and 206.2 meV are resolved via the simulation.
These three modes correspond to the in-plane stretching modes represented in Fig.
6.6(d-f) which are particularly sensitive to the charging. Eventually, we attribute
the peak at 640 meV (described in the previous section) to the vibronic peak which
consists of three vibrational modes. The mode at 41.7 meV has a large Huang-Rhys
factor. The excitation of this mode is not energetically well separated from the elastic
onset of the LUMO in experiment. However, this mode contributes to an asymmetric
lineshape, which can be seen by comparing the low-energy flank to the high-energy
fall-off of the first resonance. The low-energy side can be fitted by a Voigt profile (see
the black dashed line in Fig. 6.6b lower panel) and suggests a lifetime broadening of
35±10 meV. This is, however, insufficient for a peak separation from the 40-meV mode.

We note that the experimental spectrum was taken on a cyano group, where no
nodal planes exist in the LUMO, as their presence may lead to vibration-assisted
tunnelling in addition to the bare Franck-Condon excitation [88]. The dI/dV spectra
taken on three different sites of the TCNQ molecule are displayed in Fig. 6.7a. The
local sites are shown as blue, red and orange dots in the inset of Fig. 6.7a. The
zoomed-in spectra in the unoccupied states reveals the intense (resonance) peak
on cyano group (blue dot - blue spectrum). On the other positions, the relative
intensities of the vibronic resonances are different compared to the elastic peak.

6.4 Conclusion
We have characterized the adsorption properties of the charge acceptor TCNQ on
MoS2/Ag(111). The growth follows the familiar self-assembling process similar to
other substrates. Molecules organize in large and highly-ordered molecular islands on
MoS2 at 230k, whereas on Ag(111) they formed random configurations. Formation
of the highly organized molecular islands on MoS2 is a consequence of the lower
diffusion energy barrier on MoS2 than on Ag(111). We have identified the HOMO and
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Figure 6.7: a) Constant height dI/dV spectra on three different sites on TCNQ on
MoS2/Ag(111) (feedback opened at I = 100pA, V = 2V with Vmod = 20mV) (inset
: topography image scanned at V = 0.2V, I = 10pA). b) Zoomed-in spectra of a)
shows the intense peak on the corner of TCNQ molecule (blue dot) compared to
other sites.

LUMO resonances of TCNQ on SL-MoS2. Spectroscopy has revealed that the LUMO
resonance lies at the conduction band onset of MoS2, whereas the HOMO lies within
the valence band. TCNQ molecules adsorbed on SL-MoS2/Ag(111) also exhibited
the vibronic fingerprint within the MoS2 band gap, which is in good agreement with
DFT calculations based on Franck-Condon picture. This further confirms that the
SL-MoS2 acts as a decoupling layer on Ag(111) similar to Au(111).
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CHAPTER 7

Charge Transfer Processes in
TTF-TCNQ Compound on

MoS2/Ag(111)

After characterizing TCNQ molecule in the previous chapter, we add an electron
donor counterpart to our system to investigate charge transfer processes. Over the
past years organic charge transfer compounds (donor-acceptor species) have attracted
attention due to the various applications in opto-electronic devices particularly in
organic solar cells [11, 159] and organic light-emitting diodes [12, 160]. The prototype
organic molecules tetrathiafulvalene (TTF) and tetracyanoquinodimethane (TCNQ)
are widely used as donor and acceptor species in charge transfer complexes (CTC),
due to the low ionization potential (IP) ∼ 6.83 eV [141, 161] of TTF and the high
electron affinity (EA) of TCNQ mentioned in the previous chapter.

Since its discovery in 1973 [162], the TTF-TCNQ compound has been established
as a one-dimensional organic metal with high conductivity at room temperature [162,
163]. In bulk TTF-TCNQ compound, donor and acceptor molecules are stacked in
rows. Thus, charge delocalization due to π overlap of molecular orbitals along the
stacks, leads to metallic conductivity [164]. The CTC shows a charge transfer (CT) of
0.6 e/molecule [165, 166] between the highest occupied molecular orbital (HOMO) of
the donor TTF and the lowest unoccupied molecular orbital (LUMO) of the acceptor
TCNQ. The molecular structures, the HOMO of TTF and the LUMO of TCNQ are
shown in Fig. 7.1. TCNQ can accommodate up to two electrons [138, 139], on the
other hand TTF can donate two electrons [167].

The electronic properties of a monolayer of the TTF-TCNQ compound on a metal
surface can be influenced by the underlying substrate. Depositing TTF-TCNQ on a
Au(111) surface enhances the CT to 1e/molecule compared to the bulk CTC due to
the CT with the metal substrate [168, 169]. To reduce the impact of the metal and
being able to study the CT between the donor and acceptor species, here we utilize
SL-MoS2 as a decoupling layer like in the previous chapter.
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TTF TCNQ

HOMO(TTF) LUMO(TCNQ)

a) b)

c) d)

Figure 7.1: Chemical structure of a) TTF and b) TCNQ with the corresponding DFT
calculation of the iso-density of the frontier molecular orbitals for isolated molecules.
c) TTF HOMO and d) TCNQ LUMO.

7.1 Electronic Properties of TTF on
MoS2/Ag(111)

With evaporation of TTF-TCNQ salt at 200 K and annealing at 250 K for 15 min,
we obtain pure TTF molecular islands on MoS2/Ag(111). Fig. 7.2a displays a self-
assembled TTF molecular island and a corresponding spectrum on a TTF molecule.
TTF molecules appear as round and featureless protrusions in Fig. 7.2a (inset). At
positive bias, the dI/dV signal reveals two resonances at 0.8V and 1.3V (see Fig. 7.2a
- purple spectrum) and at negative bias there is an onset around -0.8V followed by
several satellite peaks. The resonances at positive bias are attributed to the tunnelling
through the conduction band (CB) of SL-MoS2 (gray spectrum in Fig. 7.2a). For
a precise investigation of the resonances at negative bias, we present in Fig. 7.2b a
better resolved spectrum around the energy of the onset of the dI/dV signal discussed
above. Note that this spectrum is recorded with the tip positioned slightly away from
the center of the molecule in Fig. 7.2b (inset). We suggest that the state at negative
bias (- 0.85 V) is attributed to the tunnelling through the HOMO resonance of the
TTF molecule. However, we do not record the dI/dV maps at this energy resolving
the shape of the HOMO.

Besides, we observe several additional peaks at - 0.92 V, -1.05 V, -1.12 V and -1.27
V with various intensities. If we assume the first peak to be the HOMO resonance,
these additional peaks can not be associated to the other occupied molecular orbitals
(HOMO-1, HOMO-2,...). Indeed, from gas phase DFT calculation we estimate an
energy difference of 1.7 eV between the HOMO and the HOMO-1. Thus, these peaks
should most probably arise from vibronic excitations.
To confirm that, we simulate the vibronic spectrum associated to the positively

charged TTF. For that, we applied the Franck-Condon excitation model as described
in chapter 3, and thus determine the Huang-Rhys factors for the vibrational modes
of the TTF molecules (see red dots in the lower panel in Fig. 7.3). To each vibronic
mode, we applied a set of Lorentzian peak with HWHM of 20mV. For one mode,
this set of peaks corresponds to different hamonics of this mode and their intensities
follow the Poisson distribution associated to the calculated Huang-Rhys factor (Fig.
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Figure 7.2: a) dI/dV spectrum taken on TTF molecule. Feedback opened at V
= -1.5V, I = 300pA with Vmod = 3mV. Gray spectrum recorded on MoS2 as a
reference spectrum. Feedback opened at V = 2V, I = 75pA with Vmod = 10mV.
(inset: Topography image of self-assembled TTF on MoS2/Ag(111) scanned at V =
1.2V, I = 50pA). b) dI/dV spectrum recorded for a smaller energy range around the
onset at 0.8V. Feedback opened at V = -1.5V, I = 200pA with Vmod = 3mV.

7.3 - lower panel). In order to consider the voltage drop in the DBTJ with the MoS2

layer, we apply a scaling factor (∼ 10%) [19, 77] between the experimental bias
voltage axis and the simulated energy axis, as we have explained in chapter 3. We
find a good agreement between experimental and simulated spectra (see Fig. 7.3). In
the simulation, we mainly resolve two in-plane stretching vibrational modes at the
energies of 60 meV and 178 meV. The peak at 120 meV is attributed to the excitation
of the second harmonic of the first vibrational mode. We also assign the peak at 238
meV to the coupling of the first and second vibrational modes.

Therefore, via simulation which considers positively charged TTF, we can confirm
our assumption that the first peak at negative bias (- 0.85 V) is associated to the
tunnelling through the HOMO of the TTF molecule.

7.2 Charge Transfer Processes of TTF-TCNQ
on MoS2/Ag(111)

After growing single-layer MoS2 on Ag(111) surface as explained in chapter 5, we
co-deposit TTF and TCNQ on a cold sample (200K) followed by annealing at 250K
for 15 min to obtain highly ordered molecular islands. The result is depicted in
Fig. 7.4a, where the STM image shows two different molecular assemblies. The first
molecular assembly in Fig. 7.4b depicts a mixed organization consisting of two types
of molecules: elongated protrusions and double back-to-back U shapes. The second
molecular assembly in Fig. 7.4c, shows a pure self-assembled TCNQ island. The
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Figure 7.3: Simulated (bottom panel) and experimental (top panel) dI/dV spectra
with feedback opened at V = -1.5V, I = 200 pA and Vmod = 3mV. The simulated
spectrum is obtained from DFT calculations for all the vibrational modes of the
TTF+ molecule with a Huang-Rhys factor higher than 0.01 (dots associated with the
right axis). A Lorentzian peak of 20 meV of HWHM is applied to all of these modes.
In the voltage bias and vibronic energy axes, we account 10% voltage drop for MoS2.

latter is thoroughly studied in chapter 6, and here we investigate the former mixed
organization.

In a zoomed-in STM image (Fig. 7.5a), the bright protrusions appear in a butter-
fly shape which resembles the electron-density distribution of the HOMO of TTF
molecules (see Fig. 7.1c). The double back-to-back U shape with a nodal plane in the
center resembles the electron-density distribution of the LUMO of TCNQ molecules
(see chapter 6 Fig. 6.5). Beside the molecules with a clear orbital shape described
above, it seems that there are also molecules in the ’dark’ tiles indicated as red and
green circles in Fig. 7.5a. We propose two molecular models as overlaid in Fig. 7.5b
and 7.5c, which consist of ordered arrays of TTF and TCNQ molecules although
there is a doubt for the exact orientation of TTF. In one proposed model displayed
in Fig. 7.5b, all TTF take the same orientation in each row. With the second model
presented in Fig. 7.5c, we propose that the ’dark’ TTF are rotated with respect to
the ’bright’ TTF neighbours. The reason we propose the second model in Fig. 7.5c is
that between the bright and dark TTF, the nodal plane in the center of the molecule
may appear with different orientations (see red and orange dashed lines in Fig. 7.5c).
Therefore, we have a mixed structure of TTF and TCNQ which forms arrays

of molecules with a (TTF)1(TCNQ)1 stochiometry. A similar structure was also
observed in a recent work, for TTF-F4TCNQ adsorbed on a graphene layer [170].
However, the exact orientation of the TTF is still under debate and would require
AFM (Atomic Force Microscopy) measurements to resolve the molecular structures
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within the island.

1.5 nm1.5 nm

b) c)

8.5nm

a)

TCNQTTF-TCNQ

Figure 7.4: a) STM topography of self-assembled TTF-TCNQ monolayer next to
self-assembled TCNQ monolayer on MoS2/Ag(111) (V = 1V, I = 20pA). b) STM
topography of the mixed structure of TTF-TCNQ monolayer on MoS2/Ag(111) (V
= 0.3V, I = 20pA). c) STM topography of TCNQ monolayer on MoS2/Ag(111) (V
= 1V, I = 20pA).

7.2.1 Spectroscopy Along TTF-TCNQ Structure
We have determined the electronic features for the pure TTF (see above) and the
pure TCNQ (see chapter 6). Now we focus on investigating the electronic properties
of these two molecules within the mixed structure. We record a set of dI/dV spectra
along different directions in the mixed structure. The line spectra in Fig. 7.6(b and
e) represent the stacked spectra along the (molecular) rows where the colors indicate
the dI/dV intensities. First, we record dI/dV spectra along a TTF row, then along a
TCNQ row and eventually, along the alternating TTF-TCNQ row.

Fig. 7.6 shows the line spectra along TCNQ (Fig. 7.6b) and along TTF (Fig.
7.6e) rows. In both cases we observe two new features: first, there are onsets of
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3 nm
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a)

b) c)

Figure 7.5: STM topography of self-assembled TTF-TCNQ on MoS2/Ag(111) (V =
1V, I = 20pA). The proposed overlaid molecular model displays the arrangement of
TTF and TCNQ in the mixed structure. a) The dark tiles between TTF and TCNQ
are depicted as red and green circles, respectively. b) In the first proposed model,
all TCNQ molecules take the same orientation and all TTF appear in the same
orientations as the neighbours. c) In the second proposed model, TCNQ molecule
take the same orientation as in b) but dark TTFs are rotated with respect to the
neighbours TTF. The dashed red and orange lines show the different orientations of
the nodal plane in dark and bright TTF.

conductance close to the Fermi energy at both bias polarities. We note that, these
resonances slightly vary from molecule to molecule. Secondly, some parabolas appear
at various energies in both positive and negative biases. An exemplary parabola is
shown as a dashed-line in Fig. 7.6b. In the following section, we clarify the associa-
tion of the parabolas to the so-called charging peaks as we have explained in chapter 3.

In the line spectroscopy recorded over TCNQ molecules (see Fig. 7.6a), we observe
a minimum energy gap of ∼ 65 meV in Fig. 7.6b. At positive bias the onset of
conductance varies from ∼ 20 mV to ∼ 280 mV and at negative bias from ∼ -45 mV
to ∼ -150 mV. The vertical dashed lines represent the limits of the onsets variations.
Two exemplary spectra from the line spectroscopy are shown in Fig. 7.6c. The blue
spectrum shows an onset at -53 mV at negative bias and a sharp resonance at 150 mV
at positive bias. The green spectrum shows an onset at -115 mV at negative bias and
an onset at 123 mV and a sharp peak at 700 mV at positive bias. Horizontal dashed
lines in Fig. 7.6b show the location of corresponding spectra. Here, we remark that
the sharp resonances correspond to the parabolas which we have observed in the line
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spectra.
Line spectroscopy along the TTF row is depicted in Fig. 7.6e. The minimum

energy gap is given by the value of ∼ 80 meV. The variation of the onset at positive
bias is from ∼ 30 mV to ∼ 150 mV, and at negative bias from ∼ -50 mV to ∼ -250
mV. Two spectra are picked up from the stacked spectra and shown in Fig. 7.6f. The
red spectrum depicts an onset at ∼ - 40 mV at negative bias which is accompanied
by a sharp peak at ∼ 260 mV at positive bias, whereas the orange line shape shows
no sharp peak in the bias window but the onsets of ∼ -190 mV and ∼ 130 mV at
negative and positive bias, respectively. In Fig. 7.6e, the onset variations are depicted
at the vertical dashed lines.
Fig. 7.7a depicts an alternating TTF-TCNQ row in the mixed structure. Line

spectra along this row are shown in Fig. 7.7b. We observe a variation in the onset
at negative bias from ∼ -17 mV to ∼ -65 mV which is a smaller variation compared
to the pure TTF row and TCNQ row. We display two exemplary spectra in Fig.
7.7c. In both spectra, at positive bias we observe sharp peaks at different energies,
and at negative bias there are the onsets of conductance near the Fermi level. The
blue spectrum shows an onset at -17 mV, and the red one has an onset at -65 mV.
The arrows display the sharp resonances at 113 mV and 650 mV for the blue and
red spectrum, respectively. The blue spectrum has another resonance at 930 mV. In
general, we observe that the closer the stepwise onset of conductance is to the Fermi
level at negative bias voltage, the smaller is also the peak energy at positive bias
voltage. We will show that both features are inherently related to each other with
the sharp peak being a signature of the tip-induced charging.

To resume, within the mixed TTF-TCNQ molecular island we observe some elec-
tronic states quite close to the Fermi energy at positive and negative bias voltage.
This observation is in strong contrast with the electronic structure of the pure TTF
and TCNQ islands, with a large HOMO-LUMO gap. Additionally, we detect some
sharp resonances whose energies vary strongly from one molecule to another and that
we did not observe within the pure TTF and TCNQ island. In the following, we
will explain the particularities of the spectroscopic feature of the mixed structure
through two distinct charge transfer mechanisms: I) permanent charge transfer, II)
tip-induced charge transfer.

I) Permanent charge transfer

Here, we explain the origin of the states near Fermi level in the mixed TTF-TCNQ
structure. To do that, we investigate two exemplary spectra picked up from the
mixed structure: one on TTF and another on TCNQ.

An exemplary dI/dV spectrum recorded on TTF molecule (in the TTF row in Fig.
7.6e) is shown in Fig. 7.8b. At negative bias, we observe the onset of the resonance
at -60 meV and at positive bias the onset of the resonance is at 140 meV. Thus, we
find a small gap with the value of 200 meV.
In Fig. 7.8d we show an exemplary spectrum on TCNQ (in the TCNQ row in
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Figure 7.6: a) Topography image of TTF-TCNQ mixed structure scanned at V =
1V, I = 20pA. The scale bar is 2.5 nm. b) False-color plots of dI/dV spectra taken
along TCNQ row (11 nm) shown in the left panel, (feedback opened at V = 1 V,I
= 75 pA with Vmod = 10 mV). An exemplary parabola is displayed as the black
dashed-line parabola. Vertical dashed-lines display the variations in conductance
onsets of both polarities. c) Two exemplary spectra of the set shown in b), the
locations corresponding to the spectra are depicted as blue and green dashed line
in b). Gray spectrum is the reference spectrum on MoS2. d) Topography image of
TTF-TCNQ mixed structure scanned at V = 1V, V = 20pA. The scale bar is 2.5
nm. e) False-color plots of dI/dV spectra taken along TTF row (11 nm) shown in
the left panel. (feedback opened at V = 1 V,I = 75 pA with Vmod = 5 mV). f) Two
exemplary spectra of the set shown in e), the locations corresponding to the spectra
is depicted as red and orange dashed line in e). Gray spectrum is the reference
spectrum on MoS2.
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Figure 7.7: a) Topography image of TTF-TCNQ mixed structure scanned at V =
1V, I = 20pA. b) False-color plot dI/dV spectra taken along the green line (7.8 nm)
shown in a) (feedback opened at V = 1 V,I = 75 pA with Vmod = 10 mV). The
variation of the onset at negative bias is ∼ 82 mV. The vertical dashed-lines show the
variations of the onset at negative bias. c) Two exemplary spectra of the set shown
in b), the spot correspond to the spectra is shown at red and blue dots in a). Gray
spectrum is the reference spectrum on MoS2.

Fig.7.6b). Here, at negative bias the onset of the state is observed at -115 meV and
at positive bias the onset is at 145 meV. Similar to the previous case, here we also
find a small gap of 260 meV. In both cases, the gap is too small to be assigned to the
HOMO-LUMO gap.
In a simple model, we can attribute the modification in the electronic structure

to the interaction between (donor) TTF and (acceptor) TCNQ via charge transfer
(CT). Due to the charge transfer between TTF and TCNQ, these molecules in the
mixed structure are not in the neutral states but the TTF charge state is +1 and
the TCNQ charge state is -1. As a consequence of this CT, TTF gives an electron
to TCNQ. Then, the HOMO state of TTF and LUMO state of TCNQ split into
singly occupied molecular orbital (SOMO) and singly unoccupied molecular orbital
(SUMO), respectively (see Fig. 7.8a and c -left panels). Therefore, we attribute the
resonances at negative and positive bias to the SOMO and SUMO, respectively.
The molecular orbitals corresponding to these states are shown in Fig. 7.8a and

c (right panels). The energy gap between SOMO and SUMO is determined by the
Coulomb repulsion energy [171, 172]. DFT calculates the SOMO-SUMO gap of 1.4
eV and 1.5 eV for TTF+ and TCNQ−, respectively. Moreover, for other systems
the SOMO-SUMO gap were also found in similar range of values [154, 170]. The
small value of SUMO-SOMO gap in our experiment can be explained via electronic
delocalization over the molecular island that significantly leads to the smaller Coulomb
repulsion energy.

The SUMO and SOMO can be observed in our experimental results in the topog-
raphy images. The observation of TCNQ LUMO shape and TTF HOMO shape at
0.3V (Fig. 7.1c) is in agreement with Fig. 7.8(a and c) and SUMO/SOMO picture.
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Figure 7.8: Energy level diagram of molecular orbitals for TTF and TCNQ. a)
Donating one electron, TTF HOMO converts to one singly occupied and one singly
unoccupied molecular orbitals. b) An exemplary spectra of the set shown in Fig.
7.6e (feedback opened at V = 1V, I = 75 pA with Vmod = 10 mV). The SOMO
and SUMO states are located at - 60 mV and 140 mV, respectively. c) Gaining one
electron, TCNQ LUMO splits into one singly occupied and one singly unoccupied
molecular orbitals. d) An exemplary spectra of the set shown in Fig. 7.6b (feedback
opened at V = 1V, I = 75 pA with Vmod = 10 mV). The SOMO and SUMO states
are located at - 115 mV and 145 mV, respectively. The simulated constant-height
conductance maps are shown on the right panels of a) and c). These have been used
to calculate the tunnelling matrix element Mts with an s-wave tip at a tip-molecule
distance of 7.5 Å and a workfunction of 5 eV.
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For a complete proof, we would need to see the same feature at negative bias, but we
lack a nicely resolved image.

Generally, we may attribute the variation of the SOMO and SUMO energies (the
variation of the onsets) to the effect of the SL-MoS2 moiré pattern. In chapter 5, the
dI/dV spectra taken on top and hollow site of MoS2 moiré showed a shift of ∼ 130
mV toward the VB and a shift of ∼ 50 mV away from the CB of MoS2. However,
because we cannot identify the moiré pattern through the mixed structure (see Fig.
7.4b), we cannot completely correlate the variation of the SOMO and SUMO to the
variation of the MoS2 band gap on top and hollow site of the moiré.

For the smaller variation of the onsets in the case of alternating TTF-TCNQ
rows, we may anticipate that the CT between TTF and TCNQ will become more
dominant over the influence of MoS2. Moreover, the intermolecular interaction
(in the form of CT) between the alternating TTF-TCNQ row seems stronger than
the interaction between the row consisting of only TTF molecules or TCNQ molecules.

II) Tip-induced charge transfer

To investigate the origin of the observed sharp peaks, we consider the tunnelling
via a double-barrier tunnelling junction (DBTJ). As we studied in chapter 3, in the
DBTJ the applied voltage drops between tip - adsorbate and between adsorbate-metal
across MoS2. Molecular levels are not fixed and they can shift with respect to the
Fermi level of the tip or sample depending on the applied bias voltage. We note that
in our DBTJ, the biggest part of the voltage drop is still between the tip and the
molecule. In such a junction, the sharp resonance occurs when one of the molecular
orbitals is pulled across the Fermi level of the sample due to the voltage drop across
the decoupling layer [63, 72]. Depending on which molecular orbital (empty or filled)
aligns with the Fermi level of the sample, molecules can be positively or negatively
charged.
In our system, the SOMO and the SUMO of both TTF and TCNQ are near

the Fermi level and fulfill the conditions for sharp resonance to occur (positively
or negatively charged molecule). Fig. 7.9 illustrates the energy diagram of such
a DBTJ with SUMO and SOMO levels relative to the Fermi level. The applied
voltage drops within the vacuum barrier and MoS2 layer. When no bias is applied
(Fig. 7.9a) the Fermi level of the tip and sample are aligned and we have SOMO
and SUMO states, singly occupied and unoccupied, respectively. Applying a small
positive bias (Fig. 7.9b), the tip’s Fermi energy shifts up with respect to the molecular
resonances. Consequently, the molecular resonances also shift with respect to the
sample states due to the small barrier between molecule and sample. Therefore, at
some threshold, tunnelling occurs via the SUMO resonance of the molecule which
is detected as a broad resonance in the dI/dV spectrum. By increasing the bias
voltage (Fig. 7.9c), the SOMO level is pulled up above the Fermi level of the sam-
ple. The electron of the SOMO is transferred to the sample, the charge state of
the molecule is increased by +1 (one electron less in the system). In spectroscopy,
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this event is observed as a sharp resonance. Due to the smaller tunnelling barrier
between the molecule-Ag surface compared to the molecule-tip, tunneling from the
molecule to the sample (emptying SOMO) is much faster than the filling of the SUMO.

The situation when the sample bias is negative is depicted in Fig. 7.10. When no
bias is applied (Fig. 7.10a) the Fermi level of the tip and sample are aligned. At a
small negative bias (Fig. 7.10b), the tip Fermi level and the molecular resonances
pull down, tunnelling occurs via the SOMO level and a broad peak will appear in the
spectroscopy. When the bias voltage increase (Fig. 7.10c), the SUMO level crosses the
Fermi level of the sample, the electron within the SUMO is transferred to the tip and
the charge state of the molecule is decreased by -1 (one electron more in the system).
In spectroscopy, this event is observed as an abrupt change in the conductance as
a sharp resonance. Due to the smaller tunnelling barrier between molecule-surface
compared to the molecule-tip, tunneling from sample to the molecule (filling SUMO)
is much faster than tunneling through the SUMO state.

As we have mentioned earlier, the observation of sharp peaks (so-called charging
peaks) in the dI/dV spectra at different energies are linked to the energy position of
the onsets in the opposite bias. Here, the voltage drop across the decoupling barrier
plays an important role. To find the ratio of the voltage drop (α) which occurs
within MoS2, we apply equations (3.1) and (3.2) to our case in Fig. 7.7c. For the
red spectrum, we have |Vs|=|650 meV/e(α -1)| and Vs=65 meV/eα, therefore, α=10
%. Similar calculations for the blue spectrum, |Vs|=|113 meV/e(α -1)| and Vs=17
meV/eα results in α=15 %. The difference between this two values of voltage drops
calculated above, may be due to the precision of the determination of the onsets. In
particular, in the latter with an onset at 17 mV and a precision of ± 10 mV (our
energy resolution), the calculated voltage drop may vary from 6 to 18%. Finally the
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Figure 7.9: Tunnelling process through double-barrier junction. Here the decoupling
layer (MoS2) is implemented between adsorbate and the sample. a) At zero bias,
the Fermi levels of sample and tip are aligned. b) At positive sample bias, transport
occurs via SUMO state of the adsorbate. c) At higher bias, SOMO state passes Fermi
level of the sample and the adsorbate will be charged.
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Figure 7.10: Tunnelling process through double-barrier junction. Here the decoupling
layer (MoS2) is implemented between asdorbate and the sample. a) At zero bias, the
Fermi levels of sample and tip are aligned. b) At negative sample bias, transport
occur via SOMO state of the adsorbate. c) At higher negative bias, when SUMO
state crosses tip’s Fermi level, the adsorbate will be charged.

range of voltage drop we determine (10-15)%. This range of value has been found
for MoS2 on Au surface in former works [19, 77] as we mentioned in chapter 3. In
Fig. 7.6d we mentioned that we observe a sharp peak in red spectrum but not in the
orange one. When we take into account the voltage drop of ∼ 10% in Sl-MoS2 as
calculated for the case in Fig. 7.7, we would expect to have a sharp resonance at 1.9
V (which is out of our energy range) when the onset is at -190 mV. Considering the
voltage drop of ∼ 15% in Sl-MoS2, the charging peak would expect to appear at 1.26
V which is also out of our energy window.

We have mentioned above that in the false-color plot dI/dV spectra , the charging
events appear as parabola, i.e the (absolute) voltage required to have the tip- induced
charging of the molecule increases when the tip is moved away from the molecule.
This is a direct consequence of the inhomogenous electric field induced by the tip as we
explained in chapter 3. When the tip is located on top of the molecule the iso-contours
of the electric field are circles on the surface. As the tip goes far away (at the certain
height), the molecule feels less electric field due to the increase of (lateral) distance.
However, the molecule still can be charged only if an adequate voltage is applied.
When the tip moves above the molecule and the bias sweeps, the dispersion of the
tip’s field at the molecule will appear as a parabola. Here, in our system we observe
several parabolas as shown in Fig. 7.11b as an exemplary case. Because we have a
layer of molecular assembly, when the tip moves along the line, it can charge more
than one molecule, not only molecules along the line but also neighbouring molecules
as shown in Fig. 7.11a. Therefore, due to multicharging (charging more than one
molecule) several parabolas appear in our false-color plot. We have noted previously
that the charging peaks’ energies are associated to the onsets of conductance at
opposite bias side. As the onset of conductance in negative bias is closer to the Fermi
energy, the charging peak appears closer to Fermi energy at positive bias as well. This
can explain having parabolas’ vertex at different energies. Another feature of the
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Figure 7.11: a) Side view of TTF-TCNQ line, where the tip is sweeping in constant
height it affects on molecules along the line as well as their neighbouring molecules.
b) False-color plot dI/dV spectra taken along the green line (7.8 nm) shown in a)
(feedback opened at V = 1 V, I = 75 pA with Vmod = 10 mV). Dashed-parabolas are
displaying different parabolas in the plot.

parabolas here is that they appear asymmetric (or half parabolic). Instead of single
molecule, we have some molecular island with a strong intermolecular interactions
(through aforementioned permanent CT), which determined the energy levels of the
system.
With the tip-induced charging effect, we modify locally the charge states and

thus, the energy of the molecular states. Therefore, such processes (the tip-induced
charging effect) may also modify the interaction (permanent CT) with the neigh-
bouring molecules. In other words, with such CTC, we have a strong interplay
between different charge transfer processes. Therefore, correct physical description
of the tip-induced charging may be much more complex than how charging of one
single molecule (and the nicely parabolic charging dispersion) is usually described.
At negative bias, the parabolas are associated to the states near Fermi at positive
bias. However, their direction is not in agreement with the explanation of enlarging
parabola (or charging ring) size with increasing the bias voltage for the case of
one molecule. Here, we also suggest that having molecular island could affect the
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dispersion of parabolas for one molecule which has different neighbours.

7.3 Conclusion
We explained the deposition of TTF-TCNQ compound on MoS2/Ag(111) surface.
The result was the formation of pure TCNQ island, mixed structures composed of
alternating arrays of TFF and TCNQ and occasionally pure TTF island. First, we
resolved the HOMO resonance of the TTF molecule in the pure self-assembled island.
Using Franck-Condon picture, we find a good agreement between experimental and
simulated spectra to find the fingerprints of the vibronics of the TTF molecule on
MoS2/Ag(111).

Then, we have characterized the electronic properties of a charge transfer complex
(CTC) composed of TTF and TCNQ on MoS2/Ag(111). Due to the donor character
of TTF and acceptor character of TCNQ, one electron was transferred from TTF to
TCNQ. We performed dI/dV spectra along both TTF and TCNQ lines in the mixed
structure. Two features were found that were not observed neither on pure TTF nor
on pure TCNQ islands. First we observed states close to Fermi level, secondly some
parabolas were detected at both polarities.

Two charge transfer mechanisms could explain the observation of the narrow energy
gaps and the sharp peaks. The narrow energy gaps are the consequence of the static
charge transfer. Due to the small energy gap of TTF (HOMO) and TCNQ (LUMO)
the charge transferred from the donor TTF to the acceptor TCNQ. This shifts up the
TTF (HOMO) and shifts down the TCNQ (LUMO), these states crossed the Fermi
level and split into two states: singly occupied and unoccupied molecular orbitals,
SOMO and SUMO respectively. The experimental identification of the SOMO and
the SUMO is the topography image scanned at 0.3 V, where we observed HOMO of
TTF and LUMO of TCNQ.

The other mechanism is tip-induced charge transfer which requires two conditions:
having a double barrier tunnelling junction and a state near the Fermi level. In our
case, employing SL-MoS2 on Ag(111) fulfills the first condition and having SOMO
and SUMO states fulfills the second requirement.
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CHAPTER 8

Structural and Electronic
Properties of DCV5T-Me2 and

C60 on MoS2/Ag(111)

In this chapter we aim to study another electron donor and acceptor molecules. Using
scanning tunnelling microscopy (STM) and scanning tunnelling spectroscopy (STS),
we investigate the electronic interaction between methyl-substituted dicyanovinyl
(DCV5T-Me2) molecule and C60 molecule on single-layer molybdenum disulfide (SL-
MoS2) on Ag(111). Generally, dicyanovinylene-substituted oligothiophene (DCVnT,
where n represents the number of thiophene rings) molecules are extensively used in the
field of organic solar cells [173–181]. DCVnT contains both electron donor (thiophene)
and acceptor (DCV groups) moieties. The combination of donor and acceptor units in
these A-D-A oligothiophenes has been found promising in photovoltaic devices [182].
DCVnTs act as electron donors in organic solar cells when they combine with C60,
because of their lower electronegativity. DCV5T and C60 provide the efficiency of 4%
in solar cells which is higher than the value found in DCV3T (1.3%) and DCV4T
(2.3%) [182].

Similar to the previous chapters, here we also use SL-MoS2 as a decoupling layer
which facilitates investigating the intrinsic electronic structure of molecules [19].
First, we investigate self-assembled two-dimensional islands formed by either C60 or
DCV5T-Me2 molecules. Spectroscopic measurements within the molecular islands
allow us to resolve the electronic structure of both molecules energetically and spatially.
Depositing both molecules on the MoS2 layer still leads to homo-molecular islands.
However, at their interface, in some cases C60 locates on top of DCV5T-Me2 which
leads to an upward shift of the resonance compared to C60 on MoS2.

8.1 DCV5T-Me2 Molecule
As shown in Fig. 8.1a, DCV5T-Me2 molecule is composed of a central electron-rich
quinquethiophene (5T) backbone with two terminal electron deficient dicyanovinyl
(DCV) groups linked symmetrically, and two methyl (Me2) substitutions in the central
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trans-trans-trans-trans (t-t-t-t)

cis-trans-trans-cis (c-t-t-c)
each rotation costs: 8 meV

 cis-cis-cis-cis (c-c-c-c)
 each rotation costs: 79 meV

two-DCV rotations
each rotation cost: 69 meV

a)

c)

d)

b)

Figure 8.1: Top view of the stick-and-ball DCV5T-Me2 rotamers in gas phase. Gray
spheres represent C atoms, white spheres H atoms, yellow S atoms and blue N
atoms. a) The most favorable conformation due to the minimum energy, b)-d) Three
different conformations (rotamers) with the cost of each thiophen’s rotation. Red
arrows show the rotations between C-C bonds. To simulate molecules geometry and
calculate their energies we use Universal Force Field (UFF) and Avogadro software.

thiophene ring. The molecule is planar and can adapt different types of rotamers due
to the various orientations of thiophene rings and DCV groups. Four of the rotamers
are shown in Fig. 8.1(a-d) as trans-trans-trans-trans (t-t-t-t), cis-trans-trans-cis
(c-t-t-c), cis-cis-cis-cis (c-c-c-c) and two-DCV rotations, respectively. The latter is
basically the t-t-t-t rotamer with the rotation of both DCVs. The notations cis (c)
and trans (t) describe the relative positions of S atoms with respect to C-C single
bonds. Fig. 8.1(b-d) also shows the calculated energy difference (rotation cost) for
each rotamer with respect to the energy of t-t-t-t conformation.
Different rotamers were found in other thiophene-based polymers on Au(111)

[19, 183, 184] and in single molecular chains of π-conjugated polymers such as
polythiophene and polydiacetylene [185]. Universal Force Field (UFF) and DFT
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17 nm

Figure 8.2: STM image of DCV5T-Me2 molecules on MoS2 and on Ag(111) deposited
at 120 K, recorded at V = 0.7 V, I = 20 pA. Molecules mainly distribute on the
Ag(111) surface and a small fraction of them remain on MoS2.

calculations suggest the lowest total energy is the t-t-t-t configuration [179] as depicted
in Fig. 8.1a. The least favorable configuration is c-c-c-c (Fig. 8.1c), because of the
highest total energy (maximum energy difference to trans conformation). The energy
difference for the c-c-c-c with respect to the t-t-t-t conformation is calculated 97 meV.
In the literature, the energy difference between cis-trans conformers in bithiophen
is estimated from 8 meV to 50 meV [186]. In our case, from trans (Fig. 8.1a) to
c-t-t-c (Fig. 8.1b) the calculated low energy fits with the literature value. However,
the rotation costs more from t-t-t-t (Fig. 8.1a) to c-c-c-c (Fig. 8.1c). The reason
which makes c-c-c-c the least favorable rotamer (with high C-C rotation cost) can be
explained via steric effects. Steric repulsion refers to the arrangement of the atoms in
the molecule. It arises due to the fact that each atom within a molecule occupies a
certain space and when atoms are brought too close together, overlapping electron
clouds (Pauli repulsion) may hinder some conformations and favor others. In the
c-c-c-c conformation, hydrogens in the methyl groups (central ring) are reluctant
to be close to the hydrogens of the neighbouring thiophene rings, which makes the
c-c-c-c conformation less favorable.

8.2 Growth and Structural Properties
DCV5T-Me2 on MoS2/Ag(111)

After depositing DCV5T-Me2 molecules on a partially MoS2-covered Ag(111) surface
at 120K for 15 minutes, the molecules mostly stick to the Ag(111) surface and a small
fraction of them remain on MoS2 islands as shown in Fig. 8.2. The high-resolution
STM image in Fig. 8.3a shows that single DCV5T-Me2 molecules disperse on MoS2
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6 nm 6 nm3 nm

a) b) c)

Ts = 120 K Ts = 200 K Ts = 300 K 

Figure 8.3: STM topography of DCV5T-Me2 molecules on MoS2/Ag(111) a) deposited
at 120 K sample temperature. b) deposited at 200 K sample temperature. c) post-
annealed at 300 K (all images are recorded at V = 0.7 V, I = 20 pA). Due to the
rotation of thiophene rings, molecules appear in various conformations in a) and b).
Post annealing at room temperature leads to the large island where all molecules
take the same conformation.

in various conformations ascribed to different rotations of thiophene rings and DCV
groups as mentioned above.

Due to the weak adsorption of molecules on MoS2, the surface temperature during
molecular deposition has a determining role in the formation of supramolecular
structures. Here, to grow larger molecular assemblies, we have grown large islands of
MoS2 on Ag(111) as explained in chapter 5. Adsorption of DCV5T-Me2 on MoS2/Ag
(111) at 200K for 15 minutes leads to small disordered assemblies of DCV5T-Me2 (Fig.
8.3b) in which each molecule within the islands adapts a different conformation. Due
to the formation of molecular islands and having large MoS2 zones, molecules diffuse
less on the metal surface. Post-annealing the sample to room temperature influences
the molecular arrangement and results in the formation of large, well-ordered and
self-assembled molecular islands as shown in Fig. 8.3c. We have seen a similar
behavior in chapter 6, when depositing TCNQ on MoS2/Ag(111): the higher the
temperature, the larger are the molecular islands we obtain.

In Fig. 8.4(a-d), we show different molecular shapes with the proposed superimposed
conformation of DCV5T-Me2. We observe the most favorable conformation (t-t-t-t)
in Fig. 8.4a and the least favorable (c-c-c-c) in Fig. 8.4b. The rotamer with two-DCV
rotations is shown in Fig. 8.4c, in Fig. 8.4d the lower molecule is a t-t-t-t and the
upper one a c-t-t-c conformation. Although trans rotamer is the most commonly
found arrangement, we also observe few cis arrangements. When we compare the
rotation energies (see Fig. 8.1) to the thermal energy ( ∼ 50 meV) during evaporation
at 260 ◦C, molecules can take various conformations in gas phase. When they arrive
at the cold surface, they stay as they were in vapor.
Post-annealing of the sub-monolayer coverage of DCV5T-Me2 results in predomi-

nantly two types of extended self-assembled structures with tens of nanometers in size
(Fig. 8.5a and b). Higher resolution STM images of both kinds of assemblies with
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the superimposed molecular model are shown in Fig. 8.5c and d, which are labeled
as type I and type II, respectively. All molecules appear with the same conformation
(t-t-t-t rotamer) in ordered island type I as well as type II. As mentioned above
the calculation shows that this conformation (see also Fig. 8.1a) corresponds to the
minimum energy for the molecule in gas phase [187].

Figure 8.4: STM image of DCV5T-Me2 molecules on MoS2/Ag(111) with different
configurations deposited at 120 K sample temperature, recorded at V = 0.7 V, I =
20 pA, all scale bars are 8Å. Models of the different configuration are superimposed.
a) t-t-t-t conformation, b) c-c-c-c conformation, c) two-DCV rotations conformation
and d) (top) c-t-t-c and (low) t-t-t-t conformations.

Island type I (Fig. 8.5c) shows that the DCV moieties contact the center of
neighbouring molecules. Fig. 8.5e shows the zoomed-in STM image, where close
located CN ligands and CH groups form hydrogen bonds (indicated by the red
lines). Another interaction which contributes to the formation of the islands is
the intermolecular S-N electrostatic interaction (green lines in Fig. 8.5e). This
conformation and assembly of DCV5T-Me2 in islands as well as in chains was already
seen on a Au(111) surface in former works [187, 188]. In the island type II (Fig. 8.5d),
all molecules take the same conformation as in island type I, albeit in very different
bonding motives to the neighbours. All molecules are parallel to each other and each
molecule connects to the adjacent molecules via their DCV ends. In addition to the
usual intermolecular van der Waals interaction, here the hydrogen bonds between CN
ligands and CH groups (red lines in Fig. 8.5f) are also responsible for the molecular
assembly. Apart form different bonding motives in the islands type I and II, the
islands also have different packing density. The island type I is more densely packed
(0.45 molecule/nm2) compared to the island type II (0.35 molecule/nm2) which leads
to a different total energy. In the next section we compare the electronic features in
these islands.

We note that the moiré reconstruction underneath the molecular islands stays
intact which indicates weak interaction between molecules and surface, as already
observed in chapter 6 for TCNQ molecular islands on MoS2.
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f)

2 nm

c)

type I 2 nm

d)

type II

2 nm

f)
e) f)

10 nm

b)

6 nm

a)

Figure 8.5: STM topography of DCV5T-Me2 on MoS2 deposited at 200 K and post
annealed at 300 K. a) and b) show two types of molecular islands scanned at V= 0.7
V and I= 20 A. c) and d) show high-resolution images of the islands of a) and b)
with superimposed molecular structures. In c) type I, DCV moieties of each molecule
connect to the center of neighbouring molecules and in d) type II, each molecule
connects to the adjacent molecules via their DCV ends. e) The bonding model is
superimposed and shown hydrogen-bonds (red lines) with bonding length from 0.51
nm to 0.89 nm and S-N bonds (green lines) with the average bonding length of 0.94
nm. f) The superimposed bonding is illustrated in CN ligands and CH groups via
hydrogen bonds (red lines) with bonding length from 0.71 nm to 1.16 nm.
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Figure 8.6: a) STM image of a single DCV5T-Me2 molecule on MoS2/Ag(111) scanned
at V=0.7 V, I=20 pA. b) Constant-height dI/dV spectrum acquired on the center
of the molecule (blue) and on the MoS2 (gray) (set point: I =75 pA, V =2 V with
Vmod =10 mV).

8.2.1 DCV5T-Me2 on MoS2/Ag(111): Electronic
Properties

As explained in the previous section, different sample temperatures during the de-
position, lead to different DCV5T-Me2 assemblies (single molecules, disordered and
ordered islands) on the MoS2/Ag(111). This allows us to investigate the electronic
properties of DCV5T-Me2 in various environments, using STS. To inspect the elec-
tronic properties of DCV5T-Me2 molecules, first we measure spectra on isolated
molecule on MoS2. Differential conductance spectra (Fig. 8.6b) acquired on the
center of the molecule (Fig. 8.6a- blue dot) reveal several resonances in the unoccupied
states outside of the MoS2 gap. At positive sample bias an onset shoulder at 1V and
three pronounced resonances at 1.43 V, 1.64 V and 1.81 V are observed. At negative
sample bias, the first resonance is seen at -1.45 V. Due to the instability of the single
DCV5T-Me2 molecule on MoS2, finding the origin of these resonances via dI/dV map
is not possible. Thus, to overcome the instability of single DCV5T-Me2 on MoS2, we
measure conductance spectra of molecules which are stabilized by their environment.
First, we record spectroscopy on molecules in a disordered island (inset Fig. 8.7a)
where the molecules appear in diverse configurations.

Fig. 8.7a (inset) shows a small and disordered molecular assembly with the
corresponding STS spectra. In Fig. 8.7b, although other conformations may fit, we
propose the conformations of (c-t-t-t) and (one-DCV rotation) for the blue and orange
molecule, respectively. At positive bias in Fig. 8.7c, we observe that the orange
spectrum has a shoulder at 1.26V and a resonance at 1.46V and the blue spectrum has
a resonance at 1.25V. At negative bias (see Fig. 8.7d), there are resonances at -1.28V
and -1.41V for the orange and blue spectra, respectively. At positive bias, the shoulder
of the orange spectrum seems to fit with MoS2 resonance. Hence, we observe a gap of
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Figure 8.7: a) Constant-height dI/dV spectra recorded on the center of randomly
oriented DCV5T-Me2 molecules on MoS2/Ag(111), the inset shows the STM topog-
raphy (set point: V = 2V, I = 75 pA, Vmod = 10 mV). STM image of molecules on
MoS2/Ag(111) scanned at V = 0.7 V, I = 20 pA, b) Molecules with (c-t-t-t) and
(one-DCV rotation) configurations. c) Zoomed-in spectra from a) at positive bias. d)
Constant-height dI/dV spectra in the occupied states acquired on the center of the
molecule (set point: I = 75 pA, V = -1.6 V with Vmod = 5mV). The gray spectrum
is the reference spectrum on MoS2.

2.73V for the orange molecule and 2.66V for the blue one. We also observe a shift of
∼ 200 mV and ∼ 130 mV for the orange and blue resonances at positive and negative
bias, respectively. Krane et al. [19] observed a shift in the resonance at negative bias
for two rotamers of 2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]-thiophene (BTTT)
molecules on MoS2/Au(111). Therefore, the shift in the resonances could be the
signature of the different conformations but cannot be completely disentangled from
the effect of the different environments such as different bondings with neighbours
and different adsorption site. We also find a smaller gap size compared to the gap
of the single molecule (see Fig. 8.6) because of the screening effect of the neighbour
molecules [66]. Due to the molecules instability on the surface, investigating the
origin of the resonances via dI/dV maps is not achievable. In the following, we discuss
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about the origin of the resonances in the large and organized molecular assembly.
Now, we probe the electronic properties of DCV5T-Me2 molecules in an ordered

island. We acquire conductance spectra at the center of molecules within the organized
island type II (inset Fig. 8.8a). In the unoccupied states, STS reveals resonances at
1.4 V, 1.8 V and an onset at 2.5V (Fig. 8.8a). The constant-height dI/dV spectra in
the occupied states (Fig. 8.8b) reveal a sharp onset of conductance at -1.4 V which
is accompanied by satellite equidistant (200 mV) peaks.
To elucidate the origin of each resonances, constant-height dI/dV maps (spatial

distribution of dI/dV signals) are recorded at the corresponding energies and are
shown in Fig. 8.9(a-d). Fig. 8.9a shows the differential conductance (dI/dV) map
recorded at -1.4 V. The signals appear intense on the terminations of the molecule
and a nodal plane is seen at the center. In Fig. 8.9b, the map recorded at 1.4 V
shows no nodal plane and the delocalized distribution is seen over the whole molecule.
In the map acquired at 1.8 V (Fig. 8.9c), the spatial distribution is less intense in the
center, and lastly the map taken at 2.5 V (Fig. 8.9d) exhibits dI/dV signal mainly
located over the center of the molecule.
In order to identify the molecular orbitals, we compare the dI/dV maps with

the calculated shape of the gas-phase molecular orbitals. We first calculate the
gas-phase electronic structure using density-functional-theory calculations with the
B3PW91 functional and the 6-31g(d,p) basis set as implemented in the GAUSSIAN09
package [47]. The calculated energy-level diagram of DCV5T-Me2 molecule with
the corresponding iso-density contour plots of the highest occupied molecular orbital
(HOMO) and some of the lowest unoccupied orbitals are illustrated in Fig. 8.9e.
We also simulate the position-dependent tunnelling matrix elements between the
s-wave tip and the spatially-resolved molecular wave function across the DCV5T-Me2

molecule [43]. The maps of the squared tunnelling matrix elements are depicted
as insets in Fig. 8.9(a-d). Simulation reveals that the LUMO/LUMO+1 can be
distinguished unambiguously by the absence/presence of the nodal plane in the center
of the molecule.

Supported by calculations, we assign the peak at -1.4 V to the removal of an elec-
tron from the highest occupied molecular orbital (HOMO). The HOMO resonance is
accompanied by satellite peaks as we mentioned previously. The peak at -1.6 V cannot
be attributed to the HOMO-1 because the DFT calculates the energy distance of 700
meV between HOMO-1 and HOMO, whereas Fig. 8.8c shows the energy distance of
200 mV. Therefore, we suspect the satellite peaks are vibronic peaks and we clarify
this in the following. The absence/presence of the nodal plane in the experimental
constant-height dI/dV map recorded at 1.4 V and 1.8V is in good agreement with
the tunnelling matrix element simulations of LUMO and LUMO+1. Therefore, the
peak at 1.4 V corresponds to LUMO and the peak at 1.8 V is attributed to LUMO+1.
The last map recorded at 2.5 V agrees with the matrix element simulation where the
spatial distribution of the LUMO+2 is mainly localized in the center of the molecule.
The width of the LUMO resonances is ∼ 200 mV (Fig. 8.8b) which is smaller than
the LUMO width on Au(111) [188] as a consequence of less hybridization here with
the surface using MoS2 .
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Figure 8.8: a) Constant-height dI/dV spectra recorded on the center of DCV5T-Me2

molecules (within a well-ordered island) on MoS2/Ag(111) as shown in the inserted
STM topography (set pint: at V = 2.5V, I = 100 pA, Vmod = 10 mV). STM image
of molecules on MoS2/Ag(111) scanned at V=1 V, I=20 pA. b) The spectrum from
a) with the width of 200 mV for the first peak and 270 mV for the second peak.
c) Constant-height dI/dV spectra in the occupied states acquired on center of the
molecule (set point: 30 pA, -1 V with Vmod= 2mV).
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Figure 8.9: a-d) Constant-height dI/dV maps of the parallel arrangement DCV5T-
Me2 island (type II) on MoS2 recorded at the resonance energies derived in Fig. 8.8.
Feedback opened on top of the molecule at a) V = -1 V, I = 30 pA; b) V = 1.4 V, I
= 20 pA; c) V = 1.8 V, I = 50 pA; d) V = 2.5 V, I = 20 pA with Vmod = 5mV. e)
Energy-level diagram of DCV5T-Me2 determined from gas-phase DFT calculations
(left). The isosurfaces of the frontier molecular orbitals are shown on the right. These
have been used to calculate the tunnelling matrix element Mts with an s-wave tip
at a tip–molecule distance of 7.5 Å, workfunction of 5 eV. The map of the spatial
distribution of |Mts|2 is shown in the middle panel.

As mentioned previously, there are two types of self-assembled DCV5T-Me2 molecu-
lar islands on MoS2/Ag(111). Although all molecules take the same bent configuration
in both islands, the number of neighbours and bonding are different as discussed
before. To inspect if this would affect the electronic structure, we compare the dI/dV
spectra of two molecules within the two islands. Fig. 8.10a and b illustrate the
molecular islands as we described in previous section. A dI/dV spectrum (Fig. 8.10c -
orange spectrum) on the molecule in the island type I, shows the HOMO and LUMO
resonances at -1.2V and 1.3V, respectively. While the dI/dV spectrum (Fig. 8.10c
- red spectrum) on the island type II shows the HOMO and LUMO resonances at
-1.4V and 1.4V. Hence, the gap for organized island type I (Fig. 8.10b) is 300 mV
smaller compared to the gap in organized island type II (Fig. 8.10a). A plausible
explanation could be due to a stronger screening effect in the densely packed island
(type I) compared to the island type II.

We have explained in chapter 3 that depositing molecules on the thin decoupling
layer of MoS2 reduces the line width and enables us to investigate the intrinsic
electronic feature such as vibronic states. Here, we resolve the vibronic state of
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Figure 8.10: a) and b) STM topography of two types of DCV5T-Me2 molecular
islands scanned at 1V, 20 pA. c) Constant-height dI/dV spectra measured on the
center of two molecules indicated in a) and b) by red and orange spots corresponding
to their spectra. (Feedback opened at 2.5V, 100pA with Vmod=10 mV). The inset
spectra shows the HOMO resonance at -1.2V for type I (orange) and at -1.4V for
type II (red), respectively.

charged DCV5T-Me2 as we have done for charged TCNQ and TTF molecules in
chapters 6 and 7. Having shown in Fig. 8.9a that the intense resonances of the
HOMO appears on the sides of the molecule, STS is measured slightly away from the
center of the molecule (blue dot in Fig. 8.11a). Same calculations as explained in
chapters 6 and 7 are done here using Franck-Condon model. To simulate the spectrum,
a Lorentzian peak with the intensity proportional to the Poisson distribution are
applied to each vibronic peak (Fig. 8.11b - lower panel). We note that there is good
agreement in Fig. 8.11b between the simulated and the experimental spectra. We
also considered the voltage drop of ∼ 10% [19, 77] in the bias voltage compared to
the energy axis due to the voltage drop in SL-MoS2. We observe few vibrational
modes with (Huang-Rhys factor) Sk>0.01 which are more dominant (intense) than
the other modes in the spectrum. The first three modes with the low energies of 2meV,
8meV, 12meV are not resolvable individually with our energy resolution (30meV).
Consequently, they contribute to an asymmetric line shape for the first resonance.
We resolve the other modes at energies from 155meV to 180meV with non negligible
Huang-Rhys factors. Eventually, with the last modes, we can attribute the peak at
-1.4V (described in the previous section) to the vibronic state.
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8.3 C60 on MoS2/Ag(111): Structural and
Electronic Properties

8.3.1 Structural Properties
C60 fullerenes were extensively studied on various surfaces by STM. Evaporation
at room temperature (RT), results in closed-packed hexagonal molecular islands on
metal [13, 61, 66, 189–192] due to the spherical nature of molecule whereby the
substrate may influence the orientation of the molecules within the island. On MoS2,
only by lowering the sample temperature, fullerenes are trapped on the MoS2/Ag(111)
surface. Here, we evaporate C60 on the cold sample temperature at 110 K. Fig. 8.12a
depicts an overview STM image where molecules mostly stick to Ag(111) and only a
small fraction is found on MoS2. The C60 molecules easily diffuse on the surface even
at low temperature and they appear as single molecules or small clusters on MoS2

(Fig. 8.12a and b).
On metal surfaces there are some preferable orientations regarding the surface

crystal structure, but on MoS2 the dependence of the orientation of the molecules to
the moiré pattern is not known yet. This orientation can be resolved when scanned
at sufficiently large positive bias where we observe the particular symmetry of the
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Figure 8.11: a) STM topography of a DCV5T-Me2 island recorded at V = 1V, I = 20
pA. b) Simulated (bottom panel) and experimental (top panel) dI/dV spectra at the
position indicated by the blue dot in a) with feedback opened at V = -1V, I = 100
pA, with Vmod = 5mV. The simulated spectrum is obtained from DFT calculations
for all the vibrational mode of the DCV5T-Me2

+ molecule with a Huang-Rhys factor
higher than 0.01 (red dots associated with the right axis). A Lorentzian peak of 30
meV broadening is applied to all of these modes.
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LUMO of the C60 [61]. The orientations can be compared to the calculated orbital
shapes from former works [193, 194]. At positive sample bias, three different patterns
can be distinguished in Fig. 8.13.
In order to detect the various orientations better, Fig. 8.13b depicts the current

signal associated to the topography image of Fig. 8.13a. The molecules appear
either as one uniform lobe with a dim center (red arrow), with twofold (blue arrow)
symmetry or threefold (green arrow) symmetry. Fig. 8.13c (left panel) shows the
molecular structure of C60 in which the topmost feature is a pentagon ring, a C-C
bond and a hexagon, respectively (indicated by red, blue and green frames correspond
to the arrows). On the right panel, Fig. 8.13c depicts the calculations of isosurfaces
of the squared LUMO of a free C60 [194]. Similar features were observed for C60 on
Ag(110) [194], Au(111)[66, 192], Ag(111)[190] and Cu(110) [13].

8.3.2 Electronic Properties
Due to the high mobility of the C60 on the weakly interacting MoS2 layer, spectroscopy
on single molecules cannot be recorded in a reproducible manner. For this reason, we
focus our study on C60 molecules that form small clusters on MoS2/Ag(111).
In order to investigate if the HOMO and LUMO energies are protected by the

MoS2 band gap, and to inspect the influence of neighbouring molecules, we acquire
conductance spectra on a small molecular assembly depicted in Fig. 8.14a. STS
measurements (Fig. 8.14b) are performed on six molecules in the island. We observe
that the LUMO resonances vary from 1.0V to 1.45V and the HOMO resonances vary
from -2.1V to -2.43V for different molecules. We also observe two other resonances at
positive bias in each spectrum which can be attributed either to vibronic states or to
additional resonances due to the lifting of the degeneracy of the LUMO. Due to C60

10 nm 6 nm

a) b)

2 nm

c)

Figure 8.12: a) Overview STM image of C60 molecules on MoS2 and on Ag(111)
deposited at 110 K sample temperature, scanned at V=2 V, I=30 pA. b) STM image
of C60 molecules on MoS2/Ag(111) scanned at V=2 V, I=30 pA. c) High resolution
STM image of C60 where molecules take different orientation on MoS2/Ag(111)
scanned at V=2 V, I=30 pA. To see the spherical C60, here we use a contract in
which MoS2 appeared dark.
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Figure 8.13: a) STM image of C60 molecules on MoS2/Ag(111) deposited at 110 K
sample temperature, scanned at V=2 V, I=30 pA. b) Current signal associated to the
topography in a) showing different molecular orientations. c) Molecular structure of
C60 of three high-symmetry orientations: top view a pentagon (top panel) a hexagon
(middle panel) and a C-C bond (lower panel). Calculated isosurfaces of constant
density of states for the LUMO orbital of a free C60 molecule. The lobes correspond
to the DOS accumulation on the pentagonal faces of the C60 cage [194].

symmetry, molecular orbitals are largely degenerate and resolvable via spectroscopic
techniques. HOMO and LUMO have degeneracies of 5 and 3, respectively. The
variation in HOMO and LUMO resonances, consequently results in the variation
of HOMO-LUMO gap from 3.30V to 3.75V. We have several hypotheses to explain
this variation; it can be due to the orientation of each C60 molecule, however we
do not have enough data to evaluate this hypothesis. Molecular orientations are
visible in the current signal (Fig. 8.14c) associated to the topographic image. Similar
to other molecules on MoS2 surface, one explanation can be MoS2 moiré pattern.
Conductance spectroscopy in chapter 5, revealed the shifts of the onsets of ∼50 mV
and ∼130 mV on the top and hollow sites away and toward Fermi level at negative
and positive bias, respectively. Another explanation could be due to the different
screening effect when the number of neighbouring molecules are different. In chapter
3, we have explained that the screening mechanism due to the polarizability of the
neighbouring molecules in the molecular island reduces the Coulomb energy and thus
the HOMO-LUMO gap size. Here, in Fig. 8.14a the molecule in the center (dotted
as violet) which is surrounded by six molecules has the smaller HOMO-LUMO gap
of 3.30V. This effect was also seen in C60 molecule on Au(111) in former work [66],
when the HOMO-LUMO gap of single molecule was found larger than molecule in
the molecular island.

The HOMO-LUMO gap is measured 2.4 eV for C60 on Au(111) which is smaller
than the gap on MoS2 and can be assigned to the strong screening effect by the metal
surface [66].

77



8 Structural and Electronic Properties of DCV5T-Me2 and C60 on MoS2/Ag(111)

2 nm

-2 -1 0 1 2
0.0

0.6

1.2

1.8

2.4

3.0

3.6

dI
/d

V 
(a

rb
.u

ni
ts

)

Sample Bias (V)

2 nm

b)a)

c)

Figure 8.14: Electronic properties of C60 molecular island. a) STM image of C60

molecules on MoS2 with different molecular orientations scanned at V=1 V, I=30 pA.
b) dI/dV spectra acquired at the centre of C60 molecules indicated in a) (set point:
30pA, 2.5V with Vmod =10 mV). c) Current signal associated to the topography
image a).

8.4 DCV5T-Me2/C60 on MoS2/Ag(111):
Structural and Electronic Properties

The energy level alignments of DCVnTs compared with C60 obtained from electro-
chemical measurements [179] is shown in Fig. 8.15. The energy diagram shows that
the HOMO energy of DCVnTs increases with the increase of the number of central
thiophene rings whereas the energy of the LUMO is slightly modified because of
the electron-withdrawing DCV end groups [182]. The low-lying HOMO energy of
the DCV5T compound is beneficial for a high open-circuit voltage (VOC) in planar
heterojuction solar cells that use C60 as an acceptor, because the VOC depends on
the difference between the HOMO level of the donor and the LUMO level of the
acceptor [178].
We have discussed the structural and electronic properties of DCV5T-Me2 and

C60 molecules deposited on MoS2/Ag(111). Similar to the growth procedure of
DCV5T-Me2 and C60 in the previous sections, here we first deposit DCV5T-Me2 at
200 K, then we post anneal the sample at RT, subsequently we deposit C60 at 200 K.
We obtain self-assembled ordered islands of DCV5T-Me2 and small islands of C60

as shown in Fig. 8.16a. We notice there is no mixing of the two types of molecules,
but we observe a common interface between two islands. We note that on Ag(111)
substrate, there are also no ordered structures of both molecules (see Fig. 8.16b).
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Figure 8.15: Representation of HOMO/LUMO energies of DCVnTs (n:1-6) derived
from electrochemical data and compared to HOMO/LUMO energy levels of C60. Red
lines represent the LUMO and black the HOMO level. The HOMO energy of DCVnTs
increases with the number of central thiophene rings while the energy of the LUMO
is slightly modified. Image taken from [179].

Co-depositing of these molecules on Au(111) also does not form mixed structures in
former work [195].
To understand the non-mixing behavior, we need to consider the possible inter-

molecular interactions. Between DCV5T-Me2 molecules in the self-assembled islands,
we discussed about the formation of hydrogen bonds. Between C60, the intermolecular
interaction are dominated by π-π interaction (π-stacking). Now, between the C60

and the DCV5T-Me2 adsorbed on a surface, neither H-bonding (because of chemical
nature of C60) nor π-stacking (because the planar configuration of DCV5T-Me2 vs the
3D nature of C60) are possible. Therefore, the only possible intermolecular interaction
between C60 and DCV5T-Me2 are van der Waals forces which are generally not as
strong as π-stacking and H-bond.
At some spots on the interface, C60 molecules locate on top of DCV5T-Me2

molecules. Fig. 8.17a shows an STM image of DCV5T-Me2 and C60 molecular
assemblies on MoS2/Ag(111). In Fig. 8.17b, we observe the apparent height of 6Å
(the orange line in Fig. 8.17a), whereas in Fig. 8.17c, the initiation of the line profile
implies the apparent height of 8Å ( see the red line in Fig. 8.17a). This indicates
that there is a second layer of C60 molecule on top of DCV5T-Me2 molecule. To
inspect the electronic properties, we record spectroscopic measurement on single layer
C60 (C60/MoS2) and on second layer C60 (C60/ DCV5T-Me2/MoS2 ) shown in Fig.
8.17d. The LUMO resonance for single layer C60 is located at 0.9V (orange spectrum)
whereas on second layer C60 the LUMO resonance is at 1.3V. This shift can imply
the good decoupling of the C60 on DCV5T-Me2 on MoS2 from the metal surface
compared to C60 on MoS2. We also note that, here the LUMO energy of C60 at the
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Figure 8.16: a) STM image of DCV5T-Me2 and C60 on MoS2/Ag(111) recorded at V
= 1V, I = 20 pA, Both species organize in ordered molecular islands and eventually
form an interface. b) STM image of DCV5T-Me2 and C60 on Ag(111) recorded at
V = 1V, I = 20 pA, DCV5T-Me2 and C60 arranged in disordered islands. In both
images the preparation is the same, first DCV5T-Me2 is deposited at 200K and post
annealed at RT, then C60 is deposited at 200 K.

interface is lower in energy than the case of C60 within the island which we have
studied in the previous section. One possible explanation is the interaction between
the acceptor C60 and donor DCV5T-Me2 in the form of charge transfer. However,
as we did not find HOMO in the considered energy range, we cannot disentangle
between screening or charge transfer effect as the origin on the shift of the LUMO.

8.5 Conclusion
In this chapter, DCV5T-Me2 and C60 molecules were deposited on MoS2/Ag(111)
and investigated separately. On MoS2, DCV5T-Me2 deposited at 200 K formed small
disordered islands where molecules took various configurations within the island. Post
annealing led to the formation of two types of ordered islands, where the molecules
adopt the same bent configuration. Using STS, we resolved the HOMO and the
LUMO of the molecule within the islands. In the small disordered island the HOMO
and the LUMO resonances vary due to different environment. In the large and
ordered island, the HOMO-LUMO gap was found 300 mV larger in the island with
less packed structure. The smaller gap size in the densely packed island was attributed
to the larger screening effect. Within the Franck–Condon model, we resolved vibronic
states of DCV5T-Me2 molecules adsorbed on MoS2/Ag(111). This confirms that the
SL-MoS2 is a promising decoupling layer on Ag(111) like Au(111).
Evaporating C60 molecules on a cold sample resulted in the formation of small

clusters on MoS2, where C60 molecules appeared in different orientations. As C60 on
MoS2 was mobile, we studied them in the islands. Spectroscopy in the molecular
island showed the variation in the HOMO-LUMO gap size. The molecule with more
neighbours shows smaller gap as a consequence of the higher screening effect.
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Figure 8.17: a) STM image of DCV5T-Me2 and C60 on MoS2/Ag(111) recorded at
1V, 20 pA, b) and c) Line profile along a monolayer C60 (orange line) and along a
double layer C60 on DCV5T-Me2 (red line). d) Spectroscopy on C60 on monolayer
(orange dot) and on double layer C60 (red dot) feedback opened at 2V, 100pA with
Vmod=10 mV.

Following the growth procedure of DCV5T-Me2 and C60, we grew both molecules
on the MoS2 surface which led to the formation of homo-molecular islands. At the
interface, some C60 lay on DCV5T-Me2 and show a shift away from Fermi level.
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CHAPTER 9

Summary and Outlook

In this thesis, we have investigated structural and electronic properties of organic
molecular assemblies on single-layer molybdenum disulfide (SL-MoS2) on Ag(111)
surface, using combined STM/STS measurements. We have used SL-MoS2 as a
decoupling layer to characterize adsorbates on Ag(111) surface. The SL-MoS2 reduces
the hybridization and screening effects and facilitates investigating of the intrinsic
electronic properties.

First, we investigated the structural and electronic properties of SL-MoS2 on the
Ag(111) surface. We observed a smaller band gap than the band gap of free-standing
MoS2 as a consequence of hybridization with the underlying metal substrate. More-
over, SL-MoS2 displays a moiré pattern due to the lattice mismatch between MoS2

and the Ag surface. SL-MoS2 on Au(111) and Ag(111) exhibit very similar gap
structure. However, we found the bandgap was down-shifted in energy probably due
to the lower work function of Ag compared to Au.

In the next part, we have exploited SL-MoS2 as a decoupling layer to investigate
the intrinsic electronic properties of tetracyanoquinodimethane (TCNQ) molecules.
We found self-assembled molecular islands, which were stabilized by CN-HC bonds
between the cyano endgroups and the quinone center of neighboring molecules. We
have identified the resonances derived from the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). The LUMO resonance
lies at the conduction band onset of MoS2, whereas the HOMO lies within the valence
band. We have found a rather narrow width for the LUMO resonance which was sig-
nificantly smaller than the observed resonance on a metal surface where hybridization
is much stronger as compared to the MoS2 layer. Furthermore, due to the decoupling
properties of SL-MoS2, TCNQ also exhibited a vibronic fingerprint, which was in
good agreement with DFT calculations and Franck-Condon based excitations.

We did similar investigation to characterize electronic properties of tetrathiafulva-
lene (TTF) molecules. We identified the HOMO resonance of the pure TTF molecular
island on MoS2/Ag(111) and the vibronic states using Franck-Condon model. We
also investigated charge transfer (CT) processes in the charge transfer complex (CTC)
composed of TTF and TCNQ. In the CTC of TTF-TCNQ, STS revealed two states
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9 Summary and Outlook

close to the Fermi level at both bias polarities which were not seen in the pure TTF
and pure TCNQ assemblies. We have assigned these states to the singly occupied
molecular orbital (SOMO) and singly unoccupied molecular orbital (SUMO) of both
TCNQ and TTF, due to CT between the donor (TTF) and the acceptor (TCNQ).
Another charge transfer process can be induced by gating by the STM tip when the
molecule has a state near Fermi level. This charging event was detected in our STS
result as sharp peaks.

In the last part of this thesis, we have investigated the adsorption of methyl-
substituted dicyanovinyl (DCV5T-Me2) and C60 on MoS2/Ag(111) individually and
also at their interface. These are prototype electron acceptor C60 and donor (DCV5T-
Me2) molecules in organic solar cell. The adsorption of DCV5T-Me2 leads to the
formation of small assemblies of molecules or single molecules at low temperature.
Within the assembly, molecules appeared in various conformations due to the rotation
of DCV end groups and thiophene rings around their C-C bonds. Post annealing
leads to the formation of two kinds of self-assembled islands. Although in both
islands the molecular conformation is the same, they have different bonding with
the surrounding molecules. Type I is stabilized via CN-HC bonds as well as S-N
bonds, whereas in type II, one molecule is in contact with neighboring molecules via
only CN-HC bonds interactions. Spectroscopy has shown smaller HOMO-LUMO
gap in type I molecular arrangements compared to type II, which we ascribe to
different screening. Depositing C60 on SL-MoS2/Ag(111) lead to the formation of
small clusters with diverse orientations of C60 molecules. STS on C60 revealed a
change in the HOMO-LUMO gap as the numbers and the orientation of molecular
neighbors vary. Depositing both DCV5T-Me2 and C60, the molecules do not form
mixed structures but individual islands. In rare cases we found C60 molecules on
top of DCV5T-Me2 molecules. These molecules exhibited an up-shift of the LUMO
state because the underlying DCV5T-Me2 molecules weaken the interactions with the
surface. This explanation however, cannot be disentangled from the partial charge
transfer between the donor and the acceptor molecules.

To conclude, this work demonstrates that SL-MoS2 on Ag(111) is a good decoupling
layer. It provides insight into electronic characteristics (conductance and vibronics)
of self-assembled organic molecules as well as fundamental mechanisms of CT in the
CTCs. This can be seen as an efficient way to fabricate molecular-size electronic
devices.

As an outlook, atomic force microscopy (AFM) studies on TTF-TCNQ can give
better insight into the molecular arrangements in the mixed structure to find whether
the orientation of molecules with respect to each other affects the electronic properties.
To understand deeper the CT processes between donor-acceptor molecules, knowing
molecular orientations helps to know precisely how they interact. Moreover, having
good control of surface temperature during deposition of DCV5T-Me2 and C60 may
result in the formation of mixed structure that could exhibit CT properties. However,
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our experimental results are in agreement with previously findings on the same
donor-acceptor molecular assemblies on Au(111) [195]. Therefore, in order to achieve
CTC with C60, we propose co-deposition of non-planar molecules [66, 196].
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