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Abstract

This dissertation investigates the growth of the two-dimensional materials

graphene and hexagonal boron nitride (h-BN) on the metallic substrates Pt(111)

and Ru(0001), as well as the interaction of organic molecules with these respective

surfaces, using a scanning tunneling microscope (STM).

First, the growth of the two-dimensional materials graphene and h-BN on

the two metallic samples Pt(111) and Ru(0001) is investigated. Here, a chemi-

cal vapor deposition (CVD) method using ethylene as a precursor for graphene

growth and an alternative temperature programmed growth (TPG) method for

the growth of h-BN using ammonia borane as a precursor are explored. The

observed structural properties of both two-dimensional materials on the metallic

substrates are discussed.

On the basis of those findings a flexible method for the growth of graphene/h-

BN heterostructures is presented. The heterostructure is analyzed and a model

with distinct twist angles between the atomic layers is developed on basis of the

experimental observations. Imaging the heterostructure with reduced tip-sample

distance reveals an additional hexagonal superstructure. In order to validate

the experimental results, density functional theory (DFT) calculations of the

graphene/h-BN heterostructure are performed and compared to the STM data.

Subsequently, spectroscopic signatures of the frontier orbitals of the organic

molecule dibenzotetraphenylperiflanthene (DBP) adsorbed on graphene and h-

BN on Pt(111) and Ru(0001) are analyzed. Changes in the energetic position of

the frontier orbitals of DBP are used to probe the work function modulation over

different parts of the moiré on h-BN. For h-BN on Pt(111), DBP frontier orbital

energies exhibit a common shift that leaves the gap between the orbitals invari-

ant and reflects local work function changes of the h-BN lattice the molecule

is weakly coupled to. In contrast, h-BN on Ru(0001) leads to a nonuniform

behavior of the frontier orbital energies, which is tentatively attributed to ad-

ditional charge transfer processes between the molecule and the surface. The

efficient reduction in hybridization between DBP and the metallic substrates by

the two-dimensional buffer layers graphene and h-BN is explored further. Both

two-dimensional materials enable the observation of the Franck-Condon effect
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in both frontier orbitals. On h-BN, vibronic progression with two vibrational

energies gives rise to sharp orbital sidebands that are clearly visible up to the

second order of the vibrational quantum number with different Huang-Rhys fac-

tors. In contrast, on graphene, orbital and vibronic spectroscopic signatures

exhibit broader line shapes, with the second-order progression being hardly dis-

criminable. Only a single vibrational quantum energy leaves its fingerprint in

the Franck-Condon spectrum.
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Zusammenfassung

In der vorliegenden Arbeit wird das Wachstum der zweidimensionalen Mate-

rialien Graphen und hexagonales Bornitrid (h-BN) auf den beiden metallischen

Oberflächen Pt(111) und Ru(0001), sowie die Interaktion eines organischen Mo-

leküls mit diesen Probenoberflächen, mit Hilfe eines Rastertunnelmikroskops un-

tersucht.

Zuerst wird das Wachstum und die strukturellen Eigenschaften von Graphen

und h-BN auf beiden metallischen Oberflächen beleuchtet. Dabei wird eine che-

mische Gasphasenabscheidungsmethode (CVD) mit dem Ausgangsstoff Ethen für

das Graphenwachstum und eine alternative temperaturregulierte Wachstumsme-

thode (TPG) für das h-BN-Wachstum mit dem Ausgangsstoff Amminboran ver-

wendet. Die beobachteten strukturellen Eigenschaften beider zweidimensionaler

Materialen auf den jeweiligen Metalloberflächen werden diskutiert und vergli-

chen.

Auf Grundlage dieser Ergebnisse wird ein Verfahren zum Wachstum von He-

terostrukturen bestehend aus Graphen und h-BN entwickelt. Die Heterostruktur

wird analysiert und ein Modell mit festgelegter Rotation zwischen den einzel-

nen atomaren Lagen auf der Basis der experimentellen Beobachtungen erstellt.

Während der Aufnahme von STM-Bildern mit verringertem Spitzen-Proben-

Abstand kann eine zusätzliche hexagonale Struktur abgebildet werden. Zum Ver-

gleich mit den experimentellen Daten wurden Dichtefunktionaltheorierechnungen

(DFT) der Graphen/h-BN-Heterostruktur durchgeführt.

Anschließend werden die spektroskopischen Signaturen der Molekülorbitale

des organischen Moleküls Dibenzotetraphenylperiflanthen (DBP), welches auf

Graphen bzw. h-BN auf Pt(111) und Ru(0001) adsorbiert wird, miteinander

verglichen. Veränderungen der Energie der Molekülorbitale von DBP werden

genutzt, um Austrittarbeitsveränderungen auf verschiedenen Teilen des h-BN-

Moirés zu beschreiben. Die Lücke der beiden Molekülorbitale bleibt auf verschie-

denen Adsorptionsplätzen auf h-BN-bedecktem Pt(111) unverändert, während

sich die absolute Energie der Molekülorbitale gleichermaßen verschiebt. Im Ge-

gensatz dazu ist die Energieveränderungen der Molekülorbitale auf h-BN-be-

decktem Ru(0001) nicht gleichförmig, was mit einem möglichen Ladungstransfer
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zu begründen sein könnte. Die effiziente Reduzierung der Hybridisierung zwi-

schen DBP und den Metalloberflächen mit Hilfe der zweidimensionalen Puf-

ferschichten Graphen und h-BN wird weiter untersucht. Beide zweidimensio-

nalen Materialen sorgen dafür, dass Franck-Condon-Anregungen in beiden Mo-

lekülorbitalen zu beobachten sind. Auf h-BN sind Schwingungsprogressionen mit

zwei Vibrationsenergien mit verschiedenen Huang-Rhys-Faktoren und scharfen

Vibrationsseitenbändern bis zur zweiten Vibrationsordnung zu sehen. Im Gegen-

satz dazu sind die Orbital- und Vibrationsspektrallinien auf Graphen breiter,

wodurch die zweite Vibrationsprogression nicht mehr zu erkennen ist. In diesem

Fall trägt also nur eine Vibrationsmode zum Franck-Condon-Spektrum bei.
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CHAPTER 1

Introduction

The development of the scanning tunneling microscope (STM) allows for the

investigation of nature’s building blocks which are single atoms and molecules

[1]. Utilizing this technique, conductive sample surfaces can be imaged and

manipulated with atomic precision, while scanning tunneling spectroscopy (STS)

probes electronic properties on the nanoscale. Those technological advancements

led to novel endeavors in the field of magnetism [2], superconductivity [3, 4],

optical [5] and vibrational [6] properties investigated on the single atom and

single molecule level.

The significance of those observations becomes clear by taking a look at the

development of the size of transistors in electronic compounds, which is shrinking

over the last decades from a few microns to 5 nm in recent commercially available

microprocessors [7]. Therefore, surface, single atom and single molecule proper-

ties will become more and more relevant in the ongoing technical development

in electronics down to the dimensions of a few atoms.

Another relevant field is the development of organic light emitting diodes

(OLED) and energy storage devices, where surface properties become important

due to an ongoing miniaturization. Different organic molecules have been ex-

plored as donor-acceptor molecules for technical applications in OLEDs, where

the knowledge of the molecular energy landscape is an important prerequisite

for the construction of efficient devices [8, 9]. In order to improve the perfor-

mance of lithium-ion and sodium-ion batteries, carbonyl-based organic electodes
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2 1 Introduction

have been explored as they are flexible and cheap alternatives to commonly used

inorganic materials [10].

As evident by the small selection of examples and ongoing miniaturization

down to the nanoscale, it is important to understand the properties of single

molecules and atoms for their utilization in technical applications. Genuine

molecular characteristics often get quenched upon adsorption on the metallic

surface and consequentially additional experimental considerations have to be

made. To probe those single atom and single molecule properties in a nearly free

state, i.e., with reduced coupling to the sample surface, decoupling layers have

been used extensively in recent years. Prominent examples are graphene [11, 12],

hexagonal boron nitride (h-BN) [13–15], oxide layers [5, 16] and transition metal

dichalcogenides (TMDC) [17, 18].

Graphene is characterized by a high electron mobility, a high thermal conduc-

tivity and a high tensile strength. Its first production in laboratory conditions

sparked a huge research interest due to its unique properties [19–21]. The band

structure of graphene consists of linear dispersing π-bands around the K-point

of the Brillouin zone, resulting in a zero-bandgap semiconductor.

While in comparison to graphene, hexagonal boron nitride (h-BN) has the

same honeycomb structure, albeit with a ≈ 1.6 % larger lattice constant [22], its

electronic properties differ a lot as h-BN is an insulator with a bandgap of 6 eV

[23, 24]. Due to its similar structural appearance, h-BN is sometimes refereed to

as ”white graphene” [25].

Besides its use as a buffer layer for molecues, h-BN is used as an insulating

layer in field effect transistors [26]. Additionally, graphene has been utilized to

improve the performance of lithium-ion and sodium-ion batteries [27–29]. Mina-

turized energy storage devices (MESD) have been developed out of stacked two-

dimensional materials to create on-chip microsystems [30]. The field of stacked

bilayers of graphene [31] and heterostructures of graphene and hexagonal boron

nitride (h-BN) emerges in recent studies and will be of future research interest

as their physical properties can be altered by introducing a twist angle between

both layers [32].

This dissertation investigates the growth of the two-dimensional materials

graphene and h-BN on the metallic substrates Pt(111) and Ru(0001) using

a scanning tunneling microscope (STM). A flexible method for the growth of



3

graphene/h-BN heterostructures is explored. Further, an organic molecule ad-

sorbed on graphene and h-BN is probed by comparing the changes in electronic

and vibrational characteristics of the molecule on the different sample surfaces.

The outline of the thesis is as follows:

Chapter 2 explains the relevant basics of the experimental setup and also

gives a brief overview of the used theoretical framework.

Chapter 3 explores the growth of the two-dimensional materials graphene

and h-BN on the two metallic samples Pt(111) and Ru(0001). Here a CVD

method using ethylene as a precursor and an alternative TPG method for the

growth of h-BN with borazane as the precursor molecule is presented. The

observed structural properties of both two-dimensional materials on the metallic

substrates are discussed.

Chapter 4 displays a cheap and flexible method for the growth of het-

erostructures of graphene and h-BN. The heterostructure is analyzed and a model

with different twist angles between the atomic layers is developed on basis of the

experimental observations. In order to validate the experimental results, DFT

calculations of the graphene/h-BN heterostructure were performed and compared

to the STM data.

Chapter 5 presents spectroscopic measurements of the orbital structure of

the organic molecule DBP adsorbed on graphene and h-BN on Pt(111) and

Ru(0001). Changes in the energetic position of the frontier orbitals of DBP are

used to probe the work function modulation over different parts of the h-BN

moiré. The efficient reduction in hybridization between DBP and the metal-

lic substrates by the two-dimensional buffer layers graphene and h-BN is in-

vestigated. Differences in vibrational excitations of DBP upon adsorption on

graphene and h-BN are observed and discussed.
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CHAPTER 2

Experimental Methods

2.1 Scanning Tunneling Microscopy

The scanning tunneling microscope (STM) is a very powerful tool to explore

structural and electronic properties of surfaces and interfaces. Its main working

principle originates from the quantum mechanical tunneling effect, where an

electron can tunnel through a vacuum barrier between tip and sample as a result

of the finite overlap of the wave function of the tip with states of the metallic

substrate. A finite voltage is applied to the junction and the current response is

controlled by an external feedback loop, as shown in Figure 2.1.

One-dimensional potential barrier

The vacuum barrier can be described by a one-dimension potential barrier of

height V0 and width d [33]. The stationary Schrödinger equation

h̄2

2m

∂2

∂z2
Ψ(z) = [V (z)− E]Ψ(z) (2.1)

is then solved for the following wave functions in their respective regions of

the barrier as shown in Figure 2.1(b):
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6 2 Experimental Methods

controller

PC

x,y,z
I,V

A

feedback loop

z

V

V0

0

0 d

Ψ1 Ψ2 Ψ3

(b)(a)

tip

sample

|Ψ|2

0 z

Figure 2.1: (a) Sketch of the basic working principle of the scanning tunneling
microscope. The tip, the sample and the control unit are shown. The bias
voltage is applied to the sample. During the scan the current is controlled via
an automated adjustment of the tip-sample distance z by an external feedback
loop. (b) Schematic representation of a one-dimensional vacuum barrier (red)
with barrier height V0. The evolution of the wave function of the electron Ψk

(k = 1, 2, 3) is qualitatively shown in all three regions of the barrier.

Ψ1(z) = Aeikz +Be−ikz z < 0 (2.2)

Ψ2(z) = Ceiκz +De−iκz 0 ≤ z ≤ d (2.3)

Ψ3(z) = Feikz z > d (2.4)

With the wave numbers

k =

√
2mE

h̄2
(2.5)

κ =

√
2m(V0 − E)

h̄2
(2.6)

The amplitude of the incoming wave A is set to unity. The coefficients

B,C,D, F can be calculated through the continuity conditions at z = 0 and

z = d. The transmission probability T for an electron tunneling through the
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barrier is then given by

T = |F |2 =
4k2κ2

(k2 + κ2)2sinh2(κd) + 4k2κ2
(2.7)

In the limit κd >> 1 the probability of transmission can be approximated by

T ≈ 16k2κ2

(k2 + κ2)2
e−2κd =

16E(V0 − E)

V 2
0

exp

[
−2d

√
2m

h̄2
(V0 − E)

]
(2.8)

The amplitude of the wave function of the electron Ψ(z) with energy E is

therefore exponentially decaying in the barrier.

Bardeen Model and Energy-Dependent Approximation

The schematic setup of an STM is shown in Figure 2.1(a). A bias voltage is

applied to the junction in such way that for positive voltages electrons tunnel

from the tip to the surface. As a consequence of the applied bias voltage the

fermi levels of the two leads get shifted with respect to each other resulting in a

flow of electrons between the two electrodes (Figure 2.2). Bardeen derived the

transition rate between the two electrodes from an initial state i of the tip to a

final state s of the sample using Fermi’s golden rule [33, 34] as

ωt,i→s,f =
2π

h̄
|Mfi|2δ(Es,f − Et,i) (2.9)

with the matrix element Mfi calculated as

Mfi =
h̄2

2m

∫
St,s

[
Ψt,i(r)∇Ψ∗s,f (r)−Ψ∗s,f (r)∇Ψt,i(r)

]
dS (2.10)

over an arbitrary tip-sample surface St,s. The current then can be found

by summation over all pairs of initial and final states, multiplication with the

electron charge and taking the factor 2 due to spin degeneracy into account:
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EF,s

EF,t

eV

e-

tip sample

(a)

EF,s

EF,t

(b)

Evac Evac

Φt

Φs

eV

e-

tip sample

Φt

Φs

V > 0 V < 0

Figure 2.2: Representation of the STM tunneling junction at a bias voltage V .
Tip and sample are separated by the vacuum barrier with trapezoidal shape.
The work function Φt,s is the energy difference between vacuum energy Evac and
fermi level of tip and sample, respectively. The density of states for tip and
sample are schematically shown as constant. The arrows indicate the direction
of the tunneling electrons with their size indicating the contribution at certain
energies. (a) At positive bias voltages V > 0 electrons tunnel from the tip to the
sample. (b) At negative bias voltages V < 0 electrons tunnel from the sample to
the tip.

I =
4πe

h̄

∑
i,f

|Mfi|2δ(Es,f − Et,i) (2.11)

Replacing the dependence of the wave functions by a dependence on the

energy and introducing the density of states ρ for the two electrodes the current

can be written as:

I(V ) =
4πe

h̄

∫ eV

0

ρs(ε)ρt(ε− eV )|M(ε)|2dε (2.12)

The tunneling matrix elements |M(ε)|2 describes the transmission probability

T of the electron tunneling through the barrier. This transmission factor can be

expressed in the one-dimensional Wentzel-Kramers-Brillouin approximation [35]

as
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T ≈ |M(ε)|2 = exp

[
−2d

√
2m

h̄2
(Φ +

eV

2
− ε)

]
. (2.13)

Here, d describes the tip-sample distance, m the mass of the free electron and

Φ = 1
2
(Φs+Φt) the average work function of sample and tip. The current is then

described as

I(V ) =
4πe

h̄

∫ eV

0

ρs(ε)ρt(ε− eV )T (ε, V, d)dε (2.14)

in the zero temperature limit. ρs and ρt denotes the local density of states at

the tip and the sample, respectively.

Considering a finite temperature, the fermi distribution of both leads has to

be included resulting in a current of tunneling electrons [33, 36] in the form of

I(V ) =
4πe

h̄

∫ ∞
−∞

[f(ε− eV )− f(ε)]ρs(ε)ρt(ε− eV )T (ε, V, d)dε (2.15)

with f(E) = [1 + exp(β(E − EF ))]−1 and β = (kBT )−1. Here, T is the

temperature of the system and kB the Boltzmann constant.

Tersoff Hamann Approximation

The formalism Bardeen derived was considering two flat metallic electrodes seper-

ated by an insulating layer, which does not represent the real geometry of the tun-

neling junction. To describe the STM junction, Tersoff and Hamann [33, 37, 38]

calculated the Bardeen matrix element using wave functions for the tip and the

surface. The tip wave function is approximated by an s-wave. Here, the current

through the junction is only depending on the local density of states (LDOS) of

the surface at energy EF measured at the center of the tip apex rt.

I(V ) ∝ ρsample(Ef , rt) (2.16)

For the interpretation of STM images the Tersoff Hamann approximation is

widely used for ab initio calculations of STM images. However, the premise

of an s-shaped tip is not always valid as adsorbates on the tip can change the
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structure of the tip wave function, which reveal different structures in STM to-

pography [39].

Operating modes

(a) (b)

z

x

I

x

Figure 2.3: The two different operating modes of the STM are schematically
shown. In (a) the constant current mode is represented and in (b) the constant
height mode. The bias voltage and the (a) current or (b) tip-sample distance
is set prior to image acquisition. In constant current mode the tip movement
z is recorded, while in constant height mode the current I is recorded. Both
representing the topographic information of the substrate.

The scanning tunneling microscope can be operated in two different modes,

i.e., the constant current or constant height mode. In constant height mode the

tip-sample distance z is set to a constant value and the current, representing the

constitution of the surface, is recorded. In contrary, in constant current mode

the current is kept constant by an external feedback loop adjusting the height of

the tip. The change in tip-sample distance z can now be recorded over the scan

area. A schematic drawing of the two modes is shown in Figure 2.3. The tip is

mounted on a cylindrical piezoelectric actuator, which can move the metal tip in

x, y and z direction over the sample substrate. Additionally, the sample is fixed

on a slider mounted on piezoelectrics allowing a coarse movement of the sample

with respect to the tip position. Typical scan areas using only the motion of the

tip piezos are of the size of ≈ 400 nm× 400 nm at temperatures of 5 K.
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2.2 Scanning Tunneling Spectroscopy

In addition to the recording of topographic information with atomic resolution,

the scanning tunneling microscope can also be utilized for spectroscopic mea-

surements of the local density of states of surfaces.

Considering small changes in bias voltages dV = dε/e, the change in current

can be approximated by the integrand of equation 2.14. Further, the density of

states of the tip and the transmission factor are assumed to be constant, leading

to:

dI

dV
=

4πe2

h̄
ρt(0)ρs(eV )T (eV, V, d) ∝ ρs(eV ) (2.17)

As a consequence the acquisition of the differential conductance dI/dV gives

direct information of the local density of states of the substrate investigated in

the scanning tunneling experiments [33]. The feedback loop is disabled during

the recording of dI/dV spectra resulting in a constant tip-sample distance z.

A common technique to measure the differential conductance is the use of a

lock-in amplifier. One of the main advantage of a lock-in amplifier is the ability to

recover signals with a low signal to noise ratio [33]. A small voltage modulation

Vmcos(ωmt) is sinusoidally applied with a modulation frequency ωm to the bias

voltage V.

A Taylor expansion of the tunnel current results in

I(V0 + Vm cos(ωt)) = I(V0) +
dI

dV

∣∣∣∣
V0

Vmcos(ωt) +
d2I

dV 2

∣∣∣∣
V0

V 2
m

2
cos2(ωt) +O(3)

(2.18)

The second term – the first harmonic – is proportional to the dI/dV signal

and therefore, following equation 2.17, proportional to the local density of states

of the substrate, which now can be extracted from the amplitude of the signal of

the first harmonic. For other applications the second derivative of the current can

be extracted from the second harmonic which can be used to extract properties

of the substrate like phonon excitations.

Additionally, maps of dI/dV can be recorded by scanning over certain parts

of the surface recording the dI/dV signal at every point of the surface, combining
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V

I

V2V1

I2

I1

Vm

Figure 2.4: Model I(V) curve representing the current response to the small
modulation Vm applied to the DC bias voltage V . Areas with a high slope result
in a high amplitude of the current response.

the topographic data acquisition with spectroscopy. This allows to map the local

density of states at a certain energy eV . Here, the tip can also be controlled in

constant current or constant height mode. This technique can be used, e.g., to

measure the spatial distribution of molecular orbitals.

Inelastic Tunneling

While elastic tunneling electrons exhibit a constant energy tunneling through

the junction depending on the applied bias voltage, it is also possible that the

electron energy gets altered for example by excitation of phonons, molecular vi-

brations and spin flips during the tunneling process. These inelastic processes

reduce (increase) the energy of the tunneling electron in the process of exciting

(absorbing) , e.g., a phonon. As soon as the energy of the tunneling electron ex-

ceeds the energy of a vibrational quanta h̄ω a new tunneling channel is opened,

which results in an increase of the recorded current. This increase of the con-

ductance is visible as steps in the dI/dV spectrum at the energy h̄ω for positive

and negative bias voltages. This process is schematically shown in Figure 2.5(a).

Inelastic electron tunneling spectroscopy (IETS) is often used for the inves-

tigation of phonons or off-resonant excitations of molecular vibrations. Molec-
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Figure 2.5: Representation of an electron tunneling through the vacuum junc-
tion considering inelastic processes at positive bias voltages. (a) The tunneling
electron excites a vibration with the energy h̄ω during the tunneling process and
subsequently reaches the sample with reduced energy. (b) The tunneling elec-
tron excites a molecular vibration with the energy h̄ω0 by transiently charging
the molecule from its ground state M0 to M−. The charged molecule than relaxes
into the ground state and the electron flows to the sample leaving the molecule
in its unexcited and uncharged state M0.

ular vibrations can also be observed as progression peaks, where the tunneling

electrons resonantly couple to the electronic states of the molecule. Here, the

tunneling electron transiently charges the molecule (M0 →M−) and therefore is

able to excite molecular vibrations with energy nh̄ω0 (n denotes the order of the

vibrational mode) directly in the molecular orbital. In this case the excitation

of molecular vibrations is directly visible as peaks in the dI/dV spectrum. The

peak intensity can be described in the Franck-Condon picture, as discussed in

Chapter 2.8.

Broadening Mechanisms

Spectroscopic lineshapes are influenced by different broadening mechanisms. In

STS the main broadening results of the temperature, the lock-in amplifier and

the finite hybridization and therefore reduced lifetime of the electronic states.

The temperature broadening is defined by χT (V ) = χT (0)cosh−2 eV
2kBT

, which

corresponds to a FWHM of 3.5kBT [40]. However, the contribution to the ob-
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served linewidth at 5 K is only 1.5 meV and therefore contributes only for a small

percentage.

The instrumental broadening of the lock-in amplifier is given by the function

χm =


2
√
V 2
m−V 2

πV 2
m

for |V | ≤ Vm

0 for |V | > Vm
(2.19)

where Vm is the modulation amplitude and ω the modulation frequency [40]. The

FWHM of this function is 1.7Vm. Typical values used as modulation amplitudes

in the lock-in amplifier are Vm,rms = 5 mV and consequently Vm =
√

2Vm,rms =

7.071 mV. The total instrumental broadening is then given by

∆E =
√

(3.5kBT )2 + (1.7eVm)2 (2.20)

The instrumental broadening, however, only has a comparably small contri-

bution to the observed linewidth of, e.g., molecular orbitals in scanning tunneling

spectroscopy. As electrons are injected into the molecular orbitals they experi-

ence a distinct residence time τ in the molecule during the tunneling process.

This residence time is mainly dependent on the extend of hybridization with the

surface, which can be reduced by buffer layers on the metallic substrate. The

lifetime limited resonances than result in Lorentzian line shapes for the orbital

signatures with a width δ observed in dI/dV spectra. The linewidth is inversely

proportional to the residence time of the tunneling electron δ ∼ 1
τ
.

2.3 Experimental Setup

The experiments were performed on a home-build STM, which consists of two

separate vacuum chambers: the acquisition chamber (AC) and the preparation

chamber (PC) with a base pressure of 1 ·10−9 Pa. The STM head is mounted in a

liquid helium bath cryostat achieving temperatures of 5 K. The cryostat consists

of two separated reservoirs. An inner one with a capacity of 4 l filled with liquid

helium or nitrogen and the outer one with a capacity of 14 l filled with liquid

nitrogen acting as a radiation shield for the environment. The standing time for

one filling with liquid helium is ≈ 36 h without sample transfers. Additionally, an
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e-beam evaporator is mounted to the AC, allowing the deposition of molecules

from a heated Mo-crucible directly on the cold sample (≈ 10 K) through two

connected holes in the radiation shields. The preparation of samples is done on

the manipulator in the preparation chamber, where temperatures of up to 2500 K

can be reached. Simultaneously, the sample can be exposed to the sputter gun

or an molecular evaporator for additional preparation steps. The UHV chamber

is pumped with turbomolecular and ion getter pumps. During the measurement,

the vacuum is sustained only using the ion getter pumps to reduce the noise level

by turning off the mechanical pumps. Further, it is possible to transfer samples

or molecules into the chamber without breaking the vacuum using a separately

pumped part of the preparation chamber, the load lock. It is convenient when

working with different molecules, as they tend to be exchanged regularly. The

whole chamber is mounted on an actively damped suspension. Additionally, the

STM head is attached to a spring system, which significantly reduces the external

noise during data acquisition. In the experiments tips cut from a Au wire (purity:

99.995 %, diameter: 0.25 mm) are used and are prepared in-situ by field emission

and gentle contacts on the Au(100) surface prior to the experiments.

2.4 Sample Preparation

In order to achieve clean and monocrystalline metal surfaces, the samples used

in the experiments were cleaned by repeated Ar+ ion bombardments and subse-

quent annealing. Surfaces with a high amount of trapped bulk carbon have addi-

tionally been prepared with oxygen cycles to remove segregated carbon residues,

which always is finished by a flash at higher substrate temperatures to make

sure all created CO molecules are evaporated from the samples surface. In the

following, the two dimensional materials graphene and hexagonal boron nitride

are grown by chemical vapor deposition (CVD) and temperature programmed

growth (TPG) using ethylene and ammonia borane. The growth procedure of

two dimensional materials is explained in more detail in Chapter 3.1.
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2.5 Calibration

The piezoelectric actuators, which move the tip above the sample, are contracted

or expanded by an applied voltage. To convert this voltage into distances, a con-

version factor and therefore a calibration on known surface structures has to be

performed. In the present case the surface reconstruction of the Au(100) sur-

face, as well as the atomic structure of graphene with its unique lattice constant

has been used as a reference for calibration. Here, parallel lines of the Au(100)

reconstruction have a distance of 144 pm and can be used to determine the piezo

constants prior to the measurement (Figure 2.6).

aAu100

Figure 2.6: Surface reconstruction of Au(100) used to calibrate the scanning
piezos before the experiment. The distance between adjacent rows is indicated.

2.6 The Moiré Effect

When two atomic layers with a small lattice mismatch are stacked on top of

each other a so called moiré effect is observable, which is a spacial beat and

the result of a different vertical stacking of the atoms in the two layers. In

the presented experiments, graphene and hexagonal boron nitride (both with

hexagonal symmetry) were grown on Pt(111) and Ru(0001), which in the used

surface orientation also exhibit a hexagonal symmetry. This stacking of two

hexagonal systems will result in a hexagonal moiré superstructure as shown in

the model in Figure 2.7 (a). The system can be described in the reciprocal
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space with their distinct wave vectors
−→
ks and

−→
k2D, denoting the wave vectors of

the substrate and the two-dimensional material, respectively [41, 42]. The wave

vector of the moiré
−→
km follows as

−→
km =

−→
k2D −

−→
ks (2.21)
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Figure 2.7: (a) Moiré effect as a result of the lattice mismatch and twist angle (ϕ)
between h-BN (light blue) and the Pt(111) (white) surface. (b) Calculated moiré
periodicity am for different twist angles ϕ between h-BN and the Pt(111) surface
following equation 2.22 with a2D = ah−BN = 2.5 Å and as = aPt = 2.77 Å.

The size of the moiré periodicity am in real space is an important property

for comparison with the STM experiments. It can therefore be calculated using

the following equation

am =

(√
1

a22D
+

1

a2s
− 2 · cosϕ
a2D · as

)−1
(2.22)

where a2D and as denotes the lattice constants of the two dimensional mate-

rial, the substrate and ϕ the rotation angle between the two lattices. The relative

rotation angle θ of the moiré pattern with respect to the substrate lattice is then

given by

sin(θ) =
am
a2D

sin(ϕ) (2.23)
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2.7 Molecular Adsorption on Surfaces

EF

EA

IP

Δ

free molecule screening broadening level alignment

ΔΦ

ΔΦ

Evac

Φ

Figure 2.8: Energy level alignment upon adsorption on a metal surface. The
HOMO-LUMO gap of the free molecule ∆ is increased by the Coulomb energy
U and decreased due to screening of the transient charged molecule in the metal
surface. The effect of the lifetime broadening on the molecular states and the
energy level alignment is also shown. The figure is adapted from [43, 44].

The investigation of molecules with the exchange of electrons results in the

change of the on-site energy of the molecule, which modifies its energy levels

compared to the simple ’one-particle’ picture of the free molecule. This additional

energy U, which increases the HOMO-LUMO gap ∆ of the free molecule, has to

be considered in the evaluation of its energetic levels [43]. In the free case, the

energy of the highest occupied molecular orbital (HOMO) observed in scanning

tunneling spectroscopy is defined by the ionization potential Ip, i.e., the energy

an electron needs to exceed in order to leave the molecule. The energy of the

lowest unoccupied molecular orbital (LUMO) is described by the electron affinity

EA, i.e., the energy to add one electron to the molecule.

The transient charged molecule is now in close contact with the metallic

substrate. A screening of the charged molecule due to a redistribution of electrons

in the surface region can effectively reduce the Coulomb repulsion and therefore

the observed HOMO-LUMO gap, as shown in Figure 2.8. Additionally, the

observed peaks are broadened due to a reduced lifetime of the electronic states,

as the tunneling rate into the metal is very high. This results in a broadening



2.8 Franck-Condon Principle 19

of the observed peaks of several hundred meV considering a tunnel lifetime of a

few femtoseconds [44, 45].

The energetic position of the observed orbitals can be influenced by the elec-

tronic structure of the surface. Charge transfer or local work function variations

(∆Φ) are able to shift the molecular orbitals varying the observed HOMO-LUMO

gap. In the case of a charge transfer to (from) the molecule, a shift of only one

orbital energy can be observed. Local work function changes on the other hand

result in a rigid shift (∆Φ) of both molecular orbitals as HOMO and LUMO are

shifted to the same extend due to their vacuum level alignment if the coupling to

the metallic substrate is reduced, for example by the use of efficient buffer layers

like graphene or h-BN [46].

2.8 Franck-Condon Principle

rr

E E
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Figure 2.9: Schematic transitions according to the Franck-Condon principle.
Transitions between Ψ0 and Ψ−n are indicated. The most likely transition is
indicated with a bold orange arrow. The lateral displacement of both parabolic
potentials depends on the strength of the electron-phonon coupling Sν ((a)Sν ≥
1, (b)Sν ≤ 1).

Reducing the hybridization between molecules and the metallic substrate by

introducing a buffer layer often leads to the observation of vibrational resonances

in the molecular orbitals investigated with STS. Those resonances are best de-

scribed in the Franck-Condon picture [47–49]. The probability amplitude P of

the ground state Ψ0 of the molecule and its excited state Ψ−n is described by
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P =
〈
Ψ−n |µ|Ψ0

〉
(2.24)

The transition dipole moment consists of nuclei µn and electron µe inter-

actions, respectively. In the Born Oppenheimer approximation the total wave

function can be separated into contributions of the electrons Ψe and the vibra-

tions Ψν . The spin of the the particles is not considered.

P =
〈
Ψ−n |µ|Ψ0

〉
=
〈
Ψ−n,eΨ

−
n,ν |µe + µn|Ψ0,eΨ0,ν

〉
(2.25)

=
〈
Ψ−n,e|µe|Ψ0,e

〉 〈
Ψ−n,ν |Ψ0,ν

〉
+
〈
Ψ−n,e|Ψ0,e

〉 〈
Ψ−n,ν |µn|Ψ0,ν

〉
(2.26)

The electron wave functions are orthogonal. Therefore, equation 2.26 can be

written as

P =
〈
Ψ−n,e|µe|Ψ0,e

〉 〈
Ψ−n,ν |Ψ0,ν

〉
(2.27)

Here, the second integral
〈
Ψ−n,ν |Ψ0,ν

〉
describes the overlap of the vibrational

wave functions and is the Franck-Condon factor. The intensity of vibronic tran-

sitions can be described by a Poisson distribution [50–52]:

|
〈
Ψ−n |Ψ0

〉
|2 = exp(−Sν)

Snν
n!

(2.28)

Sν is the Huang-Rhys factor for the respective vibrational mode ν and is a

measure for the strength of the electron-phonon coupling.



CHAPTER 3

Two-Dimensional Materials

Partly reproduced from J. Vac. Sci. Technol. A 37, 061404, 2019, with

permission from AIP Publishing.

3.1 Preparation and Properties of Graphene and

h-BN

Creating monoatomically thin and uniform layers of two-dimensional materials,

such as graphene and hexagonal boron nitride (h-BN), is a challenging task.

Several ex situ methods like the exfoliation of bulk graphite [19] and h-BN [53]

or epitaxial growth of bulk graphite [54] have been used. In UHV applications,

the chemically assisted growth via chemical vapor deposition (CVD) is most

commonly present [55]. Here, the vacuum chamber is backfilled with a gaseous

precursor and the pristine crystal is annealed to temperatures favoring the ther-

mal catalysis and the growth of the respective two-dimensional material. The

growth mechanism is schematically shown in Figure 3.1. The precursor is ex-

posed to the heated crystal at temperatures of 1000−1200 K and in the following

hydrogen is separated from the substrate, while boron, nitrogen or carbon remain

on the crystal to form hexagonal boron nitride or graphene. Here, large layers

are achievable depending on the amount of precursor molecules used, while the

growth is self-limited to one monolayer as the availability of the metal catalyst

21
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Figure 3.1: Schematic representation of the growth of h-BN on metal surfaces.
The growth of graphene is analogous with ethene as the precursor molecule.
(a) The precursor molecule aminoborane is evaporated on the hot surface in
the approach via chemical vapor deposition (CVD). In the case of h-BN growth
only boron (green) and nitride (orange) remain on the surface (dark grey), while
hydrogen is transferred to the gas phase. (b) Formation of a single layer of
h-BN on the metal surface. (c) During the temperature programmed growth
(TPG) aminoborane is first adsorbed on the surface before the sample is annealed
subsequently and the precursor molecule decomposes. (d) Formation of h-BN
flakes on the metal surface.

surface is the limiting growth parameter [56, 57].

Another similar growth method is temperature programmend growth (TPG),

where the precursor in a first step is adsorbed on the surface held at room

temperatue and the crystal is annealed in the following. Here, the limiting factor

of the layer size is the amount of adsorbed molecules, which can form flakes of

two-dimensional materials [56].

While both methods are successfully used for the growth of two dimensional

materials, the technical difficulty is the exposure of the gaseous precursor to the

surface. For graphene growth it is rather straight forward as ethene, which is

a gas at room temperature and thus can directly be induced into the vacuum

chamber, can be used as a carbon source. Ethene will decompose on the surface

at sufficient temperatures, releasing its hydrogen into the gas phase and the
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remaining carbon atoms will start to form graphene at surface temperatures

of around 1000 K [58]. The growth of hexagonal boron nitride is commonly

done using borazine [59–62]. When using borazine as a precursor some technical

challenges have to be solved. Borazine has a melting point of −58 ◦C and is very

unstable in air at room temperature. To this end it has to be stored in the freezer

and also cooled when installed at the vacuum chamber [57].

To counter those difficulties, ammonia borane (borazane) was used in the

h-BN growth process. Borazane is a solid at room temperature, has a melting

point of 104 ◦C and is most commonly used in low pressure CVD processes [57].

The elevated melting point makes storage at room temperature easier. Borazane

is known to trap a lot of hydrogen and water, as it is commonly used in hydrogen

storage devices [63–65]. Therefore, the borazane powder was stored in an des-

iccator to limit the trapping of hydrogen. Nevertheless it is important to degas

the molecular powder thoroughly in the load-lock before transferring it to the

preparation chamber in order to keep the chamber free of hydrogen contamina-

tion. In all cases borazane had to be kept in the load lock for two days until a

reasonable pressure of 10−6 Pa was achieved.

BNH6
borazane

H2

110°C

H2

BNH4
aminoborane

B3N3H6
borazine

130°C

Figure 3.2: Decomposition of borazane (BNH6) during the evaporation from
a heated Ta crucible as described in Ref. [66, 67]. Borazane decomposes to
aminoborane and borazine upon loosing hydrogen at the indicated temperatures.
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During the annealing, borazane sublimes and decomposes into molecular

aminoborane slightly above its melting point at 110 ◦C. At 130 ◦C borazine is

also formed via intermediate polymeric polyaminoborane, while losing hydrogen

[66, 67]. In the solid phase polyaminoborane and polyiminoborane – polymeric

derivates of ammonia borane – are formed, which in principle at higher tem-

peratures also could form hexagonal boron nitride. The decomposition into the

polymeric phase did not limit the ability to grow h-BN on the substrate using

the same powder of precursor molecules for more than five growth cycles. In the

preparation procedure borazane was heated in a Ta crucible at temperatures of

≈ 110 ◦C using a resistive button heater to mainly evaporate aminoborane from

the crucible as the precursor for the following h-BN growth procedure. Both

described growth methods, TPG and CVD, are possible using the direct evap-

oration of ammonia borane. After waiting for stable evaporation conditions for

≈ 30 min, the surface is exposed to a steady flow of aminoborane molecules evap-

orated from the Ta crucible. The exact evaporation rate of molecules onto the

sample could not be determined during the experiment. The evaporation time

has to be chosen in a way that a sufficiently large amount of molecules is adsorbed

to promote the growth of large h-BN flakes with a diameter of up to 100 nm. The

sample was held at room temperature and exposed to the sublimated aminob-

orane molecules for 2− 3 min and annealed in the following at temperatures of

1170 K for 5 min to promote the growth of h-BN. A longer evaporation time and

therefore an increased adsorption of precursor molecules did not increase the size

of h-BN flakes significantly, due to the equilibrium of molecules evaporated from

the sample and the ones thermally decomposed in the growth process. Only the

evaporation on the preheated substrate (CVD) led to closed monolayers of h-BN

on the sample, as a steady flow of precursor molecules contributes to a prolonged

fabrication of h-BN until the limit of one closed monolayer is achieved. During

several test cycles, the TPG growth method yielded a more uniform and defect

free h-BN structure with a distinct moiré pattern, whereas the CVD growth re-

sulted in closed monolayers, with a worse uniformity and most probably residual

adsorbates remaining on the Pt surface, which makes the availability of a well

ordered moiré structure scarce.
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3.2 Structure on Pt(111) and Ru(0001)

The two metal surfaces Ru(0001) and Pt(111) are used in the experiments, as

they are the most strongly and most weakly interacting surfaces regarding the

graphene and h-BN sheets, respectively, resulting in different extends of corru-

gation [68, 69]. A comparison of graphene and hexagonal boron nitride on both

surfaces will be discussed in the following.

3.2.1 Pt(111)

Figure 3.3(a) shows the h-BN-covered Pt(111) surface prepared using the afore-

mentioned TPG growth method. Using this technique, flakes of h-BN are formed

on the metal substrate. The moiré pattern is visible as a periodic modulation

of the h-BN layer. This periodic modulation results from the lattice mismatch

between h-BN and Pt(111), where 10 BN atoms cover only 9 Pt surface atoms

[69, 70]. The coincidence lattice directly determines the different sites of B and

N atoms within the supercell on the Pt(111) surface, which lead to a corrugation

of the h-BN layer as a consequence of attractive and repulsive h-BN–Pt inter-

actions in the different stacking regions. Compared to the strong corrugation of

h-BN on Ru(0001) [71, 72] and Rh(111) [73], which is generally refered to as the

nanomesh [61], the corrugation for h-BN on Pt(111) is very low.

The different stacking regions on the nanomesh are named wire and pore

sites and, consequently, in the following the periodic modulation on Pt(111)

will also be named as wire and pore. Wire regions are characterized by B atoms

residing at on-top Pt sites and N atoms at hexagonal close-packed (hcp) stacking

sites of the Pt(111) lattice, furthermore, symmetrically unequal wire regions are

composed of B atoms at hcp and N atoms at face-centered cubic (fcc) Pt(111)

sites. Regions of the nanomesh with B atoms adsorbed at fcc and N atoms at on-

top Pt sites are entitled as wires. Wire and pore regions are characterized by their

increased and reduced h-BN–metal distance, respectively, as unraveled by DFT

calculations [70]. It was also shown for h-BN on Pt(111) that only 34 % of the N

atoms encounter a distance to the surface below the average distance, resulting

in rather small pore regions [70]. To facilitate a comparison of experimental with

calculated data, the average apparent height within the moiré lattice unit cell
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Figure 3.3: (a) STM image of h-BN-covered Pt(111) (1.7 V, 100 pA, 54 nm ×
54 nm). The color scale ranges from 0 pm (light gray) to 637 pm (green). (b)
Atomically resolved STM image of h-BN on Pt(111) (10 mV, 600 nA, 5 nm ×
5 nm). The color scale ranges from 0 pm (dark blue) to 86 pm (green). Lattice
vectors ~m1, ~m2 span the unit cell of the moiré superlattice. Wire (w) and pore
(p) regions of the moiré pattern are indicated. Inset: Close-up view of the h-BN
layer with ~g1, ~g2 spanning the honeycomb lattice. The color scale ranges from
0 pm (blue) to 26 pm (green). (c) STM image of graphene-covered Pt(111) (2 V,
100 pA, 40 nm × 40 nm). The color scale ranges from 0 pm (black) to 295 pm
(gray).

was determined, revealing that the area with a larger apparent height than the

average value is ≈ 30 % of the unit cell area. Consequently, areas within the

unitcell with elevated apparent height are assigned to the pore regions, whereas

the neighboring regions with a lower apparent height are designated to the wire

sites. Therefore, the geometrically lower (higher) regions of the h-BN moiré

are assigned as pore (wire) and appear higher (lower) in STM images. Similar

findings were previously reported for h-BN on Rh(111), using non-contact atomic

force microscopy [74].

Below a specific separation between the tip and the surface, tip-induced elas-

tic deformations of the h-BN sheet have been investigated, where pores appear

higher than wires reaching a certain threshold tip-sample distance. A simi-

lar mechanism cannot be excluded for the STM images of h-BN on Pt(111),

albeit the same contrast for pores and wires was present in STM images ac-

quired with different orders of tunneling currents in the range from 100 pA

to 600 nA and therefore different tip-sample distances. As a consequence, the

tip-induced elastic deformations of h-BN would have to already appear at ele-



3.2 Structure on Pt(111) and Ru(0001) 27

vated tip-sample distances. However, the effect may tentatively be accredited

to the electronic structure of h-BN on Pt(111). A comparable inversion was

reported for graphene on Ir(111), where geometric hill regions of the moiré ap-

peared lower than the surrounding valley sites [41]. Later this effect was ex-

plained by the electronic structure of graphene on Ir(111) [75]. Graphene on

Ir(111) exhibits a contrast inversion in constant-current STM images at a cer-

tain bias voltage. For h-BN on Pt(111) no inversion in the shape of the moiré

structure was found in the bias voltage range |V | ≤ 2.5 V. The moiré lattice

is spanned by the lattice vectors ~m1 and ~m2 as shown in Figure 3.3(b) with

m1 = |~m1| = 2.6 ± 0.1 nm = |~m2| = m2. This moiré period can be assigned

to a rotation angle of 0◦ of the h-BN lattice relative to Pt(111). The inset to

Fig. 3.3(b) unravels the atomic h-BN lattice with the honeycomb lattice vectors

~g1 and ~g2 where g1 = |~g1| = 0.26 ± 0.02 nm = |~g2| = g2. Similar parameters

have been previously reported for h-BN on Ir(111) [55]. The amplitude of the

corrugation of the moiré superstructure is 40 pm for V ≥ 1.5 V, which is a rela-

tively small value and signals a weak h-BN–Pt(111) interaction [70, 76]. Indeed,

h-BN on Pt(111) was reported to be physisorbed [77, 78], which was assigned to

a reduced mixing of Pt s, d with h-BN π bands [69, 76].

However, the h-BN moiré pattern was not always as pronounced as shown

in Figure 3.3(b). In some areas of the h-BN flakes the moiré pattern was inter-

rupted (shown in the lower part of the STM image in Fig. 3.3(a)). This finding

can be explained by the presence of defects, like atom sized protrusions or resid-

ual adsorbates, on the Pt(111) surface that locally delaminate h-BN from the

surface, which reduces the already weak h-BN–Pt(111) hybridization even fur-

ther, resulting in a lowering or complete vanishing of the moiré corrugation.

After investigating the structural properties of h-BN on Pt(111), the proper-

ties of graphene on the same substrate should be discussed. As can be noticed

in the STM image 3.3(c), a nearly uniform grown monolayer of graphene span-

ning over several Pt(111) terraces was grown using a CVD growth method. A

moiré modulation is scarcely visible on the graphene layer, hinting a very weak

interaction between the graphene layer and the Pt(111) substrate. Due to weak

interaction, a multitude of rotational domains with different faint moiré period-

icities have been reported, which however are not present in this case after using

the described CVD method [79]. Moreover, in the case of a visible moiré lattice,
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its corrugation is significantly lower than on Ru(0001), which reflects the low

graphene–Pt hybridization [80, 81]. Irregularly distributed depressions can most

likely be atributed to Pt(111) lattice vacancies [82] or C impurities embedded in

the Pt(111) surface [83].

3.2.2 Ru(0001)

(a)
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(b)
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Figure 3.4: (a) STM image of h-BN-covered Ru(0001) (0.46 V, 100 pA, 120 nm×
120 nm). The color scale ranges from 0 pm (dark blue) to 704 pm (green). Inset:
Close-up view of (a) showing the h-BN mesh in more detail (0.2 V, 100 pA,
7.2 nm × 7.2 nm). The color scale ranges from 0 pm (blue) to 147 pm (yellow).
Wire and pore sites are marked as w and p. (b) STM image of graphene-covered
Ru(0001) (1 V, 100 pA, 111 nm × 111 nm). The color scale ranges from 0 pm
(dark blue) to 489 pm (white). Inset: Atomically resolved close-up view of (b)
(1.27 V, 50 pA, 10 nm× 10 nm). The moiré superlattice is visible as protrusions
(t) and depressions (vα, vβ). The color scale ranges from 0 pm (dark blue) to
124 pm (light yellow).

In Figure 3.4(a) a representative STM image of h-BN on Ru(0001) following

the TPG growth process is shown. In comparison to h-BN on Pt(111) (Fig-

ure 3.3(a)), a pronounced and strongly corrugated nanomesh moiré pattern is

discernible with clearly visible wire (w) and pore (p) regions (inset to Figure

3.4(a)). This periodic modulation with a strong corrugation similar to the h-BN
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nanomesh was first observed on Rh(111) [61]. The supercell formed for h-BN on

Ru(0001) consists of 12×12 B/N atoms covering 13×13 Ru atoms [84]. Wires are

formed when B/N atoms reside at top and hexagonal close-packed (hcp) or hcp

and face-centered cubic (fcc) sites of the Ru surface, while the strongly bound

pores are formed when arranging at fcc and top sites [84]. The STM experiments

showed that the average corrugation amplitude of the moiré pattern depends on

the bias voltage. For 0 V < V ≤ 0.5 V a corrugation amplitude of ≈ 100 pm was

measured, which decreased to ≈ 60 pm at ≈ 1 V and nearly vanishes for V ≥ 2 V.

At negative bias voltage (V < 0 V) the corrugation was most pronounced with a

nearly constant value of ≈ 130 pm. Because of the elevated corrugation, atomic

resolution of the h-BN lattice was not achieved, even though using several tips

with different microscopic structures and diverse sets of tunneling parameters.

The graphene moiré on Ru(0001) (Figure 3.4(b)) also exhibits an enhanced

corrugation with three different regions labeling the protrusions t and the de-

pressions vα and vβ, resulting in different stacking regions of graphene regarding

the Ru(0001) substrate. The supercell consists of 23 × 23 C atoms on 25 × 25

Ru atoms [84–86]. The period of protrusions of the moiré superstructure is

≈ 3 nm, which is also reported in the literature [86–89]. Protrusions (t) are due

to graphene-Ru stacking regions where C atoms occupy fcc and hcp hollow sites

of Ru(0001). The depressions of the moiré pattern result from stackings where C

atoms reside at and close to top and fcc (vα, dark contrast) or top and hcp (vβ,

darkest contrast) sites of the substrate lattice [88, 90]. The corrugation is found

to be 110 ± 6 pm which is comparable to a corrugation of 150 pm found using

DFT calculations of graphene-covered Ru(0001) and results from a geometric

buckeling of the graphene layer [85]. Compared to h-BN, no voltage dependency

of the graphene moiré in the investigated voltage range was present. Due to the

extended exposure to ethene during the growth process, also bilayer graphene

areas are found on the surface, which emerge from the segregation of bulk car-

bon. The moiré structure is very similar to the one on the monolayer, hinting

the origin of the moiré to the interaction of the bottom graphene layer with the

Ru(0001) surface [91].
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3.3 Conclusions

The two possible routes for the growth of the two-dimensional materials graphene

and h-BN have been discussed. Depending on the growth method, flakes or

closed monolayers are achieved on the metal substrates Pt(111) and Ru(0001).

The different strength of interaction results in weakly and strongly corrugated

surfaces on Pt(111) and Ru(0001), respectively.



CHAPTER 4

Growth of a Graphene/h-BN Heterostructure

Theoretical support was provided by Prof. Yuriy Dedkov and Prof. Elena

Voloshina from Shanghai University (China), Physics Department.

Besides the growth of monoatomically thin two-dimensional monolayers, the

field of stacked bilayers of graphene [90, 92–96] and heterostructures of graphene

grown on hexagonal boron nitride emerges in recent studies [97–109].

As discussed before, the growth of graphene and h-BN is catalytically ac-

tivated on the metal surface, making a direct CVD approach feasible [56, 57].

However, after the completion of the first monolayer, the catalytic properties of

the metal are suppressed by the grown two-dimensional material, making the

growth of heterostructures a challenging endeavour. The absence of a metallic

catalyst can be overcome with higher precursor pressures in the range of 102 Pa

and long growth times of up to severeal hours, as reported in previous works

[110–115].

As those parameters are not feasible for the direct use in UHV applications,

an efficient alternative route to grow heterostructures of graphene and h-BN

will be explored in the following. Here, graphene was grown via a two-step in-

situ CVD approach, which is similar to the previously reported growth for bilayer

graphene on Pt(111) [116]. First, h-BN was directly grown on the Pt(111) surface

and subsequently buried by several layers of evaporated Pt atoms. This process

recovers the catalytic metal surface properties, which allows to grow an additional

layer of graphene on top of the intermediate Pt layer via CVD. The following

31
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intercalation of Pt below h-BN results in a stacked structure of graphene on

h-BN.

4.1 Pt Intercalation below h-BN and Growth

Protocol

Similar to the approach to grow bilayer graphene on Pt(111) by sequential

chemical vapor deposition [116], graphene has been grown on top of hexago-

nal boron nitride by the intermediate evaporation of Pt. In a first step, h-BN

was grown on the Pt(111) substrate using the procedure described in Chapter

3.1. Subsequently, Pt was deposited via a hot filament, where a W wire (thick-

ness d = 0.2 mm) was resistively heated to anneal a thin Pt wire (thickness

d = 0.2 mm, purity ≥ 99, 99 %), which is wrapped around the W wire (Figure

4.1) and consequently evaporates Pt. To ensure the evaporation of Pt, the cur-

rent through the filament was increased until a flux of Pt atoms was detected on a

quartz microbalance mounted inside the preparation chamber. Typical currents

used are in the range of 5 − 5.3 A, depending on the contact to the electrodes

and the tightness of the wrapping of the Pt wire around the W wire.

Pt-wire 

W-wire

electrodes

Figure 4.1: Sketch of the filament used for the evaporation of platinum. The W
wire (black, thickness d = 0.2 mm) is spot-welded to the two metallic contacts,
which are isolated by ceramics (light gray). A current is applied between both
metallic contacts. The Pt wire (gray, thickness d = 0.2 mm, purity ≥ 99, 99 %)
is wrapped around the W wire as a filament, which is heated by the W wire.

As the Pt melting point of 1760 ◦C is relatively high [117] and the vapor

pressure is comparably low, high temperatures had to be reached to ensure the
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evaporation of a sufficient amount of Pt onto the sample, which was indeed

possible by using the hot W filament.

As a preliminary test, Pt was evaporated onto the h-BN-covered surface,

which was subsequently annealed to ensure the intercalation of Pt beneath the

h-BN layer (Figure 4.2(b-d)). It was previously shown that metals like Ag [118],

Au [97, 119–121], Co [122], K [123], Mn [124], Ge [125] and Ir [126] can be

intercalated below a single h-BN sheet, which makes the intercalation of Pt very

likely, too.

Figure 4.2(a) shows the Pt(111) surface covered with a single layer of h-

BN. In the schematically shown representation of the reported growth protocol

the h-BN layer is drawn in orange. The subsequently evaporated Pt covers the

surface in clusters of different sizes (Figure 4.2(b)). For this test Pt has been

evaporated for 15 min. Exemplary bigger clusters with diameters of up to 20 nm

are marked with dashed yellow circles in the STM image, while the whole surface

is also covered with smaller clusters, which arrange in a random pattern. The

total thickness of those three dimensional clusters can only be estimated as the

clusters cover the surface uniformly, only allowing the measurement of the relative

corrugation. Clusters with heights of up to 3 nm are found, corresponding to a

stacking of more than ten Pt atoms. After the evaporation of Pt, the sample was

annealed at a temperature of 1170 K for 10 min resulting in the intercalation of

most of the adsorbed Pt clusters below the h-BN flakes, which are now visible

again at the top of the surface (Figure 4.2(c)). The atomically resolved h-BN

lattice is shown in the inset to Figure 4.2(c). To ensure the full intercalation

a second heating cycle at 1170 K was performed for 10 min, in which the h-

BN flakes remain mostly invariant (Figure 4.2(d)). Comparing the nearly closed

monolayer in Figure 4.2(a) with h-BN after the Pt intercalation (Figure 4.2(c,d))

it is to note that the monolayer of h-BN gets destroyed into smaller flakes during

the intercalation. This process was also reported for the Pt intercalation on

graphene, as defects and domain boundaries represent favored intercalation sites

for the adsorbed Pt atoms, promoting a disruption of the monolayer [116, 127].

The successful intercalation of Pt below the h-BN layer now allows for a

route to grow heterostructures of graphene and h-BN starting from h-BN flakes

covered by the evaporated Pt (Figure 4.2(b)), which can be used as a platform to

promote the CVD growth of graphene. Figure 4.2(e,f) illustrates the steps used
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in the sequential growth of graphene on h-BN. After the growth of h-BN, several

layers of Pt were evaporated from the hot filament onto the sample, as shown in

Figure 4.2(b). Typical durations of Pt evaporation for the growth of graphene

on h-BN have been 45−60 min. As the Pt clusters are quite rough, an additional

annealing period at 1170 K was performed for 3 min to flatten the intermediate

Pt layers before performing the growth of graphene via CVD directly afterwards.

The chamber was backfilled with ethylene at a pressure of 3 · 10−5 Pa for 4 min.

During this process the intercalation of Pt below h-BN already started. For the

success of this growth it is important that a sufficiently large amount of layers

of Pt (30 − 50) are covering the surface, as the flattening process before the

CVD growth otherwise will result in h-BN on the sample surface, impeding the

catalytic growth of graphene on the intermediate Pt layer. As shown in Figure

4.2(e), parts of the surface are covered with graphene, while others already show

a new moiré structure. To ensure a sufficient intercalation of Pt below h-BN, the

sample is kept at an elevated temperature of 1170 K for an additional 10 min.

As shown in Figure 4.2(f), after completion of the described growth method

a new structure with a distinct moiré period was found on large areas of the

surface, which will be discussed in the following.



4.1 Pt Intercalation below h-BN and Growth Protocol 35

(a) (b) (c)

(d)

h-BN

h-BN

h-BN

h-BN

Pt(111)

h-BN Pt

gr/h-BN

h-BN

h-BN

(e) (f)

Pt

h-BN

gr/h-BNgr/h-BNgraphene

graphene
gr/h-BN

Figure 4.2: STM images and sketches of the growth protocol for the stacked
growth of graphene on top of h-BN on a Pt(111) surface. (a) Monolayer of h-BN
on Pt(111) (2.4 V, 100 pA, 100 nm × 100 nm). The inset shows the atomically
resolved h-BN lattice (10 mV, 600 nA, 2 nm×2 nm). Sketch: h-BN flakes (orange)
are grown on the Pt(111) surface (gray). (b) h-BN layer buried below Pt clusters
(1.15 V, 100 pA, 100 nm × 100 nm). Sketch: h-BN buried below Pt evaporated
from a hot filament. (c) h-BN flakes after intercalation of Pt. The sample was
annealed at 1170 K for 10 min (2.1 V, 100 pA, 80 nm × 80 nm). The inset shows
the atomically resolved h-BN lattice (10 mV, 100 nA, 1 nm×1 nm). Sketch: h-BN
on the sample surface after partial intercalation of Pt. (d) h-BN flakes after an
additional annealing cycle at 1170 K for 10 min (1.4 V, 100 pA, 80 nm× 80 nm).
Sketch: h-BN on the sample surface after intercalation of Pt. (e) STM image
of graphene and the graphene/h-BN heterostructure on Pt(111) (0.5 V, 100 pA,
30 nm× 30 nm). Sketch: Graphene (blue) grown on top of the slightly smoothed
Pt layer. (f) STM image of the graphene/h-BN heterostructure on Pt(111) (1 V,
100 pA, 100 nm × 100 nm). Sketch: Stacking of graphene on top of h-BN after
intercalation of Pt.
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4.2 Analysis of the Moiré Pattern

The structure of the observed moiré pattern (M) will be analyzed in the following

(Figure 4.3(a)). First, the average moiré periodicity is found to be | ~m1| = | ~m2| =
1.65± 0.04 nm.

(a) (b)

100 pA 1 nA

m2

(c)

10 nA

a2

a1

*
** *

(d)

50 nA

b1

b2

m1

A B
* *

*

M

Figure 4.3: (a) STM images of the moiré of the graphene/h-BN heterostructure
with different tunneling currents of (a) 100 pA, (b) 1 nA, (c) 10 nA, (d) 50 nA.
The other tunneling parameters are 10 mV and 3.6 nm × 3.6 nm for all images.
Depressions (protrusions) are marked with red asterisks (black dots) in (c,d).
The lattice vectors of (a) the moiré ( ~m1, ~m2), (c) structure A (red asterisks,

~a1, ~a2) and (d) structure B (black dots, ~b1, ~b2) are indicated.

Reducing the tip-sample distance by increasing the tunneling current usually

results in an atomically resolved imaging of the surface structure revealing the

hexagonal arrangement of, e.g., graphene, as described in Chapter 3.1. However,

for the investigated system a hexagonal structure marked with red asterisks in

Figure 4.3(c) with a distinct periodicity of |~a1| = |~a2| ≈ 0.45 nm emerges. This

hexagonal structure will be referred to as A in the following. Upon further reduc-
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tion of the tip-sample distance, the edges of structure A change their shape and

are now visible as a honeycomb of protrusions with the same lattice parameter

as A of |~b1| = |~b2| = |~a1| = |~a2| ≈ 0.45 nm. This honeycomb will be named B and

is marked with black dots in Figure 4.3 (d). Comparing the periodicity of B with

the lattice constant of graphene of |~g1| = |~g2| = 0.246 nm (Figure 4.4), a factor

of ≈
√

3 is discernible giving a hint that the dots emerge from the graphene lat-

tice at the top of the heterostructure due to its hexagonal symmetry. Therefore,

the honeycomb structure B is a direct result of the graphene honeycomb with

a (
√

3 ×
√

3)R30◦ regarding the graphene unitcell. The hexagonal arrangement

of structure A does coincide in different ways with the maxima of the moiré,

e.g., either a depression of structure A or a protrusion of structure B are close

to the maximum of the moiré pattern. However, no long range commensurable

structure is discernible between the moiré pattern and structure A or B over the

range of ≈ 10 nm.

**
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a2

a1
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* *
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*
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**

*
***

* * *

*

*
*
*

**
*

* **
*

*
*

* *

b1

A

B

Gr
g1

g2

*

*
*Figure 4.4: Sketch of the two superstructures A (red asterisks, ~a1, ~a2) and B

(black dots, ~b1, ~b2) regarding the graphene lattice (black dots, ~g1, ~g2), which can
be observed simultaneously at high tunneling currents.

Following the results derived above, superstructures A and B are schemati-

cally shown with respect to the graphene lattice in Figure 4.4. Here, the emer-

gence from both the depressions (A, red asterisks) and protrusions (B, black
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dots) can be directly linked geometrically to the graphene lattice on top of the

heterostructure.
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graphene

graphene/h-BN graphene/h-BN

graphene
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**
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Gr
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Figure 4.5: (a) STM image of the transition area of the graphene/h-
BN heterostructure (top) to monolayer graphene (bottom) (100 mV, 100 pA,
13.5 nm × 13.5 nm). The direction of structure A is indicated with a red line.
Red asterisks are superimposed on exemplary protrusions at the edge of the
heterostructure. Inset: Sketch of the graphene and h-BN layer over the transi-
tion region, with possible residual Pt atoms marked as dots. (b) Close-up STM
image of the graphene/h-BN heterostructure with structure A (10 mV, 50 nA,
3.6 nm × 3.6 nm). Lattice directions of graphene (blue) and A (red) are indi-
cated. (c) Atomically resolved monolayer graphene recorded in the lower half
of the transition region shown in (a) (10 mV, 10 nA, 3.6 nm × 3.6 nm). The
graphene orientation is indicated with a blue line. (d) STM image of the transi-
tion region between graphene/h-BN and monolayer graphene (100 mV, 200 pA,
9 nm× 9 nm). Atomic resolution over both areas is most probably achieved due
to functionalization of the tip with an adsorbed species. The direction of the
graphene lattice is shown as guide to the eye with a blue line.
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Further evidence for the graphene layer on top of the heterostructure can

be found by investigating adjacent regions of monolayer graphene on Pt(111)

and comparing those with the findings on the heterostructure in Figure 4.5. In

contrast to the results on the moiré, atomic resolution of the complete honeycomb

carbon lattice could be achieved on the monolayer graphene regions, allowing for

comparison of the lattice directions of the graphene lattice with structure B

found on the moiré and therefore the graphene direction on the heterostructure

as they are rotated by 30 ◦ with respect to each other (Figure 4.5(c)). Indeed,

the monolayer graphene and the graphene direction on the heterostructure share

the same orientation as indicated with the blue lines in Figure 4.5 (b,c). On

monolayer graphene,the inner part of the graphene C6 hexagons are visible as

depressions.

In rare cases it was possible to image the atomically resolved graphene lattice

on the heterostructure with elevated tip-sample distances (Figure 4.5(d)). This

can be achieved by accidentally picking up an adsorbed species, which conse-

quently functionalizes the tip, revealing the same orientation for the graphene

lattices on the monolayer and on the heterostructure. These findings together

with the comparable lattice constant of structure B with a (
√

3 ×
√

3)R30◦ su-

perstructure with respect to the graphene lattice, strongly indicate the origin of

structure B in a continuous top graphene layer spanning from the heterostructure

to adjacent regions of monolayer graphene.

Additionally, at the edge of the heterostructure a transition region of ≈ 2 nm

width emerges, where additional protrusions (red asterisks) are visible (Figure

4.5 (a)). The protrusions share the same periodicity of ≈ 0.45 nm and orientation

as structure A, which is only observed on parts of the heterostructure, where a

clear moiré is present. While structure A is only imaged with increased tunnel-

ing currents, the protrusions in the transition area are discernible at standard

tunneling currents of 100 pA. One explanation for the protrusions could be the

presence of additional Pt atoms, which are residuals of the growth process. The

inset shows a side-view of the transition region, with a continuous graphene layer

at the edge of an h-BN flake up to the next Pt(111) terrace. A possible partial

delamination of the graphene sheet at edges of the heterostructure will become

important later in the observation of phonons in the transition region.

Performing a 2D-FFT of an STM image of the heterostructure with reduced
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Figure 4.6: (a) STM image of the hetereostructure with decreased tip-sample
distance. The image has been rescaled according to STM images of the atomically
resolved graphene lattice (10 mV, 200 nA, 13.5 nm × 13.5 nm). (b) 2D-FFT of
the STM image in (a). Spots for the moiré M (green circles), structure A (red
circles) and graphene (blue circles) are marked, as well as lines indicating the
direction of each individual hexagonal structure. Additional spots around the
marked spots are replica of the moiré structure M.

tip-sample distance in Figure 4.6 (a) reveals the relative twist angles of structures

A/B, graphene and M. The twist angle between A/B and the graphene lattice

is found to be 30◦, while structure alpha has a
√

3 times larger lattice constant

compared to the graphene lattice, revealing the (
√

3 ×
√

3)R30◦ superstructure

of A/B regarding the graphene lattice, as described above. The moiré on the

heterostructure is twisted by ≈ −5± 2◦ with respect to the graphene lattice,

revealing an approximately (6.7× 6.7)R− 5◦ superstructure.

While the inner part of most graphene C6 hexagons are imaged as protrusions

on the heterostructure, not all graphene C6 hexagons are imaged in such way in

the STM experiments. The additional superstructure A with a (
√

3×
√

3)R30◦

geometry with respect to the graphene lattice is only visible on the heterostruc-

ture, which is a surprising observation and will be examined after discussing the

role of the h-BN layer on the observed structure by developing a model of the

presented system.
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4.3 Model and Calculations

To achieve a better understanding of the experimental observations, a model

consisting of the Pt(111) substrate as well as a single h-BN and graphene layer

stacked on top of each other is developed in the following. The successful inter-

calation of Pt(111) below h-BN as well as the presence of monolayer graphene

in adjacent regions to the observed moiré pattern gives a rationale that the in-

vestigated system is indeed a heterostructure composed of a bottom layer h-BN

and a top layer graphene.

Two possible origins of the moiré can be considered. First, the moiré could

result from the interaction of the top graphene layer with the underlying h-BN

sheet. A geometric model of both atomic lattices with a twist angle of ϕ = 8.5◦

(Figure 4.7(a)) and ϕ = −8.5◦ (Figure 4.7(b)) between graphene and h-BN is

presented, which is the calculated twist angle for the observed moiré periodicity

of ≈ 1.65 nm (see also Chapter 2.6). The orientation of the graphene lattice

is modeled according to the experimental results. The resulting moiré lattice

is twisted by θ ≈ −20◦ in Figure 4.7(a) and by θ ≈ 20◦ in Figure 4.7(b) with

respect to the graphene 〈1120〉 direction, which is not in agreement with the

experimental observed twist angle of θexp ≈ 5◦. A 2D-FFT of the modeled

structures is shown in the respective insets in Figure 4.7(a) and Figure 4.7(b)

and does not match the observed moiré structure (green circles). Therefore the

emergence of the moiré is not the result of the interaction of graphene and h-BN.

Another possible explanation for the observed moiré structure is, second, the

interaction of the h-BN layer with the Pt substrate. Here, twist angles of ϕ = 7◦

(Figure 4.7(c)) and ϕ = −7◦ (Figure 4.7(d)) between h-BN and Pt have been

used to model the experimentally observed heterostructure. Again, the twist

angles have been chosen to represent the moiré periodicity of ≈ 1.65 nm. The

Pt〈110〉 direction has been selected to align the calculated and experimentally

observed moiré pattern while keeping the Pt direction in the experimentally

observed range (Appendix A). Here, the 2D-FFT of the modeled structure in

Figure 4.7(c) with a twist angle of ϕ = 7◦ does not coincide with the observed

moiré structure, while the model in Figure 4.7(d) with a twist angle of ϕ = −7◦

indeed matches the experimental findings. Small deviations (≤ 4◦) between the

measured angles of the moiré were present comparing different heterostructures
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Figure 4.7: Geometric model of the two possible origins of the observed moiré
pattern. (a) Graphene on h-BN with a twist angle of ϕ = 8.5◦. The colors of
the individual atoms are indicated. (b) Graphene on h-BN with a twist angle
of ϕ = −8.5◦. (c) h-BN on Pt with a twist angle of ϕ = 7◦. The colors of the
individual atoms are indicated. (d) h-BN on Pt with a twist angle of ϕ = −7◦.
The size of the images is 14 nm× 14 nm. The lattice directions of each moiré as
well as the graphene and h-BN 〈1120〉 and Pt 〈110〉 directions are indicated.

on the sample surface, which can be explained by a possible small strain in the

h-BN lattice, which is not considered in the presented geometric model, as well

as the influences of neighboring areas, which can lead to small distortions of the

observed moiré structure in the STM images by small changes in the atomic

stacking.
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The described thoughts lead to the conclusion that the moiré of the het-

erostructure originates from the h-BN/Pt(111) interface, with a relative twist

angle of ≈ −7 ◦ between the h-BN and the Pt(111) lattices. Indeed, it was previ-

ously reported for bilayer graphene on Pt(111) [116] and Ru(0001) [91] that the

observed moiré stems from the interaction of the bottom graphene layer with the

metallic substrate.

7° 12°

Grh-BNPt

h-BN graphenePt(111)

Figure 4.8: Model of the presented system depicted from the aforementioned
STM results. The Pt(111) substrate (light grey) as well as a single layer h-BN
(green/blue) covered by a single graphene sheet (black) are shown with their
relative twist angles.

As the twist angle of h-BN and graphene regarding the Pt(111) substrate

are now known, the model of the complete heterostructure can be generated as

shown in Figure 4.8. The Pt(111) substrate (light grey) as well as a single layer

h-BN(blue/green) covered by a single graphene sheet (black) are shown with

their relative twist angles.

This model can now be used to perform DFT calculations, which are com-

pared with the results of the STM experiment (Figure 4.9).

DFT calculations based on plane-wave basis sets of 400 eV cutoff energy were

performed with the Vienna ab initio simulation package (VASP) [128, 129]. The

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [130] was em-

ployed. The electron-ion interaction was described within the projector aug-

mented wave (PAW) method [131] with C (2s, 2p), B (2s, 2p), N (2s, 2p)
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and Pt (5d, 6s) states treated as valence states. The Brillouin-zone integra-

tion was performed on Γ-centered symmetry reduced Monkhorst-Pack meshes

using a Methfessel-Paxton smearing method of first order with σ = 0.2 eV. The

k mesh for sampling the supercell Brillouin zone are chosen to be as dense as

6×6. Dispersion interactions were considered by adding a 1/r6 atom-atom term

as parametrised by Grimme (“D2” parametrisation) [132].

The system studied in the present work was considered in the supercell ge-

ometry due to the relative lattice size mismatch between graphene and the un-

derlying metal. This supercell is constructed from a slab of five layers of metal,

a BN layer and a graphene layer adsorbed on one (top) side of a metal slab

and a vacuum region of approximately 20 Å. The lattice constant in the lat-

eral plane was set according to the optimized value of free-standing graphene

(agr = 2.464 Å). The positions (x, y, z coordinates) of C, B, N atoms as well as

z-coordinates of the two topmost layers of the substrate were fully relaxed until

forces became smaller than 0.02 eVÅ
−1

. The STM images are calculated using

the Tersoff-Hamann formalism [38].

The DFT results give rise to a moiré pattern with a very similar periodicity

(Figure 4.9(a)) and orientation to the moiré structure found in the STM results

(Figure 4.9(b)).

To underline those findings, line scans (yellow line) were performed across

both images (Figure 4.9(c,d)). The line scan shows clear peaks of the moiré

spots (marked with green dashed lines) as well as smaller peaks between the

moiré spots, which will be referred to as ”bridge” sites (orange lines in Figure

4.9(b)). Minima between moiré and bridge sites are marked with a orange dashed

line in the linescan. Corresponding sites have been marked with green/orange

dots in the DFT and STM images. For comparison the dashed lines from Figure

4.9(d) have been superimposed to the line scan of the DFT calculations (Figure

4.9(c)) revealing a good agreement of the experimental data with the calculated

results.

The DFT calculations show a good agreement for the moiré observed on the

heterostructure in the STM experiment using the described model, which was

developed on the basis of the h-BN/Pt(111) interaction as the origin of the moiré

pattern.
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Figure 4.9: Comparison of the DFT calculations on basis of the presented model
(Figure 4.8) with the STM data. (a) DFT calculations for the model presented
in Figure 4.8 (50 meV, high smearing, 12.7 nm× 13.5 nm). Green (orange) dots
indicate maxima (minima) on the moiré. The additional superstructure, which
most likely is a result of the graphene/h-BN moiré is represented with purple dots.
(b) STM image of the heterostructure with decreased tip-sample distance (10 mV,
200 nA, 12.7 nm× 13.5 nm). Green (orange) dots indicate maxima (minima) on
the moiré. Bridge sites are shown as an orange line. (c) Linescan along the yellow
line in (a). (d) Linescan along the yellow line in (b). Green (orange) dashed
lines indicate maxima (minima) along the linescan. (e) 2D-FFT of the DFT
calculations with less smearing. Directions of the moiré (green) and graphene
(blue) are indicated. The additional superstructure is marked with purple circles.
(f) 2D-FFT of the STM image. Directions of the moiré (green), Structure A (red)
and graphene (blue) are indicated.
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However, also an additional structure with a periodicity of≈ 0.75 nm is visible

in the DFT calculations. The structure is marked with purple circles in the FFT

of the DFT (Figure 4.9(e)) and is a (3 × 3)R16◦ superstructure with respect to

the graphene lattice. Calculating the moiré periodicity of graphene and h-BN

with their relative twist angle of 19◦ results in a periodicity of 0.75 nm, which is

in agreement with the additional superstructure found in the DFT calculations

and therefore most likely a result of the graphene/h-BN interaction. Comparing

the graphene/h-BN moiré with the STM images, only a partial match is found

in the depressions between the h-BN/Pt(111) moiré sites marked with dashed

orange lines in the linescans (Figure 4.9(c,d)). Small deviations could again be

explained by small strains and by deviating orientations in the atomic stacking

observed in the experiments.

The graphene/h-BN moiré is also visible on the h-BN/Pt(111) moiré spots

in the DFT calculations, but it does not coincide with structure A found in the

STM experiments, which is only visible while imaging with a reduced tip-sample

distance.

As the graphene lattice appears to be continuous over adjacent regions of the

heterostructure and monolayer graphene, additional considerations have to be

taken into account to explain the observed structures in the STM experiment.

At the time of writing this dissertation, the following explanations are considered:

First, a reconstruction of the intercalated Pt on the Pt(111) surface was tested

as a possibility to explain the observed results. In that case the moiré structure

would be due to different stacking regions of Pt adatoms on the Pt(111) surface

separated by soliton walls. Different Pt reconstructions were reported previously

on pristine metal substrates, where line and star shaped structures are formed

by evaporated Pt atoms [133–136]. Additionally, a large Pt reconstruction un-

der monolayer graphene has been reported on Pt(111) using the same sequential

CVD growth method with intermediate Pt layers as described in this chapter

for the growth of bilayer graphene [89]. The same reconstruction below regions

of monolayer graphene has also been found on the surface used in the present

experiment for the growth of graphene on h-BN. However, the moiré on the het-

erostructure has a ≈ 5 times smaller periodicity than the observed reconstruction

of Pt below monolayer graphene. This would lead to very small transition regions

from hcp to fcc stacking of the surface atoms inducing a lot of strain. Indeed,
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this proposed model was not stable in attempts to perform DFT calculations,

making this possible mechanism unlikely.

Second, another possible route to explain structure A could be found in the

observation at the edge regions of the observed moiré (Figure 4.5 (a)). The

visible protrusions have the same periodicity and orientation as structure A,

which are marked with red asterisks in Figure 4.5 (a,b), and could therefore

be single Pt atoms between the graphene and h-BN layers. Due to the used

sequential growth by Pt intercalation it can not be fully excluded that single

Pt atoms are arranged between the h-BN and the graphene layer in such way

that they form a (
√

3 ×
√

3)R30◦ superstructure with respect to the graphene

lattice. Therefore, the interaction between the Pt atoms and graphene changes

its electronic structure in such way that C6 rings above a Pt atom are imaged

as depression and as a conclusion could be the origin of structure A in the

graphene lattice. Another hint for this theory is that depressions of structure

A in some rare cases appear as protrusions like in B as can be seen in Figure

4.6 (a), which could indicate a missing Pt atom between graphene and h-BN.

A similar (
√

3 ×
√

3)R30◦ intercalation geometry with respect to the graphene

lattice was previously reported for other intercalants like Li below graphene on

Ir(111) [137] and SiC [138]. However, this possible explanations seems to be

unlikely as well, as the preliminary experiment already showed the complete Pt

intercalation below the h-BN layer.
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4.4 Phonons at the Domain Boundaries

As discussed before, at the edge of the heterostructure regions an area of ≈ 2 nm

width emerges, in which protrusions with a periodicity of ≈ 0.45 nm in a hexago-

nal arrangement are visible (asterisks in Figure 4.5(a)). These protrusions share

the same orientation and periodicity as structure A, which is observed for in-

creased currents on the heterostructure. While A only appears with increased

tunneling currents, the protrusions in the transition area are discernible at stan-

dard tunneling currents of 100 pA.

Spatially resolved dI/dV spectra (Figure 4.10(b,c)) recorded over the bound-

ary regions between the graphene/h-BN heterostructure and monolayer graphene

reveal steps in the differential conductance at bias voltages corresponding to

phonon excitations. The position of the STM tip prior to opening the feedback

loop and spectra acquisition is indicated with colored dots in the STM image

(Figure 4.10(a)). Comparing the spectra taken directly in the transition region

with the ones farther away, the strongest change in intensity

∆

(
dI

dV

)
≡
(
dI
dV

)
max
−
(
dI
dV

)
0(

dI
dV

)
0

of the dI/dV signal is found directly on the transition regions with an increase

in signal strength of ≈ 10 %. The intensity change is reduced to ≈ 5 % (≈ 8 %)

placing the tip at greater distance to the transition region on the monolayer

graphene (heterostructure). Conclusively, the phonon signal strength is reduced

by up to 50 % on monolayer graphene.

Stronger phonon signals have been reported for graphene nanobubbles on

Pt(111) [139] and blisters of graphene on Ir(111) [140]. A possible increased

distance of the graphene layer in the transition regions could be explained by

intercalated Pt atoms, as discussed above and could therefore lead to an increased

phonon signal in the dI/dV spectra.

The energy of the phonons can be extracted by performing the second deriva-

tive of the dI/dV spectra. A selection of d2I/dV 2 spectra, representing the tran-

sition region (green), the heterostructure (yellow) and monolayer graphene (dark

gray), is shown in Figure 4.10(d). The resulting peaks and dips reveal phonon

signatures at energies of 6± 1 meV and 41± 1 meV, respectively.
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Figure 4.10: (a) STM image of the transition region from monolayer graphene
to the heterostructure (70 mV, 100 pA, 8 nm × 8 nm). The tip position prior to
spectra acquisition is indicated with colored circles corresponding to the respec-
tive spectrum. (b) Smoothed dI/dV spectrum recorded in the transition region
(t) indicated by the green dot (tunneling parameters before opening the feedback
loop: 70 mV, 100 pA, 5 mV, 754 Hz). Raw data is shown as dots. (c) Spatially
resolved dI/dV spectra across the transition region from the graphene/h-BN
heterostructure to monolayer graphene (tunneling parameters before opening the
feedback loop: 70 mV, 100 pA, 5 mV, 754 Hz). The spectra are offset for clarity
and phonon excitations are marked with dashed lines. (c) Smoothed d2I/dV 2

spectra as the result of the numerical derivative of selected spectra shown in (c).
The phonon excitations are marked with dashed lines.

Those experimental findings are compared to other IETS experiments, as

well as calculations, on graphene and graphene/h-BN heterostructures in the

following.
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First principle calculations by Slotman et al. [141] for graphene, h-BN and

graphene/h-BN heterostructures reveal phonon branches with distinct energies.

The main results of these DFT calculations for monolayer (solid red line) and

bilayer (blue dashed line) graphene/h-BN are shown in Figure 4.11(a,b). The

lowest phonon branch of h-BN is almost flat over the M-K range, while for

graphene the lowest mode at the K-point is fourfold degenerated. In the case of

h-BN, the degeneracy is lifted because of the two different atoms in the h-BN

unit cell.

In Figure 4.11(c) the phonon dispersion of the heterostructure of graphene

and h-BN is shown. The heterostructure is nearly the superposition of the results

obtained for h-BN and graphene. Phonon branches with contributions of either

h-BN or graphene are marked according to the colorscale in Figure 4.11(c). The

respective modes are localized at each layer with exception of the acoustical

modes at the Γ-point.

Phonons at the K-point within the graphene/h-BN heterostructure with an

energy of 37.1 meV correspond to out-of-plane displacements of the nitrogen and

boron atoms, which are more likely to couple to the graphene layer on top of the

h-BN layer [141].

The combination of the flat phonon dispersion at the K-point and the out-

of-plane displacement are likely contributing factors to the observed phonon in

the dI/dV spectra.

The experimentally observed phonon excitations (marked with green hori-

zontal lines in Figure 4.11) in the dI/dV spectra can now be compared to the

calculations. The mode at ≈ 6 meV could correspond to the Γ-point LA mode

of graphene or h-BN, which anticross due to the coupling close to the Γ-point.

A similar observation has previously been made on graphene-covered Ir(111),

where the ZA mode of graphene at the Γ-point shifts to an energy of ≈ 6 meV

[142].

The second phonon mode at ≈ 41 meV is in close vicinity to the flat band of

the out-of-plane K-point LA phonons with an energy of 37.1 meV, which is the

most likely h-BN mode to couple to graphene due to its out-of-plane displacement

and therefore can be probed by the STM tip above the top graphene layer.

In another study of graphene/h-BN heterostructures a shift of the h-BN K-

point phonon up to a higher energy of ≈ 46 meV has been reported [143]. Here,
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graphene/h-BN

h-BN

Figure 4.11: Calculated phonon spectra of (a) graphene single-layer (red, solid)
and bilayer (blue, dashed), (b) h-BN single-layer (red, solid) and bilayer (blue,
dashed), (c) Phonon dispersion of a graphene/h-BN bilayer. The experimentally
observed phonon modes are marked with green lines. Figure adapted from An-
nalen der Physik, Volume: 526, Issue: 9-10, Pages: 381-386, First published: 15
September 2014, DOI: (10.1002/andp.201400155) [141].

an upward shift of the ZA Γ-point graphene phonon to ≈ 36 meV is also ob-

served. A comparison between AA and AB stacked graphene/h-BN heterostruc-

tures reveals a stronger influence on the out-of-plane phonons for the AA stacked

heterostructure in comparison to the AB stacking.

Additionally, the twist angle could influence the energy of the observed phonons.

It has been previously reported that the twist angles of bilayer graphene or

graphene/h-BN heterostructures can influence the observed phonon energies [144–

149]. As the graphene layer is rotated by ≈ 19◦ with respect to h-BN, a change

of the phonon energies therefore could be expected.

Taking the theoretical considerations for the graphene/h-BN heterostructure

into account, the experimentally observed value of ≈ 41 meV lies well within the

reported range of h-BN phonons and can be assigned to the out-of-plane phonon
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of h-BN at the K-point, while the mode at 6 meV can be assigned to either a

graphene or h-BN mode at the Γ-point.

While the occurrence of hybrid graphene/h-BN phonon modes on the stacked

heterostructure is reasonable, the observation of such spectroscopic signatures is

unexpected on graphene alone. The spatially resolved spectra of Figure 4.10

reveal that distances of ≈ 5 nm from the transition region (t) are required in

order to push the hybrid-phonon signal below the detection limit.

At the time of writing the dissertation a clear-cut explanation to this sur-

prising experimental finding remains elusive. A tentative rationale, however, can

be offered in the light of recent non-equilibrium electron transport calculations

[150] where the signal strength of graphene phonons reflects the balance between

inelastic and elastic transport channels. To efficiently excite graphene phonons

the inelastic tunneling electron propagates in the graphene lattice before it hops

to the hosting metal substrate. This picture may be transferred to the present

situation where the tunneling electron injected into graphene travels to surface

regions with the graphene/h-BN stacking and excites hybrid phonons.

Another possible explanation resorts to the transport of information medi-

ated by the substrate electronic structure. A spectacular example is the quan-

tum mirage effect observed in elliptical atom corrals on a substrate that hosts

a Shockley surface state [151]. In this seminal publication it was shown that

the Abrikosov-Suhl-Kondo resonance of a Co atom adsorbed at one focus of the

elliptical corral is likewise observed at the other unoccupied focus. Very recently

a Kondo-free mirage effect has experimentally been demonstrated for Fe and Ag

atoms in atomic corrals on Ag(111) [152]. The electronic structure of an atom

in one focus can be reproduced in the other focal point even in a wide energy

range. A possible focus-to-focus transport of vibrational signatures of a Kondo

impurity was previously conjectured by revealing line shape variations of the

Abrikosov-Suhl-Kondo resonance at the empty focal point of an atomic corral

[153].

In the present case of a graphene/h-BN layer transitioning into a monolayer

of graphene, the information of hybrid phonon modes may be communicated

by a surface-state-electron propagation. It is well known that in the vicinity of

step edges or other scattering centers standing electron wave patterns form and

help propagate spectroscopic information to distant positions. More detailed
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experiments must be carried out in order to confirm this scenario. In particular,

a dense line of point spectroscopy will enable to unveil a possible oscillation

of the phonon signal strength as a function of the distance from the transition

region. The natural spatial period of such oscillations is the Fermi wavelength

of involved surface-state electrons.

4.5 Conclusions

A possible method to fabricate heterostructures of graphene and h-BN by the

sequential growth on an intermediate Pt layer has been developed. The successful

intercalation of Pt beneath h-BN as well as the presence of graphene on the

surface indicate the suitability of this preparation technique. Additional to a

moiré resulting from the h-BN and Pt(111) interaction, an unexpected hexagonal

structure emerges on the heterostructure by lowering the tip-sample distance.

At the time of writing this thesis different reconstructions of residual Pt atoms

were considered to explain this observed structures. In the transition regions of

the heterostructure to monolayer graphene phonon signals have been observed,

which most likely originate from out-of-plane h-BN phonons at the K-point and

subsequently couple to the top graphene layer.



CHAPTER 5

Molecular Adsorbates on Buffer Layers

Partly reproduced from J. Vac. Sci. Technol. A 37, 061404, 2019, with

permission from AIP Publishing,

and from J. Phys. Chem. Lett. 11, 5204-5211, 2020, with permission from

ACS Publications.

The use of intermediate buffer layers has been proven successful in retain-

ing atomic and molecular quantum states which otherwise would inevitably be

quenched due to hybridization with the substrate. Oxide and nitride thin films,

alkali halide and alkane layers, molecular platforms and two-dimensional materi-

als have so far been used as buffer layers for probing genuine vibronic [11, 12, 14–

17, 154–161], electronic [162–170], magnetic [171–177], optical [5, 178–188] and

chemical [88, 189–193] properties of single atoms and molecules.

However, some finite coupling of the adsorbed atom or molecule to the buffer

layer and to the substrate surface remains. How does the residual interaction

manifest itself? Very often the degree of decoupling is judged by comparing res-

onance energies and widths of the adsorbed species with their counterparts of

the free object [162, 163, 167–170, 194, 195], by scrutinizing details of the spec-

troscopic line shape of vibrational excitations [196] or analyzing the molecular

adsorption configuration [197, 198]. To further characterize the buffer function-

ality, investigations into the decoupling behavior of a buffer layer on different

surfaces as well as into a possible site-dependent decoupling are desirable.

55



56 5 Molecular Adsorbates on Buffer Layers

(a) (b) (c)

HOMO gap LUMO

Figure 5.1: STM images of DBP adsorbed on graphene-covered Ru(0001) at the
bias voltage corresponding to the energetic position of the (a) HOMO (−2.5 V,
60 pA, 3.5 nm× 3.5 nm) (b) HOMO-LUMO gap (−1 V, 60 pA, 3.5 nm× 3.5 nm)
(c) LUMO (1 V, 50 pA, 3.5 nm × 3.5 nm). A ball-and-stick model of DBP is
superimposed in (b).

In this chapter the influence of different buffer layers on the extend of hybrid-

ization of the organic molecule DBP (C64H36, 5,10,15,20-tetraphenylbisbenz[5, 6]-

indeno[1, 2, 3−cd:1′, 2′, 3′−lm]perylene) and the two metal substrates Pt(111)

and Ru(0001) will be explored. The discussion will be presented in two parts.

The first part will be restricted to the energetic position of the DBP frontier

orbitals and the effect of its different adsorption positions on the h-BN layer

compared between Pt(111) and Ru(0001). Subsequently, the change of vibra-

tional properties of DBP adsorbed on graphene and h-BN will be compared,

unraveling different extends of coupling to the two metal substrates.

Due to the spatially localized nature of the HOMO at the four phenyl groups

of the DBP molecule (Figure 5.1(a)) and the LUMO at the side of the molec-

ular backbone (Figure 5.1(c)) both frontier orbitals can be probed individually

(dI/dV maps of DBP recorded in constant height mode are shown for compar-

ison in Appendix C). In the gap region the molecular backbone appears darker

than the four phenyl groups of DBP and exhibits a uniform contrast, hinting a

parallel adsorption of DBP [199, 200].
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5.1 Molecular Orbitals upon Adsorption on Two-

Dimensional Materials

The two-dimensional materials hexagonal boron nitride (h-BN) and graphene are

investigated on Pt(111) and Ru(0001) to demonstrate that the extent of decou-

pling depends on the metal surface and in the case of h-BN on the specific h-BN

moiré site. To this end, the frontier orbitals – highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital (LUMO) – of single adsorbed

DBP are used. Their signatures in spectra of differential conductance (dI/dV )

exhibit energy shifts depending on the adsorption site of the molecule. While for

h-BN on Pt(111) a rigid shift of HOMO and LUMO with an invariant HOMO–

LUMO gap is observed, h-BN-covered Ru(0001) gives rise to a nonuniform shift

of the frontier orbitals. Additionally, the energy of HOMO and LUMO, as well

as their linewidths, are compared for DBP adsorbed on both two-dimensional

materials.

5.1.1 Experimental Details

The preparation of the metallic crystals is described in Chapter 2.4. The growth

procedure for hexagonal boron nitride using borazane and for graphene using

etylene on Pt(111) and Ru(0001) is explained in Chapter 3.1. DBP molecules

were deposited at a low temperature of ≈ 10 K by directing a molecular beam

to the sample mounted in the STM. The molecules were sublimated from a Mo

crucible heated by an electron beam.

5.1.2 h-BN- and Graphene-covered Pt(111)

The adsorption of DBP molecules on the cold (≈ 10 K) h-BN-covered Pt(111)

surface leads to single adsorbed molecules (Figure 5.2) with the same charac-

teristic orbital structure explained before. Comparing the STM data of DBP

on h-BN-covered Pt(111) with the data obtained for DBP on graphene-covered

Ir(111) similar shaped topografic signatures are found [12]. In the analysis of

several STM images of various DBP molecules, no preferred adsorption sites

or orientations were present. This observation can partly be explained by the
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(a) (b)

Figure 5.2: STM images of DBP adsorbed on h-BN-covered Pt(111) at the bias
voltage corresponding to the energetic position of the (a) HOMO-LUMO gap
(1.9 V, 50 pA, 8.5 nm×8.5 nm) and the (b) LUMO (2.2 V, 50 pA, 8.5 nm×8.5 nm)

frequent absence of the h-BN moiré superstructure as well as the lack of simul-

taneous imaging of DBP and the atomic h-BN lattice.

While topographic STM data alone indicate an indifference of the proper-

ties of DBP toward h-BN sites, dI/dV spectra reveal characteristic changes for

different DBP molecules that likely reside at different adsorption sites.

The spectroscopic signatures of HOMO−1, HOMO and LUMO of a spe-

cific DBP molecule appear as sharp peaks in dI/dV data (Figure 5.3(a)). The

reduced linewidth of the molecular orbital signatures and therefore prolonged

lifetime of the transient charged molecular state hints at the efficient decoupling

of DBP from Pt(111) by the intermediate h-BN layer, which is in agreement

with previous work on free-base porphins and Co-phthalocyanines [46, 158]. The

spectra recorded for HOMO−1 and HOMO exhibit the strongest signature on

the phenyl groups of DBP (left arrow in the ball-and-stick model of DBP in

Figure 5.3(a)) while the LUMO is most pronounced recording spectra at the

sides of the DBP backbone between the phenyl rings (right arrow). Similar ob-

servations were reported for DBP on graphene-covered Ir(111) [12]. Analyzing

the difference in energy of the HOMO and LUMO resonances in dI/dV spectra,

the HOMO–LUMO gap is found to be ≈ 3 eV. This gap is comparable with

the value reported for DBP on graphene-covered Ir(111) [12] and lower than

the 3.8 eV found for DBP on NaCl-covered Ag(111) [185]. The gap width that

reflects the difference in ionization potential and electron affinity and, thus, con-

siders final-state Coulomb effects is expected to be even larger. Adsorption of
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a molecule on a surface tends to reduce this gap width due to the polarization

of the environment and to the interaction with the molecular image charge (see

also Chapter 2.7).

Figure 5.3(b) shows a collection of dI/dV spectra obtained from different

DBP molecules, where each color used for the (smoothed) dI/dV data is as-

signed to an individual molecule. The molecular resonances HOMO−1, HOMO

and LUMO exhibit virtually identical shifts. The maximum (minimum) LUMO

energy is ≈ 2.22 eV (≈ 1.81 eV), giving rise to a shift of ≈ 0.41 eV. The min-

imum (maximum) HOMO−1 and HOMO energy is ≈ −2.16 eV (≈ −1.74 eV)

and ≈ −1.17 eV (≈ −0.74 eV), which corresponds to a shift of ≈ 0.42 eV and

≈ 0.43 eV, respectively. These virtually equal molecular orbital shifts give rise

to a rigid shift of each entire spectrum. Spectra of all other DBP molecules, two

of which are shown as B and C in Figure 5.3(b), show their molecular orbital

resonances within these extremal molecular orbital energies (groups A and D).

The energy shift is comparable to a molecular orbital shift reported from

perylenetetracarboxylic-dianhydride (PTCDA) superstructures on Au surfaces

[201]. In that report, LUMO and LUMO+1 of a single PTCDA molecule shifted

by ≈ 0.35 eV, depending on the molecular superstructure the PTCDA molecule

was embedded in [201]. In the present case, however, neighboring molecules

reside at large distances, which effectively suppress intermolecular coupling. A

Stark shift [202, 203] of the molecular resonances in the electric field between

tip and sample can likewise be excluded since all DBP molecules are imaged

with the same apparent height at the feedback loop parameters V and I used

for spectroscopy.

A justification for the shift becomes evident by comparison to previous studies

that reported variations of the local work function of≈ 0.5 eV for h-BN on Ir(111)

[204], where the highest (lowest) work function was found at the wire (pore)

region of the h-BN moiré pattern. Pt(111) and Ir(111) are similar surfaces with

respect to their low interaction with h-BN [70, 76]. Therefore, a similar work

function variation could apply to h-BN-covered Pt(111) as well. In the case of

a weak DBP–surface coupling, which is reasonable because of the absence of

preferred adsorption sites on h-BN and sharp molecular resonances in dI/dV

spectra, molecular energy levels are expected to align with the vacuum energy

[205].
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Figure 5.3: (a) dI/dV signatures of HOMO−1, HOMO and LUMO for a single
DBP on h-BN-covered Pt(111) (feedback loop parameters: −2.5 V, 50 pA for
the HOMO−1, HOMO and 2.8 V, 50 pA for the LUMO). The signatures of
HOMO−1 and HOMO are dominant on the phenyl groups (left arrow of the
sketch), while the LUMO peak appears on the sides of the molecular backbone
(right arrow). (b) Collection of dI/dV spectra of various DBP on h-BN-covered
Pt(111). Orbital resonances of the same molecule are labeled with the same
capital letter. In both graphs, raw (smoothed) data appear as dots (solid lines).



5.1 Molecular Orbitals upon Adsorption on Two-Dimensional Materials 61

The weak hybridization with the surface leads to the invariance of the molec-

ular ionization potential and electron affinity, which allows the molecular orbital

energy levels to be sensitive to changes in the vacuum energy, i. e., to changes

in the work function. Therefore, the observed rigid shift of the entire dI/dV

spectra is likely to reflect the local work function changes of h-BN on Pt(111).

In particular, dI/dV spectra with extremal molecular orbital energies may be at-

tributed to DBP molecules residing at moiré sites with extremal work functions.

The group of peaks labeled D (A) in Figure 5.3(b) with the highest (lowest)

molecular orbital energies corresponds to DBP molecules adsorbed at the wire

(pore) region of the h-BN moiré lattice where the work function is highest (low-

est) [204]. Moreover, the presence of molecules with molecular orbital energies in

between the extremal energies shows that DBP on h-BN-covered Pt(111) adopts

many different sites without preference.

Before discussing the results obtained for h-BN- and graphene-covered Ru(0001),

spatial work function changes of h-BN on Pt(111) shall be discussed. A work

function map, such as for h-BN on Ir(111) [204], has not been reported for h-

BN-covered Pt(111). The measured shifts of frontier orbital energies in dI/dV

spectra (Figure 5.3) represent the first evidence for local variations of the work

function for h-BN-covered Pt(111). Additionally, calculated shifts of the N pxy

and B pxy density of states of h-BN on Pt(111) for wire and pore regions were

reported as ≈ 0.6 eV and related to the different charge transfer at these stacking

sites, which likewise hints at different local work functions.

For comparison of the DBP properties the other prominent two-dimensional

material graphene has been grown on Pt(111). Graphene on Pt(111) (Figure

5.9(c)) exhibits irregularly distributed depressions that are most likely due to

Pt(111) lattice vacancies [82] or C impurities embedded in the Pt(111) sur-

face [83]. Moiré patterns are scarcely observed, which reflects the dominance

of graphene domains with large rotation angles with respect to the Pt(111) lat-

tice [116, 206, 207]. Moreover, in the case of a visible moiré lattice, its corrugation

is significantly lower than on Ru(0001), which reflects the low graphene–Pt hy-

bridization [80, 81]. Preferred adsorption sites of DBP on the graphene covered

Pt(111) surface could not be determined due to the weakly visible moiré pat-

tern. For graphene on Pt(111) the HOMO and LUMO spatial distributions of

DBP (Figure 5.4(a)) are akin to the data obtained for the molecule on h-BN-
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Figure 5.4: (a) STM image of DBP adsorbed on Pt(111) covered with graphene
(2.10 V, 15 pA, 5 nm × 5 nm). The color scale ranges from 0 pm (black) to
229 pm (yellow). (b) dI/dV spectra of HOMO and LUMO of DBP adsorbed on
graphene-covered Pt(111) (feedback loop parameters: −1.80 V, 20 pA (HOMO);
2.30 V, 20 pA (LUMO); modulation: 5 mVrms, 754 Hz).

covered Pt(111). The dI/dV spectra reveal sharp resonances for the HOMO

and LUMO signatures of DBP. The energy of the HOMO (LUMO) is ≈ −1.2 eV

(≈ 1.7 eV), which correspond to a HOMO-LUMO gap width of ≈ 2.9 eV. Before

comparing the energetic position of HOMO and LUMO of DBP between h-BN

and graphene, as well as their linewidths, the results obtained on h-BN- and

graphene-covered Ru(0001) are discussed next.

5.1.3 h-BN- and Graphene-covered Ru(0001)

DBP molecules evaporated at low temperatures on the cold (≈ 10 K) h-BN-

covered Ru(0001) surface show a clear preference for wire and pore adsorption

sites (Figure 5.5). At an applied bias voltage of 0.7 V (Figure 5.5(a)), only DBP

at the pore site exhibits the submolecular contrast of the LUMO, while DBP

occupying the wire site does not show an intramolecular structure, but instead

represents the aforementioned gap structure of DBP. Additionally, at elevated

bias voltages of 1.2 V (Figure 5.5(b)) both DBP molecules show the topographic

signature of the LUMO. This observation points to a different electronic structure

of DBP at the different moiré lattice sites and was investigated by single-molecule

dI/dV spectroscopy, as will be discussed below (Figure 5.6).
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(a) (b)

w

p

Figure 5.5: STM images of DBP adsorbed on wire (w) and pore (p) sites
of h-BN-covered Ru(0001). The molecules appear with different submolecular
structure depending on their adsorption position. (a) DBP adsorbed on the
wire shows the gap structure while DBP in the pore exhibits the topographic
signature of the LUMO. (0.7 V, 50 pA, 6 nm× 6 nm) (b) Both molecules appear
with the submolecular structure of the LUMO (Tunneling parameters: 1.2 V,
50 pA, 6 nm× 6 nm).

DBP molecules trapped in the pore regions do not exhibit preferred ori-

entations, while the molecular backbone of DBP atop the wire sites is ori-

ented virtually perpendicular to the wire direction. The trapping of atoms and

molecules by the moiré pores of h-BN on Rh(111), which has similar properties

to Ru(0001) [76], was previously assigned to their electrostatic anchoring caused

by polarization-induced bonding [208]. Statistics of wire and pore adsorption

using large-scale STM images of different surface regions revealed no preferred

adsorption site of molecules for either wire or pore sites. DBP molecules residing

at the wire site were rather immobile, while imaging of DBP at pores was often

accompanied by small translations and rotations of the molecule.

Figure 5.6 shows HOMO and LUMO dI/dV signatures of DBP adsorbed at

wire (Figure 5.6(a)) and pore (Figure 5.6(b)) sites. Additionally, Figure 5.6(b)

presents maps of normalized [209] dI/dV , depicting the approximate spatial

distribution of the HOMO and the LUMO, which is similar to results for DBP on

h-BN-covered Pt(111) (shown in Appendix C) and in agreement with previous

reports for DBP on NaCl-covered Ag(111) [185] and graphene-covered Ir(111)

[12]. In particular, the HOMO is characterized by antinodes of its charge density
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in the vicinity of the four DBP phenyl groups. It exhibits two nodal lines, one

coinciding with the long mirror axis of the molecule and the other oriented along

the short mirror axis. The LUMO shows two additional antinodes of its charge

density in the DBP center. While a nodal line along the molecular backbone

is preserved, two additional nodal lines perpendicular to the long mirror axis

separate the central antinodes from the antinodes that are almost centered at

the four phenyl groups.

Prior to data aquisition of the dI/dV spectra the STM tip was placed at

the same intramolecular positions as for DBP on h-BN-covered Pt(111) (Fig-

ure 5.3(a)). Correspondingly, different energies for HOMO and LUMO reso-

nances are likewise present for DBP at the different adsorption sites on the h-BN

nanomesh. However, HOMO and LUMO resonances shift by an unequal amount.

Molecules residing at the wire (pore) exhibit HOMO and LUMO peaks at en-

ergies ≈ −1.85 eV and ≈ 1.2 eV (≈ −2 eV and ≈ 0.7 eV), respectively, which

corresponds to a HOMO (LUMO) shift of ≈ 0.15 eV (≈ 0.5 eV). The dissimilar

shift of HOMO and LUMO energies toward lower values represents a reduction

of the HOMO–LUMO gap from ≈ 3 eV at wire sites to ≈ 2.65 eV at pore sites,

i. e., by ≈ 0.35 eV.

The calculated work function difference of 0.35 eV between wire and pore

regions [210] matches the LUMO shift of ≈ 0.5 eV reasonably well. However, the

unequal shift of the DBP HOMO is no longer compatible with a local variation

of the work function alone since in this case, a rigid shift of the entire spectrum

and a invariance of the HOMO–LUMO gap is expected, as observed for DBP

on h-BN-covered Pt(111) (Figure 5.3(b)). For a qualitative explanation of the

dissimilar shift, charge transfer processes between DBP and the h-BN-Ru(0001)

surface must be considered as well.

Pore regions of h-BN on Rh(111) were previously demonstrated to exhibit an

extended electron transfer from h-BN to Rh(111) compared to wire regions [70].

Assuming a similar situation for h-BN on Ru(0001) and considering that DBP

is a donor molecule [211–215], electron-depleted pore regions are likely to accept

negative charge from DBP. This charge transfer process would explain a partial

depletion of the HOMO and, thus, its shift toward the Fermi energy, i. e., toward

V = 0 V in dI/dV spectra. Therefore, the HOMO and LUMO of DBP on h-BN-

covered Ru(0001) may both be subject to a shift induced by local work function
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Figure 5.6: dI/dV signatures of HOMO and LUMO of DBP adsorbed at the (a)
wire and (b) pore regions of h-BN on Ru(0001). Feedback loop parameters: (a)
−2.4 V (HOMO) and 1.9 V (LUMO); (b) −2.5 V (HOMO) and 1.3 V (LUMO).
The current was set to 50 pA in all cases. The HOMO and LUMO shifts of,
respectively, 0.15 V and 0.5 V are marked. Insets: Maps of dI/dV recorded with
50 pA and −2 V (HOMO), 0.7 V (LUMO). The maps have a size of 3 nm×2.3 nm.

changes, which is partially compensated for the HOMO due to electron transfer

from DBP to h-BN-Ru(0001). This interpretation is in agreement with studies

of 7,7′,8,8′-tetracyanoquinodimethane (TCNQ) on graphene-covered Ru(0001)

[216], where charge transfer between TCNQ and the surface was only present at

the strongly bonded valley regions of the graphene moiré lattice, while it was

absent at top regions.
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Figure 5.7: (a) STM image of DBP adsorbed on Ru(0001) covered with graphene
(−1 V, 60 pA, 5 nm× 5 nm). The color scale ranges from 0 pm (black) to 253 pm
(yellow). Moiré sites with high (low) contrast are indicated with t (vα, vβ). (b)
dI/dV spectra of HOMO and LUMO of DBP adsorbed on graphene-covered
Ru(0001) (feedback loop parameters: −2.68 V, 50 pA (HOMO); 1.47 V, 50 pA
(LUMO); modulation: 5 mVrms, 754 Hz).

The different LUMO energies of DBP at wire (≈ 1.2 V) and pore (≈ 0.7 V)

therefore also explain the topographic difference of the molecule at a bias voltage

of 0.7 V (Figure 5.5(a)). At this bias voltage, DBP at wire sites lies well within

the HOMO–LUMO gap and the STM data is not representing the topographic

structure of HOMO or LUMO. In contrast, the chosen bias voltage matches the

LUMO peak for DBP at pore sites and gives rise to the spatial resolution of the

LUMO structure across the molecule. At elevated bias voltages of ≈ 1.2 V, both

molecules exhibit the submolecular contrast of the LUMO as the required energy

is reached for DBP adsorbed in the pore as well as on the wire (Figure 5.5(b)).

Comparing the properties of the DBP molecule on graphene-covered Ru(0001)

with the one on h-BN covered Ru(0001), some differences, which will be discussed

next, emerge. Graphene on Ru(0001) exhibits a pronounced moiré pattern with

protrusions (t) and depressions (vα, vβ), reflecting different graphene–Ru stack-

ing regions [88, 90], as explained in Chapter 3.2. DBP prefers adsorption at the

valley regions of the moiré lattice marked with vα and vβ in Figure 5.7(a). A

prefered adsorption in valley regions was previously reported for low coverages

of FePc adsorbed on graphene-covered Ru(0001) [217].

Spectra of dI/dV reveal an average energy of ≈ −2.05 eV (≈ 0.75 eV) for



5.1 Molecular Orbitals upon Adsorption on Two-Dimensional Materials 67

the HOMO (LUMO) , which corresponds to a HOMO-LUMO gap of ≈ 2.8 eV.

As the DBP molecules did not adsorb on on-top (t) sites of the graphene moiré,

no shift in molecular orbital energies was found between valley and on top sites.

However, small variations (≈ 0.1 eV) due to different adsorption geometries in

the valley regions of the moiré lattice were present. After the main spectroscopic

characteristics of DBP adsorbed on all four substrate systems have been dis-

cussed, the main differences will be summarized and compared in the following.

Comparison

Table 5.1 summarizes the experimental observations for HOMO and LUMO en-

ergies, εH and εL, the resulting HOMO–LUMO gap width defined as ∆ = εL−εH

as well as the HOMO and LUMO resonance widths, δH and δL, for the different

surfaces. Only molecules adsorbed on wire sites of the h-BN-covered Ru(0001)

surface are considered in the comparison. The molecular orbital energies are

virtually rigid shifted. The energies of HOMO and LUMO of DBP on h-BN are

increased by ≈ 0.80 eV upon changing from Ru(0001) to Pt(111). In the case of

adsorption on graphene these shifts are ≈ 0.86 eV and ≈ 0.98 eV, respectively. As

discussed above, spectroscopy was performed on isolated molecules only, there-

fore the shift is not due to different molecular environments [201]. Moreover,

in view of the magnitude of the shift a change of the molecular energies in dif-

ferent electric fields between the tip and the sample [202, 203] is unlikely, too.

Therefore, these shifts are compared with work function differences of the sur-

faces since HOMO and LUMO energies are similarly affected, which is likely due

to their alignment with the vacuum level owing to the weak molecule–substrate

interaction and comparable to the previous discussed change in molecular orbital

energy depending on the different adsorption sites on h-BN.

Work functions reported for h-BN on Ru(0001) and Pt(111) are 4.0± 0.1 eV

[72] and 4.9 eV [77], respectively. The resulting work function difference of 0.9±
0.1 eV is in good agreement with the observed molecular orbital energy shift

for DBP on the different h-BN-covered surfaces. For DBP on graphene the

situation is not as clear, which is due to ambiguous reports on the work function

of graphene on Ru(0001) and Pt(111). Work functions of 4.5 eV [218] and 3.9 eV

[84] have been reported for graphene-covered Ru(0001). For graphene on Pt(111)

values for the work function of ≈ 5.6 eV [219] and ≈ 5.2 eV [220] have been
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εH (eV) εL (eV) ∆ (eV) δH (meV) δL (meV)

h-BN/Ru −1.82± 0.01 1.15± 0.01 2.97± 0.02 42± 3 46± 2
graphene/Ru −2.06± 0.08 0.75± 0.04 2.81± 0.12 102± 10 112± 4

h-BN/Pt −1.02± 0.04 1.95± 0.06 2.97± 0.10 39± 2 55± 2
graphene/Pt −1.20± 0.04 1.73± 0.04 2.93± 0.08 62± 7 118± 10

Table 5.1: Summary of spectral characteristics of DBP on the investigated sur-
faces. Averaged HOMO and LUMO energies, εH and εL, define the gap width ∆
between these orbitals. Orbital resonance widths (δH , δL) denote the full widths
at half maximum of Lorentzian line shapes that were fit to the spectral signatures
of HOMO and LUMO.

recorded. Therefore, the HOMO and LUMO energy shifts observed from the

same two-dimensional material on the different metal surfaces are comparable

with work function differences of the surfaces, which, however, vary between

≈ 0.7 eV and ≈ 1.7 eV. Additionally, the energy of the molecular orbitals is

compared for DBP on h-BN and graphene on the same metal surface, where the

same rationale as discussed above should be applicable. Comparing the energies

of HOMO and LUMO in Table 5.1 shows that for both Ru(0001) and Pt(111)

HOMO and LUMO energies shift to lower values upon changing from h-BN to

graphene, while the aforementioned work functions have smaller values on h-

BN than on graphene. For Ru(0001) the work function is reduced by 0.1 eV –

0.5 eV on h-BN in comparison to the graphene-covered surface. The same trend

is found for Pt(111), where the work function on the h-BN-covered surface is

smaller by 0.3 eV – 0.7 eV. At first sight this downward shift of energies is not

compatible with the presented observations for the molecular orbitals of DBP

on the different substrate systems. However, local work function variations, i. e.,

the change in work function with the actual adsorption site of DBP, have to be

considered as well. As discussed above for h-BN-covered Ru(0001) and Pt(111),

the local work function decreases by more than 0.4 eV from w to p sites of the

moiré pattern; that is, for molecules adsorbed at p regions HOMO and LUMO

energies are reduced by more than 0.4 eV in comparison to molecules at w sites.

Moreover, site-specific work function variations are likewise present on the moiré

lattice of graphene [217, 221] and vary on the order of 0.1 eV. Considering these

local work function variations as well shows that the observed molecular orbital



5.1 Molecular Orbitals upon Adsorption on Two-Dimensional Materials 69

energy shifts are compatible with the surface work function changes.

The HOMO–LUMO gap width varies weakly between ≈ 2.8 eV and ≈ 3.0 eV

because of the essentially rigid shift of the frontier orbital energies on all discussed

substrate systems. This gap width is comparable with the value reported for

DBP on graphene-covered Ir(111) [12] and lower than for DBP on NaCl-covered

Ag(111) [185]. The true gap width that reflects the difference in ionization

potential and electron affinity and, thus, considers final-state Coulomb effects is

expected to be even larger. Adsorption of a molecule on a surface tends to reduce

this gap width due to the polarization of the environment and to the interaction

with the molecular image charge [43].

After discussing the energy position of the molecular orbitals upon adsorp-

tion on the two-dimensional materials, the spectroscopic linewidth of the orbital

signatures is examined. Values of the full width at half maximum (FWHM)

are extracted from Lorentzian fits to the molecular orbital resonances. The full

widths at half maximum of the molecular orbital resonances are strikingly dif-

ferent for DBP on h-BN and graphene. The HOMO and LUMO spectral line

widths are considerably smaller on h-BN than on graphene independent of the

metal substrate. In the case of the DBP LUMO on Ru(0001) the linewidth

is up to 2 times smaller. The width of the orbital resonance is important for

the observation of the Franck-Condon spectroscopic fine structure, which will

be discussed in the next section. The strongly different molecular orbital line

widths on h-BN and graphene may be related to the electronic structure of

the two-dimensional materials on the metal surfaces. A combined experimen-

tal and theoretical comparison of h-BN and graphene on Ru(0001) [84] showed

that h-BN exhibits dielectric behavior while graphene acts like a metal. As a

consequence, the absence of a Fermi surface for h-BN on Ru(0001) [84] guar-

antees the low molecule–metal hybridization and the resulting sharp molecular

orbital resonances. In contrast, the electronic coupling of DBP on graphene to

the metal substrate is still present, which represents the effective transport of the

injected charge to the substrate, reduces its residence time at the molecule and

consequently broadens the molecular orbital resonances. For Pt(111), it is less

straightforward to explain the differences in spectral line widths since both h-BN

and graphene are considered physisorbed on Pt(111). Indeed, the mixing of Pt

d, s-states with h-BN and graphene π-bands is weak [69, 222]. However, recent
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photoemission results for graphene on Pt(111) [223] and a comparison of band

dispersions in an akin system, h-BN and graphene on Ir(111) [224], lends support

to the idea that h-BN on Pt(111) does not exhibit a Fermi surface while graphene

does. Therefore, a less effective decay channel for charge carriers injected into

DBP on h-BN-covered Pt(111) may tentatively rationalize the sharper molecular

orbital resonances than observed from graphene-covered Pt(111).

5.1.4 Conclusions

The decoupling behavior of h-BN and graphene on Pt(111) and Ru(0001) is

evaluated by single-molecule dI/dV spectroscopy. The experimental data un-

ravel that molecular frontier orbitals are a probe for local variations of the h-BN

buffer function, as well as for the work function difference between the differ-

ent metallic substrate systems. Weakly coupled molecules exhibit a rigid shift

of their orbital resonances, which reflects site-dependent work function changes

of h-BN. More strongly coupled molecules give rise to additional charge trans-

fer processes that cause the nonuniform alteration of molecular energy levels.

Moreover, different linewidth reveal different decoupling characteristics compar-

ing h-BN and graphene on the same metal substrates. The presented results offer

an alternative to judge the extent of decoupling due to an intermediate buffer

layer.
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5.2 Vibrational Properties of an Organic Molecule

on Two-Dimensional Materials

As discussed in the previous section, hexagonal boron nitride (h-BN) and graphene

are emerging as monatomically thin decoupling layers. While structural as-

pects of adsorption on h-BN-covered [68] and graphene-covered [225] surfaces

have been studied in detail, vibrational spectroscopy at the single-molecule level

is scarce. Scanning tunneling spectroscopy (STS) of vibronic levels of 1,3,5-

tris(2,2-dicyanovinyl)benzene adsorbed on graphene on h-BN-covered SiO2 [13],

Co-phthalocyanine (Co-Pc) molecules on graphene-covered SiO2–Si samples [11]

as well as on h-BN-covered Ir(111) [158], of conjugated oligophenylenes on h-BN-

covered Cu(111) [14] and Mn-Pc on h-BN-covered Rh(111) [15]. In these studies

molecular orbitals – the highest occupied MO (HOMO) or the lowest unoccupied

MO (LUMO) – appear with a spectroscopic fine structure in differential conduc-

tance (dI/dV , I: tunneling current, V : bias voltage) data, which is assigned to

vibronic progression with a single vibrational quantum energy.

The aforementioned spectroscopic results convey the apparently similar be-

havior of h-BN and graphene as a two-dimensional buffer layer. This emerging

picture, however, is surprising since h-BN and graphene have vastly different

electronic properties, e. g., h-BN exhibits a direct band gap exceeding 6 eV [226]

while graphene is a semimetal [20, 227]. The discrepancy between expectations

and available experimental data motivated the low-temperature scanning tun-

neling microscope (STM) studies presented here, which systematically explore

the buffer layer efficiency of h-BN and graphene on different metal surfaces.

5.2.1 Experimental Methods

The experimental procedure and the growth of h-BN and graphene is explained

in Chapter 2.4 and 3.1 in detail. DBP molecules were deposited at a low tem-

perature of ≈ 10 K by directing a molecular beam to the sample mounted in

the STM through openings of the cryostat radiation shields. The molecules were

sublimated from a Mo crucible heated by an electron beam.
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5.2.2 Spectroscopic Results

Hexagonal boron nitride and graphene was epitaxially grown on Ru(0001) and

Pt(111), i. e., on metal substrates that exhibit strong (Ru) and weak (Pt) hy-

bridization with h-BN [68] and graphene [90], as discussed previously. For subse-

quently deposited DBP molecules vibronic progression is observed for both fron-

tier orbitals, HOMO and LUMO, albeit to considerably different extent on h-BN

and graphene. On the h-BN-covered surfaces, all orbital and progression reso-

nances exhibit sharp spectral line shapes. In addition, two distinct vibrational

energies are extracted from the progression series seen in the Franck-Condon

spectra. Moreover, progression of the vibronic levels themselves is observed. In

contrast, molecular orbitals and vibronic excitations exhibit broader spectral sig-

natures on the graphene-covered surfaces, a single quantum energy defines the

spacing of progression resonances, and progression of vibronic levels is absent.

Ru(0001)

Figure 5.8(a) shows an STM image of h-BN on Ru(0001). The regular periodic

pattern is due to a moiré effect of the lattice-mismatched h-BN and Ru(0001),

which partitions the surface into pore (p) and wire (w) regions, as described in

Chapter 3.1 and is also in agreement with previous reports [72, 228–230]. As

discussed in Chapter 5.1, the p and w sites of the moiré lattice have been iden-

tified as preferred adsorption sites for DBP [231]. In this section, however, only

isolated DBP molecules adsorbed to w domains are considered in the analysis

since they stably occupy this adsorption site, insensitive to the injected tunnel-

ing current ranging from 10 pA to 100 pA. The submolecular motifs caused by

HOMO (left inset to Figure 5.8(a)) and LUMO (right) are seen in STM im-

ages recorded at bias voltages falling into the spectral ranges of the HOMO and

LUMO peaks in dI/dV spectroscopy, labeled H00 and L00, respectively, in Figure

5.8(b). Their spatial distribution and energy position is described in the previous

section and is in agreement with previous reported studies of DBP on various

surfaces [12, 185, 231].

In addition to the sharp molecular orbital resonances H00 and L00 character-

ized in Chapter 5.1, spectra of dI/dV (Figure 5.8(b)) reveal a rich fine structure

for both HOMO (V < 0 V) and LUMO (V > 0 V) signatures. The HOMO
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Figure 5.8: STM and STS data for DBP adsorbed on h-BN and graphene on
Ru(0001) acquired at 5 K. (a) STM image of a single h-BN sheet on Ru(0001)
(bias voltage: −0.47 V, tunneling current: 100 pA, size: 10 nm × 10 nm). The
moiré pattern appears as a periodic array of pore (p) and wire (w) regions. The
color scale ranges from 0 pm (dark blue) to 243 pm (light yellow). Inset: STM
images of a single DBP on h-BN/Ru(0001) acquired with −1.90 V (left) and
1.20 V (right) (50 pA, 2.2 nm× 3.4 nm). The superimposed ball-and-stick model
of DBP in the left inset is to scale. (b) dI/dV spectra (dots) of DBP HOMO
(H00) and LUMO (L00) spectral regions on h-BN-covered Ru(0001) (feedback
loop parameters: −2.30 V, 50 pA (HOMO); 1.92 V, 50 pA (LUMO); modulation:
5 mVrms, 754 Hz). The solid lines represent smoothed data. The individual
spectra were recorded atop the molecular sites marked as a dot (•, HOMO) and
a circle (◦, LUMO) in the right inset to (a). (c) Atomically resolved STM image
of graphene on Ru(0001) (1.27 V, 50 pA, 10 nm×10 nm). The moiré superlattice
is visible as protrusions (t) and depressions (vα, vβ). The color scale ranges from
0 pm (dark blue) to 124 pm (light yellow). Inset: STM images of a single DBP
on graphene-covered Ru(0001) acquired with −2.50 V (left) and 1.00 V (right)
(50 pA, 2.2 nm × 3.4 nm). (d) Like (b), for DBP on graphene-covered Ru(0001)
(feedback loop parameters: −2.68 V, 50 pA (HOMO); 1.47 V, 50 pA (LUMO);
modulation: 5 mVrms, 754 Hz).
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spectroscopic feature was best observed in spectroscopy atop the phenyl groups,

while the LUMO is spatialy located at the side of the central molecular back-

bone [12, 231]. Figure 5.8(b) presents spectroscopic data that are composed of

two individual spectra. The additional satellite peaks to H00 and L00 are nearly

equidistantly spaced, which makes vibronic progression likely to be at the ori-

gin of these sidebands, which will be discussed later. Spectra obtained for DBP

adsorbed on p sites reveal a similar spectroscopic fine structure due to vibronic

progression, albeit rigidly shifted with respect to w site spectra due to local work

function variations and charge transfer processes, as discussed in Chapter 5.1.

Importantly, the alternating heights of adjacent sideband peaks are not com-

patible with the expected Franck-Condon behavior [47, 48] and a uniform Huang-

Rhys factor [232]. In the case of one vibrational mode with a single Huang-Rhys

factor a monotonously decreasing peak intensity of the sideband peaks would be

expected (see also Chapter 2.8). This discrepancy will be resolved below by al-

lowing two groups of molecular vibrations with distinct energies and Huang-Rhys

factors to participate in the vibronic progression.

In comparison to the results obtained on hBN-covered Ru(0001), a different

structure of vibronic sidebands emerges on the graphene-covered surface. DBP

prefers adsorption to the valley regions of the moiré lattice labeled as vα and vβ.

The dI/dV spectra of HOMO and LUMO (Figure 5.8(d)) differ strongly from

their counterparts obtained on h-BN (Figure 5.8(b)). The increased width of

orbital and sideband resonances is most striking. In addition, the spectroscopic

fine structure is not as pronounced as observed on h-BN. Only a reduced number

of satellite peaks are visible. However, the mutual peak separations hint at

vibronic progression with only a single vibrational quantum energy.

Pt(111)

In addition to the results obtained for DBP adsorbed on h-BN and graphene

on Ru(0001), the same experiments were carried out on Pt(111), which will be

discussed and compared next.

Figure 5.9 summarizes the results obtained for h-BN and graphene on Pt(111).

In Figure 5.9(a) an STM image shows the h-BN mesh with its clearly visible

honeycomb unit cell, as discussed previously. The insets to Figure 5.9(a) present

STM images of DBP on h-BN-covered Pt(111) acquired with bias voltages in the
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Figure 5.9: STM and STS data for DBP adsorbed on h-BN and graphene on
Pt(111) acquired at 5 K. (a) STM image of a single h-BN sheet on Pt(111)
(0.01 V, 400 nA, 10 nm× 10 nm). The honeycomb unit cell of the mesh is visible
together with the moiré pattern partitioning the surface into pore (p) and wire
(w) regions. The color scale ranges from 0 pm (black) to 105 pm (white). Inset:
STM images of a single DBP on h-BN-covered Pt(111) acquired with −0.95 V
(left) and 2.10 V (right) (50 pA, 2.2 nm × 3.4 nm). (b) dI/dV spectra (dots) of
DBP HOMO (H00) and LUMO (L00) spectral regions on h-BN-covered Pt(111)
(feedback loop parameters: −1.44 V, 50 pA (HOMO); 2.78 V, 50 pA (LUMO);
modulation: 5 mVrms, 754 Hz). The solid lines represent smoothed data. The
individual spectra were acquired atop the molecular sites indicated by a dot (•,
HOMO) and a circle (◦, LUMO) in the right inset to (a). (c) STM image of
graphene on Pt(111) (0.01 V, 100 nA, 10 nm × 10 nm). The color scale ranges
from 0 pm (dark blue) to 55 pm (yellow). Inset: STM images of a single DBP on
graphene-covered Pt(111) acquired with −1.90 V (left) and 2.10 V (right) (50 pA,
2.2 nm× 3.4 nm). (d) Like (b), for DBP on graphene-covered Pt(111) (feedback
loop parameters: −1.80 V, 20 pA (HOMO); 2.30 V, 20 pA (LUMO); modulation:
5 mVrms, 754 Hz).

range of the HOMO (left) and LUMO (right) peaks in dI/dV spectra, referred

to as, respectively, H00 and L00 in Figure 5.9(b). The submolecular motifs are
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similar to those observed from DBP on h-BN and graphene on Ru(0001) (Fig-

ure 5.8(a,c)). Figure 5.9(b) shows a dI/dV spectrum that is composed of two

individual spectra, one obtained atop the phenyl group (V < 0 V) and the other

recorded atop one side of the central backbone (V > 0 V). The satellite peaks to

H00 and L00 are due to vibronic progression, as will be scrutinized below. Again,

similar to h-BN on Ru(0001), molecular vibrational modes with two distinct

quantum energies will be demonstrated to cause the Franck-Condon spectra.

Graphene on Pt(111) (Figure 5.9(c)) exhibits irregularly distributed depres-

sions that are most likely due to Pt(111) lattice vacancies [82] or C impurities

embedded in the Pt(111) surface [83]. For graphene on Pt(111) the HOMO and

LUMO spatial distributions of DBP (insets to Figure 5.9(c)) are akin to the data

obtained for the molecule on h-BN-covered Pt(111).

Despite the weak graphene–Pt(111) coupling the spectroscopic data of DBP

on graphene-covered Pt(111) deviate clearly from the findings observed for DBP

adsorbed on the h-BN-covered surface. The reduced number of satellite peaks to

both the HOMO and LUMO signatures, which are assigned to vibronic progres-

sion resonance, too, is most obvious. The second-order progression is virtually

absent from the HOMO and very weak for the LUMO. Moreover, the mutual

distance of resonances evidences the presence of only a single vibrational energy,

rather than two as observed for h-BN.

5.2.3 Vibrational Progression

Next, the spectroscopic sidebands to H00 and L00 are explained. As mentioned

above, the observed nearly equidistant separation of the resonances hints at the

mechanism of vibronic progression being operative. First, the HOMO and LUMO

spectroscopic fine structure of DBP on h-BN-covered Ru(0001) (Figure 5.10(a))

will be explained within the Franck-Condon picture [47, 48].

Figure 5.10(b) schematically shows the excitation of vibrations in the Franck-

Condon model for the case of electron attachment to the LUMO. The tunneling

electron excites the neutral molecule M0 to the singly negative charged molecu-

lar state M−. It therefore transiently charges the molecule during the tunneling

process. As DBP is adsorbed on the decoupling h-BN layer, the attached elec-

tron exhibits an extended residence time at the molecule, which further enables
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Figure 5.10: Description of STS data using vibronic progression in the Franck-
Condon picture. (a) dI/dV data (dots) of Figure 5.8b after considering an
exponential background and normalizing peak heights of H00 and L00 to unity.
The thick solid line is a fit to the data using a superposition of Lorentzians
(thin lines), which is discussed in detail in the text. (b) Illustration of vibronic
progression (L01, L02, L01′) and progression of vibronic levels (L11′ , L21′) of the
LUMO in the Franck-Condon picture. M0 and M− denote the molecule in its,
respectively, neutral and transient negative charge state. Vertical arrows mark
transitions and are horizontally offset for clarity. Index n in Lnm denotes the
initial state for the vibronic transition, the vibrational ground state of M0 (n =
0) or the first (n = 1) and second (n = 2) vibrationally excited state of M−

with energy hν; index m marks the final state where primed quantum numbers
indicate the vibrational excitation of M− with energy hν ′.

an efficient coupling to the molecular vibrations in the transient charge state.

Therefore, M− may be in its vibrational ground state or in a vibrationally ex-

cited state. In the former case, the transition is labeled L00, while in the latter

case, the transition reads L0m, with m denoting the quantum number of vibra-

tional excitations with energies hν (m = 1, 2) or hν ′ (m = 1′, 2′). The peak

heights of the vibronic resonances resulting from transitions of the vibrational

ground state of M0 to the kth vibrationally excited state of M− obey a Poisson

distribution

ιαk = exp(−Sα)
Skα
k!

(5.1)
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where α ∈ {ν, ν ′} denotes the frequency of the involved molecular vibration

and integer k ≥ 0 the vibrational quantum number. The Huang-Rhys factor

Sα may be extracted from the normalized spectroscopic data by comparing the

heights of the first-order vibronic sideband peak (ια1) and the molecular orbital

spectroscopic signature (I0),

Sα =
ια1
I0
. (5.2)

Normalized data were obtained by setting the peak height of the main elec-

tronic transitions H00 and L00 to unity and by consideration of an exponential

background, which is explained in Appendix D.

By comparing the peak intensity of adjacent vibronic sidebands of DBP on the

h-BN-covered surfaces (Figure 5.8(b), Figure 5.9(b), Figure 5.10(a)), it is evident

that the distribution of peak heights deviates from a Poisson distribution with a

uniform Huang-Rhys factor according to equation 5.1. Therefore, the observed

Franck-Condon spectrum is assumed to be the result of two sets of vibrational

modes with distinct frequencies ν 6= ν ′, each with its own Huang-Rhys factor,

Sν and Sν′ . The evaluation of mutual peak distances within the LUMO spectral

line shape results in one group of vibrational quanta exhibiting energies around

hν = 199±3 meV. The second group of molecular vibrational modes has energies

around hν ′ = 99±3 meV, found by a linear fit of the respective vibronic sideband

spectroscopic signatures.

The peak intensities for transition L01′ can be analyzed using equation 5.2 and

normalized dI/dV data (Figure 5.10(a)), the Huang-Rhys factor of this group

reads as Sν′ ≈ 0.32 (Table 5.2). The transition L02′ at εL+2 ·hν ′ nearly coincides

with transition L01 at εL + 1 · hν due to ν ′ ≈ ν/2. The finite peak height of L02′

must therefore be considered, as described below, in order to extract the Huang-

Rhys factor of the group of vibrational modes with frequency ν, which reads

Sν ≈ 0.57.

Due to the small value of Sν′ the peak heights of transitions L0m′ with m′ > 2

do not contribute to the Franck-Condon spectrum significantly. The intensity

of the transition L03′ with Sν′ ≈ 0.32 will already be less than 1% of the initial

transition L00. Surprisingly, sidebands are yet observed at εL + 3 · hν ′ (L11′) and

εL + 5 · hν ′ (L21′). These sidebands are rationalized in terms of the progression

of vibronic levels at εL + 1 · hν and εL + 2 · hν, induced by vibrational quanta
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with energy hν ′. This effect is often referred to as progression of vibronic pro-

gression and was previously reported for C60 [233], metalloporphyrins [234] and

naphthalocyanine molecules [235].

The spectroscopic data will now be described by a model consisting of the

superposition of Lorentzian line shapes, in order to further corborate the idea

of observed vibrational sidebands. In particular, two sets of vibrational modes

with distinct frequencies ν 6= ν ′ will be included in the description.

The superposition of Lorentzians reads

Λ(V ) =
N∑
i=1

aiλi(V − Vi) +
N ′∑
k=1

bkλk(V − Vk) (5.3)

where N (N ′) denotes the maximum order of vibronic progression due to vi-

brations with frequency ν (ν ′) visible in the dI/dV spectra. The individual

Lorentzian line shapes are

λi,k(V − Vi,k) =
1

π
· γi,k

(V − Vi,k)2 + γ2i,k
(5.4)

that are peaked at Vi,k = εi,k/e with εi = εL + i · hν and εk = εL + k · hν ′; γi,k
denotes the half width at half maximum.

In order to corroborate the idea that vibronic progression is operative, the

Lorentzian peak heights, ai/(πγi) and bk/(πγk), are expected to obey the Poisson

distribution of equation 5.1 with distinct Huang-Rhys factors Sν and Sν′ . There-

fore, Huang-Rhys factors Sν and Sν′ have to be extracted from the experimental

data. To this end, the Huang-Rhys factor Sν′ for the progression series with

smaller energy hν ′ was determined from transition L01′ using equation 5.2. With

Sν′ at hand, the progression series due to modes with energies ≈ hν ′, namely

L01′ , L02′ , . . . , was calculated. In particular, the peak height for transition L01 at

energy εL + 1 · hν was corrected by subtraction of the peak height for transition

L02′ at εL + 2 · hν ′ ≈ εL + 1 · hν, as the peak intensity consists of the sum of

the individual peak intensities of the transition L02 and L02′ . The Huang-Rhys

factor for the progression series due to modes with energies ≈ hν therefore reads

Sν = (ι01 − ι02′)/I0. However, the model does not yet describe the observed

vibrational sidebands in total.
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The progression of vibronic levels was taken into account in the model by

calculating the progression series of the levels at εL + 1 · hν and εL + 2 · hν
caused by vibrational modes with energies ≈ hν ′. To this end a superposition of

Lorentzians at εL + 1 · hν + k · hν ′ and εL + 2 · hν + k · hν ′ (k ≥ 1) was added to

the fit function. The peak heights of the Lorentzians were calculated by equation

5.1 using Sν′ as the relevant Huang-Rhys factor.

Indeed, including Lorentzian resonances in the fit at εL + 1 · hν + m · hν ′,
εL + 2 · hν + m · hν ′ with peak heights evolving according to equation 5.1 with

Huang-Rhys factor Sν′ leads to a good description of the experimental data

(Figure 5.10(a)). A similar fit procedure was used for the HOMO-related vibronic

progression (Figure 5.10(a), V < 0 V). Within the uncertainty margins the same

groups of vibrational modes, hν = 201± 5 meV and hν ′ = 97± 5 meV, cause the

vibronic progression (H01, H02, H01′ ) and progression of vibronic levels (H11′).

The analysis of the satellite resonances of DBP on h-BN-covered Pt(111)

(Figure 5.11(a)) has been performed analogously, revealing a similar progression

of vibronic progression. Consequently, vibrational energies were extracted by

linear fit to the spectroscopic resonances, resulting in energies of hν = 207 ±
8 meV and hν ′ = 102 ± 4 meV for the HOMO, hν = 196 ± 6 meV and hν ′ =

98±3 meV for the LUMO. The Huang-Rhys factors for the respective vibrational

quanta was found to be Sν′ ≈ 0.32 and Sν ≈ 0.52 for the LUMO and Sν′ ≈ 0.18

and Sν ≈ 0.2 for the HOMO.

In the case of the graphene-covered surfaces (Figure 5.11(b,c)) only one vi-

brational mode is observed in the vibronic peak series. Therefore, the model is

reduced to only one set of Lorentzian peaks for the transitions L01, L02, . . . with a

distinct Huang-Rhys factor Sν . For DBP adsorbed on graphene-covered Pt(111)

(Figure 5.11(b)) vibronic progression of the DBP HOMO and LUMO with quan-

tum energies of 207± 5 meV and 210± 7 meV were extracted, respectively. The

corresponding Huang-Rhys factors are Sν ≈ 0.25 for the HOMO and Sν ≈ 0.51

for the LUMO.
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Figure 5.11: dI/dV spectra (dots) of DBP after consideration of an exponential
background together with the Franck-Condon fit (thick solid line). Thin solid
lines depict individual Lorentzian line shapes used for the fit. (a) Vibronic spectra
for HOMO (V < 0 V) and LUMO (V > 0 V) of DBP on h-bN-covered Pt(111).
(b) Like (a) for graphene-covered Pt(111). (c) Like (a) for graphene-covered
Ru(0001).
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SHν SLν SHν′ SLν′

h-BN/Ru 0.21± 0.03 0.57± 0.03 0.21± 0.02 0.32± 0.01
graphene/Ru 0.24± 0.05 0.72± 0.04 — —

h-BN/Pt 0.20± 0.03 0.52± 0.04 0.18± 0.03 0.32± 0.04
graphene/Pt 0.25± 0.02 0.51± 0.04 — —

Table 5.2: Collection of Huang-Rhys factors SH,Lν,ν′ for the vibronic progression of
DBP HOMO (H) and LUMO (L) induced by molecular vibrations with frequen-
cies ν, ν ′ on the different surfaces.

Similarly, on graphene-covered Ru(0001) (Figure 5.11(c)) the vibrational en-

ergies are found as 175±20 meV for the HOMO and 198±7 meV for the LUMO,

with Huang-Rhys factors for the HOMO (LUMO) of Sν ≈ 0.24 (Sν ≈ 0.72).

Within the uncertainty margins the vibrational modes causing the vibronic

progression are the same for the two frontier orbitals on the different substrate

systems. The vibrational modes with energy ≈ 100 meV are compatible with out-

of-plane C–H bending modes of the phenyl groups and the dibenzoperiflanthene

backbone as well as in-plane C ring angular deformations of the backbone, while

vibrations with energy ≈ 200 meV can be ascribed to C–C stretching modes of

the phenyl groups and the backbone as well as in-plane C–H bending modes

of the backbone [199]. In principle, different modes could be responsible for the

progression in different orbitals. The matching of symmetries between vibrational

and electronic states was demonstrated to be favorable for the occurrence of

vibronic progression [12].

5.2.4 Conclusions

In conclusion, two prominent two-dimensional materials, h-BN and graphene,

that are emerging as equally well suited buffer layers for adsorbed molecules

exhibit clearly different decoupling behavior, irrespective of the metal substrate

they hybridize with. While the dielectric nature of h-BN favors the observation of

sharp orbital resonances, the metallic character of graphene impedes a similarly

effective decoupling. Moreover, molecular orbitals lying well inside the band gap

of the dielectric two-dimensional material are expected to exhibit pronounced

vibronic progression. Materials with wide band gaps, such as h-BN, are therefore
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evidenced as the most appropriate buffer layers for future experiments that strive

for exploring the extent to which genuine gas-phase molecular properties can be

preserved after adsorption on a substrate surface.
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CHAPTER 6

Conclusions and Prospects

The first part of this dissertation explores and characterizes the growth and struc-

ture of graphene and hexagonal boron nitride (h-BN) on two metal substrates

Pt(111) and Ru(0001). The different strength of interaction results in weakly

and strongly corrugated surfaces on Pt(111) and Ru(0001), respectively. Here,

an efficient growth method for the growth of h-BN using borazane as a precursor

molecule was developed as an in situ preparation method, which is applicable in

different UHV applications in the future.

Successively, a method for the fabrication of heterostructures of graphene

and h-BN by the sequential growth on an intermediate Pt layer is developed on

the Pt(111) surface. The successful intercalation of Pt beneath h-BN as well as

the presence of graphene on the surface indicates the suitability of this prepa-

ration technique. Additional to a moiré resulting from the interaction of h-BN

and Pt(111), an additional hexagonal structure emerges on the heterostructure

by lowering the tip-sample distance. At the time of writing this thesis differ-

ent reconstructions of residual Pt atoms were considered to explain those ob-

served structures. In the transition regions of the heterostructure to monolayer

graphene, phonon signals have been observed, which most likely originate from

out-of-plane h-BN phonons at the K-point of the Brillouin zone and subsequently

couple to the top graphene layer.

This preparation technique was also used previously for the growth of bi-

layer graphene on Pt(111) [116] and is also sufficient for stacking of h-BN and

85
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graphene. Therefore, other combinations of two-dimensional materials can be

explored using the same technique as a blueprint in future experiments.

The grown two-dimensional materials are now used to evaluate the decoupling

behavior of h-BN and graphene on Pt(111) and Ru(0001) by single-molecule

dI/dV spectroscopy. The experimental data unravel that molecular frontier or-

bitals are a probe for local variations of the h-BN buffer function, as well as

for the work function difference between the different metallic substrate systems.

Weakly coupled molecules exhibit a rigid shift of orbital resonances, which reflects

site-dependent work function changes of h-BN. More strongly coupled molecules

give rise to additional charge transfer processes that cause the nonuniform al-

teration of molecular energy levels. The presented results offer an alternative to

judge the extent of decoupling due to an intermediate buffer layer as well as a

probe of local work function variations on sample surfaces.

Graphene and h-BN used as buffer layers for adsorbed molecules exhibit

clearly different decoupling behaviors, irrespective of the metal substrate they hy-

bridize with. Different linewidth reveal different decoupling characteristics com-

paring h-BN and graphene on the same metal substrates. While the dielectric

nature of h-BN favors the observation of sharp orbital, resonances the metallic

character of graphene impedes a similarly effective decoupling. Moreover, molec-

ular orbitals lying well inside the band gap of the dielectric two-dimensional ma-

terial are expected to exhibit pronounced vibronic progression. Materials with

wide band gaps, such as h-BN, are therefore evidenced as the most appropriate

buffer layers for future experiments that strive for exploring the extent to which

genuine gas-phase molecular properties can be preserved after adsorption on a

substrate surface.

Those surprisingly different decoupling characteristics judged by the compar-

ison of graphene and h-BN could be explored further by including other buffer

layers like transition metal dichalcogenides in future studies. Recently, MoS2

has been used as an efficient decoupling layer for molecules giving rise to high-

resolution molecular spectra [17, 18]. An extended comparison could give further

insights into the requirements of buffer layers used as decoupling layers for ad-

sorbed molecules.
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A Pt Orientation on the Pt(111) Surface

Pt(111)

Pt⟨110⟩

Figure A: STM image of Pt(111) with atomic resolution acquired at 80 K (10 mV,
300 nA, 5 nm× 5 nm). The Pt〈110〉 direction is indicated with an orange arrow.

STM image of the Pt(111) substrate with atomic resolution acquired at 80 K

in order to identify the Pt〈110〉 direction. Because of a remaining possible drift

due to thermal contraction, the Pt〈110〉 direction is only used as a estimate and

can vary by about ±(5− 10)◦.
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B Reference Spectra of 2D-Materials
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Figure B: Spectra of dI/dV acquired atop (a) h-BN on Ru(0001) (1.92 V, 50 pA),
(b) h-BN on Pt(111) (2.40 V, 50 pA), (c) graphene on Ru(0001) (1.92 V, 100 pA),
(d) graphene on Pt(111) (−1.92 V, 100 pA for the spectral region covering occu-
pied states; 1.92 V, 100 pA for the spectral region covering unoccupied states).
The bias voltage modulation was 5 mVrms, 754 Hz in all cases.

Reference spectra of dI/dV acquired atop clean h-BN and graphene on the

different metal surfaces are presented in Figure B. They show that in the bias

voltage range relevant to the spectroscopy of vibronic progression the substrate

electronic structure is essentially featureless. In the experiments, spectroscopy

of the clean two-dimensional materials was perpetually performed to ensure a

constant status of the probe.
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C dI/dV Maps of DBP on h-BN-covered Pt(111)

(a) (b)

HOMOLUMO

Figure C: dI/dV maps of a single DBP molecule adsorbed on h-BN-covered
Pt(111) recorded in constant height mode. The feedback loop was opened placing
the tip on a molecular site with a high spectroscopic signal to ensure a sufficient
tip-sample distance. (a) Spatial distribution of the LUMO (V = 2.1 V, 3 nm ×
3 nm, Vmod,rms = 20 mV,f = 754 Hz). (b) Spatial distribution of the HOMO
(V = −0.9 V, 3 nm× 3 nm, Vmod,rms = 20 mV,f = 754 Hz).

dI/dV maps of a single DBP molecule adsorbed on h-BN-covered Pt(111)

recorded in constant height mode reveal the spatial distribution of the molecular

frontier orbitals of DBP. The HOMO is spatially localized at the four phenyl

groups of the DBP molecule, while the LUMO is located at the side of the

molecular backbone.
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D Consideration of an Exponential Background
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Figure D: (a) Raw dI/dV spectra (dots) showing the occupied (V < 0 V) and
unoccupied (V > 0 V) states of DBP adsorbed on graphene-covered Pt(111)
together with an exponential background (solid line) according to eq 1 (feedback
loop parameters: −1.80 V, 20 pA (V < 0 V); 2.30 V, 20 pA (V > 0 V)). The two
individual spectra were acquired atop a phenyl group (V < 0 V) and the side
of the central backbone (V > 0 V). HOMO and LUMO are denoted H00 and
L00, respectively. (b) Spectra of (a) divided by the exponential background. (c)
Spectra of (a) after subtraction of the exponential background.

In order to obtain reliable information on peak positions, widths and heights,

the Franck-Condon description of dI/dV spectra presented in the main text

requires the consideration of the transmission factor of the tunneling barrier.

Assuming a one-dimensional tunneling barrier with trapezoidal shape and barrier

height Φ̄ = (Φt + Φs)/2 (Φt,s: work functions of tip and sample) [236, 237] the

background in dI/dV spectra is expected to follow the transmission factor of the

tunneling barrier, i. e., takes the form

β(V ) = β0 · exp
(
β1 ·

√
Φ̄ + eV

)
(1)

with fit parameters β0, β1 and the elementary charge e. This background was

fit to spectroscopic data for sufficiently large |V |, i. e., outside the bias voltage

interval where orbital and vibronic resonances are present. The average work

function was set to Φ̄ = 4 eV. Exemplarily, the exponential background function

is depicted for the HOMO and LUMO spectral region of DBP on graphene-
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covered Pt(111) in Figure D(a).

In a next step, raw dI/dV data were divided by β(V ), individually for

V < 0 V and V > 0 V, according to a density-of-states convolution technique

previously reported [238]. Figure D(b) shows these normalized data. In many

spectra the exponential variation of the background was very weak (Figure D(b),

V > 0 V). Dividing such spectra by β(V ) (Figure D(b)) or subtracting β(V )

(Figure D(c)) from raw dI/dV yielded comparable data sets. While in the case

of division a nearly constant nonzero baseline has to be considered in the subse-

quent fit of Lorentzian line shapes to the data, subtraction yields a baseline of

zero. The data depicted in Figure D(b,c) were additionally normalized, where

the peak heights of H00 and L00 were set to unity. Importantly, Huang-Rhys

factors extracted from differently treated raw data varied within the uncertainty

margins given in Table 5.2.
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frontier orbitals of a single hydrocarbon molecule on graphene. Journal of

Physics: Condensed Matter, 31(6):065001, 2018.

[13] A. Riss, S. Wickenburg, L. Z. Tan, H.-Z. Tsai, Y. Kim, J. Lu, A. J. Bradley,

M. M. Ugeda, K. L. Meaker, K. Watanabe, T. Taniguchi, A. Zettl, F. R.

Fischer, S. G. Louie, and M. F. Crommie. Imaging and Tuning Molecular

Levels at the Surface of a Gated Graphene Device. ACS Nano, 8(6):5395–

5401, 2014.

[14] C.-A. Palma, S. Joshi, T. Hoh, D. Ecija, J. V. Barth, and W. Auwärter.

Two-Level Spatial Modulation of Vibronic Conductance in Conjugated

Oligophenylenes on Boron Nitride. Nano Letters, 15(4):2242–2248, 2015.

[15] L. Liu, T. Dienel, R. Widmer, and O. Gröning. Interplay between Energy-
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epitaxial boron nitride monolayers by substrate functionalization. Physical

Review B, 92(12):125440, 2015.



Bibliography 115

[124] Y. Zhang, Y. Zhang, D. Ma, Q. Ji, W. Fang, J. Shi, T. Gao, M. Liu,

Y. Gao, Y. Chen, L. Xu, and Z. Liu. Mn atomic layers under inert cov-

ers of graphene and hexagonal boron nitride prepared on Rh(111). Nano

Research, 6(12):887–896, 2013.

[125] N. I. Verbitskiy, A. V. Fedorov, G. Profeta, A. Stroppa, L. Petaccia,
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[131] P. E. Blöchl. Projector augmented-wave method. Physical Review B, 50

(24):17953–17979, 1994.

[132] S. Grimme. Semiempirical GGA-type density functional constructed with

a long-range dispersion correction. Journal of Computational Chemistry,

27(15):1787–1799, 2006.

[133] A. R. Sandy, S. G. J. Mochrie, D. M. Zehner, G. Grübel, K. G. Huang, and
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[158] F. Schulz, R. Drost, S. K. Hämäläinen, and P. Liljeroth. Templated Self-

Assembly and Local Doping of Molecules on Epitaxial Hexagonal Boron

Nitride. ACS Nano, 7(12):11121–11128, 2013.
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R. Berndt. Coverage-Driven Electronic Decoupling of Fe-Phthalocyanine

from a Ag(111) Substrate. The Journal of Physical Chemistry C, 115(24):

12173–12179, 2011.

[171] A. J. Heinrich, J. A. Gupta, C. P. Lutz, and D. M. Eigler. Single-Atom

Spin-Flip Spectroscopy. Science, 306(5695):466–469, 2004.

[172] C. F. Hirjibehedin, C. P. Lutz, and A. J. Heinrich. Spin Coupling in

Engineered Atomic Structures. Science, 312(5776):1021–1024, 2006.

[173] C. F. Hirjibehedin, C.-Y. Lin, A. F. Otte, M. Ternes, C. P. Lutz, B. A.

Jones, and A. J. Heinrich. Large Magnetic Anisotropy of a Single Atomic

Spin Embedded in a Surface Molecular Network. Science, 317(5842):1199–

1203, 2007.



120 Bibliography

[174] A. F. Otte, M. Ternes, K. von Bergmann, S. Loth, H. Brune, C. P. Lutz,

C. F. Hirjibehedin, and A. J. Heinrich. The role of magnetic anisotropy in

the Kondo effect. Nature Physics, 4:847 – 850, 2008.

[175] A. F. Otte, M. Ternes, S. Loth, C. P. Lutz, C. F. Hirjibehedin, and A. J.

Heinrich. Spin Excitations of a Kondo-Screened Atom Coupled to a Second

Magnetic Atom. Phys. Rev. Lett., 103:107203, 2009.

[176] S. Baumann, W. Paul, T. Choi, C. P. Lutz, A. Ardavan, and A. J. Heinrich.

Electron paramagnetic resonance of individual atoms on a surface. Science,

350(6259):417–420, 2015.

[177] P. Willke, Y. Bae, K. Yang, J. L. Lado, A. Ferrón, T. Choi, A. Ardavan,

J. Fernández-Rossier, A. J. Heinrich, and C. P. Lutz. Hyperfine interaction

of individual atoms on a surface. Science, 362(6412):336–339, 2018.
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[197] Y. Wang, K. Wu, J. Kröger, and R. Berndt. Review Article: Structures of

phthalocyanine molecules on surfaces studied by STM. AIP Advances, 2

(4):041402, 2012.
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