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Abstrakt: Pro vývoj nové generace nanozař́ızeńı jsou kĺıčové pokroky v porozu-

měńı molekulárńım strukturám a jejich povrchové konformaci. Z experimentál-

ńıho hlediska nab́ıźı techniky mikroskopie skenuj́ıćı sondou (SPM) jedinečnou

př́ıležitost charakterizovat a manipulovat jednotlivými molekulami v atomárńım

měř́ıtku. V této práci je představen výzkum fyzikálně-chemických vlastnost́ı

nanostruktur na bázi fullerenu a hledáńı nových zp̊usob̊u povrchové syntézy

jednorozměrných molekulárńıch drát̊u. Dále je pak prezenrována nová slibná

funkcionalizace SPM hrotu, která umožňuje zobrazeńı povrchových molekulárńıch

struktur v atomárńım rozlǐseńı. Všechny experimentálńı výsledky této práce jsou

podloženy nejmoderněǰśımi teoretickými výpočty.

V prvńı části této práce jsou prezentovány výsledky kombinovaného experimentá-

lńıho a teoretického výzkumu ř́ızené modifikace molekul fullerenu na povrchu

Au(111). Použit́ım ńızkoenergetického (120 eV) Ar+ iontového naprašováńı jsou

vytvářeny nanostruktury odvozené od fullerenu a to při pokojové teplotě. Takové

nanostruktury vykazuj́ı zvýšenou chemickou interakci se substrátem pomoćı sta-

bilńıch vazeb Au-C.

V druhé části této práce je prezentována nová podrobná metodologie funkcional-

izace SPM hrotu s novým molekulárńım kandidátem. Úspěšně byl funkcional-

izován vrchol Au hrotu s jednou molekulou oxidu dusného (N2O) a porovnám

jeho schopnosti zobrazeńım molekul FePc s submolekulárńım rozlǐseńı a źıskáńım

mı́stně specifických silových spektroskopíı. Výsledky jsou kvantitativně i kvalita-

tivně porovnány s výsledky źıskanými pomoćı široce využ́ıvaných hrot̊u z oxidu

uhelnatého (CO).

Následuje použit́ı povrchové syntézy pro př́ıpravu ńızkoelektronového bandgap

polymeru založeného na anthracenových molekulárńıch stavebńıch bloćıch. Byly

znázorněny cestu syntézy s d̊urazem na tři hlavńı kroky: dehalogenace, difúze

molekul na povrchu a homocoupling. Dále budou charakterizovány elektron-

ické a konformačńı vlastnosti polymeru pomoćı ńızkoteplotńı skenovaćı tunelové

mikroskopie a měřeńı mikroskopie atomové śıly (LT-STM/AFM) a teoretických

výpočt̊u.

Kĺıčová slova: LT-STM/AFM, funkcionalizace hrotu, nanostruktury, molekulárńı

elektronika
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Abstract: Advances in understanding of molecular structures and their conforma-

tions on surfaces are crucial for developing the next generation of nanodevices.

From an experimental point of view, Scanning Probe Microscopy (SPM) tech-

niques offer the unique possibility to characterize and manipulate single molecules

at the atomic scale. In this thesis, we present investigations of the physicochemi-

cal properties of fullerene-based nanostructures and exploration of new routes for

on-surface synthesis of one-dimensional molecular wires. Moreover, we demon-

strate a new promising SPM tip functionalization which enables atomic resolution

imaging of molecular structures on a surface. All the experimental findings of this

thesis are supported by state-of-the-art theoretical calculations.

In the first part of this thesis, we show results of our combined experimental

and theoretical investigation of controlled modification of fullerene molecules

on Au(111) surface. By using low-energy (120 eV) Ar+ ion sputtering we cre-

ate fullerene-derived nanostructures at room temperature. Such nanostructures

show enhanced chemical interaction to the substrate via formation of stable Au-C

bonds.

In the second part of this thesis, we present a detailed novel methodology for SPM

tip functionalization with a new molecular candidate. We successfully functional-

ize the Au tip apex with a single nitrous oxide molecule (N2O) and benchmarked

its capabilities by imaging FePc molecules with sub-molecular resolution and ac-

quiring site-specific force spectroscopies. The results are both quantitatively and

qualitatively compared to those obtained with widely used carbon monoxide (CO)

tips.

Finally, we use on-surface synthesis to engineer a low electronic bandgap poly-

mer based on anthracene molecular building blocks. We illustrate the pathway

of the synthesis emphasizing three major steps: dehalogenation, diffusion of the

molecules on the surface and homocoupling. We further characterize the elec-

tronic and conformational properties of the polymer by means of low-temperature

scanning tunnelling microscopy and atomic force microscopy (LT-STM/AFM)

measurements and theoretical calculations.

Keywords: LT-STM/AFM, tip functionalization, nanostructures, molecular elec-

tronics
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Introduction

In the last several decades, continuous miniaturization of computer technology

has revolutionized the way people access information and communicate. The

main cause of such rapid development of electronic devices is the ability to dou-

ble the number of the electronic components on integrated circuits every two

years, a trend commonly referred to as Moore’s law1. However, the most widely

applied silicon-based technology will soon hit fundamental quantum performance

limitations2 preventing further size reduction.

One well-established approach to overcome this limitation is to use molecular

electronics which take advantages of electronic and chemical properties of selected

molecules with designed functionalization3. Ultimately, the goal is to use a sin-

gle molecule as the building block for electronic circuitry. This approach will

allow realization of electronic components (transistors and diodes) at the limit

of miniaturization4. Using a single molecule as a building block for electronic

devices was first proposed by Aviram and Ratner in 19745. Since then the field

has advanced mainly due to instrumental developments.

One significant advance was the realization of scanning tunneling microscopes

(STM) in an ultra-high vacuum (UHV) environment, which enables unprece-

dented visualization and manipulation of single molecules at the atomic scale6;7.

STM allows to access molecular electronic and conformational properties8. In

addition, STM experiments give insight on electron transport through single-

molecule junctions9;10, elastic and inelastic molecular vibration modes11–13, mag-

netic properties14–16and can be used to spatially resolve unperturbed molecular

orbitals17;18. On top of this, the STM has extraordinary capability for atom ma-

nipulation with picometer accuracy as pioneered by D. Eigler at IBM Almaden19.

This technique has been further employed for triggering selected molecular reac-

tion on the surface20–22.

Shortly following the development of STM, Atomic Force Microscopy (AFM)23

provides the capability to perform reliable atomic scale experiments on low con-

ductive surfaces due to its sensitivity to interacting forces between the tip apex

and the outermost atoms on the surface. Interestingly, AFM allows the measure-

ment of forces required for controllable manipulation of individual adatoms on

a surface24 and to operate a single molecule switch25. The introduction of the

qPlus sensor26;27 allows for simultaneous STM and AFM measurements while op-

erating in the non-contact regime with stable small oscillation amplitudes which

enhances sensitivity to short range forces. Enhanced resolution can be achieved

with a functionalization of the tip-apex with small and low-reactive species28 pre-

viously adsorbed on the surface. In particular, the functionalization of the tip

apex with a CO molecule leads to unprecedented spatial resolution of a single
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molecule on a surface. In the pioneering work of Gross et al29, the atomic struc-

ture of the pentacene molecule is clearly resolved in AFM images, pushing forward

the resolution of the technique and opening new routes for atomic scale character-

ization of molecular structures in surfaces30 with a rising number of applications.

For example, it has been successfully used for determination of single molecu-

lar adsorption configuration31, bond order determination32, visualization of the

intermolecular charge distribution33;34 and discrimination of the spin state of a

single molecule35. Additionally, sub-molecular resolution was also achieved using

scanning tunneling hydrogen microscopy (STHM)36 where hydrogen molecules

are added to the tunneling junction.

The advantages of tip functionalization can be also applied to explore results

of single-molecule chemical reactions37. The atomic structure of the reaction

products and coupling of nanostructures can be visualized using STM and AFM

with a functionalized tip. On-surface chemical reactions can be induced in two

ways: by using STM/AFM tip manipulation methods21, or with the help of ex-

ternal stimulus such as thermal annealing38, light excitations39;40, or plasmons41.

On surface synthesis using atomic manipulation (electron injection) enables the

formation of various molecular spices such as triangulene42 and aryne43 which

cannot be synthesized using conventional wet chemistry. Thermal annealing of

precursor molecules adsorbed on a metallic surface has been demonstrated to

form covalently bonded polymers44 or metal organic coordinated complexes45.

This method was also used for the synthesis of nanostructures such as graphene

nanoribbons46.

In this thesis, a combination of Variable Temperature STM (VT-STM) and

Low Temperature (LT-STM/AFM) was used to study different molecular struc-

tures on a Au(111) surface with atomic resolution. We investigated the formation

of fullerene-derived nanostructures on Au(111) at room temperature (RT) with

enhanced chemical properties. We investigated the possibility of AFM tip func-

tionalization with a single N2O molecule to extend its imaging capabilities. Also,

we used CO functionalized tips to study on-surface formed anthracene-based poly-

meric wires and characterize their electronic properties. The objective is to get

more insight on new nanostructures which can be used for molecular electronics

applications.

The thesis is structured as follows: In Chapter 1, I give an extended literature

review and introduce the experimental techniques applied during this thesis de-

scribing briefly the experimental and theoretical principles underlying the STM

and AFM techniques. In Chapter II, I provide a general overview of the operation

a VT-STM (Scienta Omicron GmbH) and an LT-STM/AFM (Createc Fischer &

Co. GmbH). I give a detailed description of in-situ tip preparation and tip func-

tionalization with CO molecules at cryogenic temperatures (5 K). Also, I include
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a small description of Au(111) sample preparation and describe the molecular

deposition technique used in experiments.

The main results of the thesis are presented in Chapter III. First, we use

STM along with Density Functional Theory (DFT) calculations for investigation

of stable fullerene-based nanostructures on Au(111) at RT (Subchapter 3.1 Paper

I page 35). These structures were formed by soft Ar+ ion bombardment of self-

assembled fullerene islands. Next, we explore and test new molecular candidates

for tip functionalization to gain insights into the origin of high-resolution AFM

images (Subchapter 3.2 Paper II page 46). We functionalized an Au tip with a

single N2O molecule from the surface and benchmarked its capabilities by imaging

isolated FePc molecules. Finally, by using on-surface synthesis we create low-

band-gap π-conjugated polymers (Subchapter 3.3 Paper III page 58). With the

help of high-resolution AFM/STM imaging we reveal the bonding motive of the

polymer.
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1. Experimental methods

”Current State of Research”

1.1 Scanning Tunneling Microscopy

Richard Feynman in his famous lecture “There’s Plenty of room at the Bottom:

An Invitation to Enter a New Field of Physics”47 introduces a new field of physics

which reveals the fascinating world of the atom, as governed by Quantum Mechan-

ics. In 1981 Gerd Binnig and Heinrich Rohrer from IBM invented and built the

very first Scanning Tunneling Microscope (STM)6;7 which enabled imaging indi-

vidual atoms in real space48, and laid the foundation of nanotechnology research.

These achievements were recognized by the Nobel Prize in Physics in 198649. The

STM quickly became the premier experimental technique for nanotechnology and

surface science. The atomic-scale structure, local electronic, vibrational and mag-

netic properties of surfaces and adsorbates can be directly probed11;13;14;17;50;51.

Additionally STM is a powerful tool for the atomic manipulation19;52–54 capable

of arranging novel structures at the atomic level55.

1.1.1 Basics of Scanning Tunneling Microscopy

The STM is an extremely sensitive surface technique that uses quantum mechan-

ical tunneling as a sensing method. Figure 1.1. shows a schematic representation

of the essential components of the STM setup. The core element of the STM is an

atomically sharp probing tip, commonly made of tungsten or platinum-iridium

alloy. To ensure precise movement of the probe in three dimensions it is attached

to a piezo motor, which has tube shape made of piezoceramics (poled in a radial

direction). The piezo tube has an inner and outer metallic coating, where the

outside is sectioned into five quadrants. The movement of the tube (i.e. bend,

change dimensions) is achieved via the inverse piezoelectric effect with picometer

accuracy: by applying voltage between corresponding metal contacts movement

is affected56;57. To initiate the tunnelling process, the distance between the atom-

ically sharp STM tip and the sample has to be reduced to only a few angstroms

which will lead to an overlap of the wave functions. Subsequent applying of a

low bias voltage between tip and the sample will induce a quantum mechanical

tunnelling current between the two. The tunneling concept will be discussed in

the next section.

The tunnelling current is typically in the range of 1 pA to 10 nA and measured

with a current to voltage converter. The tunnelling current has exponential de-

pendence on the distance between the tip and the sample which will be shown in

7



Figure 1.1: STM system overview.

the next section. The current to voltage converter will produce a voltage propor-

tional to the given current. The obtained value is then digitized using analogue

to digital converter (ADC) and sent to a digital signal processor (DSP). The DSP

acts as a digital feedback loop, calculating and sending corresponding voltages to

adjust the vertical position of the piezo motor56.

The STM has two main modes of operation: constant current and constant

height mode as shown on Fig. 1.2. In the constant current mode, the feedback

loop maintains constant tunnelling current by continuously adjusting the distance

between the tip and the sample. The voltage applied to modify tip heights is used

to produce a topographic image of a scanned sample area. This mode is used for

studying stepped surfaces and different types of adsorbates57.

On the other hand, in constant height mode, the feedback is switched off

and the tip scans with the defined constant separation from the sample while

recording the tunnelling current as a function of lateral tip position. This mode

of operation can be applied only to atomically flat samples and can be used to

visualize the local density of states (LDOS)57.

1.1.2 The concept of tunneling effect

The tunnelling effect is a quantum mechanical phenomenon, which acts as a

sensing method and provides a high degree of sensitivity required for imaging

atoms and molecules on surfaces. We can consider a simple model of vacuum

tunneling between two metals (see Fig. 1.3 a) to understand atomic sensitivity

of the STM.
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Figure 1.2: Schematic representation of the STM operating modes.

Figure 1.3: Schematic representation of the tunneling effect. (a) Simple one-
dimensional model of the metal-vacuum-metal tunneling junction (b) One-
dimensional representation of the tip sample vacuum junction.
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In the one-dimensional potential barrier tunneling model, the vacuum gap is

modelled as a potential barrier U(z) with the height of U0, thickness (d), and

the energy of the electron (E), schematically represented on Fig. (1.3 a). The

electron wave function for the one-dimensional square barrier can be analytically

solved using the Schrodinger equation. The Schrodinger equation for such system

reads as follows:

− ~2

2m

d2Ψ

dz2
+ U(z)Ψ = EΨ (1.1)

Where m is a mass of the electron, U(z) is potential describing the barrier, E is

the energy of the electron, ~ is the reduced Planck’s constant and wave function

(Ψ). The solution for the wave function (Ψ) outside the potential barrier in

regions I and III were U(z) = 0 reads as follows:

Ψ1(z) = eikz + Ae−ikz (1.2)

Ψ3(z) = Deikz (1.3)

Where A and D complex number with amplitude and phase and k =
√
2mE
~ the

wave number. The Eq. 1.2 and 1.3 involves a complex notation which represents

the wave function of the free electron in regions (I) and (III). In region (II), inside

the barrier where U = U0, the wave function it no longer complex and changes

to a simple exponential with respect to z given by:

Ψ2(z) = Be−αz + Ceαz (1.4)

Where B and C are complex numbers with amplitude and phase and α =√
2mE(U0 − E)/~ is the inverse decay length. Now if the single electron is de-

scribed by the wave function (Ψ) we can define a probability current density (j)

given by:

j =
−i~
2m

[
Ψ∗
dΨ

dz
−Ψ

dΨ∗

dz

]
(1.5)

By evaluating the probability current density we can obtain the transmitted

current (current after the barrier) and incident current(current before the barrier).

The ratio of transmitted current to incident current will give us the transmission

probability T which reads as follow:

T ∼=
jtrans.
jinc.

= |D|2 =
4k2α2

(k2α2)2 sinh2(αd) + 4k2α2
(1.6)

The transmission probability (T ) is not zero which means we have certain

probability to find the electron at the end of potential barrier. If we take a

further assumption αd � 1 (wide barrier) the term sinh2 can be approximated

10



by sinh2(αd) ≈ 1
4
e2αd and transmission factor becomes:

T ∼=
16k2α2

(k2 + α2)2
e−2αd (1.7)

The transmission probability is exponentially sensitive to the width of the

tunnelling barrier which is defined by the tip height (d). Therefore, the tunneling

current can be expressed as:

I ∝ T ∝ e−2αd (1.8)

From Eq. 1.8 it follows that the tunnelling current has exponential dependence

on the tip-sample separation. However, reality is more complex (see Fig. 1.3 b).

For a qualitative description of the tunneling process the current model has to be

extended. We have to include the electronic structure (density of states (DOS))

of the tip and the sample. The following expression for the tunneling current

according to the Bardeen theory58 reads as:

I =
4πe

~

∫ eV

0

ρtip(E − eV )ρsam.(E)|M(E)|2dE (1.9)

Where I is the tunneling current, ρtip and ρsam. are the DOS for the tip and the

sample respectively. |M(E)|2 is a matrix element which represents an overlap of

the tip and the sample wave functions which exponentially decays in the vacuum

gap58.

M(E) =
~

2m

∫
S

[Ψtip∇Ψ∗sam −Ψsam∇Ψ∗tip]dS (1.10)

The calculation of tunnelling matrix elements obeys selection rules according

to the tip and sample frontier orbital symmetry. With the help of the Tersoff

-Hamann approximation (THA) which represents the tip as a spherical s-like

orbital with a certain radius (s-like tip shape)59 the Eq. 1.9 can be further

simplified:

I ∝
∫ eV

o

ρsamp.dE (1.11)

Equation 1.11 shows that the THA of the tunneling current is directly pro-

portional to the local density of states (LDOS) integrated from 0 to the applied

bias voltage (eV) near the Fermi level of the sample.

1.1.3 Scanning tunneling spectroscopy

From Eq. 1.11, we can see that tunneling current depends on the LDOS of the

surface. By differentiating tunneling current with respect to the voltage, we can
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obtain the local dynamic conductance dI
dV

:

dI

dV
∝ ρsamp.(eV ) (1.12)

In this approximation,ρtip is assumed to be a constant for the given energy

interval. Thus, the dI
dV

spectra provides direct measurements of the LDOS of the

surface. The acquisition of dI
dV

curves with STM is known as scanning tunnelling

spectroscopy (STS). By applying positive (negative) voltage to the tip with re-

spect to the sample occupied (empty) electronic states of the sample surface are

measured.

The experimental realization of spectroscopy measurements using STM are

generally performed in the following way. The STM tip is located at the specific

point of interest, the bias voltage and tunnelling current are set to a certain sta-

bilization value (varies between investigated systems). Then feedback is switched

off and the dI
dV

spectrum is recorded in the desired range of voltages. Usually, the
dI
dV

signal is recorded using a lock-in amplifier which yields better signal to noise

ratio in comparison to the numerical calculation from the I
V

curve. A detailed

description of the lock-in technique can be found elsewhere56.

1.2 Atomic Force Microscopy

Regardless of the remarkable success of STM as a tool for surface science, its

imaging capability is limited to conductive samples. This restricts the usage of

STM to metal and semiconductor surfaces. To overcome this limitation, in 1986

Atomic Force Microscopy (AFM) was introduced by G. Binnig and coworkers23.

AFM relies on sensitivity to the force emerging from interatomic interactions

between the tip and sample. Consequently, the AFM can be used to measure

insulating samples. The core element of the AFM is a flexible cantilever which

acts as a force sensor as shown schematically on Fig. 1.4.

Generally, AFM has two modes of operation: the static mode and dynamic

mode. In the static mode of operation, the forces acting between tip and sample

lead to deflection of the scanning cantilever. The most common way to measure

cantilever bending is the laser beam deflection method56. However, achieving

atomic resolution in static mode is not straightforward. Mainly due to the strong

long-range forces such as attractive van der Waals forces and electrostatic forces,

which trigger an undesired jump-to-contact while scanning in small tip-sample

separations. Presently, the static mode is the most frequently used mode of AFM

when operating in ambient conditions or in liquids56.

In dynamic mode AFM the cantilever is mechanically excited to oscillate. This

allows stable measurements at small tip sample separation, while avoiding jump-

to-contact27. There are two main force (tip-sample interatomic force) detecting
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schemes for the dynamic mode of operation: amplitude modulation (AM)60 and

frequency modulation (FM)61. Obtaining true atomic resolution with AFM re-

quires a stable condition which can be achieved by operating at low temperature

(LT, typically 5K) under ultrahigh vacuum (UHV,< 10−8 mbar).

AM-AFM have a considerably slower scanning speed in comparison to FM-

AFM due to the high quality-factor (Q-factor) of the cantilever in vacuum (e.g.,

the resonant frequency response). The changes in amplitude caused by inter-

atomic interaction in AM-AFM are not instant, they occur over a time period

which is proportional to the Q-factor. As a result, AM-AFM is used mostly in

ambient conditions. All AFM data in this thesis were obtained with the help

of dynamic AFM which use a FM detecting scheme and operates in LT under

UHV conditions which are usually abbreviated as FM-AFM or noncontact AFM

(nc-AFM).

1.2.1 Basics of FM-AFM

The design of the FM-AFM has one crucial difference in comparison to STM, the

metal tip is replaced with a force sensor which is connected to a piezo actuator

(see Fig. 1.4). Currently, there are two commonly used force sensors in UHV

systems: the qPlus26 and Kolibri62. The main element in both sensors is a

quartz oscillator (tuning fork for qPlus or linear extension resonator for Kolibri)

which allows for precise deflection measurements. The quartz oscillator usually

requires a small amount of energy and therefore it does not produce additional

heat in the system which makes it perfectly suitable for use in LT conditions27.

The quartz oscillator typically has large stiffness and high Q -factor in vacuum

conditions.

Figure 1.4 shows a typical implementation for a combined LT-STM/AFM mi-

croscope which was used for the data presented in this thesis. The microscope

is equipped with a qPlus force sensor which consists of a tuning fork with one

prong attached to a heavy substrate and metal tip (PtIr or W) mounted onto

the free oscillating prong. Every qPlus sensor is characterized by four main pa-

rameters: the stiffness (k), quality factor (Q), eigenfrequency (f0) and oscillation

amplitude (A). The qPlus sensor allows stable force measurement and increases

the signal-to-noise ratio, which is beneficial for short range force sensitivity63.

Additionally, the sensor enables simultaneous STM/AFM measurement27. The

typical parameters for a commercial qPlus sensor operating in cryogenic temper-

atures under UHV condition are the following:f0 ∼ 30 kHz, Q ∼ 30 k, k ∼ 1.8

kNm−1, A = 50− 100 pm.

Figure 1.4 illustrates the feedback scheme of the FM-AFM. First, the tip-

sample interactions (force gradient) are measured with a deflection sensor. A

current-to-voltage transducer converts the sensor signal to a voltage modulation
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Figure 1.4: Scheme of FM-AFM with qPlus sensor. The inner part represents
a simplified scheme of the AFM head. The outer part represents the block dia-
gram of the oscillation control unit for constant amplitude control and frequency
shift measurements. The tuning fork deflection is measured with a current-to-
voltage converter and fed into the band pass filter and subsequently passed to
the PLL which determines the frequency shift. Input quantities (User) such as
the amplitude set point and resonant frequency are denoted using light blue.

and has a hardware band pass filter in order to cut off undesirable noise. The

filtered signal is then fed to the phase-lock loop (PLL) controller to determine

the frequency shift (4f) by comparing the phase of the detected signal with

the phase of the reference signal. The 4f serves as the main imaging signal for

FM-AFM. The sensor oscillation is maintained by using a feedback loop which is

established through automatic gain control. It keeps the vibration amplitude at

a constant level set by the user.

1.2.2 Theory of FM-AFM

The force sensor (see Fig. 1.5 a) can be treated as a harmonic oscillator56. We can

describe it as an externally driven, damped harmonic oscillator. The interaction

of the force sensor with a sample can be effectively described with the simple

mass-spring system (see Fig. 1.5 b)56. We can view it as a mass (m) on the

spring (k) which is externally excited with the force Fd = F0 cos(ωet) (see Fig.

1.5 b). The tuning fork has an intrinsic damping factor (γ) as a result of friction:

to account for that we introduce to the model the resistive force Fr = −bν where

b is the constant. The equation of motion for the position x(t) is:
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Figure 1.5: Model of the sensor under the influence of tip sample interaction. (a)
3D model of the oscillating qPlus sensor under the influence of the force gradient.
(b) One-dimensional representation of the force sensor by a mass m on a spring
with spring constant k and damping factor γ.

ẍ+ γẋ+ ω2
0x =

F0

m
cos(ωet) (1.13)

Where ω0 = 2πf0 =
√

k0
m

is the resonant frequency, and γ = b
m

is a damping

factor. The steady state solution (t� 1
γ
) for the force oscillator is then:

x(t) = A0 cos(ωdt− δ) (1.14)

Where the amplitude (A0) of the steady state solution is given by

A0 =
F0

m√
(ω2

0 − ω2
d)

2 +
(
ω0ωd

Q

)2 (1.15)

The expression for the phase (δ) of oscillation reads as follows:

tan(δ) =
−ω0 − ωd
Q(ω2

0 − ω2
d)

(1.16)

When (ω0 = ωd) the amplitude becomes very large and resonance occurs.

The phase shift (δ) at resonance is equal to π/2. The Q -factor is a dimensionless

parameter which can be defined as the oscillation efficiency. The Q -factor repre-

sents the ratio between total energy stored in the excited oscillator to the energy

dissipated per oscillation cycle. When driven at a frequency close to resonance

frequency the Q -factor can be calculated as:
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Q =
ω0

2γ
(1.17)

From Eq. 1.15 we can predict that if an oscillation frequency goes out of

resonance (ωd → 0 or ωd → ∞) the amplitude will attenuate. Therefore, it is

useful to define the width of the resonance curve (4ω) at half amplitude height:

4ω =
ω0

Q
. (1.18)

Thus, the higher the Q-factor of the oscillation system the narrower the reso-

nance peak. The Q-factor determines the FM-AFM feedback as well as the signal

to noise ratio. Higher Q factors can significantly enhance the force sensitivity61

For precise calculation (measurement) of Q and ω0 for the corresponding os-

cillation system (force sensor), the following procedure is used: we retract the

sensor far away from the surface (where interatomic forces cannot influence the

oscillation cycle) and measure the frequency dependent response at constant ex-

citation. By fitting the resulting peak response function, we can determine Q and

ω0.

We can analyze the influence of tip-sample interaction forces (Fts) of the sensor

by considering a simple externally driven damped harmonic oscillator under the

influence of the interatomic forces. In the small amplitude limit, we can consider

the tip-sample force as a slowly varying function of the actual tip position:

Fts(x) = F0 +
∂Fts
∂x

∣∣∣
x=0

x+ ... (1.19)

This approximation allows us to represent the tip sample interaction as a sim-

ple spring with stiffness kts (kts � k) as shown in Fig. 1.5, which is proportional

to the force gradient:

kts =
∂Fts
∂x

∣∣∣
x=0

(1.20)

In the presence of a force, the equation of motion is:

ẍ+ γẋ+ ω2
0x =

F0

m
cos(ωet) +

Fts
m

(1.21)

By approaching the sensor towards the sample, the interatomic force will come

into play which will eventually generate a shift of the equilibrium position (x0) of

sensor oscillation. In the small amplitude approximation, we can substitute x(t)

with y(t) = x(t)− x0 in Eq. 1.20 which results in the following:

ÿ + γẏ + ω
′2
0 y =

F0

m
cos(ωet) (1.22)

Where ω
′
0 is the new resonance frequency caused by the influence of the tip
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sample interaction:

ω
′

0 =

√
k + kts
m

=

√
k

m

(
1 +

kts
k

)
= ω0

√
1 +

kts
k

(1.23)

Where m is the effective mass and k + kts is the effective spring constant of

the system. With a further approximation |kts| � k and a Taylor expansion

(
√

1 + x = 1 + 1
2
x) the new resonant frequency of the force sensor can be written

as:

ω
′

0 ≈ ω0

(
1 +

kts
2k

)
(1.24)

Consequently, the frequency shift results in:

4ω = ω
′

0 − ω0 = ω0
kts
2k

= −ω0

2k

∂Fts
∂x

(1.25)

The simple division of the resulting frequency shift by a factor of 2π, yields:

4f =
ω

′
0 − ω0

2π
= f0

kts
2k

= − f0
2k

∂Fts
∂x

(1.26)

This result corresponds to the experimentally observed frequency shift (4f).

Thus, the frequency shift caused by tip-sample interaction is proportional to the

negative force gradient, if the following approximations are applied : (a) the force

gradient can be linearly approximated and (b) the force gradient is significantly

smaller in comparison to the spring constant of the tip (k)63

However, in the case of a large oscillation amplitude, the equation for the

frequency shift has a more general expression56. The tip-sample interaction is

strongly dependent on the scale of the amplitude. In the large amplitude limit,

the tip spends most of its time at the extrema of its motion cycle, and as a result,

the biggest contribution to the frequency comes from the lower turnaround point

where the tip is influenced by the force gradient. The equation for the frequency

shift in the large amplitude limit is as follows:

4f = − f0
πkA2

∫ A

−A
Fts(d+x)

x√
A2 − x2

dx = − f0
πkA2

∫ A

−A
Fts(d+x)g(x)dx (1.27)

In the presence of dissipative tip-sample interactions, the force at particular

points may vary upon approach or retraction of the tip. Therefore, the tip-sample

force in Eq. 1.27 should be Fts = Fts,approach + Fts,retract/2
64;65.

However, the physical description of the system is given by force rather than

frequency shift. There are two common methods to recover the force from the

measured frequency: the matrix method66 or the Sader - Jarvis method67.
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1.2.3 Interatomic forces in FM-AFM

The tip-sample interaction force measured with FM-AFM consists of the various

force contributions which mainly originate from electrostatic interaction which

contains several long- and short-range components. The separation of the differ-

ent force components is not a trivial task and requires the fulfilment of special

conditions68. Next, we discuss in detail the long- and short-range contribution to

the total tip-sample interaction force.

Long-range contributions are mainly due to van der Waals (vdW) forces and

electrostatic (ES) forces. The vdW forces occur mainly from instantly formed

dipole moments as a result of the electron density fluctuation around atoms. The

vdW forces can be described as a sum of the temporary dipole-dipole interaction

between molecules or atoms56. As a result of the long-range nature of vdW

forces, not only the front atom of the tip apex but also from the neighbouring

atoms contribute to the observable vdW interaction. Thus, the interaction energy

between the elementary volume of the tip dVt and elementary volume of the

sample dVs can be written as:

dUvdW = − Cρtρs
|rt − rs|6

dVtdVs (1.28)

where ρt is a density of the atoms of the tip, ρs is a density of the atoms of the

sample, C is a coefficient in atom-atom pair potential and rt, rs are the position

of the tip and the sample. We can approximate the tip as a paraboloid with local

radius R and sample surface as a semi-infinite solid56 57. The vdW interaction

energy and force between the tip and sample are:

UvdW = −HR
6x

(1.29)

FvdW = −HR
6x2

(1.30)

where H = π2Cρtρs is the Hamaker constant, an intrinsic property of the

material (metal is typically 2-3 eV57) and x is the tip sample distance. It is

evident from Eq. 1.29 that a sharper tip (smaller radius) can significantly reduce

the influence of the vdW forces.

The long-range electrostatic (ES) force originates mainly from inhomogeneity

of the charge distribution. On the macroscopic scale a conductive tip and conduc-

tive sample can be approximated as a parallel plane capacitor, with a capacitance

C(x). The resulting electrostatic force will be:

Fel =
1

2

∂C

∂x
(V − VCPD)2 (1.31)

where VCPD is a contact potential difference (CPD) and V is the applied bias

18



Figure 1.6: Forces which act between tip and sample.

voltage. The ES force has a parabolic dependence on the applied bias voltage

(Fel ∝ V 2). The ES force can be minimized by adjusting the bias voltage to

the negative contact potential difference (V = VCPD). The contact potential

difference can be measured via Kelvin Probe Force Microscopy (KPFM)69 which

is based on non-contact AFM.

Short-range Chemical Bonding (CB) forces have a small range and become

dominant in the close tip-sample distances when the electron wave functions of

the tip and the sample start to overlap. CB can be both attractive and repulsive,

depending on the tip-sample separations. The repulsive interaction occurs mainly

from ion core repulsion which occurs due to the Pauli exclusion principle which

states that only two electrons can occupy the same quantum state simultaneously.

The simplest way to model the CB forces is the famous Lennard-Jones (LJ)

potential which partially describes the dispersion forces70:

ULJ = U0

[(x0
x

)12
− 2

(x0
x

)6]
(1.32)

where U0 is the bonding energy at the equilibrium distance x0. The resulting

force due to the LJ potential Eq. 1.32 will be:

FLJ =
12U0

x0

[(x0
x

)13
− 2

(x0
x

)7]
(1.33)

The distance dependence for the all these force contributions are illustrated in

Fig. 1.6.
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2. Main objectives of this thesis

The main aim of the thesis “Study of molecular structures on solid state

surfaces” is to gain more insight into new nanostructures which can be used

for molecular electronics applications. In this thesis, a combination of Variable

Temperature STM and Low Temperature STM/AFM was used to study different

molecular structures on Au(111) surface with atomic resolution in UHV condi-

tions. The scanning probe techniques allows to visualize the internal structure

of single molecule and access molecular electronic and conformational properties.

All our results are supported with state of the art DFT calculations.

The main objectives of the thesis can be summarized as follow:

• Investigations of the physicochemical properties of fullerene-based nanos-

tructures on Au(111) at room temperature. These structures were formed

by soft Ar+ ion bombardment of self-assembled fullerene islands.

• Functionalization of the Au tip apex with the single nitrous oxide molecule

to provide further inside regarding the origin of sub-molecular resolution in

AFM. We evaluate its high-resolution imaging and spectroscopic capabili-

ties using FePc molecules.

• On-surface synthesis of anthracene-based π-conjugated polymers on the

Au(111) surface. The synthesized polymers were characterized using high-

resolution AFM imaging with CO functionalized tip.
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3. Experimental setups

The results presented in this thesis were performed in UHV conditions to en-

able the preparation of well-defined surfaces and avoid sample contamination71.

The STM measurements presented in section 3.1.3 (Paper I) were obtained using

a modified commercial UHV (5× 10−10 mbar) variable temperature STM/AFM

(VT-STM/AFM) manufactured by Omicron GmbH72. The STM/AFM measure-

ments presented in sections 3.2.2 (Paper II) and 3.3.2 (Paper III) were carried

out using a UHV LT microscope. The microscope is commercially available from

Createc73 and equipped with a qPlus sensor26. The microscope is mechanically

connected to the bottom of the liquid helium cryostat to allow LT operation (5

K). This section is devoted to a basic overview of the experimental tools.

3.1 Brief description of the STM/AFM systems

3.1.1 VT-STM/AFM

The VT-AFM/STM was developed in 2008 by Omicron. Figure (3.1 a) shows a

photo of the system which was used during this PhD thesis. The whole setup

consists of one UHV chamber where all STM measurements and sample prepara-

tions are performed with a base pressure below 5× 10−10 mbar. To achieve and

maintain UHV conditions we use a turbo molecular pump backed by a rotary

pump, as well as an ion pump combined with a titanium sublimation pump.

For safe sample transfer from the ambient atmosphere to UHV, a small load

lock chamber is used. The load-lock chamber is connected to the chamber through

a gate valve and has its own high vacuum pumping system combined with capacity

to vent to atmospheric pressure with dry nitrogen gas. The load lock has two

magnetic transfer arms which allow safe sample transfer to the prep chamber

without breaking vacuum.

The 3-axis manipulator within the chamber is equipped with one stage for

annealing treatment by resistive and direct current heating. Additionally, the

chamber is equipped with low-energy electron diffraction (LEED), a quadrupole

mass spectrometer (QMS), and an ion gun. Transfer of the sample is accom-

plished with a pincer-grip wobble stick. The wobble stick allows a quick and

reliable sample interchange between the main system manipulator, as well as the

sample/tip storage carousel. The sample/tip storage carousel can house up to

12 samples/tips. The chamber has additional viewports for optimal observation

of the tip/sample coarse positioning using an externally mounted CCD camera.

The chamber has two additional ports for in-situ evaporation. The tunnel gap

is very sensitive to mechanical vibrations. To suppress them, the microscope is
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Figure 3.1: Experimental setups. (a) Photo of modified VT-STM/AFM Omicron
system. (b) Photo of Createc LT STM/AFM system.

equipped with an eddy current damping mechanism and springs56.

To perform reliable tunneling current measurement the microscope is equipped

with an analogue pre-amplifier, intended to provide the highest possible signal to

noise ratios. The pre-amplifier allows stable STM operation with currents as low

as 50 pA at room temperature. The process of operating the microscope (lateral/

vertical modulation of the tip/sample relative position) is controlled through the

Omicron Matrix user interface72.

3.1.2 LT-STM/AFM

The Createc LT-STM/AFM microscope is based on the design initially developed

by Gerhard Meyer74. The whole setup consists of the following components: SPM

chamber with bath cryostat, preparation chamber with manipulator, and load-

lock chamber for transfer from ambient to UHV (see Fig. 3.1 b). All three

chambers are separated with gate valves and have separate pumping systems.

Both SPM and preparation chamber have similar pumping systems, based on ion

getter pumps (IGP) with integrated titanium sublimation pumps (TSP).

The load-lock is connected to the preparation chamber and has two magneti-

cally coupled linear motion arms for sample transfer, as well as a storage carousel

for samples and sensors. The load-lock has a separate pumping system (scroll and

turbo molecular pump (TMP)) which can pump from ambient conditions down

to 10−8 mbar. For sample preparation and transfer between the preparation and

microscope chambers, a 3-axis manipulator is mounted on the preparation cham-

ber with infinite rotation about the long axis of motion. The manipulator has
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Figure 3.2: Flag style sample holder (a) photo of the sample plate. (b) specifica-
tion and dimensions of the sample holder

multiple different sample slots which allow for direct current and e-beam heating.

The main feature of the current system is an LT bath cryostat which allows

sample cooling up to 5 K. The cryostat consists of two tanks containing liquid

nitrogen and helium. The helium tank is located in the center and surrounded

by nitrogen tank. Both tanks have evaporation shields (≈ 30 K) and are covered

with the outer wall. The nitrogen tank has vacuum separation from the outer

wall.

The SPM head is mounted directly under the cryostat and suspended by four

springs for vibration isolation. Additionally, the entire microscope frame is placed

on four pneumatic legs to decouple the system from the mechanical vibrations

of the building. Detailed description of the SPM head design and cryostat is

provided by the manufacturer73.

The microscope is controlled with Nanonis SPM control system manufactured

by Specs Zurich. The ease of use and versatility of experiments that can be

performed makes this one of the most prevalent pieces of control hardware in the

scanning probe community.

3.2 Sample Preparation

Au(111) single crystal (Mateck) was used in all experiments presented in this

thesis. The Au(111) surface was chosen due to its chemical inertness which leads

to weak molecular adsorption primarily through van der Waals interactions75.

High-quality large terraces can be easily created through standard cleaning pro-

cedures. The gold sample was mounted on a flag style molybdenum or tantalum

sample holder which allowed resistive heating in the UHV environment (Fig. 3.2).

The surface was cleaned by the standard procedure of Ar+ sputtering (1

keV) and subsequent high-temperature annealing to 600◦ C. The sputtering and

annealing process needs to be repeated for a few cycles until a clean surface with

the herringbone reconstruction can be observed by STM. Typically, three Ar+

sputtering and annealing cycles (5 minutes each) were required to obtain samples
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Figure 3.3: STM images of a gold substrate (a) Large scale STM image of the
Au (111) herringbone reconstruction after the cleaning procedure in UHV. (b)
Detailed STM image of the Au(111) surface showing atomic resolution. The
characterized surface unit cell is indicated with the white rectangle. The bulged
elbow site is indicted with the white circle. Images taken from F. Besenbacher,
et. al76

with overall cleanliness suitable for achieving atomic resolution with STM. A

typical large-scale STM image of the clean Au(111) surface is depicted in Fig. (3.3

a). The image reveals a well-known characteristic herringbone reconstruction.

Au(111) has a unique surface reconstruction denoted as Au(111)− 22×
√

3.

This reconstruction is characterized by paired rows which form a so-called her-

ringbone pattern (Fig. 3.3 a). The bright lines are transition areas between

face-centered (FCC) and hexagonal close-packed (HCP) atoms stacking. Notably,

both areas are not equally represented; the FCC region is larger than HCP77. The

bending points of the lines are cooled elbow sites that can serve as nucleation cen-

ters77. There are two types of elbow sites: the pinched and bulged elbows. The

characteristic Au(111) reconstruction occurs due to uniaxial compression of the

surface layer along a [11̄0]-crystallographic direction and as a result the surface

contains more atoms than a comparable cross-section of the bulk crystal78. The

interatomic distance between two neighbouring Au atoms is a = 2.88 Å. The

(111) surfaces of Nobel metals (Au, Cu, Ag) generally possess a electronic sur-

face state, which can be probed with scanning tunnelling spectroscopy (STS).

The surface state of Au(111) measured with STS can be approximated as a step

function with the band minimum at 450 mV relative to the Fermi level77.
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3.3 Tip preparation

The core element of both STM and AFM is a scanning probe which has a major

impact on the quality of the measured data. The shape and chemical composition

(cleanliness) are the main factors determining the performance of a scanning

probe. Tips used in a UHV environment are commonly made of tungsten (W) or

platinum-iridium (Pt-Ir) alloys. These materials have a high melting temperature

and substantial mechanical strength.

STM tips were fabricated using a “drop-off” electrochemical etching tech-

nique79;80. A piece of tungsten wire (0.5 mm diameter) was mounted to a STM

tip holder commercially available from Omicron72. The tip holder then was mag-

netically held to the etching station to ensure precise vertical movement of the

tip. The apex of the wire is placed through the center of a metallic ring, which

has been immersed in a 2.5 M NaOH solution. A bias voltage (about 10 V) is

then applied between the ring and the W wire. For an optimized etching proce-

dure, the tip and the counter electrode are connected using an electronic control

circuit80 to ensure a smooth cutoff of power just as the tip wire is etched through.

The resulting tip is then cleaned in alcohol and distilled water to remove residu-

als. The tip is left to dry out for a couple of minutes whereupon it is ready to be

loaded in a UHV system.

For AFM measurements, we used the qPlus sensor26 commercially available

from Createc. The qPlus sensors first need to be cut or etched to obtain the

desired length of the wire. The tips of a cut sensors (see Fig. 3.4 a) are then

sharpened and shortened by a Xenon plasma focused ion beam (P-FIB) (see Fig.

3.4 b,c). To lower the harm from ion beam on the probe, the position for the

final cut is determined solely using electron beam imaging. The probe was kept in

a home-made holder grounded to prevent charging. The process was performed

in the sofmat laboratory81. Pt-Ir alloys are relatively inert towards oxidation,

therefore, the sensors after the cutting procedure can be introduced to the UHV

environment and installed in the SPM head without additional cleaning.

3.3.1 In-situ tip preparation

STM tips and qPlus sensors require additional in-situ treatment to obtain an

atomically sharp probe suitable for imaging and spectroscopy. The easiest way

to modify the tip apex is to indent it (for several nm) into a metal substrate. If

after several indentations the tip is still unstable, and the desired (known) surface

reconstruction cannot be observed, the next step is to indent the tip deeper into

the surface while simultaneously applying higher voltages (∼ ±7 V) and high

currents (∼ 50 nA). This can eventually improve the tip. If the tip has a large

apex and cannot be sharpened by indentation or bias pulses one final option
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Figure 3.4: Process of qPlus sensor cutting. (a) Photo of the Createc compatible
qPlus sensor after shortening the wire. (b) Scanning Electron Microscope (SEM)
image of the tip after the FIB cut. (c) The tip apex upon completion of the
sharpening procedure.

is to lower the current preamplifier gain to allow for micro-ampere currents to

flow through the tip-sample junction during the indentation procedure. Currents

above 10 uA and 20 V bias have enough power to destroy the conductive glue

that holds the tip to the end of the qPlus.

However, in the case when a controlled tip crash is not helpful, one can apply

additional in-situ treatment to W STM tips. The STM tips can be sputtered82;83

and annealed57;82;84 to remove the contamination (oxide) layer. Importantly, the

annealing or sputtering cannot be applied to a qPlus sensor. The sputtering used

for cleaning and sharpening uses energies of 0.5 to 4 keV and are usually done in

the same way as for the sample sputtering. It is also possible to sharpen the tip

by applying a high voltage (field emission technique).

3.3.2 Tip functionalization

To functionalize the metal tip apex with a single carbon monoxide molecule the

prior tip treatment must be applied. First, the metal tip has to be mesoscopically

sharp, and stable to lower the influence of long-range forces. One way to check

the tip sharpness/mesoscopic shape is to measure the frequency shift value in

the tunnelling regime: the smaller the frequency shift relative to the far-distance

baseline, the sharper the tip. In some cases, a mesoscopically sharp tip requires

additional treatment to obtain an atomically terminated tip apex.

After obtaining a sharp and stable metal tip, it can be used for functional-

ization with a carbon monoxide (CO) molecule. Usually, tip functionalization is

done in three stages:

In the first stage, the molecule which will be used for functionalization has

to be deposited (described in next section) and located via STM (see Fig. 3.5

a,d). Usually, the CO molecule can be detected in STM mode by scanning with
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Figure 3.5: CO tip functionalization on Au(111). (a) STM image (Ub = 60 mV,
I = 20 pA) of the single CO molecule with metal tip. (b) STM image (Ub = -60
mV, I = 20 pA) of the area in (a) after tip functionalization. (c) STM image
(Ub = -60 mV, I = 20 pA) of a single CO molecule with CO decorated metal tip.
(d,e,f) Illustrate the procedure of tip functionalization. The carbon atom on the
3D model colored in black and the oxygen atom is red.

relatively low bias (50-100 mV) and low current set point (I = 20 pA). The CO

molecule on Au(111) surface imaged with a metallic tip appears in STM as a

dark depression (see Fig. 3.5 a).

In the second stage, the metallic tip is positioned directly above the CO

molecule. Then the feedback is switched off and the tip is continuously ap-

proached (10 pm steps) towards the molecule until a characteristic jump in the

current occurs (inset of Fig. 3.5 a). After the jump, the tip is retracted and feed-

back is restored. By re-scanning the area (Fig. 3.5e,b), the lack of CO molecule

on the surface is usually serves as indication of a successful tip functionalization.

In the third stage, the functionalized tip is used to locate and imaging an

additional CO molecule on Au(111) (see Fig. 3.5 c,f). Then STM contrast of

CO appears as a bright protrusion. The shape of the protrusion generally can

serve as an indication of the quality of molecular adsorption on the tip apex.

The symmetric protrusion with a rounded dark halo (see Fig. 3.5 c) indicates

a perpendicular/symmetric CO adsorption (see Fig. 3.5 f). The CO molecule

attaches to the tip apex via the carbon atom with the oxygen pointing towards

the surface (see Fig. 3.5 f).
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Figure 3.6: Evaporator. (a) Photo of the home-built molecular evaporator. (b)
Photo of the home-built evaporator connected to the prep chamber.

3.4 Molecular deposition in UHV

To deposit molecular species on a clean metal surface, we employed a home-

made thermal evaporation source (see Fig. 3.6). The evaporator has a pocket

made of tantalum, suitable for the evaporation of molecules such as C60, FePc

(C32H16FeN8), and 4BrAn (11,11,12,12-tetrabromoanthraquinodimethane). The

tantalum crucible is mechanically attached to a silicon carbide wafer slice which

allows for resistive heating. To ensure precise temperature control, a K-type

thermocouple is attached (spot welded) directly to the tantalum crucible.

Generally, before placing new molecules inside the tantalum crucible, it is

cleaned with isopropanol and annealed in UHV environment up to 700◦ C to

remove the residual material from previous evaporations. After the cleaning pro-

cedure is complete, molecules can be placed inside the crucible and the evaporator

can be reinstalled on the prep chamber. The evaporator is installed to the prepa-

ration chamber through a tee which is separated from the prep chamber with a

gate valve (see Fig. 3.6 b). Before the opening gate valve and connecting evap-

orator to preparation chamber, it’s pumped with the load-lock pumping system

for 12 hours with subsequent molecular degassing. Prior to each deposition, the

molecular source was degassed for several minutes to remove contaminations (e.g.,

water and other non-desirable organic species). During deposition the sample was

kept at room temperature.
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C60 molecular deposition: For the C60 deposition the home-built evapo-

rator (Fig. 3.6a) was used. After loading the evaporator with C60 molecules, it

was connected line-of-sight to the sample surface stored inside the STM head.

Prior to each deposition, the C60 source was preheated to 360◦ C and degassed

(420◦ C) for 5 minutes to remove contamination. After this procedure the sample

was transferred into the STM head for the deposition of molecules by heating the

evaporation source at 420◦ C.

FePc molecular deposition: FePc molecules (Sigma Aldrich, evaporation

temperature ca. 250◦ C) were thermally evaporated using a variant of the home-

build evaporator (tantalum pocket mounted directly to the flag style sample

holder (Fig. 3.2)). The tantalum pocket was loaded with molecules and placed

on the manipulator which allows indirect heating. Before each deposition the

molecules were degassed for 15 minutes. During deposition the sample was kept

at room temperature.

4BrAn molecular deposition: The molecules were thermally evaporated

using the home-build evaporator (Fig. 3.6). The 4BrAn molecules were loaded

inside the tantalum pocket and after the evaporator was mounted to the prepa-

ration chamber. Before each molecular deposition, molecules were degassed for

several minutes and deposited to the sample which was kept at room temperature.

CO, N2O molecular deposition: In both cases, the gases were deposited

while the Au(111) surface was at low temperature (< 12 K). The gas line was

flushed (using load-lock pumping system) three times before the molecules were

introduced directly to the SPM head through the leak valve for approximately

15 seconds.
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4. Results

4.1 Formation of stable Au–C bonds for fullere-

ne-based nanostructures on Au(111) surface

at RT

Molecular self-assembly on surfaces has attracted a great deal of attention during

the past decade, because of its potential in molecular electronic device fabrica-

tion85–89. The coupling of molecules to metal surfaces determines their electronic

properties90. Understanding of their electronic properties is the first step towards

designing functional electronic devices. Fullerenes on metal surfaces are among

the most extensively studied systems91–98 . Due to their practical properties,

fullerenes are a key topic of contemporary nanotechnology and industrial research.

This chapter presents a detailed study of a new type of system: fullerenes with

artificially created defects, which bind to a Au(111) surface via covalent bonds.

The formation of the covalent bonds enhances the conductivity and stability99;100.

4.1.1 Basic properties of fullerene molecules

Fullerenes were discovered by Kroto and Smalley in 1985101, which helped them

win the Nobel Prize in 1996. C60 is a remarkably stable molecule with a truncated

icosahedron structure consisting of 60 carbon atoms arranged as 12 pentagons and

20 hexagons (see Fig. 4.1 a)102. The carbon atoms are all interconnected predom-

inantly through an sp2 bonding configuration. However, the actual bonding of

C60 is more complex due to the cage structure of the molecule. The environment

of each carbon is curved (non-planar) which causes partial re-hybridization and

leads to sp3 bonding configuration. A single C60 molecule has 90 covalent bonds

between carbon atoms: 60 single bonds and 30 double bonds. The hexagons and

pentagons are connected through single bonds (C-C bond) which have a bond

length of around 1.46 Å and are thus considered as electron-poor areas. The

two hexagons are connected through double bonds (1.40 Å) and referred to as

electron rich areas103. The diameter of a single C60 molecule is about 7.1 Å by

adding the width of the π electron cloud around the molecule the total radius of

the molecule enlarge up to 1 nm.

Electronic properties of the C60 molecule have been intensively studied using

both experimental105–107 and theoretical methods108–110. The electronic proper-

ties of a single C60 molecule are mostly determined by the delocalized π elec-

trons102. The C60 molecule has a fivefold degenerate highest occupied molecular

orbital (HOMO) and a threefold lowest unoccupied molecular orbital (LUMO).
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Figure 4.1: (a) Ball stick model of a single C60 molecule. (a) Energy level of a
single C60 molecule. Images taken from R. Yamachika104.

The HOMO energy level is completely filled with 10 electrons, while the LUMO

could host 6 electrons. The energy gap between HOMO and LUMO levels is

around 1.6 eV (see Fig. 4.1 b). However the HOMO to LUMO transition is

forbidden which makes pure C60 an insulator102.

4.1.2 C60 molecules on a Au(111) substrate

The clean Au(111) surface has a unique herringbone reconstruction with a unit

cell 22 ×
√

3 (see Fig. 3.3) and is considered to be a standard substrate for the

study of molecular self-assembly111. The Au(111) substrate is relatively inert and

easy to clean in a UHV environment. In the initial step of the experiment, we

observe that almost all the C60 molecules are adsorbed at the terrace edges of

the atomic steps. Molecules are assembled into one-dimensional islands or short

chains along the step edges. This might be attributed to the existence of increased

local reactivity of the step edges and high mobility of the C60 molecules on the

surface at room temperature.

The covalently bonded spherical shape of C60 molecule leads to hexagonal

compact self-assembly on low interacting metal substrates. After adsorption

of fullerenes on Au(111) two distinct types of molecules can be discriminated,

namely “dim” and “bright” molecules. The apparent height difference between

dim and bright C60 molecules is clearly visible in cross-sectional profiles94. The

“dim” molecule can be attributed to absorption above a single-atom vacancy

(hex-vac) while “bright” molecules adsorb on top positions of the Au(111) sur-

face113. The structure of a single C60 molecule can be observed using LT-STM.

Three distinguishable molecular patterns have been observed (see Fig. 4.2) which

can be attributed to the three different molecular orientations96.
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Figure 4.2: Adsorption configuration of the C60 molecule on Au(111). (b) Corre-
sponding ball-stick models. Image taken from Y. Xie112.

4.1.3 STM study of activated Au–C coupling

Our motivation for Ar+ bombarding was to introduce atomic defects into C60

molecules. In this context the term defected C60 refers to fullerenes that have

lost one (or more) C atoms after Ar+ bombardment and saturate their newly-

acquired dangling bonds through intramolecular rearrangement.

In the following study (see Paper I on page 31) we deposited C60 on Au(111)

substrate. The molecule formed self-assembled 2D islands. Next we used Ar+ ions

sputtering to successfully remove carbon atoms from the C60 molecules. Defects

inside the C60 islands formed by sputtering were distinguished and characterized

by STM. We observed a single molecules detached from the islands as the result

of the sputtering process. These functionalized molecules stabilized at the kinks

in the herringbone reconstruction of the substrate.

Density Functional Theory (DFT) calculations reveal the character of the

electronic structure at the interface. The unsaturated C atoms formed by Ar+

sputtering react with the Au surface. Different binding geometries are studied,

and their electronic properties are calculated.

My contribution was experimental STM measurements and sample prepara-

tion. I carried out data acquisition at room temperature and identified single

bright dots on the surface that correspond to single C59 molecules which were

disjointed from islands during the sputtering process. These molecules occupy
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the elbow sites of the herringbone reconstruction which possess increased reac-

tivity. I analyzed and prepared the experimental data for the publication and

actively participated in the composition of the manuscript.
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Abstract
We report on the formation of fullerene-derived nanostructures on Au(111) at room temperature and under UHV conditions. After

low-energy ion sputtering of fullerene films deposited on Au(111), bright spots appear at the herringbone corner sites when

measured using a scanning tunneling microscope. These features are stable at room temperature against diffusion on the surface.

We carry out DFT calculations of fullerene molecules having one missing carbon atom to simulate the vacancies in the molecules

resulting from the sputtering process. These modified fullerenes have an adsorption energy on the Au(111) surface that is 1.6 eV

higher than that of C60 molecules. This increased binding energy arises from the saturation by the Au surface of the bonds around

the molecular vacancy defect. We therefore interpret the observed features as adsorbed fullerene-derived molecules with C vacan-

cies. This provides a pathway for the formation of fullerene-based nanostructures on Au at room temperature.

1073

Introduction
In single-molecule electronics, the active element in an elec-

tronic circuit is a small molecule connected to two nanoelec-

trodes, and molecular chemical properties determine the charac-

teristics of current flow. The reliable preparation and characteri-

zation of such nanostructures has been made possible by state-

of-the-art scanning probe methods with which individual atoms

and molecules can be manipulated. In parallel, the use of atom-

istic simulations, mainly based on density functional theory

(DFT), has allowed for a detailed understanding of the basic

mechanisms that determine the electronic and nanoscale trans-

port properties [1]. For spintronics, small organic molecules are

appealing since they feature weak spin–orbit interaction and

long spin lifetimes [2,3].

The large pool of organic molecules opens the possibility of

almost unlimited functionalities given the right molecular
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design [4]. Fullerenes are particularly well-studied molecules.

Since their discovery in 1985 [5], fullerenes have played an im-

portant role in molecular surface science, organic photovoltaics

and single-molecule electronics. Fullerenes can be deposited on

a series of metallic and semiconducting substrates [6-8]. In mo-

lecular transport, they have been used both as target molecules

as well as anchoring groups [9-12]. They have featured in spin

transport studies, where spin currents can be achieved by encap-

sulating magnetic atoms or impurities inside the fullerene cage

[13-18]. The adsorption of C60 on the metal surface determines

the strength and spread of electronic coupling and conductance

values [9-12]. For an archetypal electrode material in single

molecule transport studies such as Au, however, their high

mobility at room temperature can lead to a large spread in

conductance or to problems in trapping the molecule at the

interface [19,20]. It might therefore be desirable to achieve

strong metal–molecule bonds that result are electronically trans-

parent or exhibit a well-defined conductance. Au–C metal–mol-

ecule bonds were found to be highly conducting [21,22].

Here we report on the formation of stable fullerene-based nano-

structures on Au(111) at room temperature in ultra-high vacuum

(UHV) environment. These structures were realized by soft

sputtering of fullerene films on the surface with Ar+ ions and

were studied using scanning tunneling microscopy (STM).

After sputtering, bright spots on the herringbone corners are ob-

served, which we show to be adsorbed fullerenes with defects

created by the sputtering process. The sputtering process is ex-

pected to result in the formation of vacancies in the fullerene

molecules, where C atoms are knocked out. A series of fuller-

ene fragments can be formed in the collision with high-energy

atoms and ions. In our work, we gradually increased the energy

of the incident ions starting from a low value until changes in

the film morphology (in particular the spots on the herringbone

elbows) were observed. We therefore hypothesize that

the damaged fullerenes in our study are C59 molecules, an

assumption discussed below. C59 molecules have the highest

energetic stability (difference between the cluster energy and

the sum of the energy of the individual C atoms) after C60 [23-

25]. These findings are corroborated by total-energy DFT simu-

lations.

Since the diffusion of fullerenes on Au is very fast at room tem-

perature, individual molecules cannot be stabilized and

contacted outside islands. This has important consequences for

single-molecule transport, where it would be desirable to have

reliable and stable metal–molecule contacts. In the case of mo-

lecular spintronics, the stable fullerene-based structures pro-

posed here might be useful for transport studies on magnetic

atoms and impurities encapsulated inside molecules based on

fullerenes.

Results and Discussion
STM room-temperature measurements
Figure 1a shows a constant-current STM image acquired at

room temperature after the deposition of C60 molecules on the

reconstructed Au(111) surface [26-28]. The deposition process

was performed at room temperature. In this initial state of

adsorption, we observe that almost all the C60 molecules are

adsorbed at the terrace edges of the monoatomic steps. Mole-

cules are assembled into one-dimensional islands or short

chains along the steps. This can be attributed to the increased

local reactivity of the step edges [29-31]. STM images taken

after Ar+ bombardment (120 eV, 5 min) [32-34] of the system

(Figure 1b) show single bright dots on the surface, which corre-

spond to individual molecules disjoined from islands as a result

of the sputtering process. Line profiles (indicated by blue lines

in Figure 1b) reveal an apparent height difference of approxi-

mately 0.15 nm between the individual molecules and those

inside the island.

Figure 1: (a) (200 × 200 nm2) High-resolution STM image
(Ub = −0.5 V, Is = 0.3 nA) of Au (111) after deposition of C60. The mol-
ecules formed self-assembled islands, attached to the surface-terrace
edges as expected. (b) (200 × 200 nm2) High-resolution STM image
(Ub = −0.6 V, Is = 0.3 nA) of the system after sputtering with 120 eV
Ar+ ions for 5 min. Single molecules were detached from the islands as
the result of the sputtering process. Profiles measured along the indi-
cated blue arrows reveal the apparent height differences between iso-
lated molecules and those inside the island.

Figure 2a shows a high-resolution STM image of the close-

packed arrangement of C60 inside the island after deposition

[35-37]. In addition, we observe dim molecules (indicated by

green arrows), which can be attributed to C60 molecules above

gold vacancies [29,37]. Closer inspection of molecules inside

the island after Ar+ ion bombardment (Figure 2b) enables the

sorting of the molecules in the island according to their appear-
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Figure 2: (a) (14 × 14 nm2) STM image (Ub = −2.5 V, Is = 0.3 nA) of a
fullerene island before Ar+ bombardment. (b) (14 × 14 nm2) STM
image (Ub = 0.6 V, Is = 0.3 nA) of the fullerene island after Ar+

bombardment. The blue arrow indicates a pristine C60 molecule. The
black arrow points to a vacancy inside the island. Black circles mark
regions with modified molecules. (c) (65 × 65 nm2) STM image
(Ub = 1.8 V, Is = 0.3 nA) of the herringbone reconstruction before Ar+

bombardment. (d) (65 × 65 nm2) STM image (Ub = 0.5 V, Is = 0.09 nA)
of single molecules attached to the herringbone elbow sites. Two
dimers are enclosed by blue circles.

ance. We can easily identify pristine C60 (blue arrow). Also, we

observe regions in the island (indicated by black circles) corre-

sponding to modified molecules, with a variation in the topo-

graphic heights. We assume that the varying apparent heights of

these molecules inside the island stem from different adsorp-

tion geometries and possibly the local influence of neighboring

molecules. Finally, we observe dark spots in the islands (black

arrows in Figure 2b), which we can attribute to holes formed

due to the ion bombardment and subsequent departure of the

fullerenes from the islands.

Figure 2c shows a high-resolution STM image of reconstructed

Au(111) after C60 deposition prior to the Ar+ ion bombardment.

From this image, it is clear that no molecules are seen at the

elbow sites before soft sputtering. In Figure 2d we observe the

adsorption pattern of isolated molecules that were disjoined

from the islands after sputtering. Importantly, these molecules

bind to the elbow sites of the herringbone reconstruction of the

substrate. This can be explained by the increased reactivity of

the elbow sites, so-called Shockley partial dislocations of the

Au bulk [38,39]. The faulty structure of the elbow site makes it

a favorable nucleation site for the functionalized molecules to

bind. STM images also show the presence of dimer structures

bound at the elbow sites (indicated by blue circles). We attri-

bute these features to be dimers of molecules damaged during

the sputtering. The number of observed dimers was very

limited.

We turn to the features on the herringbone corners. Given the

higher reactivity of these elbow sites, we consider the possibili-

ty of the bright spots being normal C60 molecules and for the

structures on the herringbone corners being unrelated to the for-

mation of molecular defects. However, this scenario can be

ruled out since these spots are only observed after sputtering of

the fullerene film. First, without sputtering, C60 molecules are

highly mobile on terraces at room temperature and form islands

that are adsorbed at step edges. Second, the creation of reactive

sites in the Au surface due to sputtering and to which normal

C60 molecules could bind, can also be excluded: no features on

the elbow sites were observed when sputtering the clean Au sur-

face prior to C60 deposition. Molecules bound to the herring-

bone corner sites were only observed after soft sputtering of the

fullerene films, implying that these adsorbates result from an in-

creased reactivity of the molecules after sputtering.

Isolated fullerenes with C vacancies
In order to understand the STM measurements, we carried out

electronic-structure calculations based on DFT, focusing on ful-

lerene molecules with vacancy defects where the missing

C atoms result in increased reactivity and stronger binding with

the substrate. We consider C59 molecules, resulting from the

removal of a single C atom. While high-energy collisions can

result in a wide range of products after removal of a series of

fragments [23], it has been shown that sputtering of carbon ma-

terials with such low energies as in our case results in predomi-

nantly single vacancies [32-34]. C59 molecules also have the

highest energetic stability after C60 [24,25] and, as described

below, result in strong and stable bonds to the Au(111) surface,

in particular stronger than those of C58. We therefore study the

binding of C59 species to the substrate which, as detailed below,

explains the STM observations.

We start by discussing the structure of isolated C59 molecules.

From the equilibrium C60 molecule, we remove a C atom and

explore low-energy structures by optimizing the geometry. The

removal of an atom from the C60 molecule results in many

unsaturated bonds that induce a geometric rearrangement of the

molecule. In the calculations, we find two different structural

isomers (Figure 3), depending on how the fullerene vacancy is

healed. In the first isomer, the atoms surrounding the vacancy

rearrange to form two rings, one consisting of four atoms, and

the other of nine atoms. In the other one, the C atoms around

the vacancy assemble into a ring of eight atoms, and another

ring of five atoms. Notice that in both structural isomers two
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Figure 3: Top and side views of the computed structure of C59 struc-
tural isomers. Carbon atoms around the vacancy are shown in red.
(a) Initial structure for geometry optimization, obtained from a C60 mol-
ecule by removing one atom. (b) Isomer where the atoms around the
vacancy form one four- and one nine-membered ring. (c) More stable
isomer having eight- and five-membered rings.

C atoms belong to both rings, but for clarity we choose to name

them according to the total number of atoms in each ring. At the

optimized structures, both C59 isomers have a carbon atom

protruding from the shape of a C60 molecule or that of a C60

molecule with one missing C atom (the starting geometry of the

structural optimizations). Despite the structural rearrangement,

interatomic C–C bond distances are not dramatically altered.

Calculated interatomic bond distances for C60 are 1.42 and

1.47 Å, to be compared to the reported values of 1.40 and

1.46 Å [40,41]. For the 4,9- isomer, C–C distances around the

vacancy are in the range of 1.42–1.49 Å, while for the 8,5-

isomer the calculated values are between 1.40 and 1.51 Å.

When comparing the total energy of both species we find the

isomer with 8- and 5-atom rings to be more stable by ca. 0.9 eV

than the 4,9-isomer, consistent with previous quantum chemi-

cal calculations [25]. Therefore, when considering the adsorbed

defected fullerenes on the surface we study the 8,5-isomer only.

Fullerenes with defects adsorbed on the
Au(111) surface
We now describe the adsorption of this 8,5-fullerene with

vacancy defect on the (111) surface of Au using DFT simula-

tions. The herringbone reconstruction arises from the 22×√3

reconstruction of the Au(111) surface. However, the calcula-

tion of the very large supercells needed to explicitly describe

this reconstruction would require a huge computational effort

[42]. We therefore follow previous works and study the adsorp-

tion on the ideal (111) surface. Figure 4a shows the unit cell

used in the calculations, illustrated for pristine fullerene (C60).

There are five Au layers, each consisting of 16 atoms. We

calculate the fullerene molecule before and after sputtering,

where we model it as having 60 and 59 atoms, respectively. In

both cases, above the molecule there is a large vacuum gap.

Figure 4: (a) Unit cell used in the calculations. (b) Top and side views
of the 8,5-isomer with the single vacancy close to the metal surface. In
the top view, the upper C atoms have been removed for clarity. (c) Top
view of the 8,5-isomer with the vacancy away from the surface. (d) Ful-
lerene with no defects (C60). Carbon atoms around the vacancy are
shown in red.

Technical details of the calculations are given in the Experimen-

tal section at the end of the paper.

We first screen the possible adsorption geometries by carrying

out structural optimizations starting from a series of initial

metal–molecule structures. We investigated several initial

geometries where the C59 molecule was rotated or its center of

mass had been shifted, in order to explore the metal–molecule

interaction. We considered geometries where the fullerene

vacancy was oriented towards the Au substrate (“defect-down”

structure) as well as towards the vacuum (“defect-up”

structure). Figure 4b–d show the optimized geometries for the

fullerene molecules with vacancy defect having the vacancy

towards the interface or towards the vacuum, and for the

adsorbed pristine C60 molecule. We find that, upon adsorption,

the calculated interatomic C–C bond distances are only slightly

changed compared to the isolated 8,5-isomer. When the

vacancy is oriented towards the vacuum, the changes in the

C–C bond distances are negligible. In the defect-down geome-

try they are larger, as expected, with the smaller five-atom ring

exhibiting smaller bond distance variations upon adsorption

(mean change less than 0.005 Å) than the eight-atom ring (mean

change of ca. 0.025 Å). This is consistent with the intuitive idea

that the eight-atom ring is more reactive, and in fact is found to

be closer to the metal surface in the optimized geometry. From

the calculations, the binding energy of the defect-down geome-

try (Figure 4b) is ca. 1.6 eV. This is much higher than that of

the defect-up (Figure 4c) and the pristine C60 (Figure 4d) struc-

tures. The calculated binding energies of these two structures is

(in the absence of van der Waals forces) close to zero. This in-

dicates that changes in the electronic structure arising from the

vacancy when it is oriented towards vacuum do not significant-
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ly affect the metal–molecule contact. In contrast to the value

of the defect-down structure, previous calculations on

C60/Au(111) have established that the binding energy results

almost solely from van der Waals interactions [43]. Finally, we

also considered the case of a double vacancy. Calculations for

the binding of a C58 molecule with the defect pointing towards

the metal result in a binding energy close to 0.6 eV. This value

is significantly smaller than that of C59, further supporting the

idea that the bright spots observed in STM are fullerenes with

single vacancies.

The optimized geometry of the defect-down C59 structure has

three different C atoms separated by less than 2.5 Å from an Au

atom in the surface layer. As expected, one of these atoms is the

C atom protruding from the eight-atom ring, consistent with the

intuitive notion of its high reactivity and readiness to form

bonds with the substrate. As seen in Figure 4b, these small

Au–C distances result from the three C atoms being close to an

atop position with respect to the Au layer. For comparison,

these values are slightly larger than the Au–C distances of ca.

2.1 Å found in other molecular nanostructures [21,22]. In our

simulations, we found another local minimum of the C59 defect-

down configuration with a smaller binding energy of 1.2 eV. In

this geometry, the protruding C atom in the eight-atom ring is

also close to a surface Au atom, while other C atoms in the

eight- and five-membered rings are further away. This shows

that, although several atoms around the fullerene vacancy con-

tribute to the binding energy at the interface, the most impor-

tant contribution comes from the apical C atom sticking out of

the former icosahedral structure. In the case of the defect-up

and the pristine structures (Figure 4c,d), a C–C bond shared by

two hexagons relaxed to a position above a Au surface atom.

This was previously found to be a favorable binding site for

C60/Au(111) [37]. Changes in the orientation of the defect-up

structure resulted in minor variations in the calculated binding

energy [43]. This is again consistent with the notion that when

the vacancy is oriented towards vacuum, the carbon atoms close

to the Au surface are relatively unaffected and the binding to

the metal is similar to that of pristine C60.

To sum up, the passivation of the bonds of the C atoms around

the vacancy defect by the Au surface results in the formation of

metal–molecule bonds and an energy gain of 1.6 eV. On the

other hand, a vacancy exposed towards the vacuum would by

very unstable and energetically unfavorable and it is unlikely

that it would be present in experiment. Finally, from the calcu-

lations, the height of the defect-down fullerene is ca. 0.9 Å

lower than that of the pristine C60 molecule.

Finally, we turn to the electronic properties of the adsorbed ful-

lerenes with vacancy defect, and compare them to those of the

C60/Au(111) system. Figure 5 shows the calculated density of

states (DOS) of the isolated molecule (dashed lines) and junc-

tion (solid lines) projected onto the molecular atoms. Upon

adsorption, the calculated spectrum of C60 is not appreciably

modified, nor is that of C59 for the defect-up geometry. When

the defect is adsorbed facing the substrate, however, significant

changes are seen with respect to the isolated molecule. Spectral

features, especially in the empty part of the spectrum, are broad-

ened due to hybridization with metal states. Three scenarios at

the interface are compared: the C59 molecules adsorbed with the

vacancy towards the Au substrate or away from it, and the case

of C60 for comparison. The spectrum of C60 on Au is well

known [29,44-46]. Fullerene has a three-fold degenerate LUMO

and a five-fold degenerate HOMO. In Figure 5 these are the

peaks at about 0.8 and about −0.9 eV. The vacancy defect in the

fullerene is related to the existence of states in the former gap of

the molecule. For the defect-up geometry this is clearly seen in

the peaks at 0.2 and around −0.5 eV, which can be explained by

the breaking of degeneracy of one empty and two occupied

states. Other molecular states are relatively unaffected com-

pared to C60/Au(111). When the vacancy is adsorbed towards

the substrate, the Au–C bonds result in the broadening of the

molecular spectrum, and there are broad features in the former

energy gap. Identifying individual peaks and comparing them

with C60 is more difficult but the occupied part of the spectrum

seems to have changed more than the empty states upon adsorp-

tion. Unfortunately, attempts to reliably measure at room tem-

perature the dI/dV spectrum of molecules adsorbed at the

herringbone elbow sites or in islands were unsuccessful.

Figure 5: Calculated DOS of fullerenes with and without vacancy
defects adsorbed on Au(111). In the case of defects, the molecule was
adsorbed with the vacancy close to the surface (“defect-down”) or
towards the vacuum layer (“defect-up”). The DOS of isolated mole-
cules are shown as dashed lines.

Conclusion
To summarize, we presented a combined theoretical–experi-

mental study of sputtered fullerene-based films on Au(111). We
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carried out STM measurements at room temperature in UHV.

Initially we observed C60 molecules forming islands or chains

at terrace edges of monoatomic Au steps. After soft sputtering,

bright spots were visible at the Au herringbone corners. Line

scans revealed these spots to have an apparent height difference

of 1.5 Å with respect to fullerenes in islands. We interpret these

bright spots as fullerene molecules with vacancies created by

the sputtering process. DFT-based calculations show that C59

fullerenes with single defects are consistent with experimental

findings. The vacancy created by the removal of a C atom from

a fullerene molecule results in structural rearrangement and in-

creased molecular reactivity. We showed that C59 molecules

adsorbed with the defect close to the surface have a binding

energy on Au that is 1.6 eV higher than that of C60. This results

from the passivation of C unsaturated bonds around the defect

by the Au surface atoms. The calculated metal–molecule struc-

ture has several Au–C bond distances below 2.5 Å at the inter-

face. This favorable binding configuration of the fullerene

defect is consistent with the stable isolated molecules observed

experimentally at the herringbone corners after sputtering. Our

work thus provides a pathway for the formation of strong

metal–molecule anchors for fullerene-based nanostructures at

room temperature.

Experimental
Deposition and sputtering of C60
Experiments were performed in ultrahigh vacuum, variable

temperature STM (VT-STM), with base pressure below

5 × 10−10 mbar. Typically, six cycles of Ar+ ion sputtering

(1 kV, 10 min) and annealing (600 °C, 5 min) were required to

obtain samples with overall cleanliness suitable for achieving

the atomic resolution by means of STM. For deposition, we em-

ployed a custom-made thermal evaporation source, which

contained a pocket made of tantalum, suitable for the evapora-

tion of molecules such as C60. During the deposition, the evapo-

ration source and substrate were placed inside a vacuum

chamber with a base pressure around 5 × 10−10 mbar. Before

every deposition, the C60 source was preheated to 360 °C and

degassed for 5 min to remove contaminations. After this proce-

dure the sample was transferred into the STM head for the

deposition of C60 by heating the evaporation source at 420 °C.

In order to remove C atoms from the C60 molecules, the sample

was bombarded with Ar+ ions (120 eV, 5 min).

DFT-based calculations
We use the DFT code Siesta [47] for the calculation of the

adsorption and electronic properties. We used single-zeta polar-

ized orbitals for gold and a double-zeta polarized basis for car-

bon atoms. Exchange–correlation was described with the

Perdew–Burke–Ernzerhof implementation of the Generalized

Gradient Approximation (GGA) [48]. Each Au layer consisted

of 16 atoms and five layers were used in the calculations.

A vacuum gap of about 10 Å was introduced above the

topmost molecular atom to avoid interaction with the cell

images in the z-direction. Interface geometries were optimized

using the Conjugated Gradient algorithm. We used a 2 × 2

Monkhorst–Pack grid for the k-point sampling of the Brillouin

zone. The position of Au atoms in the surface layer and C atoms

was relaxed until the forces acting on these atoms were smaller

than 0.02 eV/Å. Projected DOS curves were calculated using a

denser 15 × 15 Monkhorst–Pack k-point grid at optimized

geometries. For the calculation of fullerene binding energies,

ghost orbitals were used to correct for basis set superposition

errors [49].
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4.2 Nitrous oxide as an effective AFM tip func-

tionalization: a comparative study

Sub-molecular resolution of various organic molecules and nanostructures are

routinely achieved by means of nc-AFM with a CO functionalized tip29;114. Ad-

ditionally, the metal tip apex can be functionalized with different molecular

species115–117 or single atoms28;118;119 which can also achieve sub-molecular res-

olution. Properties of the tip termination such as chemical structure, internal

charge distribution, and structural flexibility can significantly affect the contrast

and cause distortion in molecular images. Therefore, it is important to explore

new potential candidates for tip functionalization and characterize their unique

properties.

4.2.1 Why do we need AFM with functionalized tips?

The invention of the qPlus sensor26 made possible to obtain nc-AFM images of

the fairly reactive Si(111) – (7x7) surface120. The high stiffness of the tuning

fork enables small amplitude oscillations which overcome the jump to contact

problem while operating in the regime of small tip sample distances. These

positive attributes make the qPlus sensor a core element for nc-AFM being able

to investigate all variety of sample surfaces from conductors to insulators and the

measurement of tiny forces acting during atom manipulation24.

Figure 4.3: Sub-molecular resolution with a CO functionalized tip. (a) Schematic

representation of the metal tip passivated with a CO molecule scanning over a

molecule. (b) nc-AFM ∆f image of a Cephalandole A molecule obtained with

a CO functionalized tip. (C) The data in b) with overlaid ball and stick model.

Images taken from L.Gross121.

To obtain sub-molecular resolution of a single organic molecule one needs to
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approach the reactive metal tip so close that it inevitably leads to unintentional

transfer of the molecule to the tip apex. In order to solve this problem Leo Gross

and co-workers came up with the brilliant idea to passivate the reactive metal

tip apex with a single carbon monoxide molecule29 (see Fig. 4.3 a). The func-

tionalization of the tip apex with a single CO molecule allows one to approach

the tip to the point where repulsive forces become dominant without any unin-

tentional manipulation of the investigated molecule. This approach enabled the

first sub-molecular resolution of a single pentacene molecule and heralded a new

era in the investigation of molecules on surfaces.

Furthermore, tip functionalization allows for bond order discrimination32 and

determination of the molecular adsorption geometry31. Most importantly, high-

resolution imaging with a CO molecule has become the ultimate technique for

identification of different molecular structures30. The example presented on Fig.

(4.3 b,c) of the imaged molecule was identified as Cephalandole A using high

resolution imaging techniques with the help of supplementary techniques such as

Nuclear Magnetic Resonance (NMR) spectroscopy and DFT calculations.

At a first glance, the AFM image on Fig. (4.3 b) is simply representing the

atomic structure of the investigated molecule. However, it is not that simple.

Atomic contrast mainly originates from a complex interaction between the CO

and the species under investigation. The nc-AFM signal is a sum of long- and

short-range force contributions (see Chapter 1 for more details). The chemical

inertness of the CO molecule enables the smallest accessible tip-sample separation

and allows operation in the repulsive regime where atomic contrast starts to be

observed. As a result, the CO molecule starts to deflect while experiencing the

repulsive interaction caused by overlap of the electron wave functions. Hence, the

observed repulsive atomic contrast is primarily attributed to Pauli repulsion56.

4.2.2 Effect of different tip functionalizations

While the flexibility of the CO molecule leads to a high spatial resolution of the

bonds it also causes distortion in the appearance of investigated molecules122.

Consequently, intermolecular features like benzene rings and bond lengths appear

elongated.

On the other hand, tip functionalization for sub-molecular resolution is not

restricted to CO. For instance, the tip apex can be decorated with various atoms

such as Br, Cl, Xe28, O118 which yield similar atomic resolution in comparison

to CO (see Fig. 4.4). However, the chemical structure of the molecule is more

clearly resolve in the case of the CO tip despite the fact that the Xe tip produces

less distortion as can be seen from Laplacian filtered image on Fig. (4.4 g,h)28.

AFM tips with different termination, have comparative advantages depend-

ing on the measurement. For example, tips functionalized with O or Xe atoms
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Figure 4.4: Comparison of different tip terminations for nc-AFM. Sub-molecular
resolution of DBA and DBNP molecules on NaCl(2ML)/Cu(111) obtained with
(a) Br (b) Cl (e) Xe (f) CO tip terminations. Scale bars: 5 Å. Image taken from
B. Schuler123

provides accurate absorption heights and geometry determination while Br tips

facilitate atomic manipulation28. At the moment of writing this PhD thesis, the

CO tip was the best suited for identification of molecular structure, bond order

discrimination and adsorption site determination28.

4.2.3 The process of the tip functionalization with a single

N2O molecule

The atomic structure of the metal cluster supporting a molecular termination can

affect the AFM contrast and cause undesired image distortion122. This problem

can be solved by using linear three atomic molecules for tip termination as pro-

posed by Xin et. al124. Therefore, in the following study (see paper II, page 46)

we explore the possibility of tip functionalization with the single nitrous oxide

molecule (N2O). N2O is a linear triatomic molecule and has proven to be UHV

compatible.

In paper II on page 46 we present a new tip functionalization with a single

nitrous oxide molecule. A N2O molecule was picked up from a Au(111) surface

at 5 K. Stable bonding of N2O on the tip apex permits reliable STM/AFM with

sub-molecular contrast of a single Fe(II)-phthalocyanine (FePc) molecule (see Fig.

5 in paper II page 49). We compare nc-AFM images obtained with a N2O-tip

to the more commonly used CO-tip. Our high-resolution images with N2O show

features comparable to those acquired with CO tips. DFT calculations reveal that

the N2O and CO tips have a similar electrostatic potential maps. Additionally
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we study the adsorption of N2O molecules on the Au(111) surface by means of

STM/AFM with N2O functionalized tips combined with AFM simulations114.

My contribution to the Paper II can be summarized as follows: I performed

all the nc-AFM and STM measurements as well as sample preparation. I char-

acterized the adsorption of the N2O molecules on a Au(111) and performed tip

functionalization with single N2O molecules. I obtained sub-molecular resolution

of single FePc molecules using both N2O and CO tip terminations. I obtained

site specific force spectroscopy with both tip terminations. I was the primary

contributor to the data analysis, preparation of the results, and composition of

the manuscript.
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Abstract
We investigate the possibility of functionalizing Au tips by N2O molecules deposited on a Au(111) surface and their further use for

imaging with submolecular resolution. First, we characterize the adsorption of the N2O species on Au(111) by means of atomic

force microscopy with CO-functionalized tips and density functional theory (DFT) simulations. Subsequently we devise a method

of attaching a single N2O to a metal tip apex and benchmark its high-resolution imaging and spectroscopic capabilities using FePc

molecules. Our results demonstrate the feasibility of high-resolution imaging. However, we find an inherent asymmetry of the N2O

probe-particle adsorption on the tip apex, in contrast to a CO tip reference. These findings are consistent with DFT calculations of

the N2O- and CO tip apexes.

315

Introduction
Frequency-modulated atomic force microscopy (AFM) has

become the tool of choice for the characterization of molecules

on the atomic scale. Functionalization of a metallic tip apex

with a single carbon monoxide molecule (CO) was the key to

achieve submolecular resolution for the first time, on a

pentacene molecule [1]. This milestone initiated a vigorous de-

velopment of the technique that now serves a variety of

purposes. For example, it can identify molecular structures of

natural and pure compounds [2-5], determine the bond order in

conjugated systems [6], visualize intramolecular charge distri-

butions [7-9], image three-dimensional molecular structures

[10-12], discern complex molecular mixtures [13,14], resolve

the intermediate states of chemical reactions [15-19] or discrim-

inate the spin state of single molecules [20].
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In most of these cases, the functionalized tip is routinely ob-

tained by picking up a single CO molecule from the substrate.

Applying an analogous approach, atomically sharp metal apexes

can be also decorated either by different molecular species such

as C60 [21], naphthalenetetracarboxylic diimide (NTCDI) [22],

NO [23] or single atoms such as Xe [24,25], Br [24], Kr [24], O

[26], and Cl [1,27]. Such tip terminations have proved to be

fairly stable and therefore capable of achieving submolecular

resolution. The characteristics of each type of tip termination,

such as chemical structure or internal charge distribution, are

extremely important for the AFM contrast, distortions in the

molecule images, and spatial resolution [8,27,28]. The tip-

terminating particle also significantly affects the spectroscopy

measurements, i.e., the interaction energy toward different

atomic species in force spectroscopy, the contact potential

difference in Kelvin probe force microscopy (KPFM) [9,29]

and vibrational levels of inelastic tunneling spectroscopy

(IETS) [30,31]. A particular termination of the tip may be

bound to certain types of substrates, and better suited for a

limited range of investigated objects, such as molecules with

specific functional groups or atomic impurities with character-

istic charge distribution. Therefore it is of utmost importance to

search for new potentially practical molecules for tip functional-

ization and describe their unique properties.

Here we present a process in which N2O was deposited on a

Au(111) substrate and characterized. Subsequently we functio-

nalized the Au tip with N2O and benchmarked its capabilities

by imaging a FePc molecule and performing force–distance

spectroscopy. The data is compared to equivalent measure-

ments done with a Au tip functionalized with CO.

Results and Discussion
A clean Au(111) surface was inserted into the microscope head

and cooled to 5 K before exposing it to N2O gas. Figure 1a

shows a characteristic constant-current image of the N2O/

Au(111) system, revealing the formation of small 2D clusters,

preferentially located at the kinks of the characteristic herring-

bone structure. Their variable size is typically a few nanome-

ters in diameter. The estimated average apparent height of the

cluster formations was 70 pm.

After the N2O cluster formation, the metallic tip (pre-treated by

a gentle indentation into the substrate) was functionalized by an

impurity CO molecule, which significantly improved the resolu-

tion in both STM and AFM. We performed high-resolution

AFM/STM measurements on various clusters (comparable to

the inset of Figure 1a), which revealed elongated structures; we

attribute these to individual flat-lying N2O molecules. In a

cluster, typically composed of 5–25 molecules, the N2O mole-

cules have a preferential short-range arrangement of rotation-

Figure 1: Adsorption of N2O molecules on the Au(111) substrate.
(a) Overview STM image (100 mV, 10 pA, 50 × 50 nm2) of a sample
after N2O deposition. Inset: a close-up AFM image (1.5 × 1.5 nm2) of
the N2O cluster adsorbed on the herringbone elbow, scanned with a
CO-functionalized tip. (b) Top view of the calculated adsorption geom-
etry of a N2O trimer. (c) Simulated AFM image (1.5 × 1.5 nm2) of a
N2O trimer on Au (111) using the probe-particle model [32].

ally symmetrical trimers, with intermolecular distances of about

4.3 Å. A DFT calculation of a single N2O molecule on the sur-

face confirms that its adsorption configuration on Au(111) is

primarily driven by a non-covalent dispersion interaction and

prefers to orient its longer axis parallel to the  axis of the

surface. The vertical distance between the single molecule and

the surface was estimated to be 3.5 Å. Based on this finding, we

construct an atomic model of the three flat-lying N2O mole-

cules on Au(111) and optimize it with total-energy DFT calcu-

lations. We find that the trimer is stabilized by electrostatic

interactions between the N and O atoms of adjacent N2O mole-

cules, due to their slightly different polarization. The calcula-

tions reveal that the preferred orientation of the N2O molecules

in the clusters is with the O atoms outward (Figure 1b), being

17 meV more stable than the opposite arrangement.

Using the optimized geometry of the cluster obtained from DFT

calculations, as an input for the probe-particle model [32], we

simulated the AFM images to determine the atomic contrast of

the N2O trimer (Figure 1c). Note that the probe–particle was

mimicking a CO molecule. We found good agreement between

theory and experiment.

We were able to functionalize the tip with a N2O molecule. In

various attempts to adsorb N2O onto the tip, we discovered that

by intentionally reducing the bias to 50–100 mV for several

seconds in constant-current mode while scanning an area con-

taining a cluster of N2O molecules, a sudden improvement of

the resolution occurred (as shown in Figure 2a). This event is

characteristic for the tip picking up a molecule from the surface

[33,34] and therefore can be attributed to a transfer of a N2O
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Figure 2: Tip functionalization with a N2O molecule. (a) STM image (100 mV, 10 pA, 6 × 6 nm2) demonstrating a spontaneous enhancement of the
resolution while scanning over the N2O-covered surface. (b) Schematic representation of the functionalization process (blue arrow indicates the scan
direction). (c) Constant-height AFM image (2 × 2 nm2) of a single N2O cluster obtained with a N2O-functionalized tip.

molecule from the surface to the tip apex, as schematically

shown in Figure 2b. We propose that the N2O molecule is at-

tached to the tip apex through the terminal N (Figure 2b), which

has a more reactive character compared to the O atom [35]. In

this manner, the O atom would be responsible for the majority

of interaction with the substrate.

After functionalization of the tip apex with a single N2O mole-

cule, we obtained a high-resolution AFM image of the N2O

cluster (Figure 2c). The N2O tip exhibits good stability during

the measurement, allowing us to scan at smaller tip–sample sep-

arations and to enter the Pauli repulsion regime. The AFM

image of the N2O cluster Figure 2c shows a remarkably similar

resolution to the images acquired with a CO-decorated tip.

In order to understand the chemical behavior of the N2O tips

and compare them to the CO tips, we carried out DFT calcula-

tions of their electrostatic potential and total densities (see

Methods for more detail). Figure 3 shows the calculated electro-

static potential (ESP) map for CO and N2O attached to a Au

pyramid, projected onto isosurfaces of their respective total

electron densities (cut at 0.03 e/A3). The spatial ESP variation is

an important factor for the determination of the molecular reac-

tivity and can be interpreted as the static distribution of the

charge around the molecule [36].

The ESP maps of the CO and the N2O molecule attached to the

gold tip (Figure 3) possess some similar characteristics. Both

molecules have similar variation of the potential along the

probe molecule, i.e., the regions with negative values around

the C–O and N–O bonds (electron-rich area, colored in blue)

and regions with positive values at the terminal O atoms (elec-

tron-poor area, colored in red). This indicates that the N2O tip is

Figure 3: Comparison of the calculated electrostatic potential projec-
tions of the CO (a) and N2O (b) tips obtained through DFT calcula-
tions.

very similar to the CO tip in terms of spatial charge distribution.

However, the Hirschfeld analysis [37] of atomic charge at the O

apex atom gives −0.077e for the N2O tip, compared to −0.055e

for the CO tip. This can result in a larger electrostatic interac-

tion of the N2O probe with a charged atom or molecule. Also,

the geometry of the probe particles on the tip is remarkably dif-

ferent. The CO molecule is attached to the Au pyramid almost

perfectly on its axis, whereas N2O is bent strongly. The bent

adsorption configuration of the N2O molecule is caused by elec-

trostatic interactions between the molecule and the Au tip,

which arise from the mutual dipole–dipole interaction. Further-

more, the calculated adsorption energies of the two molecules

on the tip differ as well. We have found a value of −0.840 eV

for CO, compared to −0.156 eV for N2O. So while a N2O tip

might still provide the resolution and sensitivity needed for sub-

molecular imaging, an asymmetry is expected in the images

made by the N2O tips and interaction forces may have a larger

electrostatic contribution.
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Figure 5: (a) STM and AFM constant-height images of the FePc on Au(111) (1.7 × 1.7 nm2, Vb = 3 mV) obtained with two different tip terminations,
N2O and CO. The STM scale for N2O ranges from 0.6 to 43 pA and for CO from 3.8 to 410 pA. The AFM gray scale for N2O ranges from −23 to
−12 Hz and for CO from −12 to 10 Hz. (b) Site-specific Δf spectroscopy obtained with N2O and CO tip terminations above the outer C–C bonds (red
dot) and the centers (green dot) of the peripheral benzene rings of the molecule.

To benchmark the performance of the N2O-decorated tip exper-

imentally, we used it to obtain high-resolution STM/AFM

images of a single FePc molecule, which is suitable as a stan-

dard due to its planar shape and the flat adsorption geometry on

Au(111) [31]. A submonolayer coverage of FePc molecules was

deposited on Au(111) at room temperature, and the FePc/

Au(111) surface was subsequently cooled down in the micro-

scope and exposed to N2O. Figure 4 shows an overview STM

image of the obtained sample, where the FePc molecules pre-

dominantly occupy the fcc-stacked Au regions and the kinks of

the Au(111) herringbone reconstruction. The N2O species

adsorbs planarly as in the previous experiment, clustering in the

vicinity of single FePc molecules. To functionalize the tip with

a single N2O molecule on such a sample we used the procedure

described above. We scan a small region around a single FePc

molecule that is surrounded by N2O molecules, at a setpoint of

50 mV and 20 pA until the characteristic change in the contrast,

which is associated with the functionalization, occurs (inset of

Figure 4).

With this functionalized tip, we performed imaging with sub-

molecular resolution on one of the FePc molecules, surrounded

by the N2O species. Figure 5a shows the corresponding set of

constant-height STM/AFM maps, along with the reference data

acquired with a CO tip on a single FePc molecule on Au(111).

Figure 4: Constant-current STM images of the co-adsorption of FePc
and N2O molecules on a Au(111) surface (200 mV, 20 pA,
40 × 40 nm2), imaged with a N2O-functionalized tip. Inset: STM image
(50 mV, 20 pA, 5 × 5 nm2) of a FePc molecule surrounded by N2O
species, demonstrating a tip-functionalization event (on the scan line
marked by the dashed line). The scan direction is indicated by a blue
arrow.
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The observed AFM contrast for both the tips generally corre-

sponds to the FePc backbone structure; it shows the four periph-

eral benzene rings, the inner pyrrole groups and a signature of

the metal atom at the center. In the STM images both tips detect

a dominating electron tunneling contribution of the central Fe

molecular orbital at the Fermi level [31] and also the overall

shape of the molecule.

The AFM image taken with the N2O tip exhibits slightly lower

resolution, in comparison to the CO tip termination, with a

strong directionality of the submolecular features within the

peripheral benzene rings. The tunneling current image also

reveals a significant shadow cast in the same direction as the

asymmetric features in AFM. These features are indicative of a

general probe asymmetry, consistent with the theoretical calcu-

lations, which shows a strongly bent adsorption configuration of

the N2O molecule on the tip apex.

For a quantitative comparison of the interaction energy of the

two tip terminations with FePc, we performed site-specific

frequency-shift spectroscopy Δf(z) measurements on the outer

C–C bonds and centers of the peripheral benzene molecules

indicated by the red and green dots in Figure 5a. In Figure 5b,

the short-range Δf curves recorded with N2O and CO tips are

shown (after subtracting the background measured on clean Au

[38]). The Δf(z) dependence recorded for the N2O tips is

considerably different from the one obtained with a CO

tip, both qualitatively and quantitatively. The value of the

maximum attractive force [39] for the N2O tip (Figure S1,

Supporting Information File 1) on both spectroscopy sites

(outer C–C bond,  ≈ −125 pN, and hollow site,

 ≈ −132 pN) are significantly higher in comparison to the

CO tip (outer C–C bond, FCO ≈ −30 pN, and hollow site,

FCO ≈ −56 pN). Consequently, the interaction energies

(Figure S1, Supporting Information File 1) measured with the

N2O tip (outer C–C bond,  ≈ −156 meV, and hollow site,

 ≈ −167 meV) are substantially greater in comparison

to the values measured by the CO tip (outer C–C bond,

ECO ≈ −43 meV, and hollow site, ECO ≈ −75 meV). This differ-

ence can be understood as a result of stronger electrostatic inter-

action of the molecule with the N2O tip, which is consistent

with the DFT calculations of the two different tip terminations.

Conclusion
We have investigated the behavior of N2O molecules on the

surface of Au(111) and determined that they adsorb parallel to

the surface, forming typical triangular clusters. We were able to

readily functionalize a metallic tip with a single N2O molecule

by picking it up from the Au(111) substrate and demonstrated

that the functionalization of the tip can be achieved even when

N2O is co-adsorbed on the surface with other species, in this

case FePc molecules. We evaluated the performance of the N2O

tips in submolecular imaging of FePc and site-specific Δf(z)

spectroscopies. We reproducibly achieved a resolution qualita-

tively equivalent to the resolution otherwise routinely observed

with CO tips, distinguishable by a noticeable asymmetry and

higher interaction energies, indicative of a bent adsorption ge-

ometry of the N2O on the tip and more electrostatic charge rela-

tive to CO. These observations were corroborated by DFT

calculations.

Methods
Experimental
Experiments were carried out in an ultra-high vacuum STM/

AFM system (Createc) operated at 5 K. The Au(111) sample

(Mateck) was cleaned by repeated cycles of sputtering (1 keV)

and subsequent annealing to 600 °C. FePc molecules (Sigma

Aldrich, evaporation temperature ca. 250 °C) were directly

evaporated onto a clean Au(111) surface at room temperature.

N2O was adsorbed onto the Au(111) surface at temperatures

below 12 K with exposures of 0.5–1.7 L. AFM measurements

were performed with a qPlus sensor (resonance frequency ca.

30 kHz; k ≈ 1800 N/m), using an oscillation amplitude of

50 pm. Prior to functionalization, the Pt tip was repeatedly

indented into the Au(111) substrate several nanometers deep for

sharpening and coating with Au. Experimental data were

analyzed using WSxM software [40]; all models were visual-

ized using Vesta software [41].

DFT calculations
We performed density functional theory calculations using the

FHI-AIMS code [42] to study the interaction of N2O with the

Au(111) surface. We have used a 6 × 6 supercell, composed of

three Au layers to represent the Au(111) surface. Both a single

molecule and trimer clusters were initially placed on the sur-

face according to experimental findings. The structural optimi-

zation of the slab was carried out, except for the two bottom Au

layers, until the remaining atomic forces and the total energy

were found to be below 10−2 eV/Å and 10−5 eV, respectively. A

Monkhorst–Pack grid of 3 × 3 × 1 was used for integration in

the Brillouin zone.

DFT calculations were performed at the GGA-PBE level in-

cluding the Tkatchenko–Scheffler treatment of the van der

Waals interactions [43]. The scaled zeroth-order regular approx-

imation [44] was applied to take into account the relativistic

effects. The total density and the Hartree potential were calcu-

lated to determine the electronic interactions between the sur-

face and the molecules.

AFM images were simulated based on the probe-particle model

[32,45], which takes into account van der Waals (vdW) and
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electrostatic interactions between the tip and the sample. The

calculations were performed varying the effective charge of the

probe particle in order to obtain the best possible agreement be-

tween the experimental findings and the simulated AFM

images. The lateral stiffness was set to k = 0.25 N/m. The corre-

lation of the experimental evidence and theory permit us to

understand the nature and origin of the chemical contrast.

Supporting Information

Supporting Information File 1
Additional computational data.

[https://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-10-30-S1.pdf]
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S2 

Calculated force and energy 

 

Figure S1: Deconvoluted force and energy from the experimentally obtained frequency 

shift as a function of the tip–sample distance for CO (left side) and N2O tips (right side). 

The long-range component measured on bare Au(111) was subtracted prior to 

calculation from the total interaction curve. The measurements were acquired above an 

outer C–C bond and above a hollow site of a peripheral benzene of the FePc molecule 

(position indicated with a red dot in the inset of each plot). The force and energy were 

calculated using the Giessibl method [1]. 
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4.3 On-surface design of ethynylene linked an-

thracene polymers

On-surface synthesis has become a very powerful technique for the formation of

conjugated functional nanostructures which are not achievable by standard wet

chemistry125;126 due to solubility limitations. This has enabled the fabrication of

graphene nanoribbons46, organometallic chains127 and covalent polymers128 by

using specifically designed molecular precursors. Such materials have promising

applications in nanoelectronics129 and can be used for light emitting devices130.

This chapter focusses on an unprecedented on-surface synthesis protocol to design

poly (p-anthracene ethynylene) molecular wires on Au(111) surface.

4.3.1 On-surface synthesis of polymers

The investigation of on-surface reactions131 has received tremendous attention

mainly due to the increasing demand for novel materials with versatile and tun-

able properties for the construction of electronic devices129. The most commonly

pathway is the Ullmann type reaction which was first applied to fabricate 2D

covalently bonded nanostructures on a Au(111) surface38.

C–C coupling is a complex surface reaction131 which requires preparation of

specific molecular precursors. Usually, it is done by adding halogen atoms such

as Br or I to aryl groups. The molecular precursor is usually deposited on coinage

metal surfaces where the reaction is typically induced by thermal annealing. Im-

portantly, the activation energy of the C-X bond should not be higher than the

desorption barrier of the precursor molecule. This factor introduces additional

limitations for the synthesis of molecular precursors. Therefore, the molecular

weight and chemical composition of the precursor monomer must be considered.

However, in the case when the molecules are weakly coupled to the substrate and

have a small molecular weight, annealing simply leads to precursor desorption. In

this case the reaction can be induced with a simple bias pulse (electron injection

through a metal tip)21 without unintentional desorption of the molecules from the

surface. The final structure of the polymers and oligomers formed via on-surface

chemical reactions can be influenced by the structure and chemical composition

of the precursor molecule. For example, the precursor monomer which has two or

four hydrogens substituted with halogen atoms usually produces one-dimensional

covalently bonded polymers38 132. Moreover, the electronic properties of the final

polymer can be further modified by introducing donor and acceptor units in the

precursor133.

Generally, the covalently bonded polymers can be formed in two ways: (1) the

precursor molecules can be deposited to the surface at RT and subsequently an-
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nealed to the desired temperature or (2) the precursor molecule can be deposited

on a “hot” substrate to induce the reaction. In the first method, after the room

temperature deposition the molecule tends to form self-assembled islands which

limit monomer diffusion during the reaction phase. In this way, the molecule will

start to form dimers and small chains which will eventually fuse to each other.

In the second way, the single monomer has a higher diffusion rate which can

eventually lead to attachment to already formed chains134.

4.3.2 Characterization of anthracene polymers by means

of AFM and STS

Recently, the fabrication and study of π-conjugated polymers has received con-

siderable attention mainly because of their unique electronic properties and pos-

sible application in nanoelectronics. Several publications have appeared in recent

years reporting on-surface formation of various oligocene derivatives and polymers

which notably have large bandgaps such as poly(meta-phenylene)-like (3.7 eV)135

and poly(para-phenylene) (3.2 eV)127. Although there is tremendous potential

of acene for plastic optoelectronics, the fabrication of high-quality π-conjugated

polymers with small bandgaps based on oligoacene building units has not been

achieved.

In paper III on page 58 we report the on-surface synthesis of long molecu-

lar wires exclusively based on anthracene building blocks. To fabricate covalently

bonded polymers, we use a quinoid anthracene precursor which has four hydrogens

substituted with four bromine atoms as shown in Fig. 4.5. The molecular precur-

sor (11,11,12,12-tetrabromoanthraquinodimethane) used in our experiments can

be fabricated using the procedure described elsewhere136.

First, the precursor molecules were deposited on the Au(111) surface at RT

using a home-build molecular evaporator. STM inspection revealed large, close-

packed, self-assembled molecular islands which mainly formed near step edges.

Close STM/AFM inspection in combination with AFM simulations and DFT

calculations revealed two different adsorption configurations of the bromine group

towards and away from the surface as shown in Fig. SI1 (page 66).

Second, to induce the reaction the sample was annealed to 500 K which lead to

the formation of anthracene-based polymers, with a measured electronic bandgap

of 1.5 eV. Using high-resolution nc-AFM with a CO functionalized tip we estab-

lished the nature of the ethynylene bridge bond between anthracene moieties.

With the help of complementary theoretical simulations, we successfully identi-

fied the mechanism of the chemical reaction. The three major steps: debromi-

nation, diffusion of the dehalogenated species, and homocoupling which enabled

polymerization, are depicted in Fig. 4.5
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Figure 4.5: Representation of the thermal reaction steps which enable polymer-

ization, namely debromination followed by homocoupling which leads to poly-

merization

My contribution to paper III can be summarized as follows: I performed

nc-AFM and STM measurements as well as sample preparation. During the

SPM measurements, I worked to determine the adsorption characterization of

the quinoid anthracene precursors on the Au(111) surface. I also participated in

data processing and analysis.
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Experimental and theoretical methods. 

 

Experiments were performed in a two independent custom designed ultra-high vacuum 
systems that host a low-temperature Omicron and a Createc scanning tunneling 
microscope, respectively, where the base pressure was below 5×10-10 mbar. STM 
images were acquired with electrochemically etched tungsten tips, or cut and sharpened 
by focus ion beam (FIB) Pt/Ir tips, applying a bias (Vb) to the sample at a temperature 
of ~4 K. Precursing molecule (11,11,12,12-tetrabromoanthraquinodimethane) was 
synthesized following a procedure described elsewhere.[1] The Au(111) substrate was 
prepared by standard cycles of Ar+ sputtering (800 eV) and subsequent annealing at 723 
K for 10 minutes. Molecular precursor was deposited by organic molecular-beam 
epitaxy (OMBE) from a quartz crucible maintained at 373 K onto a clean Au(111) at 
room temperature. Whenever necessary samples were annealed to the desired 
temperature and subsequently transferred to the STM stage, which was maintained at 4 
K. In AFM imaging, a metal tip mounted on a qplus sensor (resonant frequency ≈ 30 
kHz; stiffness ≈ 1800 N/m) was oscillated with a constant amplitude of 50 pm. The tip 
apex was functionalized with a CO-molecule, and all images were captured in constant 
height mode.  

The optimised 1D anthracene polymers on the Au(111) surface were calculated by the 
FHI-AIMS [2]  and Fireball[3] program packages based on the ab initio density functional 
theory. The theoretical AFM images were calculated using an AFM probe particle 
simulator.[4] Theoretical dI/dV maps were calculated by PP-STM code[5] with s-like 
orbital tip. 

Reaction pathways were calculated with the VASP code[6] within the framework of 
density functional theory, using the projector-augmented wave method[7] and a 
planewave basis set expanded to a kinetic energy cut-off of 400 eV. Exchange-
correlation effects were described by the van der Waals density functional (vdW-DF)[8] 
with the version by Hamada denoted as rev-vdWDF2.[9] The Au(111) surface was 
represented by a four layered slab. Calculations on a single molecule were done using a        surface unit cell together with a     k-point sampling, while a        
surface unit cell together with a     k-point sampling was used for dimerization 
reactions. Transition states were found using the climbing image nudged elastic band 
(CI-NEB)[10] and Dimer method,[11] and all local minima and saddle points were 
optimized until the residual forces on all atoms were smaller than 0.01 eV/Å, except for 
the bottom two layers of the slab which were kept fixed. 
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Integrity of molecular species and close-packed self-assembly. 

 

Figure SI1. a) STM image of the supramolecular self-assembly showing two different 
adsorption geometries, with the Br2 groups or the lateral aryl moieties pointing away 
from the surface, highlighted in green and blue, respectively (55 nm2, 20pA, -60mV). 

b) nc-AFM image showing the different appearance of the species (55 nm2, 10 mV). c) 
Ball-and-stick model with the unit cell (blue) and the unit cell vector |a|=|b|= 13.7 ± 0.5 
Å, enclosing angle α = 95 ± 1°. d) nc-AFM simulation of the configuration where the 
Br2 groups are pointing away from the substrate (highlighted in green in b), calculated 
for the relaxed adsorption geometry presented in e (E1

ads= -2.47 eV). f-g) nc-AFM 
simulation of the configuration where the Br2 groups are pointing towards the substrate 
(highlighted in blue in b) (E2ads = -2.49 eV). 
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Formation and self-assembly of high quality ethynylene bridged anthracene 
polymers on Au(111). 

 

Figure SI2. a,b) STM images of ethynylene bridged polymers, coexisting with isolated 
oligomers and bromine atoms. The white cross depicts the close-packed high symmetry 
directions of the surface. Scanning tunneling parameters: a,b) Vbias = 100 mV, I = 10 
pA. Size: a) 100 x 100 nm2 and b) 30 x 30 nm2  
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Visualization of ethynylene bridge at different tip-sample distances 

 

 

Figure SI3. STM and AFM high-resolution images of single-triple-single bridge at 
different tip heights with a CO-tip. Scanning parameters: Vbias = 3 mV. Size: 1.3 x 1.3 
nm2  
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Identification of chemical termination of ethylene linked anthracene oligomers and 
chains. 

 

 

Figure SI4. a) Large scale STM image showing the coexistance of dimers, trimers and 
polymeric chains, after depositing 4Br-anthracene on Au(111) and annealing at 400 K 
(Vbias = -100 mV, I = 50 pA, size = 17.9 x 17.9 nm2). b) nc-AFM image and c) 
constant height STM topograph of a dimer (size = 2 x 2 nm2). d) nc-AFM image and e) 
constant height STM topograph of a trimer (size =  1.7 x 2.4 nm2). f) nc-AFM of the 
ending of a chain (size = 1.6 x 4.3 nm2). g) Side view DFT simulation, h) nc-AFM 
simulation, and i) Top view DFT simulation of the end of a chain, allowing to relax the 
edge monomer.  
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On-surface design of high quality ethynylene linked anthracene polymers on 
Au(111). 

 

Figure SI5. Large scale STM image of a) low coverage and b) high coverage curved 
polymer. c) Long and flexible defect-free polymer. Scanning tunneling parameters: a) 
Vbias = 2mV, I = 10 pA, b) Vbias = 50 mV, I = 10 pA, and c) Vbias = 1.8 V, I = 850 pA. 
Image size: a) 40 x 40 nm2, b) 35 x 35 nm2, and c) 29.2 x 6.7 nm2.  
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Flexibility of ethynylene linked anthracene polymers.  

 

 

Figure SI6. STM topographs of a) the initial (size = 40.3 x 40.3 nm2) and b) the final 
shape (size = 40 x 40 nm2) of an ethynylene bridged anthracene polymer after tip 
induced lateral manipulation. The blue star indicates a point of reference. High 
resolution STM images of c) stage 1, d) stage 2, and e) final stage of the portion shape 
of the curved polymer after performing a two stepwise tip induced lateral manipulation. 
c-e) Size = 15.7 x 15.7 nm2. Direction and sense of each manipulation is indicated by 
blue curves. Scanning tunneling parameters for a-e: Vbias = -1V, 150 pA. Lateral 
manipulation parameters for all processes: Vbias = -100 mV, I = 20 nA, t = 30 ms. 
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Passivation with hydrogen the terminal edges of ethynylene bridged anthracene 
chains. 

 

 

Figure SI7. a) High resolution constant current STM topograph (Vbias= 100 mV, I = 300 
pA, size = 1.8 x 2.1 nm2), b) nc-AFM image (size = 1.5 x 1.5 nm2), c) constant height 
STM topograph (size = 1.5 x 1.5 nm2), and d) chemical structure of the edge of a 
ethylene bridged anthracene polymer, after depositing 4BrAn on Au(111) and 
annealing to 500 K, which enables desorption of bromine atoms and passivation of 
polymer termini by hydrogen. 
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Calculated AFM image of  H-terminated end of anthracene polymer on Au(111) 

 

 

 

Figure SI8. Simulated AFM image of H-terminated anthracene chain on Au(111) 
substrate using the probe particle model at three different heights: a) 3.2, b) 3.3 and c) 
3.4  Å. 
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Comparison of calculated projected density of states of freestanding anthracene 
polymer and on Au(111) surface 

 

Figure SI9. a) Calculated PDOS of anthracene polymer on Au(111) substrate using DFT 
GGA-BLYP functional, blue line represents total density of states including both the 
polymer and the Au(111) surface, black line shows projected density of states of the 
polymer only, the Fermi level is set to zero. b) Calculated PDOS of a freestanding 
anthracene polymer using DFT GGA-BLYP functional. Inset of Figure B shows 
corresponding calculated band structure of the freestanding polymer, which has very 
similar dispersive character of the valence/conduction bands as more computationally 
expensive hybrid B3LYP (see Figure 2a in the main text). Nevertheless, GGA BLYP 
functional gives much lower band gap ~0.7 eV comparing to 1.4 eV for the hybrid 
B3LYP functional. Unfortunately, full calculation of the anthracene polymer including 
the Au(111) substrate with the hybrid B3LYP functional is computationally not feasible 
with current computer resource. Therefore, we analyzed the effect of the metallic 
surface using the GGA BLYP functional, which provides reasonable description of the 
band structure saving the band gap problem. The calculation shows that the dispersive 
character of VB and CB does not change, only the band gap of the polymer on Au(111) 
surface is reduced to ~0.55 eV, due to additional screening from surface electrons. This 
reveals only weak electronic coupling of the polymer with the metallic substrate. 
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Alternative coupling pathway. 

 

 

Figure SI10. Alternative pathway for the coupling, following two initial dehalogenation 
steps of 4BrAn on Au(111), i.e. from the SdeBr2 state, depicting top and side views of  
local minima (Sx) and transition states (TSx) with corresponding energy profile with 
respect to the initial state (IS): (a) diffusion of SdeBr2 molecule, and (b) coupling of two 
SdeBr2 molecules. Units in eV. 

 

One may imagine the coupling of two molecules with one of the CBr2 groups 

dehalogenated (SdeBr2 in Figure 3a), in particular considering the high activation energy 

of the third dehalogenation step. The diffusion barrier of SdeBr2 is close to that of SdeBr4, 

but the activation energy of coupling is significantly higher (cf. Figure SI10) and the 

alternative pathway can be discarded. Our theoretical insight matches well with 

experimental results, where no oligomer or polymer with intact terminal =CBr2 groups 

were detected.  
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Conclusion

This thesis is focused on the study of molecular structures on metal surfaces. We

used SPM techniques to study various carbon-based molecular nanostructures

on Au(111) surface in UHV environment. Additionally, we tested a promising

candidate for tip functionalization. The main results of this doctoral thesis can

be summarized by the three following topics:

(I) Formation and characterization of fullerene-based nanostruc-

tures at RT.

We presented a combined theoretical and experimental study of modified

fullerene-based structures on Au(111) surface. STM images revealed that fullere-

ne molecules form islands or chains at terrace edges of monoatomic gold steps at

RT due to a low surface diffusion barrier. After 120 eV Ar+ ion irradiation, bright

features appear at the Au(111) herringbone corners with lower apparent height

of about 1.5 Å with respect to fullerenes islands as revealed by topographic line

profiles. We attribute these bright features to be defective fullerene molecules

with single vacancies artificially generated by the soft sputtering process. DFT

calculations lead C59 fullerenes with single defects are fully consistent with the

experimental results. The single vacancy created by the removal of a carbon

atom from the fullerene increases the molecular reactivity. As a result, the C59

molecules adsorbed with the defect close to the surface, having a binding energy

1.6 eV higher than that of pristine fullerene.

(II) N2O as new molecular candidate for AFM tip functionalization.

We have investigated functionalization of the AFM tip apex by vertical ma-

nipulation of N2O molecules adsorbed on a Au(111) surface at temperatures

below 10 K. N2O molecules adsorb parallel to the surface, arranging in triangular

clusters. We functionalized a metallic tip apex with a single N2O molecule by

picking it up from the Au(111) substrate. The functionalization of the tip with

N2O can be achieved with co-adsorbed FePc molecules. The performance of the

N2O tips was evaluated via sub-molecular imaging and site-specific force (4f(z))

spectroscopies on FePc molecules. The high-resolution images of FePc obtained

with a N2O decorated tip are qualitatively equivalent to those acquired with a

CO-tip. However, images obtained with a N2O tip show noticeable asymmetry

and the force spectroscopy reveals higher interaction energies. These findings, in

addition to DFT calculations, indicate a bent adsorption geometry and strong

charge redistribution of the N2O on the tip apex in comparison to a CO-tip.

(III) On-surface synthesis and characterization of anthracene-based

polymers.

We have presented a strategy for on-surface synthesis of ethynylene-bridged

anthracene π-conjugated polymers. The deposition of precursor molecules 4BrAn
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on Au(111) surface and subsequent annealing triggered an on-surface chemical re-

action with a unique pathway. An initial annealing step to 400 K enables dehalo-

genation and subsequent homocoupling. As a result, high-quality 1D anthracene-

based polymeric wires were formed. A second annealing step to 500 K leads to

desorption of bromine atoms which allows the formation of long and flexible poly-

mers preserving the chemical structure of their constituent molecules. We used

a combination of LT-STM/AFM experiments supported by DFT calculations to

fully characterize their electronic and conformational properties. These polymers

have a low experimental band gap of 1.5 eV.

In closing, these results offer a comprehensive study of various molecular struc-

tures on the Au(111) surface using SPM techniques in UHV. The methods used in

this work provides a pathway for the formation of stable metal–molecule anchors

for fullerene-based nanostructures and on-surface polymerization of low bandgap

π-conjugated molecular wires. These studies have advanced our understanding of

molecular structures on surfaces and provide further insight regarding the origin

of sub-molecular resolution in AFM images.
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List of Abbreviations

• STM: Scanning Tunneling Microscopy

• AFM: Atomic Force Microscopy

• nc-AFM: Non-contact Atomic Force Microscopy

• STS: Scanning Tunneling Spectroscopy

• LDOS: Local Density of Electronic States

• RT: Room Temperature

• SPM: Scanning Probe Microscopy

• DFT: Density Functional Theory

• LT: Low Temperature

• STHM: Scanning Tunneling Hydrogen Microscopy

• UHV: Ultra-High Vacuum

• VT: Variable Temperature

• DOS: Density of States

• THA: Tersoff - Hamann Approximation

• FM: Frequency Modulation

• AM: Amplitude Modulation

• PLL: Phase-Lock Loop

• CPD: Contact Potential Difference

• vdW: van der Waals

• LEED: Low Energy Electron Diffraction

• QMS: Quadrupole Mass Spectrometer

• NMR: Nuclear Magnetic Resonance

• DSP: Digital Signal Processor

• ADC: Analogue to Digital Converter
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• KPFM: Kelvin Probe Force Microscopy

• ES: Electrostatic

• CB: Chemical Bonding

• IGP: Ion Getter Pumps

• TSP: Titanium Sublimation Pumps

• TMP: Turbo Molecular Pumps

• FCC: Face-Centered Cubic

• HCP: Hexagonal Close-Packed

• P-FIB: Plasma Focused Ion Beam

• SEM: Scanning Electron Microscope

• CO: Carbon Monoxide
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Jeĺınek, M. Švec. Nitrous oxide as an effective AFM tip functionalization:

a comparative study. Beilstein Journal of Nanotechnology, 10(1), 315-321.,

2019.
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