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Abstract

Novel hybrid materials are an emerging research field, holding great promise for applications
in next-generation nanoscale devices. In this thesis, we investigate the structural, electronic
and magnetic properties of two-dimensional (2D) epitaxial layers, tetrapyrrolic molecules and
single atoms on surfaces in an ultra-high vacuum environment by means of various surface
science techniques, such as scanning tunneling microscopy (STM), atomic force microscopy
(AFM), low-energy electron diffraction (LEED), X-ray photoelectron spectroscopy (XPS)
and X-ray standing waves (XSW).
Specifically, we investigate atomically thin hexagonal boron nitride (h-BN) layers on the

noble metal surfaces of Cu(111) and Ag(111) single crystals. In a combined AFM and XSW
analysis we determine the adsorption height of the h-BN layer on Cu(111) and find a —
hitherto — unrecognized geometric corrugation in the system. Furthermore, we demonstrate
that the growth of h-BN is possible on the relatively inert Ag(111) substrate, and we exploit
intercalation of silver in h-BN/Cu(111) to tune the electronic properties of the resulting
system between those of h-BN on Cu(111) and h-BN on Ag(111).
Moreover, the structure and the functionality of tetrapyrroles on copper and h-BN sup-

ports are characterized and compared. First, the adsorption geometry of prototypic cobalt
porphine on Cu(111) is identified and its exact lateral registry is determined. Next, we
analyze the adsorption and the molecular conformation of cobalt porphine on monolayer
h-BN, highlighting the modifications through the h-BN layer that electronically decouples
the molecule from the substrate. Finally, we introduce a surface-confined coordination ar-
chitecture on an sp2-hybridized h-BN sheet based on deliberately functionalized porphyrins
and promoted by cobalt adatoms.
Eventually, two approaches to obtain planar h-BNC heterostructures are discussed. Be-

sides the direct growth of h-BN and graphene on Cu(111) leading to h-BN–G interfaces
stitched together in-plane, borazine derivatives are utilized. In this particular class of mole-
cules doping BN-units are embedded in a carbon-based scaffold. We show that the symmetry
and porosity of the network, its density and the degree of interdigitation between molecules
can be controlled by the selection of specific metal substrates.
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Zusammenfassung

Neuartige Hybrid-Materialien sind Gegenstand aktueller Forschung und haben großes Po-
tential für Anwendungen in elektronischen Bauteilen der nächsten Generation. In dieser
Arbeit werden die strukturellen, elektronischen und magnetischen Eigenschaften von zwei-
dimensionalen epitaktischen Schichten, Tetrapyrrolen und einzelnen Atomen in einer Ultra-
Hochvakuum-Umgebung untersucht. Dabei kommen verschiedene Techniken der Oberflächen-
wissenschaften zum Einsatz, wie beispielsweise Rastertunnelmikroskopie, Rasterkraftmikro-
skopie, niederenergetische Elektronenbeugung, Röntgenphotoelektronenspektroskopie, sowie
stehende Röntgenwellenfelder.
Im Speziellen untersuchen wir atomar dünne hexagonale Bornitrid(h-BN)-Schichten auf

den Edelmetalloberflächen von Cu(111) und Ag(111) Einkristallen. In einer multi-methodalen
Analyse bestimmen wir die Adsorptionshöhe der h-BN-Schicht auf Cu und finden eine bis-
lang unerkannte geometrische Korrugation im System. Darüber hinaus zeigen wir, dass das
Wachstum von h-BN auf der relativ innerten Ag(111)-Oberfläche möglich ist. Schließlich
nutzen wir die Interkalation von Silber unter h-BN/Cu(111), um die elektronischen Eigen-
schaften des resultierenden Systems zwischen denen von h-BN auf Cu(111) und h-BN auf
Ag(111) einzustellen.
Darüberhinaus werden die Struktur und die Funktionalität von Tetrapyrrolen auf Kupfer

und auf h-BN-Trägern charakterisiert und verglichen. Zuerst wird die Adsorptionsgeome-
trie und die exakte laterale Anordnung vom prototypischen Kobalt-Porphin auf Cu(111)
bestimmt. Danach wird die Adsorption und die Molekül-Konformation von Kobalt-Porphin
auf h-BN-Monolagen analysiert und die Auswirkungen der h-BN Schicht dargestellt, welche
das Molekül elektronisch vom Substrat entkoppelt. Schließlich stellen wir ein oberflächenbe-
schränktes Koordinationsnetzwerk auf einer h-BN-Schicht vor, das auf ganz bewusst funk-
tionalisierten Porphyrinen und Kobalt-Adatomen basiert.
Abschließend werden zwei Ansätze zum Erstellung von planaren h-BNC-Heterostrukturen

diskutiert. Neben dem direkten Wachstum von planaren h-BN-Graphen-Schnittstellen auf
Cu(111), werden Borazin-Derivate verwendet. In dieser speziellen Klasse von Molekülen wer-
den dotierende BN-Einheiten in ein kohlenstoffbasiertes Gerüst eingebettet. Wir zeigen, dass
Symmetrie, Porosität und Dichte des Netzwerks, sowie der Grad der Vernetzung zwischen
den Molekülen durch die Wahl spezifischer Metall-Substrate kontrolliert werden kann.
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Chapter 1

Introduction

Numerous key challenges facing mankind in the 21st century such as data storage and pro-
cessing, sustainable energy harvesting or climate change are closely linked with the endeavor
to achieve progress in scientific material research.[Liu03, Gie16] It is well known, that the
discovery and utilization of novel materials often coincide with technological advancement.
In particular nanoscience and nanotechnology play a decisive role ever since the dawn of
the digital and information age in order to provide solutions to the quest of miniaturization
in the electronic industry.[Moo65, Moo75] Nanotechnology, a term coined independently by
Taniguchi and Drexler in the mid 70s and early 80s,[Tan74, Dre86] subsumes research that
aims to create, manipulate and utilize structures in the size range of about 0.1 to 100 nm,
thus covering the length scale of atomic, molecular and supramolecular systems.[Bar05]
Although the genesis of nanotechnology is frequently dated back to Richard Feynman’s

classic and visionary talk “There’s plenty of room at the bottom“ held at the meeting of
the American Physical Society at Caltech in 1959, in which he anticipated the possibility of
synthesis via “manipulating and controlling things on a small scale“,[Fey60] it was not until
the development of the scanning probe microscopes in the 80s that seminal experimental
advances were achieved in this field.[Bin82b, Bin86, Tou09] Boosted by the emergence of
these and other surface science techniques, research has accomplished various important
breakthroughs in the following decades, including the manipulation of single atoms,[Eig90]
the discovery of fullerenes,[Kro85] and carbon nanotubes,[Iij91] as well as the utilization of
molecular self-assembly and supramolecular chemistry to fabricate nanoscale devices from
the bottom-up.[Ert08, Bar05, Bar07, Auw15, Boe94, Got15, Kum17, Ruf16]
Especially molecular nanotechnology holds great prospects for applications in diverse fields

such as energy harvesting,[Was92, Mat14] light emission,[Li04, End09] gas sensing[Pur99],
spintronics[Wäc10] or catalysis.[Meu92, Yos03] The controlled, autonomous and determinis-
tic organization of individual molecular building blocks into functional complex nanoarchitec-
tures on surfaces is highly appealing.[Bar07] In particular tetrapyrrole porphyrin molecules,
an interesting class of π-conjugated organic molecules with relevance in natural and artificial
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systems,[Bat00] attracted a great deal of interest in the last decades.[Auw15, Got15] The
versatile functionality of porphyrins can be tailored via metalation of the central macrocycle
and by addition of lateral substituents.

Moreover, the mechanical exfoliation of graphene, an atomically thin two-dimensional (2D)
sheet of carbon, in 2004[Nov04] has generated unprecedented interest in a new field of nan-
otechnology and has since fuelled intense research in the area of 2D materials.[Nov05, Gei07,
Nov12, Nov16] Many 2D layered materials possess new and distinctive properties compared
with their bulk counterparts and can be directly synthesized by chemical vapor deposition
(CVD) or other van der Waals epitaxy techniques.[Avo17, Man17, Kim14] Besides the ma-
terials outstanding properties on their own, various intriguing fundamental phenomena of
condensed matter physics have been rendered accessible in experiments for the first time,
in particular in high-quality crystalline graphene: e.g. massless Dirac fermions,[Nov05] an
anomalous electric field effect,[Nov04] and the room temperature quantum hall effect.[Nov07]
As the research on graphene itself has probably passed its zenith,[Gei13] applications uti-
lizing combinations of 2D materials in vertically stacked van der Waals heterostructures
or in hybridized atomically flat layers are more and more in the focus of the scientific
community.[Nov16]

Especially the combination of 2D materials with functional molecular units or nanos-
tructures is envisaged to provide a vast playground for further exploration.[Weh08, Avo17,
Kum17] Different approaches are conceivable: Functionality might be introduced to a lay-
ered system, either by molecular overlayers adsorbed on top of 2D sheets effectively gat-
ing the structure or by integration of molecular units into planar hybrid materials as has
been reported very recently.[He17b] Moreover, atomically thin layers can be utilized to
decouple the adsorbates from the predominantly metallic supports required for electrical
contacting.[Kum17] Furthermore, intercalation of atomic or molecular species is actively
studied for the purpose of e.g. gating,[Fed15, Sch17a] and decoupling (Ag, Au)[Uih15] in
the first case, as well as protecting a system from detrimental environments in the latter
case.[Duc18, Al 16, Mon15, Var10]

Implicated by the nature of atomically thin layers, the peculiar interfaces between the
individual components of the systems are of fundamental relevance. Surface science provides
an ample toolbox of techniques to investigate those interfaces on the atomic level in a well-
defined environment. Functionalities of materials and in particular of molecules are closely
associated with their structure. The phrase “If you want to understand function, study
structure”, supposedly said by Francis Crick,[Ame16] the co-discoverer of the structure of
DNA molecules, can, therefore, be interpreted as one of the motivations of the experiments
conducted within the framework of this PhD project.
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This thesis presents research at the interface of surface science, material engineering and
supramolecular chemistry contributing to the field of molecular nano science. We study the
structural, electronic and magnetic properties of 2D epitaxial layers, functional molecules
and single atoms in surface-confined model systems. Specifically, we explored atomically
thin sp2-bonded hexagonal boron nitride (h-BN), graphene (G) and in-plane h-BN–G het-
erostructures. Moreover, we investigated tetrapyrrole porphyrin molecules, cobalt atoms and
borazine derivatives on noble metal substrates and h-BN supports. The thesis is structured
as follows:
Chap. 2 delineates the basic concepts of the surface science techniques that were utilized

in the experiments in the course of this PhD project. We employed various complementary
techniques, such as scanning tunneling microscopy (STM), atomic force microscopy (AFM),
low-energy electron diffraction (LEED), X-ray photoelectron spectroscopy (XPS) and X-
ray standing waves (XSW) to obtain a comprehensive understanding of the systems under
investigation. First-principle density functional theory (DFT) calculations, conducted by
collaborators, were employed in several cases to complement and rationalize the experimental
findings.
In Chap. 3, the instrumentation and the applied technologies are described in detail.

Specifically, the ultra-high vacuum system combining an STM and an XPS setup that was
designed and assembled as part of this PhD project, is outlined. Furthermore, the sample
geometry is illustrated, and the tip and sample preparation procedures are presented. In
addition, the Diamond Light Source synchrotron and the endstation of its beamline I09 are
depicted, where integral parts of the experiments have been conducted.
Chap. 4 elucidates the growth and the characterization of monolayer h-BN on the surfaces

of single crystal Ag(111) and Cu(111). In the case of h-BN on Cu(111), the adsorption height
above the copper surface and the geometric corrugation of the layer were determined, both
key structural parameters. Subsequently, the growth of h-BN on the relatively inert Ag(111)
surface will be depicted, and intercalation of silver in h-BN/Cu(111) will be presented as an
alternative strategy to obtain h-BN layers on silver. With the performed measurements, the
adsorption energy, the surface potential, the chemical environment of the atomic species in
h-BN, and the band structure of the obtained h-BN layers on silver were characterized.
Chap. 5 presents a characterization of tetrapyrrolic porphyrin molecules on copper and

h-BN supports. First, the local adsorption geometry and the exact atomic registry of cobalt
porphine (Co–P) on Cu(111) is determined. Next, the adsorption structure of Co–P on
a monolayer h-BN/Cu(111) is analyzed quantitatively. The adsorption height above the
h-BN sheet is determined, and the significant modifications of the adsorption conformation
of the molecule through the decoupling h-BN layer are highlighted. Moreover, an exem-
plary surface-confined coordination architecture on a h-BN sheet, based on carbonitrile-
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functionalized porphyrins and promoted by cobalt adatoms, is introduced. Finally, the
magnetic properties of cobalt atoms in different environments are studied through their
characteristic Kondo exchange interaction with the metallic substrate.
Chap. 6 discusses two different experimental strategies to obtain planar h-BNC heterostruc-

tures. The first approach is based on the direct growth of h-BN and graphene (G) on Cu(111)
leading to in-plane h-BN–G junctions that were characterized on the atomic scale. The sec-
ond approach utilizes borazine derivatives, custom-designed and synthesized molecules that
consist of B, N and C atoms. We studied the self-assembly of two particular borazine deriva-
tive molecules on Cu(111) and Ag(111), and achieved distinct network architectures on the
two metal surfaces. Our measurements indicate that the BN core is electronically decoupled
from the conductive substrate.
To conclude, the detailed results presented in this thesis are summarized and some per-

spectives for future experiments are sketched in Chap. 7.
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Chapter 2

Concepts

In the course of this thesis, several complementary techniques have been employed to study
metallic surfaces, interfaces, molecules, and single atoms. The following chapter gives an
overview of these surfaces science techniques. First, the basic concepts and the theory of
scanning probe microscopy (SPM) are elucidated. Specifically, scanning tunneling micros-
copy (STM) was utilized in many experiments presented in this thesis, supported by atomic
force microscopy (AFM) measurements. Next, X-ray photoelectron spectroscopy (XPS) and
the X-ray standing wave technique (XSW) are introduced. Finally, a concise introduction
to low-energy electron diffraction (LEED) is presented.

2.1 Scanning Probe Microscopy (SPM)

SPM subsumes a multitude of techniques that are based on the image formation by scanning
the surface of a material with a physical probe. The image of the sample is generated by
measuring the interaction between probe, usually referred to as tip, and sample at each point
of a grid. The obtained information is visualized in real-time as an intensity map. Both,
vertical and lateral resolution of scanning probe techniques can reach the angström (Å)
regime and hence provide atomic resolution.[Che90, Che08] The most famous and powerful
members of the SPM family are STM (see section 2.1.1) and AFM (see section 2.1.2), which
are historically closely related.
The invention of the STM by Binning and Rohrer at IBM Zurich Research Laboratory in

1981 was a milestone in the history of nanotechnology.[Bin82b] STM was the first instrument
capable of imaging surfaces in real-space with atomic precision.[Bin82a] Its first great success
was the imaging of the 7× 7 reconstruction of the Si(111) surface, solving a problem heavily
debated in the surface science community at that time.[Bin83] In 1986, only a few years after
its invention, Binnig and Rohrer were awarded the Nobel Prize in Physics “for their design
of the scanning tunneling microscope“.[Nob86]
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STM is based on the concept of quantum mechanical tunneling. Therefore, a sharp,
conductive tip is positioned in a few Å distance above a conductive surface. A bias voltage
applied between tip and sample gives rise to an electric tunneling current, which depends
on both the distance between tip and sample and their density of states. The information
displayed in the obtained intensity map is a convolution of the topographic and electronic
structure of the surface. Section 2.1.1 explains the basic concept of STM in detail.
Apart from the simplicity of the operational principle, STM suffers one major limitation.

As the concept is based on an electrical current flowing between two conductive electrodes,
the studied samples are restricted to be metals or semiconductors, and the obtained infor-
mation is not solely topographic. Importantly, systems comprising an atomically thin layer
(like e.g. h-BN or graphene) supported on a metal crystal are accessible by STM, which has
been utilized in the course of this thesis as discussed later (see sections 4 and 5).
A second development - the atomic force microscope - introduced by Binnig, Quate, and

Gerber in 1985 circumvents the necessity of conductivity.[Bin86] AFM measures the force
acting between tip and sample, and thus enables to study any kind of surface. Over the
last three decades, several operation modes comprising contact and non-contact AFM have
been developed. In the following, only the frequency-modulation mode in non-contact AFM
will be introduced. AFM was used as a complementary tool in the course of this thesis to
obtain geometric information about a two-dimensional layer. Its basic principle is briefly
introduced in section 2.1.2.

2.1.1 Scanning Tunneling Microscopy (STM)

In this chapter, the fundamental principles of STM are introduced. First, the working
principle of STM is explained with a qualitative explanation for its impressive resolution.
Next, a quantitative expression for the tunneling current is derived theoretically, followed
by a discussion of scanning tunneling spectroscopy. Finally, the different operation modes
of STM are discussed.
The STM is based on the quantum mechanical tunneling effect. Electrons with a certain

energy have a finite probability to pass a potential barrier, which they could not surmount
in classical mechanics. This phenomenon was observed for the first time by Giaever in
1960,[Gia60] when he measured the current between two metal electrodes separated by a
thin insulating oxide layer. Instead of the oxide layer, the vacuum between tip and sam-
ple acts as a potential barrier in the STM. Binnig and Rohrer combined the principle of
quantum mechanical tunneling with a feedback loop, realized by a precise motion control
using piezoelectric actuators together with a proper vibration isolation to create the first
STM.[Bin87]
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Figure 2.1: Working principle of STM. (a) Sketch of an one-dimensional tunneling junc-
tion. The electron wavefunction Ψ decays exponentially in the tunneling barrier. Accordingly,
the electron has a finite probability of presence on the right-hand side of the barrier. (b) Il-
lustration of the basic components of an STM. A conductive tip is approached to a conductive
substrate and scanned across the surface via a piezo scanner. Thereby, the tunneling current
I, which is due to an applied bias voltage U, is recorded. The tunneling current depends on the
tip-sample distance, the local density of states and the applied bias voltage. In constant-current
mode, a feedback loop maintains a constant tunneling current I by adjusting the tip-sample dis-
tance z (see inset). (c) Energy diagram of the STM tunneling junction while a negative sample
bias is applied. At zero temperature, the electronic states of tip and sample are occupied up
to their respective Fermi levels EtF and EsF . Electrons tunnel from the sample into unoccupied
states of the tip. (d) Energy diagram of a double barrier tunneling junction (DBTJ), which
describes the case of molecules on insulating layers. At negative sample bias, electrons tunnel
into unoccupied molecular states and subsequently into the tip.

Figure 2.1b shows a schematic of an STM. A conductive tip is positioned some Å above
a conductive sample surface. An applied bias between tip and sample of typically some V
gives rise to a tunneling current in the range of pA to nA. The tip can be moved in all spatial
directions via piezoelectric actuators with high precision of a few picometers. An image is
acquired by scanning the tip over a grid of the surface line by line and recording either the
tunneling current I or the tip height z for each data point.
In STM, two different operation modes are typically differentiated. In the most common

operation mode, the so-called constant-current mode, a feedback loop controls the tip-sample
distance z in order to maintain the tunneling current, which is an input variable for the feed-
back loop. The tunneling current is amplified by a current-voltage amplifier and converted
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into a voltage, which is subsequently compared to a reference value. The difference between
the two values is amplified again to drive the piezo actuator that adjusts the tip-sample
distance z. The phase of the amplifier is chosen such that it provides negative feedback,
i.e. if the tunneling current is larger than the setpoint value, the tip is withdrawn from the
sample surface and vice versa.[Che08] The tip-sample distance z is recorded for each data
point of the scanned grid and represents the imaging signal, including information about
the topography and the local density of states (LDOS) of the surface. In constant-height
mode, the tip is scanned laterally over the sample at a given, constant tip height z and the
tunneling current is recorded for each data point. Although constant-height mode allows
higher scan speeds, it is rarely used as it requires a perfectly flat surface, no thermal drift,
and an exceptional vibrational damping.

Figure 2.1c displays an energy diagram of the tunneling junction between the tip and the
sample surface. In a classical consideration, an electron with a total energy E < Es

F would
not be able to pass the energy barrier (the vacuum) with a height U = Es

F + Φs > E. Here,
Φs denotes the work function of the sample. However, in a quantum mechanical view, where
the electron can be considered as a wave, the electron wavefunction decays exponentially
in the vacuum region (see Figure 2.1a). This is a consequence of the Schrödinger equation,
which solution indicates that the electron has a finite probability to be inside the potential
barrier and also in the electrode on the other side of the potential barrier, i.e. the tip.
The exponential decay of the electron wavefunction translates into an exponential decay of
the tunneling current as a function of the tip-sample distance. It is this dependence that
eventually makes the impressive atomic resolution of STM possible.

As briefly mentioned above, tunneling through an additional ultra-thin insulating layer,
which is present between the tip and the sample, is possible. This was exploited in the
course of this thesis when atomic and molecular adsorbates on h-BN supports were studied
(see section 5). Upon adsorption on metal surfaces, the electronic states of the adsorbates
are usually perturbed due to the strong interaction with the metal. In order to prevent this
perturbation and solely probe the intrinsic energy levels of the adsorbate, atomically thin
insulating layer have been utilized in recent years.[Qiu04, Hei04, Rep04b, Rep05b, Wu04,
Jos14] Consequently, the energy diagram has to be adapted to the modified tip-sample
geometry with an adsorbate and an insulator between tip and sample. The proposed double-
barrier tunneling junction[Sch93, Rep05a] is depicted schematically in Figure 2.1d. Here, the
electron tunnels sequentially from the substrate state into an adsorbate state and thereafter
into a tip state.[But88] This enables to probe the electronic states of adsorbates near the
Fermi energy.
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2.1.1.1 Basic Theory of STM

In the last few decades, various methods to calculate the tunneling current in STM have
been developed. Historically, the first quantitative expression of the tunneling current in a
metal-insulator-metal junction was introduced by Bardeen in 1961.[Bar61] A comprehensive
introduction to STM has been published by Chen,[Che08] which is the basis of the following
section. In the following, a brief summary of the perturbation approach is presented, which
is based on Bardeen’s Hamiltonian and some additional approximations proposed by Tersoff
and Hamann are briefly discussed.[Bar61, Ter83, Ter85]

In Bardeen’s approach, the tip and the sample are treated as separate entities.[Bri99,
Hof03] Both, the tip and the sample are described by separate wavefunctions ψ and χ,
respectively, which can be treated as a perturbation potential for each other in the proximity
of both electrodes.[Che88] The Schrödinger equation of the system with the Hamiltonian H
is given by

i~
∂Ψ
∂t

=
(
− ~2

2m∇
2 + Us + Ut

)
Ψ (2.1)

where Ut (Us) is the potential of the tip (sample). If the tip and the sample states are
zero in the respective counter-electrode, the total wavefunction can be approximated by the
eigenstates, i.e. the wavefunctions that solve the Schrödinger equation correctly in their
respective systems,[Bri99]

Ψ(r) =


ψµ(r) , for r ∈ tip

χν(r) , for r ∈ sample

Ψ̃(r) , otherwise

(2.2)

with µ and ν denoting the different states. The electronic states ψµ and χν can be obtained
from the solution of the time-independent Schrödinger equations of the two individual sub-
systems. In the tunneling process, an electron, which is initially in the tip state ψµ is
transferred to the sample state χν . The transition probability w of this tunneling event can
be calculated by applying time-dependent perturbation theory, i.e. Fermi’s Golden rule. For
an electron with energy Eµ in state ψµ it reads

w = 2π
~
|Mµν |2 δ(Eµ − Eν) (2.3)

with the transition matrix element Mµν = 〈ψµ |H|χν〉 between the electron tip state ψµ and
the electron sample state χν given by [Bar61]
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Mµν = − ~2

2m

∫
(χ∗ν∇ψµ − ψµ∇χ∗ν) dS. (2.4)

Note, that the integral is a summation over an arbitrary separation surface running through
the vacuum between tip and sample. Taking into account energy conservation (i.e. elastic
tunneling), only transitions from tip states to sample states with Eµ = Eν are allowed.
Furthermore, electrons can only tunnel from an occupied state of the electrode into an
unoccupied state of the counter-electrode. Besides, the transmission rate in the opposed
direction needs to be subtracted as there is no preferred direction of electron tunneling.
With these considerations the tunneling current I at a bias voltage V is, to first order, given
by [Che08]

I = 4πe
~

∫ ∞
−∞

[f(EF − eV + ε)− f(EF + ε)] · ρt(EF − eV + ε)ρs(EF + ε) |M(ε, V )|2 dε. (2.5)

Here, f(E) is the Fermi–Dirac distribution that describes the mean occupation probability
of the state at energy E. A factor of 2 is included to account for the spin degeneracy. ρt
and ρs are the density of states of tip and sample, respectively, which are given by

ρt(E) = 1
V

∫
V

(∑
µ

|ψµ(r)|2 δ(Eµ − E)
)
dr, (2.6)

and
ρs(E) = 1

V

∫
V

(∑
ν

|χν(r)|2 δ(Eν − E)
)
dr. (2.7)

For low temperatures (i.e. room temperature or below), where the Fermi-Dirac distribution
can be approximated by a step function, and in the case of small bias voltages (eV � Φt,
with Φt the tip work function) Eq. (2.5) simplifies to

I = 4πe
~

∫ EF +eV

EF

ρt(ε− eV )ρs(ε) |M(ε, V )|2 dε. (2.8)

The essential difficulty to obtain the tunneling current from Eq. (2.8) is the unknown tran-
sition matrix element Mµν . Therefore, Tersoff and Hamann introduced an approximation
based on the assumption that the tip is locally spherical symmetric with radius R and
centered at r0.[Ter83, Ter85] Hence, the tip wavefunction ψµ is represented by a spherical
symmetric s-wave. With this assumption, Eq. (2.8) can be recast to

I = 32π3e2V Φ2
sρt(EF )R2

~κ4 e2κR∑
ν

|χν(r0)|2δ(Eν − EF ), (2.9)
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where κ =
√

2mΦs/~2 is the minimum inverse decay length of the wavefunctions in vacuum,
Φs is the work function of the sample, ρt(EF ) is the local density of states (LDOS) of the tip
at the Fermi level, R is the radius and r0 the center of the tip. Remarkably, the tunneling
current is proportional to the LDOS of the sample at the Fermi level ρs(r0, EF ) (see the sum
in Eq. (2.9)) defined by

ρs(r0, EF ) =
∑
ν

|χν(r0)|2δ(Eν − EF ), (2.10)

the LDOS of the tip, and the position of the tip r0. Importantly, with the assumption of an
s-wave tip state, an STM image acquired in constant-current mode represents a topographic
map of constant sample density of states. The imaged contour is thus a convolution of
topographic and electronic information. The tunneling current

I ∝ V ρs(r0, EF ) ∝ e−2κz (2.11)

decays exponentially in the vacuum between tip and sample. This predicted behavior
agrees well the exponential dependence observed by Binnig and Rohrer in their first STM
measurements.[Bin82a, Bin82b] With a typical work function of metals Φs ≈ 5 eV, a distance
change of 1Å results in a change of the tunneling current by one order of magnitude. In
order to simulate STM images, the Tersoff-Hamann approximation is nowadays incorporated
into nearly every state-of-the-art DFT code.[Dra01]

2.1.1.2 Scanning Tunneling Spectroscopy

Scanning tunneling spectroscopy (STS) is an extension to the imaging capability of STM.
STS can be utilized to probe the density of electrons in a sample as a function of their energy.
The concept was initially proposed by Selloni in 1985 [Sel85] and realized first by Binnig et
al. on a Ni(100) surface.[Bin85] STS allows measuring occupied and unoccupied electronic
states (LDOS) near the Fermi level with a spatial resolution on the atomic scale.
In the last decades, STS was employed to study e.g. metal surface and interface states

[Cro93b, Cro93a, Bie96, Gar16], the energy level of adsorbed molecules,[Rep05b, Jos14] as
well as vibrational modes of molecules.[Sti98, Qiu04, Gar14c] In addition, spin-polarized
STS developed by Wiesendanger et al. allows assessing the magnetic properties of surfaces,
molecules, and atoms.[Bod01, Pie01, Wie01, Gar13a]
STS exploits the fact that the tunneling current in STM depends on the sample density

of states. The number of states available for tunneling can be adjusted by the applied bias
voltage: tunneling is suppressed when no occupied and unoccupied are aligned in tip and
sample, respectively, while it is strongly enhanced when numerous states are accessible (i.e.
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resonant tunneling). Resonant tunneling is visualized as peaks in the differential conductance
dI/dV , the derivative of the experimentally accessible I-V curve.

A mathematical description of STS was given e.g. by Hamers.[Ham89, Ham01] He uses
the Wentzel-Kramers-Brillouin (WKB) approximation, which takes into account that large
bias voltages are applied during STS measurements and therefore all electronic states up
to an energy eV contribute to the tunneling current.[Ham01] According to his work, the
tunneling current in Eq. (2.8) can be rewritten as

I ∝
∫ eV

0
ρs(r0, E)ρt(r0, E − eV )T (r0, E, eV ) dE, (2.12)

if the transition matrix is approximated by an average transmission probability, Mµν =
T (r0, E, eV ). Here, ρt and ρs are the LDOS of the tip and the sample, respectively. Differ-
entiating Eq. (2.12) with respect to the voltage yields

dI

dV
∝ ρs(r0, eV )ρt(r0, 0)T (r0, eV ) +

∫ eV

0
ρs(r0, E)ρt(r0, E − eV )dT (r0, E, eV )

dU
dE. (2.13)

The integral in Eq. (2.13) vanishes for a voltage-independent transmission probability as
assumed by Hamers in the WKB approximation.[Ham01] Furthermore, the tip LDOS is
assumed to be constant, resulting in

dI

dV
∝ ρs(r0, eV ). (2.14)

Thus, Eq. (2.14) reveals, that STS indeed probes the LDOS, the local electronic structure of
the sample by measuring the differential conductance dI/dV . Due to the high precision in
positioning the STM tip, sub-molecular lateral resolution is achievable.[Ham01]

Experimentally, STS is commonly realized via the lock-in technique. This technique is
based on a small modulation voltage superimposed onto the applied DC bias voltage. The
sinusoidal modulation voltage has a frequency ω that is larger than the lowpass cut-off of the
feedback loop. Thereby, the tunneling current I is modulated with this sinusoidal voltage
whereas the feedback loop does not take it into account for the adjustment of the tip-sample
distance. The dI/dV is calculated with the modulated AC signal component that is in
phase with the initial modulation frequency ω.[Bin85, Bai00] STS can be acquired for a
single position on the sample or on a grid together with a regular STM image. The latter is
referred to as dI/dV map.
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2.1 Scanning Probe Microscopy (SPM)

2.1.1.3 Manipulation Modes

Besides the imaging operation modes (constant-current and constant-height mode), and
the scanning tunneling spectroscopy mode, described above, there are two additional STM
operation modes: the manipulation modes, which shall be introduced here. In 1990, Eigler
and Schweizer demonstrated at the IBM Almaden research center, that STM can not only be
used as a tool to observe sample surfaces but that it can also be utilized to manipulate the
position of individual atoms in a controlled way. Therefore, they moved 35 xenon atoms on
a Ni(110) crystal to spell the name of their company “IBM“,[Eig90] convincing the scientific
community that nanotechnology and Feynman’s vision of controlling atoms and molecules
was real.[Fey60, Tou10] Later, in 1993, the technique was used by Crommie, Lutz, and
Eigler to confine surface state electrons of a copper substrate within a ring of 48 iron atoms,
resulting in one of the most iconic STM images.[Cro93a]
In the lateral manipulation (LM) mode, the STM tip is positioned over an area of in-

terest and utilized to manipulate a single atom or a molecule.[Str91] First, the STM tip is
approached to the atom or molecule. Depending on the tip-atom (molecule) interaction,
different kinds of forces can be distinguished, which drive the movement. If the interaction
is attractive the atom or molecule adheres to the tip and is pulled across the surface. With
a repulsive interaction between tip and atom/molecule, it is pushed along the direction of
the tip movement. At the final location, the tip is retracted to the regular imaging height.
The vertical manipulation (VM) mode works similar to the LM mode. It can be employed

to pick up single atoms or molecules by the STM tip. Therefore, the tip height and the
electric field, controlled by the current and the bias are utilized. Additionally, molecules and
atoms can be moved on the surface via small voltage pulses.

2.1.2 Non-Contact Atomic Force Microscopy (nc-AFM)

In the course of this PhD project, complementary nc-AFM measurements were conducted
to corroborate the results obtained by XSW (see section 4.1). A concise overview of the
frequency-modulation nc-AFM technique will be presented in this section while a compre-
hensive review and an in-depth introduction to the AFM can be found elsewhere.[Gie03,
Mor15, Bis17]
The imaging mechanism of nc-AFM is based on the force interaction between the probe

and the sample. In state-of-the-art nc-AFM, the tip is located on a cantilever, which is driven
by a very stiff quartz crystal resonator (e.g. qPlus sensor[Gie98]). The AFM cantilever can
be characterized by its spring constant k and its eigenfrequency f0. In frequency-modulation
(FM-)AFM, the resonator oscillation is maintained by two feedback loops. The phase-locked
feedback loop ensures that the cantilever is on resonance with the external excitation by
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adjusting the phase. An additional feedback loop maintains the resonance amplitude by
adjusting the drive amplitude. The force interactions are directly tracked by changes in the
resonance frequency, i.e. the frequency shift ∆f that is one of the measurement signals in
AFM measurements. In analogy to STM (cf. section 2.1.1), an AFM image is generated by
raster scanning the tip across the sample surface and measuring ∆f at every data point of
the grid.
As pointed out by Giessibl,[Mor15] the oscillation amplitude should be chosen such that it

is on the order of the characteristic length scale of the force components that are studied. The
drive amplitude, reflected in the excitation channel, provides information on the dissipated
energy due to non-conservative tip-sample interactions.[Oya06, Kan04, La 16] The utilized
qPlus sensor is capable of stable operation with sub-angström oscillation amplitudes,[Sch15a]
which is the range of the forces that are responsible for the atomic contrast and of particular
interest in the course of this thesis.
A relationship between the frequency shift ∆f and the total force FTS acting between tip

and sample can be derived by treating the AFM cantilever motion as an externally driven,
damped harmonic oscillator, as discussed e.g. in references [Gie97, Gie03, Mor15]. It can be
shown, that the frequency shift ∆f is a measure of the force gradient

∆f = − f0

2k0

∂FTS
∂z

. (2.15)

Here, f0 is the eigenfrequency of the harmonic oscillator, k0 is its spring constant, and z is
the direction of the oscillation. The net force FTS, which acts between tip and sample, is
a sum of different force components. In the following, the most important components and
their effect on ∆f are briefly discussed.
Electrostatic force: The electrostatic force originates from the potential difference be-

tween the tip and the sample. On a macroscopic scale, tip and sample form a capacitor with
capacitance C. The long-range and always attractive electrostatic force is given by [Mor15]

Fel = −1
2
∂C

∂z
(U − U∗), (2.16)

with the contact potential difference U∗. With Kelvin probe force microscopy (KPFM), the
local contact potential difference (LCPD) can be mapped.[Non91, Moh12, Mor15] In the
particular case of a supported h-BN layer (see section 4.1), the electrostatic force is relevant
due to significant lateral differences induced by the electronic superstructure of the surface.
van der Waals force: van der Waals (vdW) forces represent interactions between (fluctu-

ating) polarizations of particles and are usually attractive, but can also be repulsive.[van80]
The vdW force between a spherical tip with radius R and a flat sample surface in distance
z can be calculated by the Hamaker approach and reads [Ham37, Isr11]
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Figure 2.2: Distance dependance of the force and the frequency shift derived from a Lennard-
Jones (LJ) and a van der Waals (vdW) potential. The LJ (black dotted line) and vdW con-
tributions (black dashed line) to the total frequency shift ∆f (red line) are indicated. The blue
curve corresponds to the total force F . The attractive and the repulsive regime is based on the
minimum in ∆f(z). Used parameters: Emin = 2 eV, z0 = 3Å, AH = 1 eV, and R = 100 nm.

FvdW = −AHR6z2 . (2.17)

AH denotes the material-dependent Hamaker constant. As vdW forces act between the
microscopic tip apex and a large surface area, they can be considered long-ranged. Eq. (2.17)
indicates that a sharp tip is desirable in AFM experiments as it reduces the vdW forces.

Chemical force: Chemical forces are present when two particles are in close proximity to
each other where their wavefunctions begin to overlap. The interaction between the outer-
most tip atom and the closest surface atom is composed of a short-range repulsive term and
an attractive term that arises from vdW forces. The repulsive interaction term describes the
Pauli repulsion, which originates from overlapping orbitals. The total chemical interactions
in AFM are usually well described by the empirical Lennard-Jones (LJ) potential.[Gie97]
The respective tip-sample force reads

FLJ = −12Emin
z0

((
z0

z

)13
−
(
z0

z

)7
)
, (2.18)

with the energy potential depth Emin (binding energy), and the equilibrium distance z0.

The total tip-sample force can be calculated as a sum of the vdW (Eq. (2.17)) and the LJ
(Eq. (2.18)) force taking into account the short-range and the long-range force contributions.
Figure 2.2 schematically displays the total force and the individual contributions to ∆f ,
modeled with typical parameters.
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2.2 X-ray Photoelectron Spectroscopy (XPS)

XPS is a spectroscopic technique that allows to measure, in a quantitative fashion, the ele-
mental composition of solid surfaces. It is based on the photoelectric effect, a phenomenon
first observed by Hertz in 1887,[Her87] and later, in 1905, explained theoretically by Einstein
in one of his seminal Annus Mirabilis papers,[Ein05, Aro65] for which he was awarded the
Nobel Prize in 1921.[Nob21] The photoelectric effect describes the emission of electrons from
a solid upon absorption of photons. In the 1950s and 60s, Siegbahn et al. finally demon-
strated the potential of the controlled utilization of core-level photoemission for chemical
analysis, thus modern XPS.[Sie56, Nor57, Sie67, Nor72] Siegbahn also received the Nobel
Prize in Physics in 1981 “for his contribution to the development of high-resolution electron
spectroscopy“.[Nob81]
On occasion, the acronym ESCA (Electron Spectroscopy for Chemical Analysis) is used, a

synonym for XPS, which was initiated by Siegbahn to emphasize its ability to probe also the
chemical environment of an atomic species on the surface.[Vic09] XPS is nowadays a wide-
spread analytical tool in surface science, yielding element specific information that allows to
determine the composition of surfaces and even enables to study adsorbates on solid surfaces.
Thereby, the technique is only sensitive to the outermost layers,[Hüf10] due to the limited
inelastic mean free path of the photo-emitted electrons in solids.

2.2.1 Basic Theory of XPS

XPS is based on the emission of core-level electrons upon absorption of X-ray radiation. Core-
level electrons in a solid have a certain binding energy Eb, defined relative to a reference zero
level (e.g. the vacuum level). Thus, if one considers the isolated sample, the kinetic energy
Es
kin of an emitted core-level electron after being excited into the continuum of unbound

states above the vacuum level is given by

Es
kin = ~ω − EV

b , (2.19)

where ~ω is the photon energy, and EV
b is the binding energy of the electron relative to the

vacuum level. Figure 2.3a shows a schematic of the photoemission process. For the generation
of X-ray radiation with a fixed photon energy either laboratory X-ray tubes (typically with
Al and Mg anodes, see section 3.2.1) or synchrotrons (see section 3.7.1) are utilized. Photons
with energies from 100 to 2000 eV, the so-called soft X-ray regime, are required to probe
atomic core levels. Within this energy range, electrons have an inelastic mean free path
of λmfp ≈ 0.5 to 3 nm.[Alf07, Wat03] Consequently, only the topmost surface layers of the
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Figure 2.3: (a) Schematic of the photoemission process in XPS. Core-level electrons are ex-
cited and escape the solid upon absorption of photons of energy ~ω. The measured kinetic elec-
tron energy distribution can be related to the actual binding energy distribution via Eq. (2.19).
The binding energy EVb is defined relative to the vacuum level Evac. (b) Exemplary XP spec-
trum of a bare Cu(111) crystal consisting of characteristic core-level features, which are super-
imposed on a continuous background of inelastically scattered electrons. Additional features,
such as Auger peaks, can also show up in XP spectra.

sample contribute to the photoemission signal. The kinetic energy of the emitted electrons
is analyzed by means of an electron energy analyzer (see sections 3.2.2 and 3.7.2).

As the energy of the X-ray radiation is fixed in XPS experiments and the kinetic ener-
gies are measured by the spectrometer, the electron binding energy can be determined. A
typical XP spectrum of a bare Cu(111) crystal is shown in Figure 2.3b. The kinetic energy
distribution I(Ekin) of the photoelectrons largely reflects the distribution of binding energies
present within the sample, and the binding energy of an electron unambiguously identifies
its specific parent element and the atomic energy level.[Hüf10]

In solid-state physics, binding energies are usually defined relative to the Fermi level rather
than to the vacuum level.[Alf07] With the sample in electrical contact with the detector, thus
in thermodynamic equilibrium, both Fermi levels are aligned. However, in order to obtain
the binding energy, one needs to consider that, in general, the spectrometer work function
Φspec and the sample work function Φs are different. The work function Φs is the energy
barrier, which electrons at the Fermi level have to overcome to leave the sample surface.
An electron ejected from the sample and passing through the spectrometer feels a potential
equal to the difference between Φspec and Φs.[Alf07] The electron kinetic energy measured
in the spectrometer is hence given by

Ekin = Es
kin − (Φspec − Φs). (2.20)
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Figure 2.4: Schematic of the energy level diagram in XPS measurements. The sample and
the detector are in electrical contact, and thus their Fermi levels are aligned. Absorbed photons
with energy ~ω cause ejection of electrons of kinetic energy Eskin, defined relative to the vacuum
level of the sample. The kinetic energy of the photoelectron measured by the spectrometer is
Ekin = Eskin − (Φspec − Φs). Reproduced from [Alf07].

Figure 2.4 schematically shows the energy diagram of the XPS system. Combining Eq. (2.19)
and (2.20), and utilizing that EV

b = EF
b + Φs, the binding energy Eb relative to the Fermi

level is given by

Eb = ~ω − Ekin − Φspec. (2.21)

The spectrometer work function Φspec needs to be determined, usually via characteristic
(substrate) binding energy peaks or the Fermi edge.

In summary, XPS allows to identify atomic species by means of the characteristic sequence
of core-level peaks in the XP spectrum, which reflect the unique set of electronic states in
the elemental species under investigation. However, in order to describe all subtle features
and extract quantitative information of an XP spectrum, one needs to consider initial- and
final-state effects of the photoemission process.[Wat03, Alf07, van12, Bri03] These effects
induce, e.g. satellite features or lead to peak shifts in the measured spectrum and cannot be
explained by the simplistic approach that leads to Eq. (2.21). The origin and consequences
of distinct initial- and final-state effects are briefly discussed in the following section.
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2.2.2 Initial and Final State Effects

In photoemission, the binding energy Eb of an electron is defined as the energy difference
between the final (n− 1)-electron state and the initial n-electron state [Vic09, Hüf10]

Eb = Ef (n− 1)− Ei(n). (2.22)

However, the measured Eb in XPS is not exactly equal to the expected ground-state value
of the free atom.[van12] The binding energy varies compared to the free atom as the atom is
usually bound within different solids or molecules. Additionally, the creation of a core hole
upon photoemission effectively alters the measured binding energy of the electron due to a
response of the environment to the excitation and relaxation of the system. Thus, various
contributions affect the binding energy values measured in XPS, which can be categorized
as [van12]

• Initial-state effects: i.e. the effects induced by ground-state polarization and bond-
ing with other atoms. Note that although only valence electrons take part in bonding,
all electrons (valence and core electrons) experience the change in electron density,
leading to the capability of XPS to probe the chemical environment of atoms.

• Final-state effects: i.e. the effects induced by the perturbation of the electronic
structure upon photoemission. They comprise spin-orbit splitting, photo-induced po-
larization effects, and rearrangement effects, which lead to e.g. shake-up satellites or
plasmons.

The initial state, denoted Ei(n) in Eq. (2.22), is the ground state of the atom prior to
photoemission. The energy of this state can be altered by the formation of a chemical bond
with other atoms, which will change the binding energies of all electrons in that atom. This
change is called the chemical shift.[Vic09]
The change of Eb can be explained by a change of the formal oxidation state of the atom. A

net positive charge on the atom, established e.g. by binding to a more electronegative atom,
leads to an increased Eb of photoelectrons. This can be understood by less valence electrons
being able to screen the positive nuclear charge leading to a stronger Coulomb interaction
with the core-level electrons and thus an increased Eb. This approximation assumes that
final-state effects such as relaxation have similar magnitudes for different oxidation states,
which is valid in most cases.[Vic09] The chemical shift due to different oxidation states can
result in binding energy shifts up to 8 eV in case of C 1s and S 1s for example, as shown
in the literature.[Sie67, Wil11] An example of a chemical shift is discussed in this thesis
in section 5.1, where two chemically distinct C 1s species (C–C and C–N) are observed for
cobalt porphine on Cu(111).
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It should be noted that, in a more careful approach, it is rather the distribution and density
of electrons that contribute to the chemical shift than only its formal oxidation state. This
becomes clear if one considers that the formal oxidation state is only attained when the
chemical bonding is not covalent but completely ionic. This leads to the description of the
binding energy shift correlated to the charge transfer ∆qi to the atom by a formation of
bonds with i neighboring atoms,

∆Eb = k∆qi + Vi. (2.23)

Here, k is a constant and Vi denotes the potential change in the surrounding atoms due
to charge transfer as discussed in detail in Ref. [Vic09]. Besides the chemical shift, also
charging induced by the incident X-ray radiation can lead to binding energy changes of
core levels. This is, in particular, the case for insulating or multilayer systems with a poor
electrical contact to the metallic support. Upon creation of photoelectrons, a positive net
charge builds up and leads to increased apparent binding energies for subsequently removed
electrons.
Additionally, in some cases final-state effects like relaxation effects can contribute signif-

icantly to the binding energy shift. For example, the sequence of the Co 2p3/2 Eb values
is Co0 (778.2 eV) < Co+3 (779.6 eV) < Co+2 (780.5 eV).[Bru76] Relaxation effects occur, if
the remaining (n − 1) electrons of the atom respond to the creation of the core hole upon
photoemission more rapidly than the photoelectron is ejected from the sample. Eq. (2.22) is
thus modified with an additional relaxation energy term Er:[Vic09]

Eb = Ef (n− 1)− Ei(n)− Er. (2.24)

The relaxation energy Er accounts for both inter- and intra-atomic relaxation effects.[van12,
Bri03] Intra-atomic relaxation describes the response of the (n − 1) electrons of the atom
itself, i.e. the screening of the generated core hole to minimize the total energy of the atomic
system. On the other hand, inter-atomic relaxation, especially prevailing in metals, describes
the screening of the core hole by delocalized valence electrons from surrounding atoms. Both
relaxation effects are due to electron rearrangements and as a result of energy conservation
increase the kinetic energy of the photoelectron in Eq. (2.22), thus increasing the apparent
binding energy of the latter.[Vic09]
Another type of finale-state effect contributing to Eb is the so-called shake-up satellite,

which arises when part of the energy of the absorbed photon is used to excite valence electrons
into an unoccupied state, resulting in a lower kinetic energy of the emitted photoelectrons.
Shake-up peaks have discrete energies corresponding to a specific quantized energy transition
(e.g. a π → π∗-transition) and appear on the higher binding energy side of the respective
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core-level peak.[Vic09] In the case of metals, which have a continuous band of unoccupied
electron states (i.e. the conduction band) above the Fermi level, an asymmetric tail is
observed on the low kinetic energy side of the photoemission peak. This feature stems
from multi-electron excitations, where part of the photon energy has been used to excite
valence band electrons into the conduction band.[Bri03] Furthermore, collective electron
oscillations (surface plasmons) can be excited in metal samples. Consequently, plasmon loss
peaks are also observed on the low kinetic energy side of the photoemission peak. Plasmon
peaks appear as equally spaced peaks, separated by the characteristic plasmon energy of the
metal.[Vic09]
Moreover, multiplet splitting can contribute with additional final-state features to XP

spectra. Multiplet splitting’s arise from the interaction of the core hole with unpaired elec-
trons in the outer shell orbitals. They are predominantly observed for transition metals,
which have unpaired electrons in the d-shells.[Gro05]
Finally, another important final-state effect is the spin-orbit splitting. It occurs for core

levels with orbital quantum number l > 0, i.e. p, d or f orbitals. Here, the spin-orbit coupling
between the unpaired electron spin left behind upon photoemission and its orbital angular
momentum leads to a splitting of the degenerate state into two distinct components.[Vic09]
The resulting intensity ratio is determined by the respective degeneracy ratio 2j + 1.
It should also be noted that additional satellite peaks are observed for non-monochromatic

X-ray radiation produced by laboratory X-ray sources. These satellite peaks stem from ad-
ditional excitation lines present along with the principle Kα line, albeit with lower intensity.
In the case of an Al anode, an additional satellite peak can be observed at a binding energy
9.6 eV lower than the main peak.[Bri03, Dil13a]

2.2.3 Background Signal

All core-level photoemission peaks discussed above are superimposed onto a continuous back-
ground signal, as can be seen in Figure 2.3b. The origin of this background lies in the inelastic
scattering of photoelectrons.[Vic09] The background increases abruptly at the photoemis-
sion peak and subsequently decreases slowly with increasing binding energy (i.e. decreasing
kinetic energy). This can be explained by photoelectrons that lost part of their kinetic en-
ergy after the excitation process due to inelastic scattering but still have enough energy to
surmount the work function of the sample.[van12] Therefore, the inelastic scattering process
takes place before the electron can reach the vacuum and leave the sample. In the XP
spectrum, each peak is accompanied by a continuous inelastic loss tail toward lower kinetic
energy.
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2.2.4 Curve Fitting

XP spectra are usually acquired relatively fast within few minutes. However, in order to
extract detailed information from a measured XP spectrum, it is crucial to analyze it prop-
erly. Therefore, the intensity distribution within the desired binding energy range needs
to be fitted. This data reduction is not trivial as one can, in principle, fit any spectrum
with an infinite number of combinations of peaks of different widths and shapes.[Art17] To
illustrate this, it has been shown, that even rather complex structures like an elephant can
be drawn (and thus, in turn, fitted) by a Fourier expansion of a set of only four complex
numbers.[May10] Consequently, one needs to think about the physical reasons behind the
utilized peak shapes, the number of distinct peak components and fundamental limits con-
tributing to the full width at half maximum (FWHM), in order to accurately describe and
interpret measured XPS data.

In general, one desires to use as little components as possible to model the XP spectrum,
while the relevant contributions are resolved and reasonable constraints are applied. In a first
step, the binding energy needs to be calibrated. To this end, either a reference spectrum of
a characteristic substrate peak (e.g. Cu 2p3/2 or Ag 3d5/2) or the Fermi edge is recorded for
each experiment with the same set of parameters (photon energy, pass energy, lens and iris
settings) as used for data acquisition and compared to reference values, which are given e.g.
in Refs. [Sea90, Sea98]. Next, one needs to deal with the background signal, which needs
to be subtracted by either a constant offset, a linear background, a Shirley-type background
[Shi72] or a combination of all of them. A Shirley background is, in essence, a step function
convoluted with a Gaussian. The Shirley background routine is proportional to the intensity
of the total peak area above the background in the lower binding energy range.[van12]
Although it is not exact, its relative simplicity and acceptable accuracy have made the Shirley
background the most popular routine nowadays.[van12] With its S-shaped background, it
is a good approximation to account for inelastically scattered electrons contributing to the
background signal at lower (higher) kinetic (binding) energy.[Vég06]

Furthermore, an appropriate line shape needs to be chosen to model the spectrum. For a
symmetric peak, a Gaussian, a Lorentzian or a Voigt function, which is a convolution of a
Gaussian and a Lorentzian, are commonly used. Asymmetric peaks can be treated with e.g.
a Doniach-Šunjić profile.[Don70] XPS data acquired at synchrotrons have in general superior
energy resolution, and therefore, a Voigt function can tap its full potential and accurately
describe this data with the Lorentzian width accounting for the atomic properties like the
core-hole lifetime, and the Gaussian width reflecting the instrumental energy resolution of
the experiment.[Hes07]
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The width of the peak used for curve fitting depends on various fundamental processes,
e.g. the natural line width of the incident X-ray radiation, thermal broadening, the pass
energy of the analyzer, and the lifetime of the core hole in the atom. All those contributions
need to be considered and rationalized. Especially, in the case of several peaks arising from
one particular element, all peaks need to be described with exactly the same Lorentzian
width, and the Gaussian FWHM should be similar unless one peak does not include more
unresolved components than another peak.
Finally, when analyzing a set of data obtained through modification of the sample (e.g.

annealing, gas adsorption, etc.), the relevant components need to be identified in the reference
sample. Thereupon, the binding energy and the FWHM of all components of the pristine
sample have to be constrained in order to monitor the changes provoked by sample treatment.
The curve fit can thus be applied to all the data in the series.

2.3 X-ray Standing Waves (XSW)

The XSW technique combines traditional spectroscopic techniques (cf. XPS, section 2.2)
with spatial resolution.[Zeg09] It can be utilized for a quantitative determination of the
surface structure, which is crucial for a comprehensive understanding of the chemical and
electronic properties of a system.[Woo94a] In contrast to diffraction methods such as low-
energy electron diffraction (cf. section 2.4) or surface X-ray diffraction,[Fei89, Rob92] XSW
does not rely on a long-range lateral order of the adsorbate system to study adsorption
heights above the surface, as it is solely based on diffraction in the supporting bulk crystal.
However, if a well-defined long-range order is present, XSW can even provide quantitative
insight into the lateral adsorption geometry of atoms and molecules on single crystal surfaces.
The primary benefit of the XSW technique is that the analysis is direct (through Fourier
inversion), in contrast to any other surface structural technique such as e.g. LEED-I(V ),
photoelectron diffraction (PhD) or surface X-ray diffraction (SXRD) that all utilize trail-
and-error modelling to determine the surface structure.[Woo05] It should be noted that there
has been progress in devising inversion algorithms for those techniques that provide at least
approximations of the real-space structure.[Woo05]
XSW exploits the diffraction of X-rays by single crystals, which was discovered by von

Laue in 1912.[Fri13, Eck12] This ground-breaking discovery at the beginning of the 20th cen-
tury, which confirmed the nature of crystals, is considered as the birth of modern solid-state
physics and yielded von Laue the Nobel Prize in Physics only two years later, in 1914.[Nob14]
Within a year after the discovery of X-ray diffraction, the Braggs (father and son) utilized
the phenomenon to resolve the first crystal structure and proposed a simple formula to de-
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scribe the diffraction pattern. This discovery was honored with the Nobel Prize in Physics
in 1915.[Nob15] It was then Batterman who conceived the XSW method,[Bat64a] and pio-
neered this technique for application in surface science,[Bat69, Zeg93, Zeg09] promoted by
the emergence of synchrotron light in the mid-1980s.
An XSW is generated by the superposition of an incident and a reflected plane wave

upon diffraction of X-rays by a single crystal. Quantitative information is obtained by
monitoring the relative X-ray absorption of specific atoms via photoemission. Hence, the
technique provides element specific and, beyond that, even chemical-state specific structural
information.[Woo05] In essence, the XSW technique yields the average adsorption height of
atoms above the projected substrate crystallographic planes. If those planes are parallel to
the surface plane, XSW yields the height above the surface.
In the last decade, a multitude of molecular systems have been examined by means of

XSW, including organic molecules like phthalocyanines and porphyrins, which are also in
the focus of this thesis.[Sta06, Bob11, Krö11, Bür14, Dun15] Further, 2D-layers like h-BN on
metal supports became subject of studies in recent years.[Zum16, Sch17b] In the following,
an introduction to XSW with a particular emphasis on one variant of the technique, the so-
called normal incidence XSW (NIXSW) is presented. NIXSW has proved to be particularly
effective in studying systems comprising metal crystals.[Woo98, Woo05] A comprehensive
description of XSW is given e.g. by Zegenhagen.[Zeg93, Zeg09]

2.3.1 Basic Theory of XSW

The underlying principles of the XSW method are simple. An X-ray standing wave field is
created above a crystal upon interference of an incident and a reflected plane wave at the
Bragg condition, which is given by

nλ = 2dHsinΘ. (2.25)

Here, n is the order of the Bragg reflection, dH is the spacing between the scatterer planes,
and Θ is the angle between the incident wave and the scatter plane. The spatial intensity
modulation of the resulting X-ray interference field (XIF) equals the periodicity of the scat-
terer planes, which correspond to the crystal lattice planes. Accordingly, the positions of
maximum field intensity are given by planes parallel to the scatterer planes and are also
separated by dH .
To exploit the established XIF, a result derived from dynamical theory of X-ray diffraction

is utilized.[Jam62, Bat64b] The intensity distribution of a Bragg reflection peak is not given
by a delta function at the nominal Bragg condition. Instead of a single discrete set of values
(photon energy or incidence angle), it occurs over a finite range of incident conditions,[Woo05]

24



2.3 X-ray Standing Waves (XSW)

EBragg

Rel. Photon Energy

0

1

R
e
la

tiv
e
 A

b
s
o
rp

ti
o
n

0R
e
fl
e
c
ti
v
ity

π

X
S

W
 P

h
a
s
e

Atom on extended 
bulk scatterer planes

Atom between extended 
bulk scatterer planes

Darwin ‘Reflectivity‘ curve

dhkl

ħω -
e

XSW Intensity

dhkl

a b

dhkl

ħω

XSW Intensity

dhkl

c

Figure 2.5: Basic principle of the X-ray standing waves technique. (a) Upon Bragg reflection,
a standing wave field is created above a crystal, with a periodicity equal to the crystal scatterer
planes. At the leading edge of the Darwin reflectivity curve (solid black line), the anti-nodes
of the standing wave field are located midway between the scatterer planes, as depicted in (b).
When the photon energy increases and one reaches the trailing edge of the reflectivity curve,
the anti-nodes have traveled and now lay exactly on the scatterer planes, as displayed in (c).
Thus, the phase of the standing wave field shift by π, when scanning across the reflectivity curve.
Consequently, the absorption profiles of atoms vary depending on both, their vertical location
above the surface and the phase of the XSW. Two absorption profiles are shown exemplarily in
(a) for atoms depicted in blue and green in (b) and (c), respectively.

and can be described by the so-called Darwin reflectivity curve. Figure 2.5a schematically
shows the reflectivity curve with its flat-topped shape (solid black line). Importantly, the
phase of the X-ray standing waves (red line) shifts by π when scanning across this range of
unity in the reflectivity curve. In general, scanning over the reflectivity curve can be realized
by varying either the photon energy or the incidence angle. For NIXSW (see section 2.3.2)
as used for all experiments presented in this thesis, the photon energy is varied.
The phase of the XIF equals π at the leading edge of the reflectivity curve, implying that

the anti-nodes (maximum intensity) are located exactly between the scatterer planes (see
Figure 2.5b). With increasing photon energy, the phase shifts to 0 at the right onset of
the reflectivity curve, implying that the anti-nodes are now located exactly on the scatterer
planes (see Figure 2.5c). The standing waves thus shifts by dH/2, when scanning through the
reflectivity curve. Note, that in reality, i.e. for a (partially) absorbing crystal, the intensity
at the trailing edge of the Darwin reflectivity curve is reduced (see Figure 2.5a, dashed black
line) and its shape is slightly modified.[Woo05]
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Any adsorbate (atom, molecule, epitaxial 2D layer) will consequently face a maximum or
a minimum of the XIF, depending on both, its vertical position above the scattering planes
(i.e. its adsorption height if the scattering plane is parallel to the surface), and the phase
of the standing wave. Figure 2.5b and c illustrate two different configurations of adsorbate
atoms with different adsorption heights: the atomic species depicted in blue are located
exactly on an extended bulk scatterer plane, while the atomic species depicted in green are
located midway between the scatterer planes. The lineshape of the X-ray absorption, the so-
called absorption profile or absorption yield, as a function of photon energy is characteristic
of the location of the atom relative to the scatterer planes and expresses the basis of the XSW
technique. The respective absorption profiles are illustrated schematically in Figure 2.5a.
It is important to note, that due to the absorption of the crystal resulting in a modified

reflectivity curve, the modulation amplitude of the absorption profile at the trailing edge
of the reflectivity curve is also reduced. Further, as the XIF extends far above the surface
and exhibits a periodicity of dH , the atom vertical position is always referred to the nearest
extended bulk scatterer plane and is therefore not unambiguous.
To assess the X-ray absorption experimentally, the photoemission yield acquired by XPS

(see section 2.2) as a function of photon energy is utilized. Note that, besides photoemission,
also Auger and fluorescence emission can be utilized as absorption signal in a different variant
of the XSW method. It is, of course, beneficial to monitor the element- and chemical-
state specific photoemission signal for XSW, as these specificities are preserved and thus
enhance the obtained results. To satisfy the Bragg condition for metal crystals, tunable
energies in the hard X-ray regime (2 to 3 eV) are required, which can be realized easily at
synchrotron beamlines (see section 3.7). Additionally, the exact atomic position of an atom
can be determined via experiments performed for several different Bragg scatterer planes
and subsequent triangulation as discussed later in section 2.3.5.
In essence, XSW allows to determine the vertical position of adsorbate atoms, relative to

the nearest extended bulk scatterer plane, by monitoring the absorption via photoemission
while scanning through the Darwin reflectivity curve.

2.3.2 Normal Incidence X-ray Standing Waves (NIXSW)

In the experiments presented in this thesis, a particular variant of XSW, the normal-incidence
X-ray standing waves (NIXSW) was used. The reason for this is the width wD of the Darwin
reflectivity curve, which is determined by the incidence angle Θ that is defined with respect
to the scattering plane:[Wil11]

wD ∼ tan Θ. (2.26)
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Obviously, for incident angles far from normal incidence (small angles), the width of the
Darwin curve is very small [tan (Θ→ 0◦) → 0]. This imposes high experimental demands.
For instance, the X-ray beam angular spread is required to be very narrow, while the crystal
needs to be highly perfect. This implication is not easily achievable, especially for metal
crystals, where some degree of mosaicity is present even in single crystals, compared to
semiconductor crystals like e.g. silicon.
To circumvent these issues, XSW experiments are conducted at normal X-ray incidence.

Although the formally diverging wD for Θ → 90◦ is just a theoretical artifact (the approx-
imation is not valid anymore in this limit), and the wD is significantly broadened, which
facilitates the experiment. In fact, a Darwin curve width of ∼ 1 eV is typically achieved
in NIXSW.[Woo98] Consequently, the NIXSW technique is suitable to study in particular
adsorbates on metal crystals. In the experiments, a small angular deviation (∼ 2.5◦) of the
normal incidence was used due to practical reasons (see section 3.7).

2.3.3 The Structural Parameters of XSW

To interpret XSW measurements quantitatively, one needs to consider the mathematical
description of the standing wave field. The intensity of the standing wave field above the
crystal is given by [Woo05]

I(R,Φ, z) = 1 +R + 2
√
R cos

(
Φ− 2πz

dH

)
. (2.27)

Here, R is the reflectivity given by the square modulus of reflected over incident X-ray
amplitudes R = |Er

E0
|2, Φ is the phase difference between reflected and incident wave and z

is the vertical distance from the nearest extended scatterer plane. Eq. (2.27) describes the
above statements mathematically: The cosine function reflects the spatial modulation with
periodicity dH . The phase difference can be understood as follows: For an absorbing atom at
position z = dH (i.e. exactly on an extended scatterer plane), a XSW phase Φ = 0 (Φ = π)
implies that the anti-nodes (nodes) of the standing wave are located on the scatterer planes
and that the absorption of this atom is maximal (minimal), as the cosine term takes its
maximum (minimum) value.[Wil11]
To determine the vertical position z of an adsorbed atom, the Darwin reflectivity curve

R needs to be recorded and the phase Φ as a function of the photon energy needs to be
deduced. The vertical position z is then used as a fitting parameter to the experimental
absorption profile.[Wil11]
However, in realistic experimental settings, atoms do not solely occupy a single discrete

vertical position. This can be due to static (e.g. several discrete adsorption sites) and
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dynamic (e.g. thermal vibrations) disorder. Consequently, one needs to take into account
the spatial distribution f(z) of several adsorption sites, which is normalized by

∫ dH

0
f(z)dz = 1. (2.28)

Accordingly, the absorption intensity can be recast to

I = 1 +R + 2
√
R
∫ dH

0
f(z) cos

(
Φ− 2πz

dH

)
dz. (2.29)

This equation can be written as [Woo05]

I = 1 +R + 2fH
√
R cos

(
Φ− 2πpH

dH

)
, (2.30)

with two structural parameters: the coherent position pH and the coherent fraction fH . In
simplistic terms, the former can be interpreted as the average position of a chemical species
relative to the extended bulk Bragg planes in units of dH and the latter is related to the
distribution of these positions, either through a static variation (e.g. multiple adsorption
sites), or a dynamic one (e.g. thermal vibrations). In particular, fH can only take values
between 0 and 1, low values arising from dynamic or static local disorder. For a single site
occupation, the coherent fraction is expected to be less, but close to unity (typically around
0.9). The dynamic disorder can be expressed by a product of two Debye-Waller factors. One
is accounting for the vibrations of the crystal lattice, which render the standing wave slightly
incoherent, and the second one describes the disorder of the absorber atoms.[Woo94a, Woo05]
Figure 2.6 displays exemplarily calculated XSW absorption profiles. In Figure 2.6a, a set

of absorption profiles with an identical coherent fraction fH are plotted for different values of
pH . Absorber atoms with a different vertical spacing relative to the extended bulk scatterer
planes give rise to clearly distinct absorption profiles. Hence, one can determine the vertical
position with high precision via fitting the experimental data to a theoretically expected
absorption profile. Moreover, Figure 2.6b illustrates the influence of fH on the shape of an
absorption profile. Pronounced modulations are visible for a high coherent fraction, while
they are clearly eased in case of a reduced fH , where the shape resembles that of a typical
reflectivity curve. Using the equivalence of Eq. (2.29) and (2.30), it is obvious that

fH cos
(

Φ− 2πpH
dH

)
=
∫ dH

0
f(z) cos

(
Φ− 2πz

dH

)
dz. (2.31)

Expressing the cosine function with its complex notation, the equation reads

fH exp
(

2πipH
dH

)
=
∫ dH

0
f(z) exp

(2πiz
dH

)
dz. (2.32)
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Figure 2.6: Calculated XSW absorption profiles resulting from a normal-incident (111) Bragg
reflection as a function of the photon energy relative to the Bragg energy. (a) The four curves
illustrate absorption profiles of an atom with a coherent fraction f111 = 0.9 and different
coherent positions p111 relative to the extended bulk scatterer planes. (b) The four curves
illustrate absorption profiles of an atomic species adsorbed at p111 = 0.6 and exhibiting different
coherent fractions f111. A typical instrumental energy broadening of 0.1 eV is included.

The formulation in Eq. (2.32) allows a simple graphical representation of XSW data for mul-
tiple site adsorption in a so-called Argand diagram. Therefore, each discrete adsorption
component of the spatial distribution function f(z) is represented as a vector with the direc-
tion given by the phase angle 2πz/dH and the length by the probability of this component,
i.e. f(z). Summation over all of these components results in a vector of length fH and phase
angle 2πpH/dH .

2.3.4 Angular Effects in Photoemission

As discussed above, the absorption in NIXSWmeasurements is monitored via photoemission.
The photoemission process is, however, not isotropic but has an angular dependence due to
the intrinsic emission process as well as elastic electron scattering.[Woo05] Photoelectrons
are excited by both the incident and the reflected X-rays, which, in combination, generate
the standing wave field. The unequal angular dependence of these two excitations together
with the limited acceptance angle of the electron detector leads to the measured intensities
being no longer proportional to the total absorption. To account for the angular effects,
Eq. (2.30) that describes the intensity of the standing wave, needs to be adapted.
The probability of the photoemission process can be described by the matrix element

Mfi = 〈f | exp (2πik · r)A · p|i〉, (2.33)
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Figure 2.7: Schematic diagram illustrating the angular dependence of the photoemission sig-
nal. In a NIXSW experiment, non-dipole contributions are responsible for a forward-backward
asymmetry of the photoemission signal. The incident and reflected X-ray beams posses dif-
ferent photoemission distributions (red and blue lobes, respectively, for photoelectrons from an
s-orbital). Therefore, the photoelectron yield detected at an angle θp is not proportional to the
relative absorption. This issue is circumvented with the forward-backward asymmetry parameter
Q. The incident X-ray beam polarization A is parallel to the crystal scatterer planes.

where i and f are the initial and final states of the emitted electron, respectively, k is the
photon wave vector, r is the electron position vector, A is the photon polarization vector,
and p is the electron momentum operator.[Woo05]
For high X-ray energies (i.e. small wavelengths) as utilized for XSW, the spatial vari-

ation of the electromagnetic wave over the electron wavefunction is no longer negligible.
Consequently, the electric dipole approximation (i.e. the zero order approximation of the
exponential function in Eq. (2.33)) is not sufficient any more.
Taking into account the first-order approximation (exp (2πik · r) = 1 + 2πik · r) leads to

two additional terms in the matrix element, the electric quadrupole and the magnetic dipole
term. The angular dependence of the photoemission probability is then calculated by the
square modulus of the matrix element M and given by [Coo69, Coo93, Woo05]

dσ

dΩ =
(
σ

4π

) [
1 +

(
β

2

)(
3 cos2 (θp)− 1

)
+
(
δ + γ cos2 (θp)

)
sin (θp) cos (φ)

]
. (2.34)

Here, dσ/dΩ and σ are the differential and the total photo-ionization cross-sections, β, γ
and δ are the electric dipolar, electric quadrupolar and magnetic dipolar asymmetry factors,
respectively, θp is the angle between the photon polarization vector A and the photoemis-
sion direction and φ is the angle between the direction of the photon and the projection
of the photoelectron wave vector onto the plane perpendicular to the photon polarization
A.[Woo05] Both, θp and φ are determined by the experimental setup, while β, γ and δ

depend on the core level to be studied.
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Depending on whether the photoelectron emission is detected in forward or backward di-
rection, relative to the direction of the X-ray photons, the cosφ term is either +1 or −1. This
forward/backward asymmetry due to non-dipolar effects has an important implication on
the XSW absorption monitored via photoemission.[Woo05] Figure 2.7 shows schematically
the angular dependence of the photoemission from an s-orbital depending on the propaga-
tion direction of the photon: the photoemission is skewed into the photon direction. As the
detected photoemission intensity in XSW measurements is a superposition of two distinct
photoemission distributions, resulting from two waves that propagate in opposite directions,
the measured photoemission at a given detection angle does not measure directly the to-
tal absorption. To circumvent this issue, a forward/backward asymmetry parameter Q is
introduced,[Lee01, Woo05] which is defined as

1 +Q

1−Q =
1 + 1

2β (3 cos2 (θp)− 1) + (δ + γ cos2 (θp)) sin (θp) cos (φ)
1 + 1

2β (3 cos2 (θp)− 1)− (δ + γ cos2 (θp)) sin (θp) cos (φ) , (2.35)

and relates the photoemission intensities due to incident (1−Q) and reflected (1 +Q) X-ray
beams to each other. For the fitting procedure, Q is calculated from tabulated values of
β, γ, δ,[Trz01, Trz02] and the angle θp is defined by the experimental geometry. Taking
these non-dipolar corrections Q into account, the absorption profile in NIXSW experiments
resulting from photoemission of an s-orbital reads [Var99, Lee01]

dσ

dΩ ∝
1 +R

1 +Q

1−Q + 2fH
√
R

√
(1 +Q2 tan2 (∆))

1−Q cos
(

Φ + ψ − 2πpH
dH

) . (2.36)

In this equation, two terms are added besides the asymmetry parameter Q, compared to
Eq. (2.30). Both, ∆ and ψ = tan−1 (Q tan (∆)) describe dipole-quadrupole interference
effects as discussed in.[Lee01, Woo05] However, since Lee et al. showed that neglecting
the ∆ term results only in a minor systematic error of 0.04Å in pH and 5% in fH ,[Lee01]
the following simplified final equation as proposed in literature[Lee01, Woo05] is applied to
model all NIXSW absorption profiles discussed in this thesis:

dσ

dΩ ∝
1 +R

1 +Q

1−Q + 2fH
√
R

√
(1 +Q)√
(1−Q)

cos
(

Φ− 2πpH
dH

) . (2.37)

It is worth to note, that the theoretical model behind this equation is formally only valid
for photoemission from 1s states. Since there is no appropriate model for higher states,
Eq. (2.37) is usually also applied to higher states, resulting in an additional systematic error
in the order of the one made by neglecting ∆.[Woo05]
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Figure 2.8: Schematic of XSW triangulation. In the specific case of an fcc (111) crystal,
the absolute adsorption position can be identified by real-space triangulation of NIXSW results
obtained from experiments utilizing two different sets of Bragg scatterer planes that are not
parallel [e.g. (111) and (111)]. The cross section of an fcc (111) crystal surface shows the
relationship of (111) and (111) layer spacings for the three high symmetry adsorption sites.

2.3.5 Triangulation

Besides the determination of the layer spacing perpendicular to the surface, XSW is also
capable to identify the exact atomic coordinates in all three spatial dimensions via triangu-
lation. This kind of application of the XSW method has been conceived by Golovchenko et
al. in 1982.[Gol82] In addition to the atom position normal to the surface, determined using
a Bragg scatterer plane that is parallel to the crystal surface, its position relative to a plane
inclined to the surface is also measured. The combined information of two independent layer
spacings is sufficient to reveal the registry of the surface atoms relative to the underlying
crystal surface.[Gol82, Woo94a] Studies conducted on fcc (111) metal crystals usually utilize
the (111) and the (111) Bragg reflection,[Ker92d, Ker92c, Ker92b, Ker92a, Scr94] which is
tilted by 70.5◦ as the energies of both Bragg reflections are identical.[Woo05] Note that only
in the specific case of an fcc (111) crystal, two sets of Bragg scatterer planes are sufficient to
discriminate the exact adsorption site (due to symmetry reasons), while in general, at least
three different sets of scatterer planes are required.

The three high-symmetry sites retaining the 3m symmetry of the fcc (111) surface are ad-
sorption sites atop an outermost layer atom, in the hcp hollow site that is atop a second layer
substrate atom, and in the fcc hollow site that is atop a third layer substrate atom.[Woo05]
Figure 2.8 illustrates the relationships of the (111) and the (111) layer spacings of the re-
spective adsorption sites. By measuring both, the layer spacing z111 obtained from the (111)
Bragg reflection, and the layer spacing z111 obtained from the (111) Bragg reflection, the
adsorption sites can be determined as follows, utilizing that cos 70.5◦ = 1

3 : An atom sitting
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Figure 2.9: (a) Schematic of a LEED apparatus. Electrons generated by an electron gun
are elastically backscattered on the sample. The electron beam passes several hemispherical
grids with the purpose of retarding electrons with kinetic energies lower than those incident
onto the sample in order to suppress inelastically scattered electrons. Finally, the electrons are
accelerated toward a phosphor screen causing fluorescence. (b) Schematic of the Ewald sphere
construction.

on the atop site obeys the relation z111 = z111/3, while for the hcp hollow site one obtains
z111 = (z111 + d111)/3 and for the fcc hollow site z111 = (z111 + 2 · d111)/3.
Besides the occupation of a single adsorption site, also a partial or equal occupation, e.g.

of both hcp and fcc hollow sites is possible. In this case, the obtained layer spacing z111 is
given by the average of both individual layer spacings, z111 = (d111 + 3/2 · z111)/3, and the
coherent fraction f 111 is reduced to half of its original value f 111.

2.4 Low-Energy Electron Diffraction (LEED)

Low-energy electron diffraction (LEED) is another standard technique in surface science for
the determination of the surface structure of single crystals. It was discovered at almost the
same time by Davisson and Germer as well as Thomson and Reid in 1927.[Dav27b, Dav27a,
Tho27] Davisson and Thomson were awarded the Nobel Prize in Physics for their pioneer-
ing work in electron diffraction in 1937.[Nob37] LEED exploits the effect that low-energy
electrons (20 to 200 eV)[Our03] are scattered elastically by a crystal. The spatial distribu-
tion of the diffracted electrons is observed on a fluorescent screen and contains information
about the ordering of the surface and/or the adsorbate layer.[Our03] LEED was utilized
as a complementary technique during this PhD project and is therefore only introduced
succinctly. A more in-depth description of LEED and its applications can be found in the
literature.[van86, Pen90, Hen94, Woo94b, Our03]
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Figure 2.9a depicts a schematic LEED apparatus. A collimated electron beam is focused
onto a single crystalline surface in a UHV environment. The low energy electrons are elasti-
cally back-scattered on the surface within the topmost layers as they interact strongly with
matter and hence their mean free path in matter is only in the order of some Å.[van86, Pen90]
The de Broglie wavelength of the electrons is given by

λ =
√

h

2mE (2.38)

where h is the Planck constant, m is the mass and E the electron energy. With the approx-
imation

λ[Å] ≈
√

150 eV
Ekin(eV ) (2.39)

the wavelength of low-energy electrons can be calculated to be in the order of 0.5 to 3Å.
Since this wavelength is in the order of inter atomic distances, diffraction at the crystal
lattice is possible.
Diffraction of electron waves give rise to constructive interference if the von Laue condition

k − k0 = Ghk, (2.40)

|k| = |k0| (2.41)

is satisfied. Here, k0 and k are the incident and scattered wave vectors and Ghk is the
scattering vector. The set of discrete numbers that satisfy this condition is given by

Ghk = ha∗ + kb∗, (2.42)

where h and k are integers (Miller indices) and a∗ and b∗ are the primitive reciprocal space
net vectors defined by

a∗ = 2π b× n

a · b× n
, (2.43)

b∗ = 2π a× n

a · b× n
. (2.44)

Here, a and b denote the primitive real space net vectors and n is the normal unit vector of
the surface. Since electrons scatter predominantly at the topmost surface layer as discussed
above, there are only two lattice vectors in this formulae representing the lateral periodicity
of the surface. Diffraction that satisfies Eq. (2.40) and (2.41) can be represented graphically
in an Ewald sphere (Figure 2.9b) and displays the observed LEED pattern.
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Chapter 3

Instrumentation and Technology

Experiments in surface science are facilitated by a controlled and clean environment. Con-
sequently, ultra-high vacuum (UHV) chambers were utilized, housing all preparation and
analysis tools applied in experiments in the course of this thesis. The major part of the work
presented here was carried out at the Technical University of Munich, where three different
setups were employed. First, an XPS-STM system that was designed and assembled in this
PhD project. The powerful in-vacuo combination of two surface analysis techniques, scan-
ning tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS) allows to
characterize surfaces and interfaces. The setup comprises a custom-designed UHV chamber
equipped with an STM from CreaTec Fischer & Co GmbH operated at room temperature
and a SPECS XPS system consisting of a twin-anode X-Ray gun and an electron analyzer.
All components are described in detail in the following sections and listed in appendix A.2.
Second, a low temperature (LT-)STM was utilized. Its components are very similar to the
ones employed in the XPS-STM setup, except that in the LT-STM setup the CreaTec STM is
based on a Besocke-beetle type scanner [Bes87, Fro89, Mey96a, Zöp00] and operated at liquid
helium temperature (∼6 K). The components of this setup are described in detail in older
publications,[Seu11a, Wie15, Urg15a] and listed in appendix A.1. Third, an LT-STM/AFM
setup that combines an atomic force microscope (AFM) and an STM, was utilized for data
acquisition in a short, complementary experiment. This setup is technically similar to the
one introduced here, and is described in detail in earlier theses.[Bis17, He17a] Subsequently,
the experimental procedures to prepare samples and tips are outlined in section 3.5 and 3.6.
All experiments utilizing X-ray standing waves (XSW) were carried out at the synchrotron
facility of Diamond Light Source (beamline I09) located on the Harwell Science and Innova-
tion Campus in Oxfordshire, United Kingdom, in collaboration with Dr. David Duncan. A
brief introduction to synchrotron light generation and the properties of the employed elec-
tron energy analyzer is presented in section 3.7. The main components of the beamline are
summarized in appendix A.3.
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3.1 UHV System

The XPS-STM setup was designed using computer-aided design (CAD) software includ-
ing 3D STEP models made available by several companies.[Cre17, SPE17, VAC17, FOC17,
Ley17, VAT17, ite17] Figure 3.1 shows the isometric drawing of the complete UHV system
supported on an aluminum frame, which is planned to be positioned on four pneumatic
vibration isolators and additionally equipped with four rigid supports. The UHV system
comprises two independent chambers, the STM chamber (colored in purple) and the prepa-
ration and XPS chamber (colored in green). Both chambers are custom-designed stainless
steel cylinders manufactured by Vacom,[VAC17] connected by a VAT gate valve.[VAT17]
UHV with a base pressure in the medium 10−10 mbar range is maintained by a combination

of pumps with different working principles. First, a diaphragm pump generates a fore-
vacuum with a pressure in the order of 1× 10−1 mbar by oscillating a diaphragm up and
down. Thereby, the diaphragm sucks in the gas particles to be pumped via the inlet valve
on the downward stroke. On the upward stroke, the gas particles are forced out via the
outlet valve. The second pumping stage is a series of two turbo molecular pumps (TMPs),
an Oerlikon Leybold TURBOVAC SL 80 operating at 72 000 rpm and a MAG W 400 iP
operating at 58 800 rpm.[Ley17] A TMP consists of a multitude of rapidly rotating rotor and
stationary stator pairs. In each stage, gas particles receive a momentum through collision
with the rapidly moving rotor blades. With this newly gained momentum, the gas particles
enter into the stator where they are pushed toward the next stage. Thereby the medium is
successively compressed and led to the backing fore vacuum pump. Both TMPs work with
magnetic bearings for vibrational noise reduction. The main TMP is separated from the
preparation chamber by a pneumatic VAT gate valve. This valve allows to switch off all
mechanically vibrating pumps to reduce noise in the STM while the vacuum in the UHV
chamber is maintained by the ion pump. Furthermore, the gate valve closes upon power
failure preventing the uncontrolled venting of the chamber.
Additionally, a GammaVacuum 600TV [Gam17] ion (getter) pump is installed at the STM

chamber. In an ion pump, an assembly of cylindrical anodes is arranged between two parallel
cathodes.[Oer07] The entire electrode system is surrounded by strong permanent magnets
creating a homogeneous magnetic field. A potential of 6.5 kV is applied between the elec-
trodes whereby field-emitted electrons ionize gas particles in the anode cylinder. Long spiral
tracks of the electrons make for sufficient ion yield to maintain a self-sustaining gas discharge.
Due to higher masses, the ionized gas particles are almost unaffected by the magnetic field
and can leave the anode cylinder in a straight track. The ions impinge on the negatively
charged titanium cathode where they are implanted deeply into the cathode. Additional ti-
tanium is released upon impact acting as getter film for reactive gas particles (e.g. hydrogen,
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Figure 3.1: (a) Isometric drawing and (b) photograph (Aug. 2017) of the XPS-STM setup.
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nitrogen, oxygen) on the inner ion pump surfaces. Note that the ion implantation works for
all types of ionized particles including noble gas particles which do not chemically react with
the sputtered titanium film.
Furthermore, a titanium sublimation pump (TSP) is installed at the preparation/XPS

chamber together with a cold trap. In a TSP, titanium is resistively evaporated from a
filament and deposited onto the liquid nitrogen cooled walls of the cold trap. Especially
active gases are pumped effectively by this technique forming stable compounds with the
getter film.
The STM chamber (purple in Figure 3.1a) houses the STM apparatus (described in detail

in section 3.3) and provides several CF flanges of different size for modifications. At its cur-
rent state (March 2018) flanges are occupied with a pressure gauge (Vacom Barion [VAC17],
Bayard-Alpert type), a home-built sample parking (4 slots) mounted on a linear drive as well
as several viewports. Free flanges provide optical access to the sample that is placed in the
STM, allowing for in-situ evaporation or photo-catalytic experiments. The STM chamber
is designed in a way that a future upgrade to a low-temperature STM with a cryostat is
possible.
The second chamber (green in Figure 3.1a) is used for both sample preparation and XPS

measurements. It contains an ion source (sputter gun) as well as high precision leak valves
for gas dosing (e.g. Ar, CO, O2). Moreover, one leak valve is equipped with a glass tube
where the borazine precursor (liquid with a considerable amount in gas phase due to its
vapor pressure of ∼ 350 mbar at room temperature[Che18a]) is stored. Several flanges are
equipped with VAT mini gate valves [VAT17] to access the chamber with, e.g. molecule
and metal evaporators, without breaking the vacuum inside the chamber. Molecules are
deposited onto the samples from a commercially available Dodecon 4-cell OMBE [Dod17]
as well as from a home-built 2-cell OMBE source. In both cases, the molecular powder
is evaporated from a quartz crucible that is heated resistively. Moreover, a Focus EFM
3s electron beam evaporator [FOC17] was utilized for the deposition of silver and cobalt,
and a home-build resistive evaporator was used for deposition of copper and cobalt atoms.
A Stanford Research Systems RGA-100 [Sta17] quadrupole mass spectrometer allows for
leak testing, the spectroscopic detection of the residual gas composition, and monitoring the
gas purity. Up to 5 sample holders and 4 STM tips can be stored in-vacuo on the sample
parking in the preparation chamber. A load lock chamber can be employed to transfer
sample holders in and out of the UHV chambers. Transfer of samples in-vacuo to the LT-
STM or LT-AFM chamber is realized with a vacuum suitcase. Samples are mounted on
CreaTec sample holders (described in detail in section 3.4) and can be transferred between
the two chambers and different preparation positions via a linear manipulator (manufactured
by VAb [VAb17]), which allows for movement along three spatial directions plus azimuthal
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rotation. Rotation is realized by a differentially pumped and viton-sealed rotary double-
stage feed-through. Its first stage is connected to the roughing pump while the second stage
is connected to the TMP pumping line. Sample holders are attached to the manipulator
by mechanical clamping. A built-in flow cryostat can be used to cool the samples with
liquid nitrogen or liquid helium down to ∼90 K. The temperature of the manipulator head
can be monitored by a Pt100 resistance. Additionally, the manipulator provides electrical
contacts for sample heating and (sample) temperature read-out. Furthermore, the chamber
is equipped with a Vacom Barion [VAC17] pressure gauge and the XPS system comprising
a SPECS XR50 X-ray gun and a SPECS PHOIBOS 100 electron analyzer,[SPE17] which is
described in detail in the following section 3.2.

3.2 XPS System

There are two basic requirements for XPS as described in section 2.2: a fixed energy radiation
source (X-ray source) for the excitation of the core electrons and an electron kinetic energy
analyzer to measure the flux of the emitted electrons at a certain energy. In the XPS-STM
setup a SPECS XR 50 X-ray source is installed together with a SPECS PHOIBOS 100
electron analyzer [SPE17]. Both are described in the following sections 3.2.1 and 3.2.2. The
X-ray source is mounted with an angle of 54.7◦ (“magic angle“) with respect to the inlet axis
of the electron analyzer. The sample is usually positioned with its surface normal along the
inlet axis of the electron analyzer (normal emission) and in a working distance of 40 mm. XP
spectra are recorded with the SpecsLab2 Prodigy data acquisition software and processed
with either CasaXPS [Cas16] or the Matlab software.

3.2.1 Lab-based X-ray Source

Lab-based X-ray sources are standard tools for generating X-rays in laboratories due to
their compact size and comparatively low costs. A photograph of the twin anode SPECS
XR 50 X-ray source is displayed in Figure 3.2a. It comprises a body with water inlets for the
source head cooling, a filament feed through, and the source head. The acceleration high
voltage is applied through the cooling water. A closed circuit cooling unit (Van der Heijden
KÜHLMOBIL [Van17]) is utilized to ensure a constant supply of cooling water. A close-
up view of the source head with a schematic working diagram is illustrated in Figure 3.2b.
Electrons are emitted from a tungsten filament and accelerated toward the metal anode by
the high voltage that is applied between filament and anode. The X-ray source is equipped
with two different anode materials: aluminum (Al) and magnesium (Mg). Depending on the
anode material, a high voltage of 10 to 12 kV and an emission current of 20 mA are employed.
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Figure 3.2: (a) Photograph of the SPECS XR 50 X-ray Source (adapted from [SPE13]). (b)
Schematic drawing of the source head. Electrons from a filament are accelerated toward the
anode by an applied high voltage generating X-rays that radiate to the sample surface. Two
independent cooling circuits are employed to account for heat dissipation in anode and source
head.

Upon impact of electrons on the metal anode, X-ray fluorescence emission with two dis-
tinct components is generated.[Des11] Electrons that are decelerated or partially stopped
inside the metal make for Bremsstrahlung radiation. This continuous spectrum has a max-
imum energy, which corresponds to the applied high voltage between filament and anode.
Superimposed onto this broad background are sharp emission lines: The impinging electrons
are able to knock out electrons from core atomic orbitals (predominantly from the K shell)
creating vacancies, i.e. core holes. These core holes are filled by electrons descending from
outer orbitals (e.g. from the L or M shells) giving rise to characteristic, i.e. element-, and
therefore material-specific X-ray emission reflecting the energy difference between the two
shells. A detailed explanation of the physics behind XPS is presented in section 2.2. The
aluminum window suppresses Bremsstrahlung radiation and prevents stray electrons from
the filament to enter the electron analyzer.
In case of the Al anode, photons with an energy of 1486.6 eV and a natural line width

(FWHM) of ∼0.85 eV are predominantly emitted, originating from L to K shell transitions
and denoted as Al-Kα X-rays.[Col15] In fact, the Al-Kα line consists of two distinct and over-
lapping emission lines Kα,1 and Kα,2 with energies of 1486.27 eV and 1486.70 eV, respectively,
due to the spin-orbit interaction of the L shell.[Bea67, Kra79, Fel86] Photons originating from
the Mg anode have an energy of 1253.60 eV and a natural line width of 0.70 eV.[van12]
The energy resolution of XPS is in general defined by several contributions including the

intrinsic width of the photoemission line of the atom to be analyzed, as well as the energy
resolution of the electron energy analyzer. However, it is mostly governed by the X-ray
source line width. The intensity of the X-ray source, defining the signal-to-noise ratio of the
experiment, is also limited, as most of the kinetic energy of the incident electrons is dissipated
into heat. The maximum flux is therefore determined by how effectively the source head
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Figure 3.3: Schematic working principle of the SPECS PHOIBOS 100, a concentric hemi-
spherical analyzer (CHA). Electrons are accelerated/decelerated within a lens system and enter
the analyzer via the entrance slit. Due to a potential difference applied between the two con-
centric hemispheres only electrons with a specific kinetic energy Ekin are able to pass through
the exit slit and reach the detector. Adapted from [SPE12].

can be cooled. In addition, X-ray emission occurs over a large solid angle and is not focused
on the sample. All these drawbacks are overcome by synchrotron radiation, which offers
extremely a high photon flux with a narrow bandwidth, brilliant beam collimation, and a
tunable photon energy by means of monochromators (see section 3.7.1).

3.2.2 Electron Kinetic Energy Analyzer

In order to obtain information by means of XPS, the kinetic energy of the photo-generated
electrons needs to be analyzed with high energy resolution and high transmission. Therefore,
a SPECS PHOIBOS 100 electron analyzer together with a MCD-5 detector is installed in
the XPS-STM setup. The PHOIBOS 100 is a concentric hemispherical analyzer (CHA), the
type by far most commonly used in modern XPS instrumentations.
Figure 3.3 displays the schematic working principle of the CHA. The CHA consists of two

concentric hemispheres of radius Rin and Rout where specific potentials Uin and Uout are
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applied, respectively. Thus only electrons with a certain kinetic energy Epass are able to
travel through the analyzer following a tangential trajectory along R0 = (Rout/Rin)/2 and
eventually reach the detector through the exit slit.[van12] The pass energy, a parameter set
by the user that influences the energy resolution of the measurement, is defined as [Wil11]

Epass = e(Uin − Uout)
(

RinRout

R2
out −R2

in

)
. (3.1)

XP spectra are usually acquired in fixed analyzer transmission (FAT) mode: prior to
entering the analyzer through the entrance slit, the electrons are decelerated (or accelerated)
in a retardation stage. This lens system (referred to as electron optics) changes the kinetic
energy of the electrons without changing their absolute energy spread, and thus enhances
the effective resolution by a factor Ekin/Epass.[Hüf10] The relative energy resolution of a
CHA is given by [Wil11]

δE

Epass
= 2 ·W
Rout +Rin

+ (δα)2, (3.2)

where W is the width of both entrance and exit slit and δα is the angular divergence of
incoming electrons in the plane of the electron trajectory. Note that the relative energy
resolution δE/Epass is independent of the kinetic energy of the electron and can be increased
by choosing a smaller entrance slit. In order to keep the instrumental energy resolution
constant over the course of one XP spectrum, Epass needs to be kept constant by varying the
retardation lens voltage. The energy resolution that is achievable with a CHA is in principle
better than 0.01 eV, which is much better than the energy spread of X-ray sources. Hence,
the total energy resolution in XPS is mainly governed by the X-ray source and not by the
electron analyzer.[van12]
To measure the flux of electrons, a MCD-5 multi-channel plate detection unit is employed,

which consists of a five channel electron multiplier (CEM). Electron multiplication by a factor
of ∼1× 108 is achieved through an emissive layer along the inner surface of the CEM.[SPE12]
Since charged particles are influenced by external stray electromagnetic fields (e.g. the

magnetic field of the earth) the analyzer needs to be shielded. Therefore μ-metal (∼76 % Ni,
∼17 % Fe, ∼5 % Cu, and ∼2 % Cr) is employed within the enclosed volume of the analyzer
and detector to screen these fields down to an uncritical level.[van12]

3.3 STM Apparatus

The STM apparatus installed in the XPS-STM setup is based on a design by G. Meyer
and S. Zoephel developed at the Freie Universität Berlin,[Mey96b] and now commercially
available from CreaTec Fischer & Co. GmbH.[Cre17] An isometric drawing of the STM stage
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Figure 3.4: Isometric drawing of the CreaTec scanning tunneling microscope head. The scan-
ner (depicted in blue) is positioned on top of the metal baseplate (yellow and purple) an can
move via x-y piezoelectric actuators on ceramic pads (white). The scanner head encompasses
the z-slider and the main piezo where the STM tip is attached. Adapted from [Cre13].

is displayed in Figure 3.4. The stage consists of two main parts, a baseplate (colored yellow
and purple) and the scanner (blue and gray) sitting on top of it.
The base plate is a solid U-shaped metal part with a clearance for the sample holder (see

section 3.4). It includes a retainer with spring-loaded pins through which the electric contact
with the sample is realized. The retainer can be pulled down forcing the sample holder and
the entire STM stage into a fixed position for sample transfer. For vibration isolation, the
STM stage is hanging freely on three springs during scans and is additionally equipped with
an eddy current damping system to damp oscillations.
The scanner consists of a tripod metal frame (colored blue in Figure 3.4) that is fixed

between three ceramic pads and a metal rack (colored light blue). The legs of the scanner
tripod are equipped with stacked piezoelectric actuators (piezos), which are utilized for
coarse motion on the length scale of several millimeters on the ceramic pads. The Pan-type
slider,[Pan93] a triangular prism inside the tripod frame is actuated via two triples of piezo
stacks responsible for the coarse movement in z-direction. Inside the prism, a separate main
piezo is located, which is utilized for scanning and fine positioning of the tip in the sub-Å to
micrometer range. The STM tip is magnetically attached to the main piezo.
The piezo actuators exploit the piezoelectric effect of certain ceramic materials. When

an electric field is applied the ceramic material, it generates strain resulting in a controlled
deformation. This deformation translates into a displacement by means of a stick-slip motion.
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Figure 3.5: Working diagram of the CreaTec STM electronics. Piezo voltages are generated
in the HV amplifier and the tunneling current is read out by the digital signal processor (DSP)
board. The communication with the CreaTec STMAFM 3.0 software is established via ethernet.
Adapted from [Cre15].

When the piezos are driven fast, the piezo stack slips over the supporting ceramic pads
whereas slow relaxation in the opposite direction results in a displacement of the piezo
stack. To move the scanner laterally all three piezo stacks are addressed simultaneously
with the same signal. A combination of piezos rotated by 90◦ within each piezo stack makes
for movement in x- an y-direction. For movement in z-direction two piezo stack triples are
employed in a way that one triple is moving while the other triple is fixed thus preventing the
slider to fall due to gravity. The main piezo used for scanning is a tube piezo, which is fixed
on the upper end. It consists of two electrode pairs for deformations in x- and y-direction,
which are placed on the piezos outside walls, as well as a ring electrode for deformation in
z-direction. When an electric field is applied to one electrode, the piezo wall expands while
the opposite wall contracts, resulting in a lateral deformation of the piezo tube.
Note that the Pan-type scanner in the XPS-STM (and the LT-AFM setup) offers a sig-

nificantly larger travel distance in z-direction compared to the Besocke-type scanner in the
LT-STM (∼20 mm vs. ∼2 mm). The larger travel distance allows for better access from the
sides, e.g. for optical experiments as well as in-situ evaporation. Nevertheless, caution is
advised when sample holders are mounted, as the exchangeability of sample holders between
all systems requires the samples to be mounted with a well-adjusted height.
The electronics necessary for STM operation comprise the digital signal processor (DSP)

board, the high voltage (HV) amplifier, and a Femto DLPCA-200 current voltage amplifier.
The CreaTec DSP board is based on the TMS320C6657 DSP by Texas Instruments and is
controlled via the CreaTec STMAFM 3.0 software. Figure 3.5 shows a working diagram of
the electronics for scanning the tip over the sample surface. The DSP receives the amplified
tunneling current fed in through an analog–digital (A/D) converter. In the most commonly
used constant-current mode (see Section 2.1.1) the feedback loop calculates the piezo volt-
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Figure 3.6: (a) Technical drawing of a CreaTec sample holder with a single crystal sample
mounted on an electrically isolated oven (adapted from [Cre02]). (b) Photograph of a sample
holder with a Cu(111) single crystal clamped on the manipulator in UHV.

ages that are subsequently output by an HV amplifier to adjust the tip–sample distance,
maintaining a constant tunneling current. Both the x-, y- and z-piezo voltages and the
sample bias is output by the DSP board through a D/A converter. For real-time readout, a
VOLTCRAFT DSO-1062D oscilloscope is used.
Note that an Ethernet adapter is installed in the host PC, which is dedicated solely to

communication with the electronics.[Cre15] During the start-up process of the DSP board,
a running TFTP server (e.g. TFTPD64 [Tft17]) on the PC is necessary to flash load the
configuration file.

3.4 Sample Geometry

The experiments presented in this thesis have been carried out utilizing metal single crystals,
specifically, Ag(111) and Cu(111), purchased from Surface Preparation Laboratory.[Sur17]
The single crystals have a cylindrical hat shape with a diameter of 6 mm, and are mounted
on a CreaTec sample holder as depicted in Figure 3.6. The sample holder consists of a
gold-coated copper framework, a button heater oven and a ceramic plate coated with metal
contacts. The metal crystal is fixed on the oven by a star-shaped molybdenum clamp. The
oven is isolated from the metal sample holder by sapphire half-shells. Heating wires are
soldered to the back side of the ceramic plate and fed through a pair of ceramic inlays in
the sample holder. One of the heating wires is coiled up inside the ceramic oven to make
for direct Joule heating of the sample. The second heating wire contacts the molybdenum
clamp. The temperature can be read out via K-type thermocouples that are spot-welded
onto the Molybdenum clamp and also attached to the metal contacts of the ceramic plate.
When the sample holder is placed in the STM, the sample bias is applied via one of the six
metal contacts.
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3.5 Sample Preparation

Cleaning metal crystals is a standard procedure in surface science and usually consists of
cycles of ion bombardment (referred to as sputtering) and thermal annealing. For sput-
tering, a beam of Ar+ ions is focused perpendicularly onto the sample. Therefore, the
preparation chamber is backfilled with Ar to a partial pressure of 2.5× 10−5 mbar and an
ion gun is utilized to generate and accelerate the ions with a bias of typically 800 to 1000 V,
which translates into an ion current of 4 to 5 µA hitting the sample. The ion bombardment
removes atomic and molecular contaminants as well as surface atoms and thus roughens
the substrate. Subsequent annealing to temperatures of ∼830 K and ∼770 K for copper
and silver, respectively, heals the crystal and recovers an atomically flat and well-ordered
surface.[Feu16]
While medium annealing temperatures are sufficient for the preparation of clean metal

surfaces, a more sophisticated treatment is necessary for experiments that include the growth
of boron nitride and graphene overlayers (see section 4). The synthesis of two dimensional
(2D) hexagonal boron nitride (h-BN) and graphene layers require substrate temperatures
up to 1110 K for copper and 900 K for silver, respectively. Therefore the sample needs to
be repeatedly annealed to elevated temperatures to deplete the metal crystals of common
contaminants like carbon and sulfur prevalent at high temperatures.[Poe92, Stu94]
h-BN monolayers are the key component in several projects of this thesis (see Chap. 4, 5

and 6). The growth of h-BN is achieved by chemical vapor deposition (CVD) of borazine
(B3N3H6), purchased from KatChem.[Kat17] In CVD, the catalytically active metallic sub-
strate facilitates the decomposition of the precursor molecules. Borazine is the isoelectronic
and isostructural inorganic analog of benzene.[Bon15] At ambient conditions, the borazine
precursor is a meta-stable transparent liquid that decomposes in the presence of moisture
and easily degenerates with temperature and light. Therefore it is necessary to store it cold
(using a Peltier cooling unit), in vacuum and protected from light. Figure 3.7 shows borazine
in a glass tube that is attached to a leak-valve for dosing into the UHV chamber. To avoid
contaminations, borazine was transferred into the glass tube via vacuum distillation from
a stainless steel container, in which it was delivered. The procedure is described in detail
in appendixB. Chap. 4 describes the growth of h-BN on metallic surfaces in detail. Besides
h-BN, graphene was grown utilizing a home-built e-beam evaporator and a solid graphite
rod as carbon source (see section 6.1).
In addition, metals (e.g. copper, silver, and cobalt) and molecules have been deposited

onto the clean sample surface using evaporators described in section 3.1. For molecule depo-
sition, a home-built two-cell organic molecular beam epitaxy (OMBE) evaporator has been
employed. Quartz crucibles filled with molecular powder are loaded into the evaporator and
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Figure 3.7: Borazine in the glass tube attached to the leak valve. The peltier cooler is removed
while borazine is dosed into the UHV chamber.

heated resistively to sublime the molecules. Typical deposition times are in the range of 5
to 60 min. Cobalt porphine (Co–P) molecules (see section 5.1 and 5.2) were purchased from
Frontier Scientific.[Fro17] The borazine derivatives BNPPy and BNAPy, which are char-
acterized in section 6.2 as well as the functionalized porphyrin (2H–TPCN) molecules (see
section 5.3) were synthesized by the group of Davide Bonifazi.[Bon17]

3.6 Tip Preparation

A crucial requirement for STM measurements is the preparation of a well-defined, clean
and sharp STM tip. Although only the tip atoms closest to the sample surface, i.e. the
tip apex dominates the tunneling process, a macroscopic sharp and clean tip is desirable to
enhance the stability during the measurement. In the course of this thesis two commonly
used tip materials were employed, namely platinum-iridium (Pt–Ir) and tungsten (W). Pt–Ir
tips are relatively inert not only to oxidation but also to contaminations making it suitable
for measurements with insulating layers. The straightforward preparation of Pt–Ir tips
is realized by mechanical cutting of 0.25 mm diameter platinum-iridium wire with pliers
resulting in sufficiently sharp tips. Tungsten tips are widely used in STM due to their
mechanical stability and comparatively smooth DOS around the Fermi energy.[Nes95] W tips
were fabricated from polycrystalline tungsten wire (diameter 0.25 mm) by electrochemical
etching. The procedure is depicted in Figure 3.8. The W wire is placed inside a ring-shaped
copper wire. The ring contains a lamina of NaOH solution (2 mol/l) created by dipping it
into a bath placed underneath. By applying a voltage of 3 to 4.5 V between W wire and
copper loop, the tungsten is oxidized into soluble WO2−

4 . The reaction reads
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Figure 3.8: (a) Photo of the tip preparation procedure. A thin tungsten wire is placed in
a lamella and etched electro-chemically in a NaOH solution. (b) Magnified picture of the
extraordinarily sharp STM tip.

W (s) + 2OH− + 2H2O → WO2−
4 + 3H2(g).

Within some minutes, the W wire becomes thinner and eventually breaks resulting in a
very sharp wire that can be used as an STM tip. The as-prepared tip is rinsed with distilled
water and isopropyl alcohol to remove solvents and then fixed rigidly on the tip holder. Once
introduced into the UHV chamber, the W tips are sputtered via Ar+ ion bombardment in
order to remove the oxide layer and transferred to the STM with a special tip holder fork.

During STM measurements the tip frequently changes its shape and composition of the
apex because of interactions with the substrate or adsorbed molecules. To recover a sharp
tip and to remove contaminants, which might perturb tunneling, in-situ tip conditioning
methods can be applied. First, voltage pulses can be applied. To this end, the bias voltage
is quickly sweept to voltages up to 10 V, while the tip is approached several Å to the crystal
surface. Second, the tip apex can be changed drastically by bringing it into physical contact
with the metal substrate via the ramp controller, which will cover the tip with substrate
atoms. Another applicable method is field emission, where a high voltage of up to 80 V
is applied between tip and sample, while the current is limited to some tens of µA.[Alb94,
WB07] After the tip was in contact with the substrate, the tip is slowly retracted. Thereby,
the STM tip usually gets longer and changes its shape significantly.

The quality of the tip can be tested by recording dI/dV spectra around the Fermi energy
(see section 2.1.1.2). On (111)-terminated silver and copper surfaces, characteristic (Shock-
ley) surface states are present,[Kev87] which are preserved as interface states upon h-BN
and graphene growth.[Jos12, Gar16] If this state is observed without significant other contri-
butions to the spectrum, the tip is assumed to be metallic and suitable for spectroscopy. In
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the LT-AFM, an additional indicator to judge the sharpness of the tip is available, namely
the frequency shift ∆f . Usually, a ∆f ≈ −2 Hz indicates a very sharp and stable tip.

3.7 I09 Beamline at Diamond Light Source

All XSW and some XPS measurements presented in this thesis were conducted at the I09
beamline at Diamond Light Source (DLS), United Kingdom.[I0917] In the following, the
general characteristics of the synchrotron and the I09 beamline endstation are elucidated with
a particular emphasis on synchrotron X-ray light generation (see section 3.7.1). The UHV
chambers of the beamline endstation comprise two preparation chambers and one analysis
chamber. The preparation chambers contain standard equipment for Ar+ ion sputtering and
sample annealing (via electron bombardment). Metal and OMBE evaporators, as described
in section 3.1, can be mounted at gate valves of the preparation chambers. The base pressure
of all UHV chambers is ∼4× 10−10 mbar. The sample is mounted on Omicron sample plates
and can be transferred between the different chambers via a 4-axis and a 5-axis manipulator,
respectively. The latter allows for movement along three spatial coordinates plus polar and
azimuthal rotation in the analysis chamber. In contrast to the CreaTec sample holders
described in section 3.4, the Omicron sample plate has no thermocouple attached to the
sample. The sample temperature is set by referring to a calibrated power vs. temperature
curve and can be measured above 600◦ via a pyrometer. Sample cooling down to ∼50 K can
be realized by liquid helium.

3.7.1 Synchrotron Light

DLS is a third-generation synchrotron (technically 3.5th generation). A schematic of its
most important components is displayed in Figure 3.9. Contrary to laboratory X-ray sources
(cf. section 3.2.1) the synchrotron produces highly collimated and narrow beams of X-ray
light with high intensity. To this end, electrons are accelerated in a linear accelerator and
a booster synchrotron and thereupon fed into a storage ring where they are circulating in a
closed path at nearly the speed of light. Bending magnets at the arced sections of the storage
ring are utilized to steer the highly relativistic electrons around the ring. Synchrotron light
is generated in insertion devices, so-called undulators situated at straight sections of the
storage ring.[Wil11] Beamlines are positioned tangentially to the undulator segments of the
storage ring, and consist of an optics hutch where certain wavelengths of the synchrotron light
are selected and focused, and an experimental hutch (endstation) housing the experimental
equipment. The stored electron beam in the ring is continuously topped-up by injections of
electrons and maintained at a level of ∼300 mA, enabling continuous user operation. Energy
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Figure 3.9: Schematic of the most important components of a third-generation synchrotron.
Electrons are accelerated in a linear accelerator and a booster ring prior to insertion into the
storage ring. Bending magnets are utilized to steer the electrons on a closed path around the
storage ring. Synchrotron light is created in insertion devices, so-called undulators and shaped
with several optics and gratings before it arrives at the experimental hutch of the beamline
endstation. The radiative energy loss of the electrons is replenished by a radio frequency (RF)
supply. Adapted from [Wil11].

lost by the electrons due to the radiative emission of synchrotron light is replenished by radio
frequency supply. Coulomb repulsion between the electrons is compensated by quadrupole
magnets.
Whenever the electrons are deflected (i.e. accelerated) at the curved sections of the storage

ring they will emit electromagnetic radiation tangentially to their trajectory (see Figure 3.10),
known as synchrotron radiation.[Mob15] The high flux of light is emitted in an extremely
narrow cone with an opening angle θ ∼ γ−1 where γ is the Lorentz factor

γ = E

m0c2 , (3.3)

with the electron energy E andm0c
2 the rest mass energy of the electron.[Wil11] The opening

angle is typically within some tenth of milliradian and has a broad energy spectrum ranging
from 10 eV to 20 keV dependent on the electron velocity. However, the flux of light emitted
from bending magnets is limited since their primary purpose is to steer the electrons around
the storage ring. Even higher X-ray flux can be achieved in insertion devices like undulators.
A schematic drawing of an undulator is shown in Figure 3.10. An undulator consists of

small magnets with alternating polarity arranged in two parallel arrays. Electrons passing
through the undulator are subject to an alternating centripetal acceleration in the magnetic
field and oscillate (undulate) in the plane of the storage ring. The arrangement of the
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Figure 3.10: Schematic drawing of an insertion device (undulator). Magnets with alternating
polarity are arranged in two parallel arrays. Electrons travelling through this magnetic array
are forced on oscillating trajectories, generating synchrotron radiation.

magnets is designed in such a way that the electrons are forced to have small oscillation
amplitudes. This causes interference, coherently adding up the individual amplitudes of
the fields radiated at each point of their sinusoidal trajectory in the undulator.[Mob15] The
wavelength λ of the emitted radiation with maximum intensity is given by

λ = L

2γ2

(
1 + 1

2

(
eBL

2πm0c

)2
+ γ2θ2

)
, (3.4)

and accompanied by higher harmonics with shorter wavelengths λn = λ/n and weaker in-
tensity. Here, L is the length of the undulator, e is the electron charge, B is the applied
magnetic field, m0 is the electron rest mass, γ is the Lorentz factor and θ is the opening
angle. Eq. (3.4) highlights that the wavelength of the synchrotron light that has maximum
intensity can be varied by means of the applied magnetic field B. This can be realized
by varying the gap distance between the two magnetic arrays and allows for a continuous
selection of the X-ray energy.
In practice, soft and hard X-rays with energies of 110 to 1100 eV and 2.15 to 18 keV,

respectively, are available.[I0917] During our beamtime at DLS, the adjustment mechanism
of the monochromator of the soft X-ray line was broken, and thus only a fixed (soft X-ray)
energy of 641 eV was usable. The installed hemispherical electron analyzer, a VG Scienta
EW4000 HAXPES with an acceptance angle of ±28◦, was mounted with an angle of 90◦

with respect to the incident synchrotron light and the center of its angular acceptance in the
plane of the photon polarization.
The beams originating from two separate undulators are focused on the same sample spot.

Figure 3.11 depicts the different sample orientations for XPS and NIXSW experiments. In
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2.5°

hard X-Rays

acceptence
angle

70°
soft X-Rays

electrons

NIXSWSoft XPSa b

Detector ± 28°

Figure 3.11: Schematic of the sample orientations for (a) (soft) XPS and (b) NIXSW ex-
periments at DLS. The electron analyzer is mounted with an angle of 90◦ with respect to the
incident synchrotron light and the center of its angular acceptance in the plane of the photon
polarization. The sample normal has an angle of 70◦ (2.5◦) with respect to the incident X-rays
for XPS (NIXSW) measurements.

the first case, the sample normal has an angle of 70◦ with respect to the incident X-ray
beam. The spot size of the soft X-ray beam for the utilized soft XPS photon energy (641 eV)
is about 60× 60 µm2.

In the latter case, for the (111) NIXSW measurements, the polar angle is only 2.5◦ such
that the photon incidence direction was almost normal to the Bragg scattering plane utilized
to generate the standing waves (see section 2.3). For the XSWmeasurements, the X-ray beam
was defocused to approximately 400× 400 µm2 and stepped over the sample such that each
XSW curve was acquired at a different sample position. To further avoid beam damage
to adsorbed molecules, the beam intensity was reduced to 20% by detuning the undulator.
Possible beam damage was monitored by comparing the relevant core-level spectra before
and after each XSW measurement. The XSW scans were obtained from the (111) and (111)
Bragg reflection of Cu (EBragg ≈2972 eV at 300 K and ≈2981 eV at 50 K). Note that we used
a polar angle of 70.5◦ for the (111) NIXSW measurements in order to be normal to the (111)
planes.[Woo05] The intensity of the crystal Bragg reflection was recorded simultaneously
with the absorption profiles. The former was acquired via a fluorescent screen mounted on
the port of the incident X-ray beam by means of a CCD camera, and the latter was acquired
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Figure 3.12: Schematic of the swept scan detector mode of the DLS electron analyzer. The
summed detector image consists of m pixels in the energy direction. Each pixel itself is the sum
of n properly aligned slices of 2D images.

from core-level photoemission yields. Prior to each XSW measurement, a reflectivity curve
was recorded to determine the Bragg energy at a given position on the sample, and the
subsequent XSW measurement was restricted to a window of ±5 eV around that energy.

3.7.2 Electron Kinetic Energy Analyzer

The working principle of the electron analyzer is similar to the on-campus analyzer in Munich
described in section 3.2.2. The total energy resolution of the detector is ∼0.4 eV for hard
and ∼0.1 eV for soft X-rays. However, the DLS electron analyzer allows for both angular
and transmission (i.e. angle-integrated) operation modes. The detected 2D image of the
electron signal is resolved in energy along the x-axis and in angle along the y-axis. The
electron analyzer can operate in two acquisition modes for a selected kinetic energy range:
in fixed mode and in swept mode.[Lee17a]
In a fixed mode scan, an image, which maps the angular and the energy distribution of the

photoelectrons is recorded at a fixed retarding voltage on the lens. The energy width of the
scan is determined by the pass energy, and the angular width is determined by the selected
lens mode. In a swept mode scan (Figure 3.12), a series of 2D images are acquired while the
retarding voltage is stepped through the selected energy range. All images are subsequently
properly aligned in the energy direction and then summed. The summed detector image has
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m pixels in the energy direction with each pixel being the sum of n images. Consequently,
each image has n slices and the total number of acquired 2D images is m+ n− 1.
The acquisition time of a fixed mode scan is shorter than that of swept mode scans.

However, due to the inhomogeneity of the multi-channel plate detector, the acquired spectra
in fixed mode need to be normalized with a calibration curve.
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Chapter 4

Hexagonal Boron Nitride (h-BN) on
Metallic Substrates

This chapter includes content that has been published in

M. Garnica, M. Schwarz, J. Ducke, Y. He, F. Bischoff, J. V. Barth, W. Auwärter, D. Stradi,
Comparative study of the interfaces of graphene and hexagonal boron nitride
with silver, Phys. Rev. B 94, 155431 (2016); Copyright (2016) by the American Physical
Society.

and

M. Schwarz, A. Riss, M. Garnica, J. Ducke, P. S. Deimel, D. A. Duncan, P. K. Thakur,
T.-L. Lee, A. P. Seitsonen , J. V. Barth, F. Allegretti, W. Auwärter, Corrugation in the
Weakly Interacting Hexagonal-BN/Cu(111) System: Structure Determination
by Combining Noncontact Atomic Force Microscopy and X-ray Standing Waves,
ACS Nano 11, 9151-9161 (2017); Copyright (2017) by the American Chemical Society.

Two-dimensional hexagonal boron nitride (h-BN) grown on various transition-metal sub-
strates has attracted tremendous interest in the scientific community due to its fascinating
properties like, e.g. inertness, high mechanical strength, and a large electronic bandgap,
which are complementary to those of graphene and other two-dimensional materials.[Wat04,
Shi10, Kim12] In particular, the structural similarity of h-BN monolayers to graphene, re-
flected in a small lattice mismatch of 1.6 %,[Pas02] makes these materials compatible for
applications in vertically stacked van der Waals heterostructures and in hybridized atomi-
cally flat layers.[Osh97, Ci10, Dec11, Gei13, Hwa16] Moreover, single-layer h-BN has shown
its potential as a template to steer the adsorption of atoms, molecules, and nanostructures
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with control of their spin and energy level alignment.[Jos14, Urg15a, Sch15b, Jac15, Lee17b,
Kum17] In addition, it has been predicted that metal-supported h-BN layers might serve as
catalysts, e.g. for oxygen reduction reactions.[Lya14, Uos14, Lin15, Mah17]

Depending on the interaction with the metal substrate, one can categorize the h-BN
layer adhesion as strong [such as on the Rh(111), Ni(111) and Ir(111) surfaces] or weak [on
the Pt(111), Cu(111) and Ag(111) surfaces].[Cor04, Pre07a, Jos12, Zum16, Gar16, Sch14b,
Auw99] The strength of the interaction, together with the lattice mismatch between h-BN
and support determines the corrugation of the system, which forms a nanomesh in the case
of h-BN/Rh(111) and a flat overlayer with a minute height difference between boron and
nitrogen in the case of h-BN/Ni(111).[Auw99, Cor04, Mun17]

This chapter introduces atomically thin h-BN layers grown on metal substrates by chemical
vapor deposition (CVD). Specifically, the two noble metal substrates, copper and silver, have
been utilized in the course of this thesis. Although both h-BN/Cu(111) and h-BN/Ag(111)
are considered as weakly interacting systems, they present remarkable differences regarding
the structural and electronic properties of the resulting h-BN layer. We find a hitherto
unrecognized geometric corrugation in the case of h-BN/Cu(111), which is intimately related
to the electronic moiré pattern (see section 4.1). Section 4.2 outlines the ion-gun assisted
growth of h-BN/Ag(111) and discusses the electronic structure of the resulting h-BN layer.
In section 4.3 we show that intercalation is a route to obtain high-quality h-BN on silver
where the electronic properties of the layered system can be tuned by the thickness of the
intercalated silver.

4.1 h-BN on Cu(111)

Cu(111) is a particularly interesting substrate as it features both a small lattice mismatch
and a weak interaction with h-BN. Furthermore, the use of Cu foils as a support can be
an economic route to large-scale h-BN synthesis via CVD.[Kim12, Jos12, Mah15] However,
to realize the myriad of applications for this layer, and to integrate it into real devices via
the bottom-up approach, a proper knowledge of the precise structure of the h-BN–metal
interface is crucial. Density functional theory (DFT) calculations have, to date, struggled to
describe the experimentally realized h-BN/Cu system in detail. Specifically the adsorption
height of the h-BN layer, the key structural parameter in such a layered system, has been
predicted to take a gamut of values, from 2.65 to 3.34Å.[Lya14, Lin15, Fei15, Koi13, Gom13,
Las08] Therefore, determining this parameter experimentally to serve as an unambiguous
benchmark is a necessary step toward predictive-level DFT calculations in this field.
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Previous quantitative studies of the geometric structure of h-BN/Ir(111) and h-BN/Ni(111)
have been pursued by XSW and X-ray photoelectron diffraction (PhD), respectively.[Zum16,
Mun17] In case of the former system, a significant modulation of the h-BN layer was observed
and modeled by two distinct h-BN species located at 2.20± 0.02Å and 3.72± 0.02Å, respec-
tively, above the surface, a marked difference in adsorption height of ∼1.5Å.[Zum16] The
latter study, addressing h-BN/Ni(111), instead reported a uniform adsorption height of the
entire h-BN layer of 2.11± 0.02Å, i.e. 0.1Å closer to the substrate than even the lower ad-
sorption height of the h-BN on Ir.[Mun17] Although the corrugation of the h-BN/Ni(111) was
a fitting parameter, no values were quoted. Now, by contrast to Ni(111) and Ir(111), Cu(111)
is a comparatively noble substrate and, although a strong moiré pattern has been observed
by STM, it was concluded that this reflects purely electronic modulations.[Jos12, Jos17]
While the lateral structure of two-dimensional layers is usually analyzed by means of

STM, AFM, standard LEED, and PhD, a determination of the adsorption height, as well
as the corrugation of two-dimensional layers is notoriously difficult to obtain, even by high-
resolution nc-AFM. Only elaborate LEED-I(V ) and surface X-ray diffraction studies gave
access to these parameters, e.g. for graphene on Ru(0001).[Mor10, Mar10c] In the following,
we present an in-depth structure determination of the h-BN/Cu(111) system with the lateral
structure analyzed by means of STM and LEED and the vertical structure via a combination
of nc-AFM, XPS, and XSW. The interpretation of the data is assisted by first-principle
calculations carried out by Ari P. Seitsonen. Ultimately, we introduce an approach to extract
the detailed nature of an exemplary 2D sheet system via nc-AFM, which can also be applied
to quantify the corrugation of other two-dimensional materials.

4.1.1 Growth

Single layer h-BN was grown on Cu(111) in both the LT-STM and LT-AFM chamber, as
well as the preparation chamber of the I09 end station at Diamond Light Source (DLS)
following the established procedure described in section 3.5 and Ref. [Jos12]. In the LT-
STM/LT-AFM chambers the sample was held at 1080 K and positioned in close vicinity of a
needle doser through which the borazine was introduced, resulting in a chamber pressure of
7× 10−7 mbar for 5 min. At I09, the sample was exposed to borazine (also held at 1080 K –
monitored by pyrometer) by backfilling of the chamber to 7× 10−6 mbar for 25 min resulting
in a total exposure of 7900 L. The higher pressure compared to the home lab was chosen
to compensate for the lack of directional dosing at the I09 end station. Subsequently, the
sample was cooled at a rate of 0.7 K/s. Both preparation conditions result in a single layer
of h-BN and show the same characteristic LEED patterns. XP survey spectra showed no
significant components other than the expected B, N and Cu. A detailed description of the
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experimental and computational methods applied during the measurements presented in the
following section is summarized in appendixC.0.1.

4.1.2 Lateral Structure

The lateral structure of h-BN/Cu(111) is investigated by means of STM and LEED. Here, we
highlight our present findings on the basis of the results presented in earlier studies,[Jos12,
Jos17] which are consistent with reports from other groups.[Rot13, Li15] Figure 4.1a displays
the STM topography image of an extended h-BN domain on Cu(111) at 4 V bias voltage,
where the electronic corrugation is visualized as a moiré superstructure.[Jos12, Jos17] Previ-
ously, the high symmetry registries, giving rise to different regions of the moiré, were labeled
“hills“ (corresponding to a NtopBfcc registry) and “valleys“ (corresponding to a NfccBhcp reg-
istry). Following the notation of studies on h-BN/Rh(111) and h-BN/Ir(111)[Cor04, Zum16]
the respective regions will be labeled “pore“ (P) and “wire“ (W) from now on (see Figure 4.2a)
as justified by the observed geometric corrugation discussed below. The most abundant moiré
periodicities observed are in the range from 4 to 15 nm and originate from different rotation
angles of the h-BN lattice with respect to the copper substrate. All rotational domains were
originally understood by a small spread (<3◦) in the angle between a slightly stretched h-BN
lattice and the Cu(111) substrate lattice and show the same electronic behavior in terms of
their templating effect.[Jos12, Jos14]
The LEED pattern of a single layer of h-BN/Cu(111) is displayed in Figure 4.1b. The

first-order Cu(111) substrate spots are surrounded by one concentric ringlike structure with a
slightly larger k vector,[Rot13, Uch17] indicative of various rotational h-BN domains.[Mül10]
Maximum intensity of the h-BN ring is found in directions varying up to ±4◦ from the main
crystallographic directions of the copper substrate (inset of Figure 4.1b). Local maxima are
also observed at rotation angles of (30± 4)◦ with respect to the close-packed directions of
the substrate. Atomically resolved h-BN lattices observed in STM (Figure 4.1c, d) corrob-
orate this finding. Analysis of the lattice parameters obtained from LEED measurements
conducted at room temperature yields a lattice mismatch of (1.5± 0.5) %, slightly reduced
compared to the 1.9 % mismatch reported by Roth et al.,[Rot13] and the nominal 2.0 % lattice
mismatch between an isolated h-BN layer and the Cu(111) plane.[Str69, Pas02] To accurately
model experimentally observed moiré superstructures in graphene on metal systems, the con-
sideration of multiple beatings per moiré unit cell appeared essential.[Art16, Zel14] Indeed,
such a modeling approach applied to h-BN/Cu(111) reveals the existence of large moiré
periodicities even for h-BN domains rotated up to 30◦ (see FigureC.1). Scanning tunneling
spectroscopy (STS) measurements probing the field emission resonances reveal a local work
function difference of ∼250 mV between high-symmetry positions within the moiré supercell
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Figure 4.1: Single layer of h-BN on Cu(111). (a) Large scale STM topography image showing
extended and regular h-BN domains with sizes up to a micrometer. Scan parameters: Ub =
4.0 V, It = 0.4 nA (b) Contrast-inverted LEED pattern of a single layer h-BN/Cu(111) recorded
at room temperature with an electron energy E = 91 eV. The Cu spots are surrounded by a ring
originating from the h-BN lattice with highest intensity at a small azimuthal rotation relative to
the (111) directions. At rotation angles of (30± 4)◦ local intensity maxima are observed. Inset
(recorded with E = 87 eV) shows a zoom into the first order spot indicated by the dotted square.
(c, d) Atomically resolved STM images of h-BN lattices (FFT-filtered). Black lines indicate
the high-symmetry copper directions. The h-BN lattice in (c) is aligned along the Cu(111)
directions, while in (d) it is rotated by almost 30◦ with respect to the copper. Scan parameters:
(c) Ub = 0.11 V, It = 2.5 nA, (d) Ub = 0.23 V, It = 0.8 nA.

(see FigureC.2). Regions of bright contrast at a sample bias of 4 V in STM (pores) possess
a lower local work function compared to the darker regions (wires), in agreement with our
refined DFT calculations. A work function difference of 340 to 390 meV is calculated for
high-symmetry registries of h-BN/Cu(111) with the Quantum ESPRESSO code including
vdW-DF2-rB86[Lee10, Ham14] and vdW-DF-optB86[Kli11] exchange-correlation function-
als (see Table C.1). The discrepancy to the previously reported values[Jos12] highlights
the sensitive role of the exchange-correlation functional for a precise description of h-BN on
metal systems.
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4.1.3 Vertical Structure

The local corrugation of h-BN on Cu(111) (see section 4.1.3.1) as well as the mean adsorption
height (see section 4.1.3.2) are quantified by a combined nc-AFM and XSW approach. The
XSW method has been widely applied to structural studies of adsorbates, to accurately
determine the mean adsorption height. Quantifying the corrugation amplitude of the h-BN
layer is, however, much less straightforward. Although XSW measures the spatially averaged
distribution center of the overlayer with high precision, the extracted distribution width from
a single Bragg reflection can be strongly model-dependent. Laterally resolved measurements
by nc-AFM are possible, however, the interaction forces between tip and sample can still be
different, even for chemically equivalent species when different areas of the moiré superlattice
are probed. Most notably, the different electronic structure across the moiré unit cell (see
FigureC.2) is expected to lead to different electrostatic interactions.[Sie17] Recent studies
have estimated the molecular adsorption geometries utilizing force-distance maps obtained
from nc-AFM.[Moh11, Sch13a, Pat17] Importantly, also the force-distance relationship can
be significantly altered by the variation of electrostatic forces across the moiré supercell,
thus making the applicability of this method more challenging.[Ono17, van16]

4.1.3.1 Geometric Corrugation

To estimate the influence of electrostatic forces, bias-dependent constant frequency shift
(∆f) measurements with sample biases both, smaller and larger than the measured contact
potential difference U∗b ≈ 0.13 − 0.16 V were carried out.[Sch17b] The absence of contrast
inversion in these measurements suggests that the observed corrugation of the h-BN in the nc-
AFM measurements is not purely based on work function differences for the high-symmetry
registries of the moiré unit cell. However, as the tip-sample distance is rather large in these
measurements, which is necessary to maintain stable imaging conditions,[Wey11] spatial
averaging can play an important role and thus impedes a quantitative determination of the
corrugation.
We recorded atomically resolved constant-height AFM images (Figure 4.2a), where pore

and wire regions are clearly discernible. Interestingly, this contrast can be inverted depending
on the tip termination. In some cases the pores are imaged darker, i.e. more attractive than
the wires (Figure 4.2a), in other cases this contrast is inverted.[Sch17b] Such an inversion of
contrast can originate from different work functions of the tip, which give rise to different
electrostatic interactions with the sample. Strikingly, independent of the moiré contrast, the
images show that the atomic contrast is significantly higher on the wire regions compared to
the pore regions in the constant height images. This finding suggests a difference between
the tip-sample distances of the wire and pore regions. To quantify the corrugation of the
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Figure 4.2: Geometric corrugation of h-BN/Cu(111) determined from nc-AFM. (a) Constant-
height AFM image of a single layer h-BN/Cu(111) showing the h-BN lattice together with the
moiré unit cell. Orange (blue) square indicates the wire (pore) region of the moiré pattern.
(b) Calibration curve A∆f (z) (solid line), obtained from the atomic h-BN contrast in pore (P)
and wire (W) regions. Dashed lines represent linear fits of filled data points. The relative tip
height is defined with respect to a reference point, which corresponds to the lowest tip height
that was probed within the experiment. (c) Calculated height map zcalc (A∆f ) obtained by
converting the atomic contrast in (a) into relative heights via the calibration shown in (b).
The color scale represents the values within the unit cell, which is marked by a white rhombus.
(d) Height distribution histogram for the indicated moiré unit cell. (e) Calibration curve A∆f
(solid line) for a second measurement that is displayed in the appendix, FigureC.7, conducted
with a different tip apex on a different sample spot. Again a similar characteristics is seen for
pore and wire regions. (f)-(i) AFM scans associated with two different A∆f values, marked
by dotted lines in (e), showing the atomic contrast of the h-BN lattice on pore [(f) and (g)]
and wire regions [(h) and (i)]. Scan areas in (f)-(i) are 1 nm× 1 nm. For better comparability
across images we use relative ∆f scales, ∆f rel , where the lowest ∆f value in each image
amounts to 0 Hz. All images were acquired with 0 V bias and at 5 K.
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Figure 4.3: Line profile (blue curve) extracted from a trace in the calculated height map of
h-BN/Cu(111) shown in Figure 4.2. The sinusoidal fit (red curve) indicates a peak-to-peak
amplitude of 0.40Å.

h-BN layer we employed a method in which we calibrate the variation of the atomic contrast
as a function of the tip height z (see section 4.1.1). We define the atomic contrast by the
∆f difference between the darkest and the brightest regions at the length scale of a h-BN
unit cell, expressed as ∆f amplitude A∆f (z). Figure 4.2b and e show A∆f derived from
constant-height scans for a series of tip heights on wire and pore regions. Selected slices are
shown in Figure 4.2f,g (pore) and Figure 4.2h,i (wire) as well as in FigureC.3. The obtained
calibrations, A∆f,W and A∆f,P , appear linear over a range of about 1Å for both, wire and
pore regions exhibiting similar slopes.

An averaged calibration curve (solid line in Figure 4.2b and e) correlates the ∆f amplitude
A∆f to a tip-sample distance ∆dtip−sample, i.e. A∆f ∝ dtip−sample, allowing us to convert
the atomic contrast in the large-scale constant-height image (Figure 4.2a) into a relative
height map, zcalc(A∆f ), representing the geometric corrugation shown in Figure 4.2c. A
clear corrugation is observed, closely resembling the h-BN moiré pattern, where the pores
are lower than the wire regions. A height distribution histogram of the marked moiré unit
cell is plotted in Figure 4.2d and reveals a total width of 0.64Å. In analogy to the µ ± 2σ
(±1σ) intervals used for Gaussian distributions, we calculated the height range encompassing
95 % (68 %) of the values to be 0.50Å (0.26Å). A sinusoidal fit to representative height
profiles yields a peak-to-peak amplitude of 0.40Å (Figure 4.3). Our DFT calculations (see
Table C.1) indicate a height difference of 0.24 to 0.27Å between high-symmetry sites of the
h-BN unit cell, which show the same trend as our experimental results but underestimate
the magnitude.
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Figure 4.4: High-resolution soft XPS N 1s and B 1s spectra for a single layer of h-BN/Cu(111).
A Shirley background was subtracted from the data. The colored areas are fits of the indicated
components. Solid black line is the sum of the fits. A photon energy of 641 eV was used for all
spectra.

4.1.3.2 Mean Adsorption Height

High-resolution soft X-ray core-level spectra of h-BN/Cu(111) are displayed in Figure 4.4.
Both B 1s and N1s spectra are asymmetric with a characteristic shoulder at high binding
energies.[Sie17, Orl14, Pre05, Pre07b] This shoulder results from a clearly separate chemi-
cal species, and cannot be explained as a loss feature, as a distinct absorption profile was
observed in the XSW measurements described below, which indicates significantly different
adsorption heights for the two species. Therefore, we model the B 1s and N1s spectra with
two distinct components [B0 (N0) and Bdef (Ndef ), see sectionC.0.1 for details], whose pa-
rameters are summarized in Table 4.1. The primary B 1s/N1s species (B0/N0, respectively)
is assigned to the h-BN layer and the B 1s/ N1s shoulder (Bdef/Ndef , respectively) is as-
signed to defective, polymeric components[Koe16] where the local B:N stoichiometry is no
longer 1:1. This assignment is justified below. The binding energy difference between B0

(N0) and Bdef (Ndef ) was found to be 0.6 eV (0.5 eV) (respectively).

Eb0 (eV) Γ (eV) σ (eV)
B0 190.4 0.08 0.52
Bdef 191.0 0.08 0.42
N0 398.0 0.11 0.46
Ndef 398.5 0.11 0.40

Table 4.1: Soft XPS parameters: Peak position Eb0, Lorentzian width Γ and Gaussian width
σ obtained from the fits for the indicated components. Voigt line shapes are used for the curve-
fitting of the B 1s and N 1s core-level spectra.
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Figure 4.5: X-ray standing wave absorption profiles of B 1s (red) and N 1s (blue) for a single
layer of h-BN/Cu(111). Solid lines are fits to the data. Black data points correspond to the
Cu(111) reflectivity curve. The XSW profiles of the defective h-BN components Bdef and Ndef

are offset vertically +1 for clarity.

The mean adsorption height of h-BN on Cu(111) is obtained unambiguously through XSW
analysis (see section 2.3 for details) yielding two fitting parameters: the coherent position
(pH) and the coherent fraction (fH). In simplistic terms, the former can be interpreted as
the average position of a chemical species relative to the extended bulk Bragg planes in units
of dH and the latter is related to the distribution of these positions, through disorder (e.g.
amorphous regions), a static variation (e.g. multiple adsorption sites), or a dynamic one
(e.g. thermal vibrations). In particular, fH can only take values between 0 and 1, and has
contributions from the ordered fraction (C), a geometric factor (aH) and the Debye-Waller
factor (DH) such that:

fH = C · aH ·DH , (4.1)

which model, respectively, the level of order, the static geometric distribution, and the
dynamic geometric distribution. For adsorbates with low atomic numbers, the Debye-Waller
factor alone is typically around 0.9 at room temperature.
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Main components Defective components

p111 Adsorption
height h0(Å)

f 111 p111 Adsorption
height hdef (Å)

f 111

B1s 0.63± 0.02 3.39± 0.04 0.65± 0.03 0.56± 0.04 3.26± 0.09 0.34± 0.07
N1s 0.62± 0.02 3.37± 0.04 0.71± 0.02 0.58± 0.03 3.30± 0.06 0.40± 0.03

Table 4.2: Structural parameters obtained from XSW measurements. Summary of the struc-
tural parameters obtained from the XSW measurement shown in Figure 4.5: coherent position
p111, the corresponding adsorption height of the h-BN layer on Cu(111), and coherent fraction
f111 for both chemical species B0/N0 and Bdef/Ndef .

The result of our Cu(111) XSW analysis, utilizing the B 1s and N1s core levels, is dis-
played in Figure 4.5 for B0, Bdef , N0, and Ndef . The absorption profiles of N0 and B0 show
pronounced standing wave modulations with nearly identical shapes, indicating that the
mean height is the same for both species; Ndef and Bdef exhibit a small but noticeable shift
of their maxima and minima, with respect to N0 and B0, toward a higher photon energy and
a slight reduction of the modulation amplitudes, indicating a lower adsorption height and a
greater spread in positions for these minority species. The coherent positions and fractions
deduced from the XSW analysis for all four chemical species are summarized in Table 4.2.
Assuming a bulk terminated Cu(111) surface the average adsorption height, h, is related

to p111 as h = (p111 + n) · d111, where the integer n accounts for the periodic nature of
the standing wave field. As the d111 spacing for Cu(111) is 2.087Å[Pat89] and with the
measured values for p111 (shown in Table 4.2), it can be easily verified that only n = 1 renders
physically reasonable values for h. Thus, the average adsorption heights are determined to be
h0= 3.37± 0.04Å (3.39± 0.04Å) for the main component N0 (B0) and hdef= 3.30± 0.06Å
(3.26± 0.09Å) for the defective component Ndef (Bdef ). Furthermore, our analysis reveals
a f 111 of 0.71± 0.02 (0.65± 0.03) for N0 (B0), which is significantly lower than the value
expected for a perfectly flat h-BN layer (fH ∼ 0.9), and a further reduced f 111 of 0.34± 0.07
(0.40± 0.03) for Ndef (Bdef ).

4.1.4 Discussion

The XPS binding energies of the main B 1s and N1s components (B0: 190.4 eV, N0: 398.0 eV)
are in very good agreement with previous studies of h-BN/Cu(111).[Pre05] These values are
characteristic for physisorbed systems, midway between the ones of h-BN/Au (189.8 eV and
397.6 eV) and the ones of h-BN/Ag(111) (190.8 eV and 398.3 eV).[Mül10, Usa10] The XP
core-level spectra of B 1s and N1s are asymmetric with a shoulder at high binding energies
and both 1s levels are best described by two Voigt functions, rather than an asymmetrical
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line shape (e.g. Doniach-Šunjić). This assignment is in contrast to previous publications on
the h-BN/Cu(111) system,[Pre05] where an asymmetrical peak shape has also been observed
but the peaks were modeled with a single component. In the h-BN/Ir(111) system[Zum16]
the asymmetrical line shape was assigned to the presence of “strongly” and “weakly” bound
regions of the h-BN layer. This was justified by the XSW measurements indicating that the
minority component was adsorbed 1.5Å closer to the substrate than the majority component.
However, the difference in adsorption height of the two components in h-BN/Cu(111) is only
∼0.1Å (15 times smaller than on Ir), but yet the binding energy shifts observed, ∼0.5 eV
/ 0.6 eV, are comparable in magnitude to those observed for h-BN on Ir(111) (0.8 eV /
0.9 eV). It is highly improbable that such a large binding energy difference could originate
from such a minor difference in adsorption height. In fact, the XPS binding energies of
the N 1s and B1s core-levels, in h-BN/Cu(111) and h-BN/Ir(111) are remarkably similar,
despite the difference in substrate, interaction strength, corrugation and adsorption height.
Finally, DFT calculations (see Table C.1) reveal only a modest N 1s binding energy variation
between the weakly bound wire regions and the more strongly bound pore regions, that is too
small to explain the difference observed in our combined XPS-XSW analysis. Therefore, it is
inferred that the two components are inherently chemically different, and do not arise from a
geometric corrugation in the layer. Effects of wrinkles within the layer and from step edges,
domain boundaries and edge terminations as the possible origin are also excluded due to their
low abundance. Potentially, there could be a chemical difference between the h-BN domains
mostly aligned azimuthally along the 〈110〉 symmetry directions of the substrate surface and
the domains mostly aligned along the 〈112〉 directions. It is clear from the recorded LEED
pattern (Figure 4.1b) that the h-BN domains that align mostly along the 〈112〉 results in
smaller or fewer islands, however, there is no indication, from the STM images (Figure 4.1c
and d), of the 〈112〉 aligned islands being rougher than the 〈110〉 aligned islands, as the
lower coherent fraction observed for Ndef/Bdef would suggest. Further, our DFT calculations
suggest that no significant change in the mean adsorption height of the rotated h-BN domains
would be expected. The significant difference between B0:Bdef and N0:Ndef ratios (10:1 and
16:1, respectively) would further rule out the possibility that the minor components represent
a different crystalline h-BN layer. Occasionally, in the STM images, inhomogeneous h-BN
moiré patches formed by strain, were observed, which could potentially result in chemically
different atomic species.[Nee13] They were, however, not observed frequently enough to
solely account for the observed B0:Bdef and N0:Ndef ratios. Instead, the more likely origin
of these components are molecular polymeric fragments,[Koe16] constrained inside triangular
shaped holes that are found occasionally on the substrate (Figure 4.1a). As atomic nitrogen
desorbs from Cu(111) at around 750 K,[Ber92] whereas atomic B melts into the Cu(111)
substrate,[Pre05, Sch17b] a stoichiometric B:N deficiency in these fragments might exist,
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however, this deficiency results in a lowered binding energy for boron.[Pre05] Conversely,
assuming these polymeric fragments to be stoichiometrically abundant, presumably leading
to the formation of sp3 bonds, a significant shift toward a higher binding energy can be
rationalized.[Koe16] In agreement with recently published calculations on defective h-BN
nanosheets,[Gao16] we find that the defective components are closer to the copper substrate.
Finally, as there is likely a continuum of such polymeric fragments (e.g. polyaminoborane,
polyiminoborane, polyaminoborazine etc.), as can be observed in the mixture of species
present in the triangular shaped holes in the STM images, the origin of the dramatically
lower coherent fractions also becomes clear.
Based on these considerations, we focus on the majority h-BN species on Cu(111) and

we show that combined AFM and XSW measurements yield a consistent picture regarding
the geometric structure of the h-BN layer. Our AFM analysis displays measurable differ-
ences in the adsorption heights of the wire and pore regions. Regarding the validity of the
experimentally determined corrugation of the h-BN layer via AFM analysis of the atomic
contrast, two questions need to be investigated: (i) how is the atomic contrast influenced
by tip-sample interactions that can be different for the wire and pore regions, and (ii) what
is the influence of the AFM tip on the h-BN layer? To shed light on the first question, let
us consider a hypothetical layer that exhibits a geometric corrugation and is composed of
entities that show exactly the same tip-sample interaction across the whole layer. Here, the
measurement of the ∆f amplitude versus tip height would yield calibration curves that ex-
hibit exactly the same z-dependence, but are offset along the z-axis, reflecting the geometric
corrugation. This is the behavior that is observed in our experiments. In particular, it can
be seen that the z-dependence of the local ∆f amplitude is almost the same for the respec-
tive wire and pore regions in the two measurement series shown in Figure 4.2. These series
were performed on different areas of the surface with different tip configurations. Thus, the
calibration curves may vary from experiment to experiment, but, importantly the wire and
pore regions exhibit similar characteristics. However, we want to point out that, particularly
in the experiment corresponding to the data shown in Figures 4.2a-d, small differences can
be seen in the z-dependence of the local ∆f amplitude for wire and pore. Apart from a slight
difference in the slope of the calibration curves, the deviation from the near-linear regime at
close tip sample-distances sets in earlier on the pore areas, i.e. at lower local ∆f amplitudes
(Figure 4.2b). These differences are much less pronounced in the second measurement series
(Figures 4.2e-i). Here, the z-dependence of the local ∆f amplitude is almost identical for
wire and pore areas. The height distributions derived from both measurement series are
comparable, suggesting that the slight differences between the wire and pore regions do not
substantially affect the results. Further evidence supporting that the local ∆f amplitude is a
useful measure for the tip-sample distance comes from the atomic features in the calibration
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scans: AFM scans corresponding to local ∆f amplitudes of A∆f ≈ 6 Hz (Figures 4.2f, h)
and A∆f ≈ 3 Hz (Figures 4.2g, i) are shown for both wire and pore regions. Note, that in
order to obtain the same A∆f for the respective regions, the tip height has to be lowered by
∼0.4Å on the pore regions. The images in Figures 4.2g and i (A∆f ≈ 3 Hz) show a hexagonal
lattice with a honeycomb-like appearance which develops into a rather triangular appearance
at higher A∆f in Figures 4.2f and h (A∆f ≈ 6 Hz). The measurements reveal that the ∆f
amplitude is correlated with the (asymmetric) features in the atomic contrast, which can
be assumed to reflect the tip-sample distance. To estimate the influence of the tip on the
measurements, we analyzed the dissipation in the AFM experiments. Upon decrease of the
tip-sample distance, the dissipation increases by up to 10% in the linear regime in the calibra-
tion curves. For the closest tip-sample distances the dissipation channel shows a pronounced
contrast that correlates with the h-BN lattice (see FigureC.4). A noticeable change in dis-
sipation hints at the tip exhibiting an influence on the h-BN layer, presumably a geometric
distortion as discussed in literature.[Vol13, La 16, Her14, Oya06, Kan04, Tre07, Pis15] How-
ever, the similarity of the z-dependence of the local ∆f amplitude, as well as of the atomic
features in the AFM images, suggest that the influence of the tip on wire and pore regions is
comparable. Based on these considerations, it is justified to assume that in our experiments,
the local ∆f amplitude can be directly correlated with relative height differences.
The XSW measurement yields an average adsorption height of the h-BN layer of h0 =

3.38± 0.06Å with boron and nitrogen sitting effectively at the same height as expected
for a weakly interacting, physisorbed two-dimensional network. Within the uncertainties,
the adsorption height is comparable to the bulk h-BN interlayer spacing (3.33Å) at room
temperature.[Pea52] The coherent fractions of 0.71 for N 1s and 0.65 for B 1s suggest a
variation in the adsorption height arising from a combination of the effects of an imperfect
crystallinity of the h-BN layer and the geometric corrugation of the crystalline h-BN layer
in addition to thermal vibrations of the B and N atoms. Vibrational amplitudes can be
estimated using the Debye temperature of Cu (∼320 K at room temperature)[Fli61] and
bulk h-BN (∼410 K at room temperature),[Pea52] which results in a root mean square (rms)
vibrational amplitude of ∼0.08Å and ∼0.15Å, respectively. If these two vibrations are
uncoupled, then the net rms vibrational amplitude of the h-BN layer will be ∼0.17Å. These
values result in a Debye-Waller factor of 0.88 and thus, cannot be used to solely explain
the significantly lower coherent fractions observed here. Indeed, in addition to this dynamic
distribution of positions, in order to model a coherent fraction of ∼0.7, a static distribution is
also required. Based on the experimentally observed high quality of the sample, it is unlikely
that the noncrystalline areas of the h-BN layer (e.g. at step edges on the Cu(111) surface,
at domain boundaries between different rotations of the h-BN layer, etc.) are sufficient
enough in size to result in an ordered fraction that differs significantly from 1. If the ordered
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Figure 4.6: (a) Comparison between the experimental (blue line) and a simulated (orange line)
XSW absorption profile. For the simulation, the height distribution obtained from our AFM
measurements was utilized. (b) 3D representation of the calculated height map zcalc overlaid
with the corresponding high-pass filtered ∆f image showing the corrugation of the h-BN layer
on Cu(111) relative to its lateral dimension. Size: 10 nm× 10 nm. (c) Illustration of the
h-BN/Cu(111) corrugation relative to its adsorption height. The h-BN layer is displayed as
line profile extracted from the calculated height map zcalc as indicated in the 3D plot in (c)
(white dashed line).

fraction is effectively unity, and the Debye-Waller factor is 0.88, then, by Eq. (4.1), the
geometric factor must be in the order of 0.8. As the various orientations of the h-BN layer
are predicted (by DFT) to adsorb at effectively the same height, the most likely explanation
for such a geometric factor is a corrugation in the h-BN layer. If either a Gaussian or an
uniform height distribution is used to model such a geometric factor of the h-BN layer,
then a corrugation with a 2σ of 0.45Å or a total width of 0.75Å, respectively, is required
(see FigureC.5). The height distribution, obtained via AFM measurements of the atomic
contrast (Figure 4.2d), indicates a total width of 0.64Å and a geometric factor of 0.92. Using
this geometric factor, combined with the above Debye-Waller factor, a coherent fraction of
0.81 is obtained (compared to 0.71± 0.02 and 0.65± 0.03, for B and N atoms, respectively).
The resulting profile, shown in Figure 4.6a (orange curve), is in remarkably good agreement
with the experiment (blue curve), and the remaining difference can now likely be explained
by the various effects discounted above: e.g. noncrystalline areas of the h-BN layer, step
edges, etc. Therefore, we can conclude that the coherent fraction, extracted for the majority
species of the h-BN on Cu(111), results from a highly crystalline h-BN layer with a peak-
to-peak geometric corrugation in the order of ∼0.6Å. To illustrate this corrugation and its
scale, Figure 4.6b shows a 3D plot of the calculated height map zcalc(A∆f ) and Figure 4.6c
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a cross-section of the same height map in comparison to the adsorption height of the h-BN
layer above the Cu(111) substrate. The geometric corrugation in the h-BN layer, which
is already smaller than the atomic radii of either element, is spread over a length scale
of nanometers, such that neighboring atoms are effectively coplanar. Nevertheless, in this
weakly interacting system, the corrugation amounts to a significant fraction, about 10-20%,
of the mean adsorption height. Based on our DFT calculations in the (1× 1) cell at different
lateral registries, we expect the corrugation of the terminal Cu layer under the h-BN to be
below 0.002Å, i.e. the Cu substrate is considered to be planar (Figure 4.6c).
It should be noted, that another structural analysis of h-BN on Cu(111) has been pub-

lished recently by the Sokolowski group.[Brü17] They investigated the interface by means
of high-resolution LEED and XSW, and report an adsorption height of 3.25± 0.02Å and
3.22± 0.03Å for B and N atoms, respectively, slightly reduced compared to our results.
However, in contrast to our study, they claim that a vertical buckling of the h-BN layer
can be excluded based on their diffraction data, although the obtained coherent fractions
in the XSW measurements indicate a quite significant corrugation (peak-to-peak amplitude
of 0.7Å[Brü17]), which would agree very well with our results. Moreover, the dramatic
difference in coherent fraction between boron (f 111 = 0.57) and nitrogen (f 111 = 0.80) in
their measurements should be considered critically, as this indicates a minor (or at least a
different) h-BN layer quality compared to our experiments. It should be mentioned that
both evaluations of the respective XSW data are solid, as they could be reproduced by the
other group.
Before concluding, we briefly discuss our findings in relation to the previous report on

h-BN/Cu(111).[Jos12, Jos17] As the electronic interface state was observed in any region
below the h-BN, we ruled out strong spatially localized h-BN–Cu interactions and thus a
major geometric corrugation.[Jos12, Jos17] This interpretation is consistent with our present
findings, where the h-BN–Cu separation exceeds 2.9Å in any region (Figure 4.6c). Our pre-
vious DFT results yielded a corrugation of 0.16Å and 0.04Å for a moiré supercell and a
1× 1 structure, respectively. We thus considered the h-BN overlayer to be topographi-
cally smooth.[Jos12, Jos17] In view of our present experiments and the refined DFT model-
ing, this assignment was not precise. Even though moderate corrugations with amplitudes
much smaller than the nanometer-scale moiré periodicity in sp2 layers are often considered
negligible,[Sac11] we now recognize – and emphasize – the nonplanar nature of h-BN on
Cu(111). At first sight, the combination of a large mean adsorption height reminiscent of
the bulk h-BN layer separation with a relevant electronic and geometric modulation seems
puzzling. However, we would like to point out that even surfaces of single-crystal h-BN flakes
are not imaged as perfectly planar by AFM[Dea10] and considerable stacking-induced elec-
tronic modifications are described in bilayer h-BN or sp2 heterostructures.[Lin13, Mar10a]
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It is intriguing to envision h-BN morphologies in surface-supported sheets reminiscent of
nonplanar distortions anticipated for free-standing sp2 sheets.

4.2 h-BN on Ag(111)

In recent years, silver has come up as a promising platform for the synthesis of atomically
thin materials after the growth of silicene has been proposed,[Vog12] which presents po-
tential advantages for future device applications.[Tao15] The synthesis and investigation of
other 2D materials on Ag(111) at the atomic scale opens up new possibilities to design 2D
heterostructures that can provide new fundamental physics and an improved flexibility to
realize devices.[Gei13] As an initial step for these potential applications, a reliable synthesis
of single- and few-layer 2D materials becomes crucial. In particular, the CVD technique has
been used to fabricate ultra-thin h-BN sheets on highly reactive metals like Ru, Rh, Ir, Co,
Ni, Pt and Pd.[Auw99, Gam97, Pre08, Var09, Mur10] However, the low catalytic activity of
noble metals impairs the growth of h-BN [Mül10, Cam14] by standard CVD procedures.
The pertaining interfaces are of great interest and importance. One can classify them de-

pending on the interaction strength between the 2D layer and the metal.[Pre08] Silver is con-
sidered a weakly interacting system where the electronic properties of both, the 2D layer and
the silver substrate would remain practically unperturbed. In particular, a unique feature of
the close-packed surfaces of noble metals is the presence of a surface state with nearly free
electron-like properties. STM (see section 2.1) proved to be a perfect probe of these states,
which are confined in perpendicular direction to the surfaces. Relevant and quantitative in-
formation can be extracted from the study of the evolution and modification of these states by
the adsorption of gases,[Par00, For03, Höv01] molecules,[Zir09, Pen07, Tem06, Kan15, Roj12]
ionic films,[Rep04b], and 2D honeycomb layers.[Hol15, Jol15, Lei14] On the other hand, STS
has been exploited to investigate the unoccupied states of ultra-thin layers on metals, in
particular, the image potential states.[Bor10, Hol15, Jos12, Sch14b] They are bound to a
solid by the response of the substrate to the presence of the electron and kept outside the
surface by the reflective properties of the substrate. Experimentally, one can access these
states in the field-emission regime by STS and they are thus known as field emission reso-
nances (FERs).[Bin85] The evolution of the FERs can provide quantitative information on
changes in the local electrostatic surface potential, which manifests as local work function
variation. In this section, we present an investigation of the modification of the surface state
on the (111) face of a silver crystal after the growth of h-BN yielding information about the
interface. We track back the modification of the Shockley-type surface state to local work
function modifications (“push-back“ effect) upon the formation of the 2D layer.
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Figure 4.7: STM images of h-BN/Ag(111). (a) Large-scale STM image acquired at 300 K
reveals an array of substrate step edges (Ub = 1.5 V, It = 0.45 nA). A close-up view of the
marked region is shown in panel (b): The h-BN islands growth proceeds across the step edges
protecting the underlying silver layers. Ub = −1.0 V, It = 1.4 nA. (c) STM image acquired
at 5 K showing the tree-shaped h-BN islands (Ub = 1.0 V, It = 2 nA). The inset shows an
atomically resolved STM image of the h-BN. The periodic electronic modulation of the moiré
superstructure is faintly visible.

Experimental Methods
The experiments were performed in both the LT-STM and the XPS-STM setup (see sec-
tion 3). The base pressure was below <5× 10−10 mbar. All STM images were taken in
constant-current mode and the differential conductance (dI/dV ) spectra were recorded at
5 K using a lock-in amplifier (f = 969 Hz, ∆Vrms = 18 mV). We measured the FERs with
the feedback loop connected at a current setpoint of 0.8 nA.

4.2.1 Growth

Sub-monolayer coverages of h-BN were prepared by thermal decomposition of borazine
(B3N3H6) assisted by an ion gun. The ion gun used in the classic surface preparation in
UHV is utilized to create a beam of ionized precursors, which is accelerated toward the
hot sample.[Mar11] This procedure enhances the thermal decomposition of the precursor
compared to a normal CVD procedure and allows us to grow patches of h-BN even at mod-
erate substrate temperatures. Figure 4.7 shows STM images recorded after exposing the Ag
substrate at 900 K to 2700 L of borazine using an acceleration voltage of 300 eV. The STM
image displayed in Figure 4.7a reveals several arrays of substrate steps. A close-up view
(Figure 4.7b) displays that the h-BN islands growth proceeds across the step edges and pre-
sumably protects the underlaying Ag substrate layers from evaporation during the growth
at the utilized elevated substrate temperature. The structural quality of the h-BN islands is
highlighted by the inset of Figure 4.7c. At this particular set point, the atomic corrugation
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of the 2D layer is superimposed by a periodic superstructure (moiré pattern). The lateral
periodicity of the moiré is 1 nm with a small apparent corrugation of less than 10 pm, in-
dependent of the bias voltage. Even if this is the most common moiré superstructure for
our samples, the presence of several rotational domains due to the weak interaction between
h-BN and silver has previously been reported.[Mül10] We infer that the h-BN island growth
is rather slow compared to the evaporation rate of the silver impairing the formation of
large-scale h-BN layers on Ag(111).
The as-grown h-BN/Ag(111) was further characterized by different surface science tech-

niques. Through STS (see section 4.2.2), the surface state was probed yielding information
about the adsorption energy of the h-BN layer, whereas the analysis of the field emission
resonances (FERs) shed light on the work function and thus on the interface charge transfer.
Moreover, XPS measurements (see section 4.2.2) gave an indication of the chemical state of
the B and N atoms. The experimental characterization is complemented by DFT calculations
providing information about the band structure of h-BN/Ag(111) (see section 4.2.3).

4.2.2 Spectroscopic Characterization

To get further insight into the interaction between the 2D layers and the metallic substrate,
we performed STS measurements. Figure 4.8a shows an STM image of the interface between
h-BN and Ag(111). The spectrum displayed in Figure 4.8c measured around the Fermi level
on Ag(111) (green line) shows the classic step-like feature in agreement with earlier findings.
[Li98, Kli00] This step corresponds to an increased local density of states (LDOS) due to
the presence of the two-dimensional surface state of silver. For the h-BN areas (blue line)
the onset of the surface state is up-shifted by 119 mV compared to the bare Ag(111). It also
presents some structure due to the scattering at the boundaries of the h-BN island. Instead
of a smooth shift of the surface resonance going from the bare Ag(111) to the 2D layer,
the transition is abrupt and the surface state vanishes in the vicinity of the step edge (see
FigureC.9).
Further, a change in the local work function upon adsorption of the h-BN is observed.

Figure 4.8e shows the evolution of the FERs on the h-BN/Ag(111) system where a clear shift
between Ag(111) and h-BN areas is discernible. A very similar behavior has already been
observed for h-BN on other metals,[Jos12, Sch14b] however, in these cases, the moiré provides
a corrugated potential. The local work function of the surface was determined by fitting
the energy positions of the FERs (see Figure 4.9) following the Gundlach expression.[Gun66,
Coo88] Figure 4.9c shows a 2D color plot of dI/dV spectra taken along the line in Figure 4.9a.
Each vertical line in this plot corresponds to one spectrum taken at one point of the line
in the topographical image. The FERs appear as bright features in these plots. Clearly, a
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Figure 4.8: STM images of (a) h-BN/Ag(111) (Ub = 1.0 V, It = 0.8 nA) and (b)
h-BN/Ag/Cu(111) (Ub = 0.5 V, It = 0.1 nA). Individual dI/dV curves (c) around the Fermi
level and (e) in the field emission regime measured on bare Ag(111) (green) and h-BN/Ag
(blue) areas. Individual dI/dV curves (d) around the Fermi level and (f) in the field emission
regime measured on Ag/Cu(111) (green) and h-BN/Ag/Cu(111) (blue) areas.

shift toward lower energies and a variation of peak positions is observed on the h-BN island.
Figure 4.9g shows the work functions extracted from the fits of all individual dI/dV spectra
(Figure 4.9e) using the Gundlach equation:

En = Φ + α (n− 1/4)2/3 F 2/3 (4.2)

Note that the energy of the low order FER peak(s) typically deviate from the linear fit
due to the additional image potential, which changes the shape of the tunneling barrier and
thus both, the tunneling current and the energy position of dI/dV oscillations[Kol00] for
the first resonance(s).[Coo88, Pau10] Therefore, the gray data points in Figures 4.9e,f are
excluded from the fits. This fit works well on the metal and on the h-BN sheet but fails in
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Figure 4.9: Field emission resonances. STM images of (a) h-BN on Ag(111) (Ub = 1.0 V,
It = 0.8 nA) and (b) 3ML of Ag intercalated on h-BN on Cu(111) (Ub = 0.5 V, It = 0.1 nA).
(c) and (d) Corresponding color-coded dI/dV maps measured along the line marked in (a) and
(b). (e) and (f) Exemplary fits of individual dI/dV spectra on h-BN (blue line) and silver
(green line). Gray data points are excluded from the fit. (g) and (h) Plot of the resulting work
function for the spectra along the line in (a) and (b).

the transition regime because of inhomogeneities. Figure 4.9e shows an exemplary fit for one
spectrum on the metal (green) and one spectrum on the h-BN (blue). The work function,
reflected by the energy where the fit intersects with the energy axis, is decreased by ∼0.35 eV
upon formation of the h-BN layer on Ag(111) (Figure 4.9g).
Figure 4.10 displays XP spectra of h-BN/Ag(111). The binding energy of the B 1s (N 1s)

core level is found to be Eb = 191.0 eV (Eb = 398.5 eV). Both energies are in good
agreement with the values reported by Müller et al. (Eb = 190.8 eV and Eb = 398.3 eV,
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Figure 4.10: The XP spectra of h-BN/Ag(111) comprising the (a) B 1s core level (Eb =
191.0 eV), the (b) N 1s core level (Eb = 398.5 eV), and the (c) Ag 3d5/2 core level. All spectra
were excited with photons from the Mg anode and are calibrated against the Ag 3d5/2 binding
energy of 368.26 eV.[Sea98]

respectively).[Mül10] The peak ratio deduced from the cross-section corrected B:N peak ar-
eas is found to be 1:1.08, close to the nominal 1:1 stoichiometry of h-BN. We want to mention
that a small carbon contamination is observed on the sample, which can presumably be at-
tributed to impurities originating from the ion gun.

4.2.3 Theoretical Characterization

To achieve a comprehensive understanding of the experimental data and to fully characterize
the electronic structure, Daniele Stradi from the Technical University of Denmark carried out
DFT calculations. Figure 4.11a shows the structure of h-BN/Ag(111) used in the calculations
where the supercell is highlighted in yellow. The calculated band structure (Figure 4.11b)
reproduces the silver surface state shift observed in the experiment. Specifically, we obtain
a shift of 115 mV for h-BN at a distance of 3.3Å from the Ag(111) surface, which is close
to the exact binding distance reported for the similar graphene/Ag system.[Ols13] At this
distance, the calculated adsorption energy per two atoms (BN) is Eads = −112.5 meV/BN .
The surface state shift strongly depends on the equilibrium distance.[Gar16] The present

large interlayer distance is a consequence of the weak interaction between the h-BN and the
Ag(111) and seems to allow for the confinement of the silver surface state at the interface.
This finding is in contrast to strongly interacting systems, e.g. nanomesh structures such
as h-BN/Rh(111) (dN−Rh = 2.1Å),[Las08] graphene/Ni(111) (dNi−Gr = 2.1Å),[Gar14a] and
graphene/Ru(0001) (dRu−Gr = 2.4Å).[Bor10] In particular in the latter two cases, the surface
state of the metal evolves into an interface state as a result of a considerable interaction
between C and metal atoms. Figures 4.11c and d show the distance dependence of the
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a b

c

d

Figure 4.11: (a) Top view of the h-BN/Ag(111) structure used in the calculations (the super-
cell is highlighted in yellow). (b) Electronic band structure of h-BN/Ag(111) with the Shockley
surface state highlighted in red. The green circles mark the position of h-BN bands (green lines)
and the Dirac point at K. Distance dependence of the charge redistribution ∆ρ upon adsorption
of h-BN on Ag(111) for (c) d = 10Å, and (d) d = 3.3Å. ∆ρ has been integrated in the x-y
plane. The black and dark cyan dots indicate the positions of the h-BN and Ag(111) layers,
respectively.

charge redistribution ∆ρ upon adsorption of h-BN on Ag(111). Note that at the equilibrium
distance (3.3Å) the charge redistribution mainly affects the interface.

4.2.4 Discussion

Here, only a concise review of the results obtained from the h-BN/Ag(111) system will be
presented and the discussion will be resumed below in section 4.3.4 where a comparison to
the related h-BN/Ag/Cu(111) system is made.
This STM study sheds light on the local h-BN/Ag(111) structure and reassesses the earlier

reports on h-BN/Ag(111),[Mül10, Mül13] which have been conducted with space averaging
techniques. The refined growth protocol presented in the above section allows for the growth
of h-BN on the inert Ag(111) substrate below the critical temperature for melting the crystal.
However, the h-BN islands are still rather small in size. They presumably have different
orientations with respect to the substrate lattice, giving rise to the ring surrounding the Ag
substrate spots that is observed in LEED, which is consistent with an earlier report.[Mül10]
The overall h-BN/Ag(111) quality is clearly inferior to the one observed for h-BN/Cu(111),
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which might hamper the use of h-BN/Ag(111) as a substrate to study molecular adsorbates.
Notably, the adsorption distance of h-BN on Ag(111) predicted by DFT (3.3Å) is close to
the adsorption height of h-BN/Ag/Cu(111) determined by means of XSW (see discussion
below).

4.3 Intercalation of Silver on h-BN/Cu(111)

The previous section 4.2 has shown that the direct growth of h-BN on Ag(111) is hampered
due to the low catalytic activity of the silver substrate and does not yield large coverages
of h-BN, independent of the borazine dose and the substrate temperature. To circumvent
this issue and obtain h-BN monolayers on silver, we successfully investigated an alternative
strategy, i.e. intercalation. Intercalation is the insertion of guest atoms into a layered host
structure,[O’B17] which is in our case the interface between the h-BN layer and the Cu(111)
substrate. In the following, the method will be introduced and the electronic properties of
the resulting h-BN/Ag/Cu(111) system will be analyzed and compared to the ones of h-BN
directly grown on Ag(111). We show that the electronic properties of the h-BN/silver system
can be tuned via the thickness of the intercalated silver layer.
Experimental Methods
The measurements presented in the following sections were conducted at the LT-STM setup
and at DLS (see section 3).

4.3.1 Growth

Since a well-controlled growth of h-BN has been achieved on Cu(111), we first grow the
desired coverage of h-BN on a Cu(111) crystal by CVD following the established recipe
described in section 4.1. Subsequently, we intercalate silver by e-beam evaporation while
keeping the sample at 573 K. This temperature has been shown to be suitable for a homo-
geneous intercalation of Ag on graphene on Ir(111),[Jol15] and for Co intercalation on h-BN
on different metals.[Auw02, Pre09] Figure 4.12 shows STM images of a Ag/Cu(111) surface
partially covered by h-BN. Previous studies of the growth of silver on Cu(111) showed a
Stranski-Krastanov growth mode for temperatures higher than 300 K.[McM92, Ben02] A 9×9
superstructure is formed due to the mismatch between Ag and Cu lattices and is clearly ob-
servable by STM and LEED (see FigureC.8). The superstructure has a periodicity of 2.4 nm
as can be seen in the high resolution STM image of FigureC.8a.
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20 nm

a b c

h-BN

Ag/Cu(111)

h-BN

Figure 4.12: Voltage dependent contrast in STM images of h-BN/Ag/Cu(111) acquired with
(a) Ub = 1.0 V, (b) Ub = 3.0 V and (c) Ub = 4.0 V. Set point It = 0.1 nA.

4.3.2 STM Characterization

The STM voltage series displayed in Figure 4.12a-c reveals that the h-BN layer does not
present a periodic superstructure at any probed bias voltage. Interestingly, the layer seems
to be partly transparent at 1 V showing the Ag reconstruction underneath the h-BN layer.
For higher bias voltages, randomly distributed bright protrusions appear in the STM images
(Figure 4.12b). These protrusions have presumably an electronic origin as they appear at
certain bias voltages. However, it remained unclear if a geometric contribution is also present.
At a bias voltage of 4 V (Figure 4.12c) the h-BN islands are clearly distinguishable from the
metal substrate and display a large apparent height without indication of a moiré pattern.

4.3.3 Spectroscopic Characterization

Following the experiments of h-BN on Ag(111), similar STS investigations have been carried
out for h-BN/Ag/Cu(111). The right panels of Figure 4.8 show an STM image of the interface
(Figure 4.8b) as well as the characteristic dI/dV spectra around the Fermi level (Figure 4.8d)
and in the field emission regime (Figure 4.8f), respectively. The same effect as discussed
above for h-BN/Ag(111) is observed in the case of h-BN on Ag/Cu(111). Here, the surface
state onset appears at −235 mV on the Ag/Cu(111) areas and at 79 mV on the h-BN areas
resulting in a total shift of 314 mV. Even if the energy position of the spectral feature in the
h-BN islands is similar in both systems, there is a significant difference in the onset on the
Ag/Cu(111) areas with respect to the bare silver. Previous work has shown that the Ag film
thickness on Cu(111) determines the energy shift of the Shockley-type surface state.[Wes04]
Accordingly, we conclude that the copper surface is covered by 3ML of silver (see FigureC.8).
Analysis of the FERs reveals that the Ag/Cu(111) work function is decreased by ∼0.65 eV
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Figure 4.13: High-resolution soft XPS N 1s, B 1s, Cu 3p and Ag 3d spectra of h-BN/1ML
Ag/Cu(111). A Shirley background was subtracted from the data. The colored areas are fits of
the indicated components. Solid black line is the sum of the fits. Photon energy of 641 eV was
used for all spectra.

upon formation of the h-BN layer. In addition, also a splitting of the first two peaks of the
FERs is observed for some spectra taken close to impurities (see Figure 4.9d).
High-resolution soft XP spectra of h-BN/Ag/Cu(111) are displayed in Figure 4.13. These

spectra have been acquired at the DLS synchrotron following the growth protocols detailed
above. The thickness of the Ag layer was ∼1 ML in the experiments carried out at DLS.
The binding energy of the Cu 3p level has been used for calibration and the Ag 3d5/2 binding
energy has been determined to be Eb = 368.4 eV, in good agreement with the reference value
of the Ag 3d5/2 level (Eb = 368.26 eV [Sea98]) for a bulk crystal. The B 1s and N1s levels of
the h-BN layer are modeled with four components each, where the main components have a
binding energy of Eb = 190.7 eV and Eb = 398.3 eV, respectively. Both values are slightly re-
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Figure 4.14: X-ray standing wave absorption profile of Ag 3d. Solid line is a fit to the data.
Black data points correspond to the Cu(111) reflectivity curve.

duced compared to the ones observed for h-BN directly grown on Ag(111) (see section 4.2.2).
The assignment of the different B 1s and N1s components is based on XSW experiments,
where all components show a clearly distinct modulation with photon energy implying that
they adsorb at different heights. A comprehensive model will be presented in an upcoming
publication and is not further discussed here. Analysis of the XSW absorption profile of the
Ag 3d level, displayed in Figure 4.14, yields a coherent fraction of f 111 = 0.92± 0.05 and a
coherent position of p111 = 0.077± 0.020, which translates into a mean adsorption height of
h = 2.25± 0.04Å for the Ag layer. The very high coherent fraction suggests a homogeneous
and planar Ag layer. The adsorption height of the Ag layer is slightly increased compared to
the Cu interlayer spacing of 2.087Å, as expected for the Ag that has an interlayer spacing
of 2.358Å[Li09] in the case of the Ag(111) single crystal. The coherent position obtained for
the main boron and nitrogen components of the h-BN layer is p111 = ∼ 0.7, which suggests
an adsorption height of h = ∼5.63Å above the topmost copper layer and hence a height of
∼3.38Å above the Ag layer. The reduced coherent fractions of the main B (f 111 ≈ 0.5) and
the N (f 111 ≈ 0.5) components compared to the h-BN/Cu(111) system (see section 4.1.3) can
be rationalized by recent AFM measurements conducted by P. Leone,[Leo17] where indica-
tions of a (Volmer-Weber) island growth mode for h-BN/Ag/Cu(111) were found. Contrary
to the layer-by-layer growth (Frank-van der Merwe), the island growth of intercalated Ag
would lead to an uneven Ag substrate layer effectively increasing the corrugation of the h-BN
layer.
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h-BN/Ag(111) h-BN/Ag(3ML)/Cu(111)
∆Eexp

SS (mV) 119 314
∆Etheo

SS (mV) 115 -
∆Φ(eV) -0.35 -0.65
Etheo
ads (meV) -112.5 -

Table 4.3: Comparison of the observed surface state shifts and work function changes. ∆EexpSS
and ∆Etheo

SS are the experimental and calculated surface state shift of the silver. ∆Φ is the 2D
layer induced change of work function with respect to the pristine surface. Etheo

ads corresponds
to the adsorption energy per unit cell.

4.3.4 Discussion

In the following, we discuss the results obtained for h-BN grown on Ag/Cu(111) and com-
pare them to the ones obtained from the direct growth of h-BN/Ag(111) presented above.
Table 4.3 summarizes the experimental surface state shifts and the work function changes
for the two systems. Both values are larger in the case of h-BN/Ag/Cu(111). Although the
h-BN layers appear similar in the STM images (see Figures 4.7 and 4.12), they are distinct
from the electronic point of view. Prior to the silver intercalation, the surface state band
onset of the bare Cu(111) is at −440 mV and at −334 mV for the h-BN/Cu(111) regions
(∆ESS = 106 mV). The work function is reduced and, contrary to h-BN/Ag(111), spatially
modulated following the moiré superstructure (see FigureC.2 and Ref. [Jos12, Sch17b]).

Once the silver intercalates, the surface state band minimum is shifted smoothly to higher
values in the Ag/Cu(111) areas (e.g. at −235 mV for 3ML of Ag).[Wes04] On the h-BN
regions, the surface state depopulates and the band onset appears at similar energies as for
h-BN on Ag(111) (see Figure 4.8c and d). Thus, the shift of the surface state induced by the
h-BN is considerably larger on Ag/Cu(111) (314 mV) than in the case of Ag(111) (119 mV).
It is interesting to note that the Ag thickness allows us to tune the properties of the system
in a controlled manner.

We attribute the shift of the Shockley surface state band to the charge redistribution at the
interface (see Figure 4.11d). A similar effect has been observed for graphene/Ag(111),[Gar16]
which will be discussed in detail elsewhere. Following the charge redistribution and the
empirical rule postulated by Ziroff et al. for physisorbed overlayers on noble metal (111)
surfaces,[Zir09] the up-shift of the surface state energy can be correlated to the adsorption
energy per surface area. For h-BN/Ag(111) (surface state shift of 115 eV compared to clean
Ag(111)), an adsorption energy of −112.5 meV is predicted by DFT, whereas it is expected
to be larger in the case of h-BN on Ag(3ML)/Cu(111), where a surface state shift of up to
314 eV has been measured.
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Due to the presence of a wide gap in the h-BN band structure, the electronic states of
silver around the Fermi level are not perturbed in excess upon adsorption. In particular, DFT
calculations on h-BN/Ag(111) predict a bandgap of 4.52 eV at the K point (see green circles
in Figure 4.11b). Neither the calculations nor the experimental data provide evidence for
BN-related states in the gap, as expected for a weakly interacting system.[Pre08] However,
as can be seen in Table 4.3, our results show a work function decrease upon adsorption of
h-BN. This can be understood by the “push-back“ effect, i.e. the surface electron density
spilling out of the metal surface is pushed back into the crystal by Coulomb (Pauli) repulsion
between the electron density of the physisorbed h-BN layer and the surface electrons leading
to a reduction of the work function.[Brö10, Cri02] A similar behavior has been observed e.g.
for the adsorption of Xe on various transition metal surfaces.[Cri02]
It should be mentioned that a corrugation of ∼30 pm was estimated in a recent AFM

study[Leo17] for h-BN/Ag/Cu(111) using the AFM calibration method introduced in sec-
tion 4.1.3.1. Hence the corrugation seems to be slightly reduced upon intercalation of Ag in
h-BN/Cu(111).

4.4 Conclusions

In conclusion, we presented a study on h-BN (sub-) monolayers grown on two different noble
metal substrates, Cu(111) and Ag(111). Our results obtained for the two systems corroborate
the assertion that both can be categorized as weakly interacting systems, although the
resulting h-BN layer quality is strikingly different. While for Cu(111) high-quality large-
scale h-BN layers could be grown and a significant geometric corrugation, as well as the
adsorption height, were determined quantitatively, the low catalytic activity of the Ag(111)
substrate impedes the direct growth of satisfactorily large h-BN domains. Intercalation of
silver in h-BN/Cu(111) opens new paths to obtain h-BN layer supported on silver in order to
compare the properties of molecular adsorbates to studies carried out on bare Ag surfaces.
To study the geometric corrugation and the adsorption height of h-BN/Cu(111) we pre-

sented a multi-method study that provides a complete, quantitative structure determination
of the sp2 bonded h-BN layer. The lateral structure is elucidated via complementary STM
and LEED measurements giving insight into the azimuthal epitaxial relation of h-BN to
Cu(111). The mean absolute spacing between h-BN layer and copper substrate was found to
be h0= 3.38± 0.06Å based on XSW measurements. We further introduce an experimental
method that allows to determine the local h-BN corrugation via analysis of the atomic con-
trast in AFM measurements. The pore areas of the h-BN layer were observed to be 0.3 to
0.7Å closer to the Cu(111) substrate than the wires, contrasting the hitherto assumed flat

83



Chapter 4 Hexagonal Boron Nitride (h-BN) on Metallic Substrates

h-BN geometry. The obtained value for the local corrugation is in good agreement with the
spatially averaged XSW results, providing insights into the physical origin of the coherent
fraction. This study further provides a clear benchmark for theoretical calculations in terms
of the mean adsorption height as well as the corrugation of the layer. DFT calculations based
on the latest exchange-correlation functionals can yield the values of the mean adsorption
height and the corrugation with good agreement.
In the case of the silver surface, we have investigated the electronic structure of the inter-

face between h-BN and Ag, and found that the surface state of the metal is still present and
its onset is shifted toward higher energies above the Fermi energy. We found that the energy
shift can be controlled via the silver thickness. Interestingly, the surface state shift upon
h-BN adsorption is larger in the Ag intercalated structure compared to the adsorption on the
Ag(111) single crystal surface. This observation implies that also the interaction between
the h-BN layer and the Ag/Cu(111) substrate is stronger than in the case of h-BN/Ag(111)
and even the h-BN/Cu(111) system. Moreover, a decrease of the work function upon h-BN
adsorption is observed on both Ag(111) and Ag/Cu(111), and attributed to the modifica-
tion of the surface dipole upon adsorption of the 2D layer. XSW measurements indicate an
adsorption height of ∼ 3.38Å of the h-BN layer above the Ag/Cu(111) surface, very similar
to the value determined for h-BN/Cu(111).
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Chapter 5

Tetrapyrrolic Molecules on Copper
and h-BN Supports

This chapter includes content that has been published in

J. I. Urgel, M. Schwarz, M. Garnica, D. Stassen, D. Bonifazi, D. Ecija, J. V. Barth, W.
Auwärter, Controlling Coordination Reactions and Assembly on a Cu(111) Sup-
ported Boron Nitride Monolayer, J. Am. Chem. Soc. 137, 2420-2423 (2015); Copyright
(2015) by the American Chemical Society.

and

M. Schwarz, M. Garnica, D. A. Duncan, A. Pérez Paz, J. Ducke, P. S. Deimel, P. K. Thakur,
T.-L. Lee, A. Rubio, J. V. Barth, F. Allegretti, W. Auwärter, Adsorption Conformation
and Lateral Registry of Cobalt Porphine on Cu(111), J. Phys. Chem. C 122,
5452-5461 (2018); Copyright (2018) by the American Chemical Society.

Transition metal complexes hold great promise for technological and medical applica-
tions such as in photonic and optoelectronic devices,[Kal98] catalysts,[Har85] and metal-
based pharmaceuticals.[Che10a, Kil13] For instance, the metal ions in these molecules can
be tailored such that they bind to a desired biomolecular target acting as a potential
therapeutic agent [Zha03] and as catalyst they offer control over the active site and its
selectivity.[Rog17, Tho05] Frequently the applications require the organization of the metal
complexes on a solid surface, whereby the interaction between the coordinated metal ion
and the surface can drastically affect the functional properties of the complexes themselves.
Consequently, a detailed understanding of the interfacial interactions between the complexes
and the support is important for future integration of these molecular systems in functional
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a

b

c

Figure 5.1: Porphyrins in different environments. (a) Co–P on Cu(111), (b) Co–P on
h-BN/Cu(111), (c) coordination network based on functionalized porphyrins on h-BN/Cu(111).

nanodevices.[Bar07, Koc07] Tetrapyrroles, such as metalloporphyrins and metallophthalo-
cyanines, are an important class of metal complexes because of their occurrence in biological
systems,[Bat00] their high stability, structural versatility, promising electronic properties and
tunable molecular functionality.[Got15, Kad03] The adsorption of these molecules on coinage
metal surfaces has provided a rich playground for the engineering of complex nanoarchitec-
tures by self-assembly and for understanding the reactivity and the electronic structure of
metal-organic interfaces.[Auw15, Auw07b, Dil16] Moreover, the conformation of the molecule
can be altered significantly by the interaction with the metal substrate resulting in changes
of the intrinsic molecular properties.[Ros03]

This chapter presents the results on different porphyrin molecules that have been stud-
ied on Cu(111) and on Cu(111)-supported h-BN sheets (Figure 5.1). Specifically, cobalt
porphine (Co–P) has been characterized quantitatively in different environments in comple-
mentary STM, XPS and XSW experiments. First, the adsorption geometry and the exact
lateral registry of Co–P on the metallic Cu(111) surface (Figure 5.1a) will be described in
section 5.1. Subsequently, we report on the adsorption height of Co–P on a h-BN monolayer
on Cu(111) (Figure 5.1b), and highlight the significant modifications of the adsorption con-
formation of the molecule through the decoupling h-BN layer (see section 5.2). Moreover,
carbonitrile-functionalized porphyrins have been used to create surface-confined coordination
architectures on h-BN sheets (see Figure 5.1c and section 5.3) demonstrating the possibility
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to achieve porous metal-organic frameworks on sp2 layers, and offering a playground to probe
the intrinsic properties of coordination nodes. Ultimately, we have studied single Co atoms,
i.e. magnetic impurities in different environments (on Cu(111) and h-BN, see section 5.4), as
Co centers constitute the active site of the Co-metallated porphyrin molecules studied in the
prior sections. Due to the interaction between the unpaired valence electron of the Co atom
and the bath of conduction electrons in the metal substrate, a characteristic spectroscopic
feature near the Fermi energy — known as Kondo resonance — has been observed.

5.1 Lateral Registry and Adsorption Conformation of
Cobalt Porphine on Cu(111)

In recent years, different combined experimental and theoretical studies were devoted to de-
termine the adsorption geometry of organic molecules,[Sch13a, Wei17, Sne15, Bab17] and in
particular porphyrins on various substrates.[Auw07a, Yok01, Dye11, Bür13, Mül16, Leu06,
Mau16, Zha17b, Lep17, Alb16] Specifically, Bürker et al. have studied the vertical height
variation of functionalized porphyrins on Cu(111) upon copper metalation by means of the
XSW method.[Bür14] They observed that the two inequivalent N atoms in tetraphenyl por-
phyrin (TPP) adsorb at a height of 2.02± 0.08Å and (2.23± 0.05)Å, prior to metalation,
whereas after metalation only one N species at 2.25± 0.02Å was found. However, no insight
into the lateral registry was obtained. Furthermore, prior studies indicate that the lateral
phenyl substituents of TPP can exert a significant influence on the final conformation of the
molecule.[Dil13b, Dil12] Additionally, due to an overwhelming signal from the bulk, metala-
tion with atoms of the substrate hampers the determination of the vertical position of the
porphyrin metal centers, which, as it is the active site of the molecule, is of fundamental
interest in, e.g. the ligation of adducts,[Wäc10] and the stacking behavior of multilayer
systems.
The free-base porphine (2H–P), consists of four pyrrole rings connected by four methine

(=C–) bridges forming an aromatic heterocyclic macrocycle and constitutes the base-unit
of all porphyrinic nanosystems. Its central pocket can host a wide range of atoms includ-
ing, but not limited to, lanthanides and transition metals, thus offering a vast playground
to modify the functionality of the molecule.[Auw07b, Urg15c, Dil16] Along with changes of
the physical, chemical and optoelectronic properties,[Sen07] the conformation can also be
altered considerably.[Auw07a, Dil12] To understand the molecule–substrate interactions of
the base-unit porphine, a proper knowledge of the exact adsorption geometry is of funda-
mental interest. Bischoff et al. suggested a bridge adsorption site for 2H–P on Ag(111)
based on the molecular orientations and the intermolecular spacing observed in STM.[Bis13]
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For 2H–P on Cu(111), DFT calculations predicted an average adsorption height of 2.40Å at
the bridge site, accompanied by a structural deformation of the molecule because of different
interaction strengths of the nitrogen species with the substrate atoms.[Mül16]
Herein, we report the experimental determination of the adsorption site and the confor-

mation of cobalt porphine (Co–P) on Cu(111). To this end, we conducted XSW experiments
complemented by high-resolution XPS (HR-XPS) to measure the vertical height of Co–P on
the Cu(111) surface, as well as to directly triangulate the lateral registry of the metal center.
The capability of the XSW technique to resolve the substrate bonding of organic molecu-
les has been reliably demonstrated in the last decade.[Bür13, Bür14, Krö11, Hau05, Krö16]
STM measurements of sub-monolayer Co–P were utilized to rule out the presence of mul-
tiple lateral adsorption sites and the molecular registry of Co–P, coadsorbed with carbon
monoxide (CO), was directly probed by this technique to confirm the XSW results on the
single molecule level. The results of both experiments are interpreted and corroborated by
DFT calculations with van der Waals corrections.

Experimental and Computational Methods
The XPS and XSW measurements were conducted at the Diamond Light Source at the
end station of the I09 beamline. The Co–P molecules (purchased from Frontier Scientific,
purity 95%) were degassed thoroughly and evaporated from a home-built evaporator at a
temperature of 600 K while the sample was kept at room temperature. The final molecular
coverage (∼20 % of a monolayer) was calculated using the intensity ratio of the cross-section
corrected C 1s to Cu 3p core-level peaks measured at the same photon energy and the unit
cell size of a Co–P molecule.[Bis13] The C 1s and N1s core-level spectra were acquired using
a photon energy of 641 eV and the Co 2p core-level spectra with a photon energy of 2400 eV.
XP survey spectra, taken over a wide range of binding energies, showed no components other
than the expected C, N, Co and Cu features. The binding energy scale of the C 1s, N 1s
and Co 2p spectra were calibrated against the Cu 3p core level measured at the same photon
energy and assumed to be at a binding energy of 75.14 eV.[Sea90]
In order to avoid beam damage during the XSW measurements, the beam intensity was

reduced to 20% by detuning the undulator. Possible beam damage was monitored by com-
paring the C 1s and N1s core-level spectra before and after each XSW measurement, where
no changes were detected. The XSW scans were obtained from the (111) and (111) Bragg
reflection of Cu (EBragg ≈ 2972 eV at 300 K with a Bragg angle of ∼ 90◦) as detailed in
section 3.7. In total 16 distinct sample spots were used for the measurements, resulting in
four individual XSW spectra for C 1s, N 1s and Co 2p at the (111) Bragg reflection and
additional four Co 2p spectra at the (111) Bragg reflection. The respective XP spectra were
then averaged to improve the signal to noise ratio.
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Figure 5.2: (a) STM image showing a low coverage of Co–P/Cu(111). Scan parameters:
Ub = −0.65 V, It = 0.23 nA. Corresponding high-resolution XP spectra of (b) C 1s, (c) N 1s,
and (d) Co 2p3/2 core levels, respectively. Data points are background subtracted with a Shirley
background. The colored areas are fits of the indicated components, and the solid black line is
the global fit. The inset in (b) shows a ball model of the Co–P molecule (gray: carbon, blue:
nitrogen, yellow: cobalt, white: hydrogen).

The STM experiments were performed in the LT-STM setup and CO was deposited onto
the surface at sample temperatures below 15 K. The DFT calculations were carried out by
Alejandro Pérez Paz as explained in detail in Ref. [Sch18a].

5.1.1 Spectroscopic Characterization

The XPS experiments were conducted with a low molecular coverage (∼ 20 % if a mono-
layer) comparable to the STM image shown in Figure 5.2a (∼ 10 %). Figure 5.2b-d displays
high-resolution X-ray C 1s, N 1s and Co 2p core-level spectra of Co–P/Cu(111), whose fit
parameters are summarized in Table 5.1. In the C 1s core-level spectrum (Figure 5.2b), two
clearly distinct components with binding energies (Eb) of 284.8 eV and 284.0 eV, can be distin-
guished. The component at higher binding energy stems from the eight carbon atoms directly
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Core level E0
b (eV) Γ (eV) σ (eV)

C 1s (C–C) 284.0 0.12 0.69
C 1s (C–N) 284.8 0.12 0.53
N 1s 398.6 0.11 0.58
Co 2p3/2 778.2 0.31 0.55

Table 5.1: XPS fit parameters for the atomic species of Co–P/Cu(111): Peak position E0
b ,

Lorentzian width Γ and Gaussian width σ obtained from the fits for the indicated components.
Voigt line shapes are used for the curve-fitting of the C 1s and N 1s core level spectra, whereas
a Doniach-Šunjić line shape was used to model the Co 2p3/2 line.

bound to nitrogen atoms (C–N), whereas the lower binding energy component originates from
the 12 carbon atoms that are bonded to only other carbon atoms (C–C).[Dil13b, Dei16] The
intensity ratio of the two peaks, 0.76, is in good agreement with the expected value of 0.67
(= 8/12). An additional, comparatively weak component at Eb = 285.6 eV is tentatively
assigned to a shake-up satellite, whereas the feature at Eb = 282.9 eV is most likely due to
a minor amount of adventitious carbon on the surface of the crystal.
The N1s photoemission spectrum (Figure 5.2c) shows a dominant peak at 398.6 eV with

a small shoulder at higher binding energy (399.6 eV). An additional shoulder on the low
binding energy side (398.3 eV) is identified by the curve-fitting analysis. The main peak is
associated with nitrogen atoms bound to cobalt atoms (N–Co), whereas the shoulders are
assigned to pyrrolic (–NH–) and iminic (=N–) nitrogen atoms of free-base porphine (2H–P)
that are present as impurities from the Co–P powder. The area ratio of about 17:1 is in
accordance the nominal purity. The binding energy of the main peak is in good agreement
with values reported for metalloporphyrins on surfaces in the literature.[Dil13b, Scu00, Di 11,
Got06, Niw74]
The Co 2p3/2 core level (Figure 5.2d) exhibits a more complex line shape associated with

the multiplet structure resulting from the open-shell character of the Co ion and is consistent
with the earlier reports on similar porphyrins.[Wäc10, Got06, Luk07, Fle07, Wec17] The main
peak is found at a binding energy of 778.2 eV, in good agreement with these previous studies
of cobalt porphyrins on surfaces,[Wäc10, Luk07, Fle07, Wec17] and the satellite feature at
high binding energy is assigned to the unpaired electron in the 3d shell and its coupling to
the core hole created in the 2p shell of the Co ion upon photoemission.[Luk07, Fle07, Wec17]

5.1.2 Mean Adsorption Height

The results of the XSW measurements performed in normal-incidence geometry with respect
to the (111) Bragg reflection are displayed in Figure 5.3. A qualitative inspection shows that
all absorption profiles exhibit a maximum around 1 eV above the Bragg energy, suggesting
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Figure 5.3: Normal-incidence XSW absorption profiles of C 1s, N 1s and Co 2p3/2 of Co–P
on Cu(111) at the (111) Bragg reflection. Solid lines are fits to the data and black data points
are the reflectivity curve.

that the mean height of each species is largely similar, however, the more distant the atom
is from the center of the molecule, the lower the obtained coherent fraction is, as can be
explained by the STM and DFT data discussed below. Quantitative analysis of the Co 2p3/2

absorption curve yields a very high coherent fraction, f 111 = 0.90± 0.05 and a coherent
position of p111 = 0.08± 0.03, which, assuming the adsorption height lies between the first
and the second Cu(111) layer spacing projected above the surface, translates into an average
adsorption height h = 2.25± 0.04Å. The high coherent fraction indicates a well-defined
adsorption height for all of the molecules and might also point to a well-defined adsorption
site in terms of the lateral registry. For nitrogen, a coherent fraction of f 111 = 0.78± 0.03
and an average adsorption height h = 2.33± 0.06Å are determined; for the carbon data,
the C–N (C–C) species exhibits a coherent fraction f 111 = 0.61± 0.04 (0.30± 0.06) and an
average adsorption height of h = 2.37± 0.05Å (2.44± 0.09Å). The structural parameters
are summarized in Table 5.2.

To determine the exact lateral adsorption site of the Co–P molecules, triangulation mea-
surements [Woo98, Gol82] were conducted for the Co 2p3/2 core level utilizing the (111) Bragg
reflection (FigureD.1). The best fit of the relative absorption of the Co 2p3/2 core level yields
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XSW – (111) Bragg reflection DFT DFT/XSW

f 111 p111 Adsorption
height h0(Å)

Calculated
adsorption
height h0(Å)

Geometric factor
a111

C1s (C–C) 0.30± 0.06 0.17± 0.05 2.44± 0.09 2.54 0.78
C 1s (C–N) 0.60± 0.04 0.14± 0.03 2.37± 0.05 2.46 0.91
N 1s 0.79± 0.03 0.12± 0.03 2.33± 0.06 2.38 0.96
Co 2p3/2 0.90± 0.05 0.08± 0.02 2.25± 0.04 2.22

XSW – (111) Bragg reflection

f 111 p111 Adsorption
height h0(Å)

Co 2p3/2 0.50± 0.06 0.91± 0.03 -

Table 5.2: Structural parameters obtained from the XSW analysis compared to the vertical dis-
tances calculated by DFT: The XSW data obtained from the (111) Bragg reflection comprises
the coherent fraction f111, the coherent position p111, and the corresponding mean adsorption
height on bulk-extrapolated Cu(111) Bragg plane for the different atomic species of Co–P. Cal-
culated vertical distances from DFT and the resulting geometric factor a111 are given for com-
parison. The XSW data obtained from the Co 2p3/2 core level using the (111) Bragg reflection
(see FigureD.1) comprise the coherent fraction f111, and the coherent position p111.

a coherent fraction of f 111 = 0.50± 0.06 and a coherent position of p111 = 0.91± 0.03. Con-
sidering different lateral positions above the close-packed surface and assuming a single
site adsorption model for cobalt, triangulation calculations by refinement, which take into
account the coherent fractions and positions of both Bragg reflections, indicate that the mea-
sured data can only be reconciled with adsorption in a bridge site.[Sch18a] This site would
be expected to have a f 111 = 0.33 (see Eq. (D.4) and Ref. [Woo05]), suggesting that the
adsorption site might be slightly off the ideal bridge site. However, the higher coherent frac-
tion is more likely the result of the previously observed positive non-linearity in the EW4000
analyzer.[Blo17] This latter interpretation is further reinforced by the quality of the fit being
poor when the absorption rate is at its maximum (at around 1 eV in FigureD.1), suggesting
that the experimental count rate is approaching the saturation rate of the detector and thus
the fit curve overreaches the experimental data.
The experimentally determined adsorption heights are in good agreement with the ones

theoretically obtained from DFT calculations using PBE exchange-correlation functional,
supplemented with vdW corrections (see Table 5.2 and discussion below). Notably, the cal-
culated heights are within 0.15Å of the experimental values and lie within the experimental
uncertainty for the Co species. Importantly, the DFT calculations predict that the Co atom
is located closest to the surface at a vertical distance of 2.29Å. Moreover, the DFT results
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Figure 5.4: STM images showing the adsorption geometry of Co–P/Cu(111). (a) The Co–P
molecules adopt three different orientations where one molecular axis (see black dashed lines
in (b)) is aligned with one of the principal directions of the crystal (close-packed rows, white
lines). The bright features of the Co–P molecules are aligned with the long bridge direction of
the Cu(111) substrate. (b) Close-up view of two Co–P molecules together with CO molecules,
which appear bright and adsorb preferentially on atop sites. The atomic lattice is superimposed
according to the CO adsorption sites. This clearly reveals that the Co atom in the center of
the Co–P is located on bridge positions. The inset shows a top view of the relaxed adsorption
geometry by DFT. Co, C, N, and H atoms are depicted by the yellow, gray, blue, and white
spheres. Scan parameters: (a) Ub = −0.5 V, It = 0.68 nA; (b) Ub = 0.5 V, It = 0.8 nA.

reveal adsorption centered over a bridge site and a distortion of the molecule (discussed
later) that qualitatively matches the experimentally measured trend in coherent positions
and is further corroborated by the STM measurements.

5.1.3 Lateral Registry and Conformation

At low coverage, dispersed Co–P are observed on the Cu(111) surface (see large-scale image
in Figure 5.2a). Figure 5.4a displays the three orientations of Co–P/Cu(111) corresponding
to the three-fold symmetry of the substrate: the two molecular axes (black dashed and solid
lines in Figure 5.4b) are aligned along the 〈110〉 and 〈112〉 directions, respectively, of the
underlying substrate. Specifically, the black dashed axis that corresponds to the weaker
contrast of the molecule in the STM image, lies along one of the three equivalent densely
packed 〈110〉 directions of the substrate. Molecular rotation could be induced by the scanning
STM tip, but only resulted in aligning the molecule along one of the other symmetrically
equivalent directions. The bright contrast along one of the axes and the twofold symmetry
of the molecule are observed for both positive and negative bias voltages and are largely
independent of the shape and nature of the tip (see FigureD.2), as discussed in detail below.
To determine the adsorption site, CO molecules were deposited in-situ and used as mark-

ers, as CO is known to adsorb on atop sites on Cu(111) at low coverage at this particular
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Figure 5.5: Structural conformation predicted by the DFT calculations. In the most stable
adsorption geometry of Co–P on Cu(111), the central Co atom (yellow) is located on a surface
bridge site of the Cu substrate. (a) Side-view of the molecular model showing an asymmetric
saddle-shape-like conformation (the porphine macrocycle is bent upwards along the

〈
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〉
direc-

tion). (b) The Co–P molecule has two molecular axes, marked red and green in the inset. The
carbon and nitrogen atoms along the main axis (red-shaded) show an increased vertical position
compared to the atoms along the second axis (shaded in green). (c) Color-coded plot indicating
the adsorption height of each atom in the Co–P with respect to the mean top layer of Cu(111).

temperature.[Bar98, Auw07a] The CO showed no discernible interaction with the Co–P mo-
lecules, suggesting that the molecules do not affect the other’s adsorption site. We exploit
the enhanced sub-molecular resolution obtained with CO-functionalized STM tips,[Jel17] to-
gether with the atomic substrate lattice defined by the CO molecules, imaged now as bright
protrusions, to determine the exact registry of the Co–P on the surface (Figure 5.4b). The
image clearly reveals that the center of the Co–P molecules and thus the Co atoms are ex-
clusively located on bridge positions of the substrate, as predicted by the DFT calculations
and determined by the XSW measurements.
The DFT calculations yield an adsorption energy of −4.80 eV for Co–P adsorption on

bridge site (see Figure 5.4b). It should be noted that the adsorption energy obtained from
DFT without vdW corrections is only −0.25 eV (i.e. the vdW stabilization contribution to
the adsorption energy is large for Co–P/Cu(111): −4.55 eV). The Co–P macrocycle is bent
upwards along the 〈112〉 direction while nearly flat along the 〈110〉 direction. Calculations
starting with Co–P placed such that Co is on other high-symmetry sites (e.g. hcp hollow
site) result in the molecule hopping back to the bridge site. Thus, we conclude that the
bridge site is the global energy minimum. The Co atom, which lies above the bridge site,
has a predicted adsorption height of 2.29Å, corresponding to a Co–Cu bond length of 2.65Å.
The favored bridge adsorption geometry gives rise to two pairs of distinct nitrogen atoms
(see inset of Figure 5.4b): The first pair are positioned along the short bridge direction,
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which is one of the densely packed 〈110〉 directions of the crystal. This pair of N atoms
are located off-atop, with an adsorption height, above the mean height of the outermost
Cu layer, of 2.48Å and a bond length of its nearest-neighbor (nn) Cu atom also of 2.48Å
(because of a subtle outward relaxation of the nn Cu atom). The N–Co bond length was
predicted to be 1.95Å (compared to 1.97Å calculated for Co–P in gas phase). The second
pair of N atoms are aligned along the long bridge direction (i.e. the 〈112〉 directions of
the crystal) in a near atop site, with a slightly decreased adsorption height (2.37Å) above
the outermost Cu layer, and a N–Cu bond length of 2.52Å. The N–Co bond length was
found to be slightly longer at 2.01Å. A favored bridge adsorption position has also been
reported for Co–Pc on Cu(111).[Cua10, Hei10c] Notably, an adsorption configuration with
the Co–P molecule rotated by 90◦ was also found to be stable (adsorption energy: −4.73 eV),
although energetically slightly less favorable by 0.07 eV.[Sch18a] This adsorption structure
exhibits a saddle-shape conformation with the two pyrrole rings along the 〈110〉 directions
of the crystal sitting significantly higher above the surface, in contrast to the global energy
minimum configuration and the experimental STM data discussed next. Note that this
local minimum more likely conforms to an asymmetric pyrrole stretch mode, similar to that
observed for (NO)Fe–TPP,[Rai02] than an actual rotation of the molecule.
According to our Bader analysis, the Co–P molecule receives 0.66 e− from the Cu(111)

substrate. Upon adsorption, the N atoms keep almost the same Bader valence charge (a
0.03 e− increase), whereas Co gets 0.24 e−, C atoms get 0.72 e−, and H atoms lose 0.33 e−

with respect to isolated gas-phase Co–P. Upon Co–P adsorption, the work function of the
system is predicted to decrease by 0.59 eV.

Comparison of experimental and DFT results

Simulated and measured STM images of an isolated Co–P molecule are shown in Fig-
ure 5.6. The simulated images were obtained from a DFT-optimized Co–P on an 8× 8× 4
slab of Cu(111). For tunneling into unoccupied states (Ub = 0.5 eV, Figure 5.6a–c), the exper-
imental STM image, recorded with a CO-functionalized tip, features two bright lobes on the
macrocycle that are mirrored across one axis of the molecule. The corresponding simulated
STM image correctly reproduces these lobes, however, as pointed out by Gross et al.,[Gro11]
a p-wave tip orbital (in our case the px) is required to mimic the CO-functionalized STM tip
and to reproduce the fine sub-structure with all details. Both, experimental and simulated
images show no significant signal at the position of the Co atom. For tunneling from occupied
states (Ub = −0.5 eV, Figure 5.6d–f), the STM image maps the central Co atom as a bright
protrusion, the global appearance being well reproduced by the simulated images. Similar
findings have been reported for Co–Pc on Cu(111) [Cua10] and Cu–P/Cu(111).[Dil13b]
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Figure 5.6: Comparison between experimental and simulated STM images of Co–P/Cu(111).
(a,d) Experimental STM images of an individual Co–P molecule imaged with a CO-terminated
tip displaying the unoccupied and the occupied states, respectively. The black arrows in (a)
indicate the

〈
112

〉
direction of the crystal. The corresponding simulated images from DFT

using an s-wave tip (displayed in (b,e)), as well as a p-wave tip (displayed in (c,f)) are in
good agreement with the experimental STM images. Specifically, the saddle-shape conformation
is reproduced, and the Co center becomes visible at negative bias voltage. Notably, px-wave tip
orbitals are essential to mimic the three-lobe fine structure observed in the experiment. Scan
parameters: (a) Ub = 0.5 V, It = 0.8 nA; (b) Ub = −0.5 V, It = 0.68 nA. Scale bar: 0.5 nm.

A side-view of the structural Co–P model is displayed in Figure 5.5a, indicating that the
twofold geometry results in an asymmetric saddle-shape-like conformation with the pyrrole
rings along the densely packed 〈112〉 directions sitting significantly higher above the surface
than those along the 〈110〉 directions, with the macrocycle being rather flat along the latter
direction (see Figure 5.5b). The significant difference in height between the spectroscopically
inseparable species (∼0.5Å for the C–C species, see Figure 5.5c) aids to rationalize the
significant decrease in coherent fraction observed in the XSW measurements. We want to
point out, that the correlation between the strong contrast observed in STM images and the
geometric structure predicted by DFT is in line with previous reports on the structure of
functionalized porphyrins.[Auw10, Web08]

The vertical heights of the atomic species obtained by DFT were used to calculate geomet-
ric factors, a111 (one of three parameters that are used to model the coherent fraction, see
appendixD.0 and Refs. [Woo05, Sch17b] for details), for the N, C–C and C–N species in the
Co–P molecule (see Table 5.2). The geometric factors qualitatively model the experimen-
tally measured trend in coherent fraction; however, for all species, the geometric factor is
predicted to be too large to solely explain the observed coherent fractions (assuming an order
factor of ∼0.90, the coherent fraction observed for Co 2p). Were these predicted geometric
factors correct, and if the order factor is indeed ∼0.90, then, to explain the observed coher-
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ent fractions for the C–C species, a Debye-Waller factor (D–WF) of 0.43 would be required.
Such a D–WF would correspond to a very large root mean square vibrational amplitude of
0.53Å, and thus a Debye temperature of only ∼100 K. It is unlikely that the C atoms would
exhibit such an extreme vibrational amplitude, especially considering that the vibrational
amplitude of the central Co atom must be significantly smaller. Another explanation for
this quantitative disagreement may lie in the nature of the DFT calculations, which model
the adsorption at 0 K, whereas the experiments were performed close to 300 K. Thus, finite
temperature effects[Mer13] such as an adsorption potential of the pyrrole ring adsorbed along
the 〈112〉 directions that is strongly repulsive for small decreases in adsorption height, but
weakly attractive for large increases, could well result in a significant change in the difference
between in the mean adsorption of the two pairs of pyrrole rings.

5.1.4 Discussion

At low coverage, the adsorption of Co–P is driven by a dominating repulsive intermolecular
interaction, together with a strong molecule-substrate interaction. This is evidenced by the
tendency of molecules to remain far apart from each other (Figure 5.2a) and is fully in line
with the previous studies that have shown sub-monolayer coverages of porphine molecules
resulting in isolated molecules on the Ag(111) and the Cu(111) surface.[Bis13, Dil13b] Im-
portantly, the determined adsorption geometry is therefore dominated by molecule–substrate
interactions. Upon adsorption on the Cu(111) surface, the symmetry of the Co–P molecule is
reduced from a fourfold D4h-symmetry in gas phase to a two-fold symmetry on the surface. As
demonstrated here, a moderate asymmetric saddle-shape conformation contributes to this
symmetry reduction. Although geometric origins for the symmetry reduction on coinage
metal surfaces could never be detected experimentally for porphines so far,[Dil13b, Bis13]
deformations have been reported for larger tetrapyrrole derivatives. In the case of Co–Pc
[Cua10] and Fe–Pc[Sne15] on Cu(111), the deformation results in one of the molecular axes
getting closer to the surface, whereas in the case of 2H–TPP on Cu(111),[Dil12] or Co–TPP
on Cu(110),[Don10] a more severe non-planar deformation is observed, revealing the con-
formational flexibility of these compounds. Interestingly, our own DFT calculations predict
that copper-metalated porphine (Cu–P) is flat on Cu(111).
The only single-site interpretation of the XSW triangulation compatible with the experi-

mental results involves adsorption in a bridge site, which would have an expected p111
theo = 0.86

(see appendixD.1) and f 111
theo = 0.33 · f 111

exp ,[Woo05] compared to the experimental value of
p111
exp = 0.91± 0.03 and f 111

exp = 0.50± 0.06. As discussed above, although the measured co-
herent fraction is higher than would be expected, this effect is attributed to the detector
non-linearity.[Blo17] However, if a two-site model is considered, then this coherent fraction
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and position would correspond to coadsorption in hcp and fcc hollow sites. Such coad-
sorption is clearly refuted by the STM measurements, which only observe three distinct
orientations of the Co–P molecules. A mixture of hcp and fcc sites would necessitate the
presence of six possible orientations as the hcp site is a false mirror image of the fcc site.
Furthermore, the analysis of the STM images, based on the well-known CO adsorption site
on Cu(111) as well as the DFT prediction of the bridge site, corroborates the single-site in-
terpretation. The same adsorption site has been proposed for 2H–P as well as for other metal
derivatives[Auw07a] on Cu(111) indicating that the Co–Cu interaction does not dictate the
bridge adsorption site.
The binding energy of the Co 2p3/2 core-level peak was found to be 778.2 eV, which is more

compatible with a Co(0) oxidation state (778.1 eV for Co metal[Wag79]), than with the ex-
pected nominal oxidation state of +2 (780.0 eV for Co–TPP multilayer on silver[Luk07]).
This results from the pronounced different electronic environment between these systems
(metal, molecular multilayer and molecular monolayer on a metal). It can be mostly ex-
plained by the differing abilities of each system to screen the core hole left by the photoe-
mission process and is thus a final state effect, as observed on numerous porphine-based
species on various substrates.[Dil13b, Luk07, Wie14] Thus, such final states effects on the
binding energy can dominate over the contribution from charge transfer. This is a strong
reminder of the dangers of assigning oxidation state by simple inspection of binding en-
ergy. The significant overlap between the orbitals of the Co atom and the substrate, implied
by the charge transfer, suggests that the primary local interaction between the substrate
and the molecule is through the Co atom; thus its adsorption height markedly below the
macrocycle. It is therefore likely that the Co–P would exhibit a significant surface trans-
effect.[Dei16, Hie11] Note also that the determined adsorption heights are reduced compared
to the 2.40Å reported for 2H–P/Cu(111) in DFT calculations.[Mül16]
Furthermore, we were not able to resolve any signature of a Kondo resonance on the Co–P

molecule by STS experiments conducted with a metallic tip. Observation of a Kondo signal is
possible when the unpaired electron of the magnetic adsorbate is neither too weakly nor too
strongly coupled to the substrate electron bath.[Kom14] It has been shown that switching of
the Kondo effect in Co–tetrapyridyl porphyrin (Co–TPyP) on Cu(111) can be controlled via
intermolecular interactions.[Zha15] In our case, the isolated gas-phase Co–P has a magnetic
moment of 1.0µB and a spin density clearly localized on the half-filled 3dz2 orbital of the Co
atom. However, upon adsorption, the 3dz2 orbital of the Co atom interacts strongly with the
Cu(111) substrate leading to a complete quenching of the magnetic moment of the Co–P.
This assertion is in line with previous DFT calculations,[Cua10, Che10b] and experimental
studies[Ann11] on Co–Pc/Cu(111) that also report a modification of the magnetic properties
of the molecule upon adsorption. Although the quenching of magnetic properties, the sizable
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charge transfer (0.66 e−), and the large total adsorption energy (−4.80 eV) might suggest the
Co–P molecules being strongly chemisorbed on the Cu(111) substrate, this interpretation
has to be regarded with caution: In fact, vdW corrections dominate the total adsorption
energy (−4.55 eV compared to −0.25 eV without vdW correction).

5.2 Adsorption Geometry of Cobalt Porphine on
h-BN/Cu(111)

After the quantitative structure determination of Co–P on Cu(111) in the previous section,
the impact of the decoupling h-BN layer on the adsorption height and the molecular confor-
mation of Co–P will be discussed in this section. 2D epitaxial materials have increasingly
been employed as decoupling layers in recent years, templating the adsorption and the self-
assembly of molecules and atoms.[Kum17, Jos14] Research in this field is driven by both
the ambition to tune the electronic properties of the 2D materials via a periodic poten-
tial modulation by molecular superstructures,[Cai15, Che07, Col10, Vog08, Das08, Mac14a,
Tan11] as well as the interest in the characterization of fundamental intrinsic properties of
adsorbates without the often appreciable perturbation provided by the underlying metal
substrate.[Uih15] In particular the strong hybridization of molecular orbitals with metal
states can be prevented by insulating spacer layers such as e.g. h-BN that electronically
decouple the adsorbate.[Hir06, Rep05b, Cho12, Rep04a]
Molecule–substrate interactions are governed by the structural and electronic landscape

of the h-BN/metal system and affect the self-assembly together with intermolecular in-
teractions. In order to understand those intermolecular interactions, a precise knowledge
of the adsorption structure of the molecule is crucial.[Tau07, Mer13] The adsorption ge-
ometry of organic molecules on metal substrates was subject to various experimental and
theoretical studies in the last decade.[Bür13, Auw07a, Alb16] In particular atomic force
microscopy and the X-ray standing wave (XSW) technique have proven their potential to
enable a detailed and quantitative structure determination.[Sch13a, Sta06] Very recently,
hydrogenated h-BN on Ni(111) has been studied by means of XSW,[Oht17] however, an
experimental approach to obtain information on the modified molecular conformations of
relatively large organic molecules on h-BN layers is still lacking, despite being highly rel-
evant for benchmarking the various DFT calculations investigating adsorbates on h-BN
sheets.[Tan11, Die14, Lee13, Al-15, Yu14, Che16, Zha16, Mat16, Kor15, Cac12] Additionally,
the effect that molecules exert on the 2D layer has yet to be characterized experimentally.
Herein, we report the first quantitative experimental structure determination of an organic

molecular adsorbate on an h-BN monolayer. We choose the tetrapyrrole compound cobalt
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porphine (Co–P) on h-BN/Cu(111) as a model system to study the adsorption geometry and
interaction of the molecule with the substrate in a combined approach based on XSW and
STM. The geometric structure of both pristine h-BN and Co–P on Cu(111) have separately
been determined quantitatively (see sections 4.1 and 5.1).[Sch17b, Sch18a] The h-BN layer
was found to display an average adsorption height of 3.38± 0.04Å and exhibits a moderate
geometric corrugation of 0.3 to 0.7Å.[Sch17b] Co–P molecules on Cu(111) were determined
to adsorb in a single site, with the Co atom bridging surface Cu atoms at a height of
2.25± 0.04Å.[Sch18a] The molecular backbone of the Co–P molecule presents an asymmet-
ric saddle-shape-like conformation due to the strong interaction between the Co atom and
the copper substrate. Our results presented here indicate that photoemission-based tech-
niques are capable of characterizing adsorbates on insulating epitaxial layers quantitatively
and shed light on the degree of interfacial interaction still present in those systems. Pro-
found knowledge of the interfacial interaction in metal/insulator/semiconductor structures
is essential for potential applications in future nanoscale hybrid devices. Further, we report
the effect of coverage and temperature on the adsorption height of molecular structures on
h-BN/Cu(111).

Experimental Methods
The STM experiments were performed in the LT-STM setup and the XPS and XSW mea-
surements were carried out at the I09 beamline at Diamond Light Source (see section 3.7) as
outlined in detail in the previous section 5.1. In total 17 distinct sample spots were used for
the XSW measurements at 50 K, resulting in nine individual XSW spectra for Co 2p, three
for C 1s, three for N 1s and two for B 1s. For the measurements at 300 K, in total 20 distinct
sample spots were used, resulting in eight individual spectra for Co 2p, eight for C 1s, two
for N 1s and two for B 1s.
For our XPS and XSW measurements we used a low Co–P coverage of ∼0.15 to 0.2 ML,

comparable to the situation displayed in Figure 5.7a. The molecular coverage was calculated
with the cross-section corrected peak areas of the Co–P core levels and the Cu substrate.
We neglect the attenuation of the Cu peak by the h-BN layer and the adsorbates, which
lowers the measured signal from the substrate and renders the calculated value an upper
limit. Based on the strikingly different modulations of the individual N 1s components in
XSW measurements (see FiguresD.3, D.5 and D.6), we were able to differentiate in the
XPS data between the nitrogen species of the h-BN layer and those assigned to nitrogen
atoms in the Co–P. In accordance with the results of the previous section 4.1, two boron
and nitrogen components were identified and assigned to the h-BN layer (B0 = 190.4 eV and
N0 = 398.1 eV, respectively) and defective polymeric BN fragments (Bdef = 191.0 eV and
Ndef = 398.5 eV), whereby the latter will be neglected in this section.
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a b c

5 nm 5 nm 5 nm

Figure 5.7: STM images displaying the evolution of the Co–P adsorption on h-BN on Cu(111)
with coverage. (a) The molecules adsorb in the pores of the h-BN layer at low coverage
(∼0.15 ML). (b) Increasing deposition leads to larger islands in the pores (∼0.3 ML), before a
full monolayer is formed (c).

5.2.1 Site-Specific Adsorption

The Co–P molecules show a site-specific adsorption on the h-BN monolayer on Cu(111).
STM images taken at 6 K identify island formation starting from the pores of the h-BN layer
(Figure 5.7a,b), which were determined to be closer to the metal substrate (see section 4.1.3)
and present a lower local work function.[Sch17b, Jos12] Independent of the h-BN moiré
size, these islands seem to grow from mainly individual molecules in the center of the pores,
forming a nearly regular array of single molecules at very low coverage (Figure 5.7a). Increas-
ing deposition of molecules leads to larger islands confined on the pores (Figure 5.7b) until
a densely packed, uniform coverage across the whole h-BN layer is achieved (Figure 5.7c),
which defines one monolayer (ML) of molecules according to the convention adopted here.
In the low Co–P coverage regime (∼0.15 ML, see STM image in Figure 5.7a, XPS in

Figure 5.8 and XSW in Figures 5.9, D.3, D.5 and D.6) the Co 2p3/2 core-level line in XPS
(Figure 5.8d) exhibits two clear peaks consisting of three features, labelled Co1, Co2, and
Co3. The former two features are assigned to two chemically distinct species (discussed
below), the latter species is assigned to a satellite feature, presumably due to coupling of the
core hole to unpaired electrons in the partially filled Co 3d shell (multiplet splitting).[Luk07,
Mas14, Met16]
The binding energies of the Co1 and Co2 components are 780.3 eV and 781.1 eV, respec-

tively, which are both clearly increased compared to the value of 778.2 eV recorded for the
Co–P/Cu(111),[Sch18a] as well as the 778.0 eV reported for metallic Co.[McI02] Notably, the
binding energy of the main Co 2p3/2 component of sub-monolayer Co-tetraphenyl-porphyrin
(Co–TPP) on Ag(111) is also 778.2 eV,[Luk07, Auw10] and increases to 780.5 eV for multi-
layer coverages, due to the absence of the substrate-induced core-hole screening effects and,
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Figure 5.8: XP spectra of the (a) C 1s, (b) B 1s, (c) N 1s and (d) Co 2p core levels of a
low-coverage (∼0.15 ML) sample of Co–P on h-BN/Cu(111) recorded at 50 K.

more noticeably, the change of the formal oxidation state at the organic-metal interface.
The binding energy for Co–P/Cu(111) was ascribed to adsorption-related charge transfer
from the copper substrate into the Co ion. Thus the significant increase in binding energy
here is suggestive of, at least, a dramatic decrease in any such charge transfer. However,
the significant binding energy shift (0.8 eV) between the Co1 and Co2 species could still be
explained by a muted charge transfer to the former species or, more likely, a final state effect
during the photoemission process (see discussion below).
In the high coverage regime (∼0.95 ML, see Co 2p3/2 XPS in FigureD.4, Co 2p3/2, B 1s,

N 1s, C 1s XSW in FigureD.6), roughly the same line shape was observed for the Co 2p3/2

XPS data recorded at 300 K (FigureD.4), however the intensity ratio of Co2 to Co1 differed
significantly. Specifically, at a coverage of ∼0.15 ML the Co2:Co1 ratio was ∼ 1 : 2.6, while at
a coverage of ∼0.95 ML it increased to ∼ 1 : 1.5. Thus the Co1 species (lower binding energy)
is more dominant at low coverage, suggesting that the shift is related to the adsorption site in
the pores. The C 1s and N1s XP spectra (Figure 5.8, coverage ∼0.15 ML) of the Co–P both
present a smaller upshift in binding energy of 0.4 eV, compared to Co–P/Cu(111).[Sch18a]
The XPS data are summarized in Table 5.3.
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Core level E0
b (eV) Γ (eV) σ (eV)

C 1s (C–C) 284.4 0.12 0.63
C 1s (C–N) 285.2 0.12 0.54
B 1s (B0) 190.4 0.08 0.50
B 1s (Bdef ) 191.0 0.08 0.46
N 1s (N0) 398.1 0.11 0.48
N 1s (Ndef ) 398.5 0.11 0.37
N 1s (NCoP) 399.0 0.11 0.38

Table 5.3: XPS fit parameters for the atomic species of Co–P/h-BN/Cu(111) comprising the
peak position E0

b , Lorentzian width Γ and Gaussian width σ obtained from the fits for the
indicated components. Voigt line shapes are used for the curve-fitting of all core-level spectra.
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Figure 5.9: Normal-incidence XSW Co 2p3/2 absorption profiles of Co–P on h-BN/Cu(111)
in the low coverage regime (∼0.15 ML) at the (111) Bragg reflection acquired at (a) 50 K and
(b) 300 K, respectively. Solid lines are fits to the data. Black data points are the reflectivity
curve.

5.2.2 Adsorption Height

The XSW data for Co1 and Co2 in the low coverage regime, obtained from the photoelectron
yield of the Co 2p3/2 core level, are shown in Figure 5.9. In this regime the XSW data were
acquired at two distinct temperatures: 300 K (room temperature) and 50 K. It is clear
that the data for both Co species and both temperatures are largely similar, though subtle
differences can be observed as both a function of species and temperature. The corresponding
XSW profiles from the N1s, C 1s and B1s core levels are shown in FiguresD.3 and D.5;
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Low coverage, 50 K Low coverage, 300 K

Core level f111 p111
Adsorption
height h0

(Å)
f111 p111

Adsorption
height h0

(Å)

Co–P

C1s (C–C) 0.49± 0.04 0.06± 0.02 6.38± 0.04 0.32± 0.04 0.13± 0.02 6.53± 0.04
C 1s (C–N) 0.53± 0.04 0.05± 0.02 6.37± 0.04 0.37± 0.04 0.10± 0.02 6.47± 0.04
N1s (NCoP) 0.47± 0.05 0.00± 0.04 6.26± 0.08 0.37± 0.08 0.12± 0.03 6.51± 0.06
Co 2p (Co1) 0.67± 0.04 0.98± 0.02 6.22± 0.04 0.59± 0.05 0.12± 0.02 6.51± 0.04
Co 2p (Co2) 0.68± 0.06 0.98± 0.03 6.22± 0.06 0.51± 0.05 0.06± 0.03 6.39± 0.06
Co 2p (Co3) 0.69± 0.09 0.98± 0.04 6.22± 0.08 0.60± 0.14 0.03± 0.07 6.32± 0.14

h-BN B1s (B0) 0.58± 0.04 0.58± 0.02 3.30± 0.04 0.69± 0.04 0.63± 0.02 3.40± 0.04
N1s (N0) 0.58± 0.02 0.58± 0.02 3.30± 0.04 0.69± 0.02 0.61± 0.01 3.36± 0.02

Table 5.4: Comparison of the structural parameters of the XSW analysis of
Co–P/h-BN/Cu(111) at 50 K and at 300 K. The table summarizes the coherent fraction f111,
the coherent position p111 and the mean adsorption height h for all atomic species in the Co–P
molecule and the h-BN layer.

table 5.4 summarizes the coherent fraction, coherent position, and absolute heights of all
core levels. The adsorption height of Co–P above the h-BN layer at low coverage is 3.01 to
3.15± 0.06Å at 300 K (Figure 5.10), slightly reduced compared to the predictions of DFT
for other organic molecules such as benzene (3.29Å) and borazine (3.24Å),[Cac12] TCNQ
(3.49Å),[Tan11] or functionalized porphyrins (3.37Å)[Kor15] on freestanding h-BN sheets as
well as phthalocyanines (Pc) on h-BN/Rh(111) (∼3.25Å).[Ian14] Notably, the Co1 species
have a greater adsorption height at room temperature compared to Co2 (see Table 5.4).
Interestingly, for all elements in the Co–P molecule, the adsorption height at 300 K was

significantly higher than at 50 K. The largest single increase is that of the Co1 species, whose
adsorption height, with respect to the underlying copper surface, increases by 0.29± 0.06Å,
∼30 times greater than the thermal expansion of copper over the same temperature range.
Even more remarkably, the difference in adsorption height was larger for the Co1 species com-
pared to the Co2, where a more modest increase in height by a 0.17± 0.08Å was recorded.
Notably, even the h-BN layer exhibits an increase in mean adsorption height with temper-
ature of 0.10± 0.06Å (B 1s) and 0.06± 0.04Å (N1s), respectively. One should note that
this is only slightly larger than the error bars, however the trend agrees well with the XSW
data recorded at 300 K and the 0 K predictions by DFT (see section 4.1 and appendixC.0.2).
It should be noted that the measurements for the two temperatures were performed on two
different preparations of the h-BN layer and therefore have to be regarded with caution.
Nevertheless, we will briefly discuss the observed indications of a pronounced temperature
dependence below.
The XSW data of the high coverage regime (∼0.95 ML) recorded at 300 K are shown in

FigureD.6 and summarized in TableD.1. The obtained mean adsorption height of the h-BN
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h-BN
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h-BN - Cu:
3.38 ± 0.04 Å
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Co  - h-BN: 1

3.13 ± 0.06 Å

h-BN - Cu:
3.35 ± 0.06 Å
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3.16 ± 0.09 Å

high coverage
300 K

Co-P

Figure 5.10: Schematic model of Co–P on h-BN/Cu(111) with the indicated adsorption heights
of the h-BN layer and the Co–P at 300 K for low (∼0.15 ML) and high (∼0.95 ML) coverage.

layer (B: 3.36± 0.06Å, N: 3.34± 0.03Å) is slightly reduced compared to the low coverage
regime, however within the error bars. Regarding the Co–P, a significant reduction of the
coherent fractions is observed for all elements, accompanied by an appreciable increase of
the main adsorption height (3.14 to 3.29± 0.08Å). Specifically, the Co, N and C species
adsorb in average up to ∼0.14Å higher than at low coverage, which can be understood by
the h-BN corrugation leading to the occupation of h-BN areas that are more distant from the
copper substrate. Again, XSW measurements conducted on the same sample at 200 K (see
TableD.1) indicate that the mean adsorption height decreases for all elements as discussed
above.
Focusing on the subtle details of the adsorption geometry, the molecular backbone of Co–P

appears significantly more planar than on the Cu(111) surface (see section 5.1.2). Specifically,
at 300 K, no difference was observed in the coherent fractions between the N atoms and the
C–N carbon atoms in Co–P, whereas on the bare Cu(111) surface a difference of 0.50± 0.07
was found (see section 5.1.2). The Co1 species was found to be completely coplanar with
its neighboring N atoms (difference of 0.00± 0.06Å), whereas the Co2 was displaced below
the N plane with a difference in height of 0.12± 0.08Å, similar to that observed on bare
Cu(111) (0.08± 0.07Å).[Sch18a]

5.2.3 Discussion

In summary, based on STM observations we propose a Co–P island formation starting
on the pore areas of h-BN, in line with reports of free-base porphine (2H–P) molecules
on h-BN/Cu(111).[Jos14] The reason for this site-specific adsorption lies in the geometric
and electronic surface potential modulation of the h-BN layer.[Bru09] As the moiré sizes of
h-BN/Cu(111) differ between 1 to 15 nm,[Jos12, Sch17b] an unambiguous determination of
whether the nucleation site is perfectly centered or located at the rim of the pores was not
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possible, in contrast to a report on Pc/h-BN/Rh(111) where an off-centered adsorption site
is explained by the lateral gradient of the electrostatic potential along the nanomesh.[Ian14]
In the XPS measurements, a distinctly separated Co signature was observed, and the

XSW measurements clearly demonstrate that the presence of two inequivalent Co species
is the origin of this separation. A similar inhomogeneous interaction between molecular
species and the substrate has recently been reported for Co–TPP on MgO thin films grown
on Ag(100).[Fra17] The 0.8 eV shift to lower binding energy in the Co 2p3/2 XPS, might
suggest charge transfer into the Co metal center for the Co1 species, via tunneling through
the h-BN layer from the underlying copper substrate. It is unlikely that this charge transfer
comes from the h-BN layer itself, as the latter is a wide band gap insulator, and has no
density of states near the Fermi level.[Koi13, Gar16] A transfer of electron density through an
h-BN layer has previously been reported for graphene sheets grown on h-BN.[Kim13, Gao15,
Bok11] Specifically, Bokdam et al. predicted by means of DFT calculations an intrinsic n-
type doping of graphene in metal/h-BN/graphene stacks even for multiple h-BN layers due
to interfacial dipole formation.[Bok11] An experimental observation of interfacial charge
transfer in the case of vertical h-BN/graphene heterostructures on copper has been reported
by Gao et al. using electrostatic force microscopy.[Gao15] However, STS measurements
of Co–P, as well as Co–TPCN, on h-BN/Cu(111) show Co-related states only above the
Fermi energy (cf. Figure 5.12e) on any region of the h-BN moiré, refuting the interpretation
comprising a charge transfer to the Co–P molecules. This observation is in contrast to
Co–Pc/h-BN/Ir(111), where a shift of the Co resonance below the Fermi level (i.e. a charging
of the molecule) has been observed for molecules adsorbed on the pores.[Sch13b, Sch15b] The
exact origin of the shift in binding energy between Co1 and Co2 remained unclear, with the
current working hypothesis being a final state effect, such as polarization screening of the
core hole through neighboring atoms or a magnetic interaction, as the possible reason for
the observed separation. This question will be further investigated by DFT and through
additional experiments in an upcoming beamtime (see Chap. 7).
The system also exhibited a temperature dependence in adsorption height of the Co–P

between 50 K and 300 K, indicating an asymmetrical vibrational mode of the Co–P due to
it being weakly bound to the h-BN layer. If a Co–P molecule were to be moved toward the
h-BN layer, it would experience a strongly repulsive force, while when moved away from the
h-BN layer, it would only experience a weakly attractive force as a consequence of the weak
van der Waals bonding causing an asymmetrical adsorption potential well. Consequently,
although the modal adsorption height may not vary as a function of temperature, the mean
adsorption height will. The observed indications are highly remarkable since DFT calcula-
tions were usually performed at zero kelvin and compared to measurements performed at
higher temperatures. The poor agreements are often rationalized with finite temperature
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effects, which have been predicted,[Mer13] but, to the best of our knowledge, never measured
experimentally before. The obtained results show that a systematic investigation is required
to clarify this effect on the individual components of the system under investigation and
might be extended to related systems.
While the h-BN layer does significantly decouple the adsorbate electronically from the un-

derlying substrate, this decoupling is not total, and, at least, a significant proportion of the
molecules cannot be considered free-standing. This implies that a substrate that perturbs the
h-BN layer even less is likely required (e.g. SiC, Ag, Au) to obtain a more idealized approx-
imation of adsorption on an insulating substrate. Notably, we observed that the Shockley
surface state is slightly modified upon adsorption of h-BN on Ag(111) (see section 4.2), im-
plying that a small interaction between layer and substrate remains. However, Uihlein et al.
reported recently that charge transfer to cobalt phthalocyanines on graphene/Ni(111) can
be prevented by intercalation of gold.[Uih15] Nonetheless, the reported interaction between
the organic semiconductor Co–P and the metallic copper substrate suggest a potential for
ultra-thin organic field effect transistors.

5.3 Metal-Organic Coordination Network on
h-BN/Cu(111)

After the quantitative structure determination of the base-unit Co–P in the two prior sec-
tions, this section describes experiments using substituted porphyrins. Through carbonitrile-
functionalization, the intermolecular interactions can be modified, in this case leading to the
formation of a metal-coordinated nanoarchitecture that has been studied by means of STM.
Contemporarily, the combination of atomically thin sheets of sp2-hybridized boron nitride

(h-BN) or graphene with complex molecules has emerged as a powerful strategy to function-
alize surfaces and engineer structural, electronic, magnetic, optical, or catalytic properties of
such low-dimensional materials.[Sch14a, Qui13, Xu09, Gar13a, Jos12, Xue12] In this context,
metal-organic coordination networks presenting organized arrays of metal centers and func-
tional molecular linkers are highly appealing.[Bar07] By contributing their inherent function-
ality exploited in many natural and artificial systems, versatile tetrapyrrolic macrocycles like
porphyrins and their derivatives play an important role in such architectures.[Moh10, Bur01,
Auw15] For example, oxidized graphene embedded in a porphyrin-based metal-organic frame-
work shows significant catalytic activity,[Jah12] and graphite surfaces can be patterned by
porphyrin-based metal-organic networks stabilized at the solid-liquid interface.[El 14] In an
ultra-high vacuum (UHV) scenario, a variety of model systems based on molecules adsorbed
on sp2 overlayers were characterized with sub-molecular resolution, exploiting the real-space
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Figure 5.11: Schematic illustration of two complexation pathways of a CN-functionalized por-
phyrin derivative (free-base tetra[(4-cyanophenyl)-phen-4-yl]porphyrin, 2H–TPCN) on a h-BN
monolayer on Cu(111) upon exposure to Co atoms: macrocycle metalation and formation of
a metal-organic coordination network. The two competing ligand functionalities of 2H–TPCN,
the tetrapyrrole pocket (dotted circle) and the peripheral CN (dashed circle), are highlighted in
the left panel.

imaging capabilities of scanning tunneling microscopy.[Mac14b] Achievements include molec-
ular gating,[Ris14] switches,[Mun05] magnetic order,[Gar13a, Her13] self-assembly of molec-
ular aggregates,[Pol10, Ma10, Mao09, Jos14] or, only very recently, on-surface synthesis of
covalent assemblies.[Die14] However, neither coordination networks including functional mo-
lecules nor metalation of macrocyclic compounds are reported to date, in striking contrast to
the manifold metallo-supramolecular architectures and surface-confined reactions achieved
and comprehensively characterized on metal single crystals.[Bar07] This is remarkable, as
sp2-hybridized sheets can be grown with high structural quality via scalable chemical vapor
deposition (CVD) protocols on diverse supports as large-scale processable Cu foil,[Kim12]
offering potential for mass production of molecule/sp2 hybrid systems. In this respect, the ul-
timate thinness of a h-BN monolayer discriminates h-BN/Cu substrates from other insulating
films or bulk supports used, e.g. for the assembly of porphyrin aggregates[Mai08] or metal-
organic sheets[Abe11] and makes them fascinating platforms for 2D metallo-supramolecular
nanostructures.[Jos12, Jos14] Specifically, the decoupling of coordination nodes from a metal-
lic substrate creates possibilities to sustain magnetic moments, oxidation states, or catalytic
activity otherwise impaired.

In the following sections, we introduce an exemplary surface-confined coordination archi-
tecture on an sp2-hybridized h-BN sheet. To this end, we combine carbonitrile-functionalized
free-base porphyrins (2H–TPCN) and Co atoms under UHV conditions on a h-BN monolayer
grown on Cu(111) via CVD. Figure 5.11 sketches the two on-surface complexation reactions
of 2H–TPCN upon exposure to the atomic beam of Co: the metalation reaction occurring
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with the tetrapyrrolic macrocycle and the CN-Co coordination governing the formation of
metal-organic networks.

Experimental Methods
The experiments were performed in the LT-STM system operating at 6 K.[Seu11a, Wie15,
Urg15a] The h-BN spacer layer on Cu(111) was prepared as detailed in section 4.1. The
2H–TPCN molecules were synthesized by D. Stassen and D. Bonifazi [Bon17] at UNamur
and deposited using organic molecular beam epitaxy (OMBE) from a quartz container held
at 740 K. During deposition, the h-BN/Cu(111) substrate was kept at room temperature.
Co was evaporated from a water-cooled cell by resistively heating a tungsten filament sur-
rounded by a Co wire (99.995 % purity, Alfa Aesar). All STM images were recorded in
constant current mode and the scanning tunneling spectra (STS) were taken using a lock-in
amplifier (f = 969 Hz, ∆Vrms = 18 mV).

5.3.1 Metalation of the 2H–TPCN Network

Figure 5.12a displays a constant-current STM image of an 2H–TPCN array on h-BN/Cu(111)
self-assembled after room temperature deposition. The dense-packed layer exhibits a square
unit cell (a = 20.7± 1.0Å, red square) and is stabilized by lateral non-covalent interactions
between the terminal cyano-bi-phenylene groups (see structural models in Figure 5.12b).
While the molecular packing resembles the one of 2H–TPCN/Ag(111),[Bis16] the molecular
appearance shows a spatial modulation not observed on metallic substrates.
At a bias voltage of 1 V, most 2H–TPCN units appear with a characteristic depression

in the center, in accordance with free-base tetrapyrrolic units on inert metal substrates
as Ag(111)[Auw10, Auw11] or graphene layers.[Mao09] The bright, four-lobe contrast of
specific TPCN molecules reflects tunneling through the lowest unoccupied molecular orbitals
(vide infra). This spatial dependence of the molecular appearance is induced by the lateral
electronic superstructure of the h-BN template (see rhombi, Figures 5.12a, 5.14a, and D.7),
which governs the energy alignment of molecular orbitals, in full agreement with observations
on similar systems.[Jos14, Jär14, Pal15]
Figure 5.12c shows a TPCN array after exposure to Co at room temperature. Clearly, a

new species characterized by a bright central protrusion is observed, whose occurrence scales
with the Co dose (see Figure 5.13).
Consequently, we assign it to Co–TPCN. Indeed, the prominent appearance of the Co

center embedded in the porphyrin macrocycle at this specific bias voltage closely resembles
the contrast of Co–Pc on graphene or h-BN sheets,[Jär14, Pal15, Sch13b, Jär13] which is
assigned to the lowest unoccupied molecular orbital (LUMO) and is reminiscent of individual
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Figure 5.12: Two-dimensional assembly of 2H–TPCN on h-BN/Cu(111) and macrocycle met-
alation with Co. (a) STM image of a supra-molecular array prior to Co exposure (Ub = 1.2 V).
(b) Corresponding structural model highlighting the square unit cell. (c) Partially metalated
TPCN array (Ub = 1.2 V). (d) High-resolution image of Co–TPCN (green) and 2H–TPCN
(red). (e) Characteristic STS spectra recorded on three molecules as numbered in panel d.
Upon TPCN metalation, a pronounced Co related electronic feature (green arrow) appears
≈0.6 eVbelow the unoccupied signature of the TPCN ligand (shaded in gray). The Co sig-
nal is most pronounced at the center (solid line) while the porphyrin contribution dominates on
the macrocycle (dashed line).

Co–Pc on a homomolecular spacer layer.[Ge09] Figure 5.12d shows a high-resolution image of
Co–TPCN coexisting with 2H–TPCN. Importantly, the molecular packing is not modified
by the metalation. It should be noted that the four-lobe contrast of some TPCN units
apparent in Figure 5.12c is based on molecular orbitals located on the macrocycle, which
are rather insensitive to the metalation of the porphyrin core. Thus, the choice of the bias
voltage is crucial to detect a clear fingerprint of the porphyrin metalation. The successful
in-situ metalation of 2H–TPCN on h-BN is furthermore reflected in STS data summarized
in Figure 5.12e. The differential conductance (dI/dV ) spectra show two prominent features,
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a b c

Figure 5.13: STM images of partially metalated TPCN arrays. Upon increasing the Co dose,
the percentage of Co–TPCN increases ((a) 0%, (b) 60%, (c) 90%). Bias voltage from left to
right: Ub = 1.0 V, 1.2 V and 1.35 V. The appearance of the Co centers in TPCN depends on the
bias voltage (compare middle and right panel) and on the lateral position on the superstructure
of h-BN/Cu(111) (middle panel). This effect is reflected in the scanning tunneling spectra
shown in FigureD.7g. In addition to the key arguments listed in the main text, a successful
Co metalation is corroborated by the following findings. The metalated species show a high
stability during tunneling spectroscopy where the bias voltage exceeds 2 V. This is expected
for Co–Porphyrin units but not for possible reaction intermediates, where hydrogen could still
bind to the molecular core. Indeed, gas phase calculations addressing the mechanism of Co
metalation reveal small barriers consistent with a fast formation of a Co–Porphyrin at room
temperature.[Shu07]

representing occupied and unoccupied states of the free-base porphyrin ligand, respectively.
The gap of about 3 eV separating these sharp resonances evidences an electronic decoupling of
the 2H–TPCN units from the underlying Cu support by the h-BN monolayer.[Jos14, Cho12]
The latter also induces the shift in energy of the molecular states with the lateral position
of the molecule that is clearly seen in Figure 5.12e (shaded area) and is responsible for the
variable molecular appearance in the STM data (Figures 5.12a and D.7).[Jos14] Importantly,
the dI/dV spectra recorded on the Co–TPCN units reveal an additional feature localized at
the center of the molecule ≈0.6 eV below the intrinsic unoccupied TPCN orbital, which we
assign to Co-derived states (green arrow). Indeed the Co–TPCN spectra qualitatively agree
with the data reported for Co–Pc on h-BN/Ir(111), corroborating the successful on-surface
metalation.[Sch13b]
While nowadays metalation and self-metalation processes of tetrapyrrolic compounds are

routinely applied on a wide variety of metallic single crystals,[Auw07b, Gol12, Dil12, Mar10b]
the results of this experiment provide, to the best of our knowledge, the first experimental
evidence of in-situ metalation on sp2-hybridized supports or insulators,[Urg15c] and high-
lights the potential to exploit metal-ligand interactions or perform chemical transformations
even on inert h-BN sheets, in line with a recent study addressing dehalogenation processes
on a h-BN nanomesh.[Die14]
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Figure 5.14: Co-directed assembly of a metal-organic coordination network on h-BN/Cu(111).
(a) STM image of the network domains coexisting with the dense-packed TPCN phase (Ub =
1.6 V). (b) Detailed view on the metallo-supramolecular structure evidencing a 4-fold coordi-
nation motif (Ub = 1.6 V). (c) Structural model of the coordination node. (d) STM image of a
Co–TPCN (green) and a 2H–TPCN (red) linked by a Co node (cf. Figure 5.12d; Ub = 1.0 V).

5.3.2 Co-Directed Coordination Network

For the construction of coordination networks, we exposed TPCN submonolayers to Co at
350 K. Figure 5.14a displays a resulting STM topography, recorded at a bias voltage insen-
sitive to porphyrin metalation. Bare h-BN/Cu(111) areas evidence a moiré-like superstruc-
ture of electronic origin characteristic for this substrate (see rhombus in Figure 5.14a and
section 4.1). Clearly, two different packing schemes of the brick-like protrusion representing
TPCN units are discernible. A dense-packed array representing the pure molecular phase
discussed above (red square) coexists with network structures exhibiting a larger square unit
cell (b = 24.1± 1.0Å, blue squares), including one central protrusion. This new architecture
is assigned to a Co-directed assembly of a metal-organic coordination network, featuring
coexisting domains with different orientations. The network exhibits a grid-like topology
where the nodes correspond to single Co atoms (Figure 5.14b). This assignment relies on
an inspection of calibrated STM data and yields a 1:1 stoichiometry between Co nodes and
TPCN (see structural model in Figure 5.14c).

Clearly, the network bases on a 4-fold coordination of Co with the nitrile termini of TPCN,
where the projected Co–N bond length equals to 2.4± 0.8Å. Importantly, while lateral
coordination does not prevail over metalation at room temperature, the latter persists at
350 K, resulting in partially metalated metal-organic networks (Figure 5.14d).
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1 nm
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Figure 5.15: High-resolution STM image of coexisting 2H–TPCN and Co–TPCN visualiz-
ing a two-fold symmetry, which is attributed to a saddle-shape deformation of Co–TPCN on
h-BN/Cu(111). The structural models in the right panel help to assign the intra-molecular
contrast in the STM image (Ub = −1 V). Clearly, two TPCN orientations differing by 90◦ are
resolved. The same applies for the coordination networks (see FigureD.7h). Importantly, the
two coexisting molecular orientations do not disrupt the structural order of the arrays.

5.3.3 Discussion

Several aspects make this all-Co metallo-supramolecular structure highly interesting, demon-
strating the important role of the h-BN support. First, 3-fold coordination motifs dominate
in Co-carbonitrile complexes on metal substrates.[Küh09, Mar10b, Hen11, Rei13] As exem-
plified for dicarbonitrile oligophenylenes on Ag(111),[Sch07] the metal support stabilizes a
3-fold motif in two-dimensions in contrast to the 4-fold environment in high-symmetry planes
of the octahedral coordination sphere of transition metal-carbonitrile complexes.[Feh93]
Even for TPCN, where the match between the molecular symmetry and a 4-fold coordi-

nation would promote a regular packing, a 3-fold motif prevails on Ag(111).[Bis16] Thus,
the non-metallic h-BN monolayer allows one to create 2D metal-organic networks reflect-
ing coordination motifs observed in symmetry planes of three-dimensional structures and
complexes. Second, one can directly identify the Co nodes as round protrusions in STM im-
ages of both polarities, at variance with the usual invisibility of 3d transition metal centers
on metallic supports.[Hen11] Third, the Co–N bond length exceeds the 1.8 to 2Å typi-
cally reported for Co–NC coordination bonds on metals.[Sch07, Mar10b] Though the 4-fold
linkage to N is characteristic for both the macrocycle center and the coordination nodes,
there are pronounced differences in their coordination spheres and their electronic proper-
ties. Notably, the spectral fingerprints of Co in Co–TPCN and in the coordination node
(FigureD.7g) reveal an upshift of the lowest unoccupied resonance by ≈0.5 eV in the latter.
This points to a higher oxidation state of Co in Co–TPCN, related to an increased electron
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affinity,[Wal13] and is consistent with a reduced ionic radius compared to the Co atoms
at the nodes. Indeed, in analogy to free Co–TPP an oxidation state of +2 is assumed for
isolated Co–TPCN,[Luk07] while the Co coordination nodes might maintain the 0 oxida-
tion state of isolated adatoms,[Hen11] thus yielding a mixed oxidation and valence metallic
network.[Li12] Furthermore, correlation effects and geometric considerations influencing the
ligand field might contribute to the observed differences as there is evidence for a saddle-type
distortion of the central Co–TPCN macrocycle inducing a deviation from a perfect square
4-fold geometry (see Figure 5.15).

5.4 Cobalt Atoms in Different Environments

The porphyrins described in the previous sections comprise Co atoms in the center of their
macrocycle. As Co has an unpaired electron in its 3d shell, it is expected to act as a
magnetic impurity on metallic substrates and potentially on h-BN supports. It is known,
that surface interactions sensitively affect the coordination spheres of the metal centers in
porphyrins, modifying their electronic and magnetic properties.[Auw15] Thus, as a basic
prerequisite, it seems natural to study single Co atoms on the particular substrates first, in
order to achieve a comprehensive understanding of the complexed Co center embedded in
the molecular pocket later on. Therefore, we probed the magnetic moment of Co atoms on
Cu(111) and on h-BN/Cu(111), which both reveal a prominent Kondo resonance in dI/dV
spectra as described in this section.
The Kondo effect is a phenomenon that has captured the attention of physicists for

decades.[Kou01] It was first observed in 1934 by de Haas,[Haa34] who reported an anomalous
resistance increase in a gold sample with magnetic impurities as a function of temperature,
and explained theoretically by Kondo in 1964.[Kon64] The Kondo effect describes the spin-
flip scattering process caused by the presence of a magnetic impurity in bulk metal samples.
Specifically, below a characteristic temperature, the local spin of a magnetic impurity is
screened by a cloud of anti-ferromagnetically aligned spins of the conduction electrons of the
metal host leading to an increased resistance of the system.
In the last decades, the advancement in STM enabled the measurement of the Kondo

resonance at surfaces.[Kou01, Zha05] Utilizing its atomic resolution, STM is a powerful tool
to explore magnetism on surfaces.[Kom14] Various experimental and theoretical studies re-
port the observation of the Kondo resonance in single magnetic atoms,[Mad98, Li98, Man00,
Kno02, Ren14] and molecules[Ian06b, Ian06a, Jia11, Mug11, Zha13, Gar14c, Dia09] on non-
magnetic surfaces. In the following, we briefly discuss the accessibility of Kondo resonances
by means of STS.
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Figure 5.16: Schematic illustration of the Anderson impurity model that explains the spin-flip
in tunneling through magnetic impurities. (a) The magnetic impurity has one electron level
with energy ε0 below the Fermi energy of the metal, which is occupied by one spin-up electron.
Adding a second electron to the impurity would cost an extra energy equal to the Coulomb
repulsion U , while it would cost at least |ε0| to remove the electron. In a quantum mechanical
view, the spin-up electron is allowed to tunnel into the continuum of metal states during a time
scale determined by the Heisenberg uncertainty principle (“virtual state“). Subsequently, the
electron will be replaced by a spin-down electron from the tip, effectively flipping the spin of the
impurity. (b) The combination of various spin-flip events results in a sharp resonance in the
DOS at the Fermi energy. Adapted from [Kou01].

On the basis of the Anderson impurity model,[And61] two different channels can be identi-
fied for the tunneling process through a single magnetic adatom on a metal surface.[Kom14,
Gar13b] (i) An electron with spin ↓ in the STM tip can tunnel directly into the empty state
of the sample. (ii) The electron can tunnel indirectly via a spin-flip process in the localized
state of the magnetic impurity, as depicted in Figure 5.16a. Thereby, the unpaired spin ↑
electron in the singly occupied impurity orbital of the impurity atom with energy ε0 < EF

tunnels first into an unoccupied sample state for a very short period of time ( h
ε0
), which is

possible due to Heisenbergs uncertainty principle (“virtual state“). Subsequently, the elec-
tron with energy EF from the STM tip can fill the unoccupied state of the impurity balancing
the total energy of the system. Importantly, the spin of this electron can be opposite (↓),
i.e. the initial and final state can have different spins. The combination of multiple spin
exchange events results in a new state, which manifests as a sharp feature in the DOS at the
Fermi energy EF (Figure 5.16b) that can be visualized in an energy spectrum by means of
STS.

The Kondo resonance in dI/dV spectra is spatially localized at the impurity and can be
described by the Fano equation.[Fan61, Mad98] The tunneling conductance reads

dI

dV
∝ (ε+ q)2

1 + ε2
, ε = eV − ε0

Γ . (5.1)

Here, Γ denotes the half-width at half-maximum (HWHM) of the resonance, q is the form
factor and ε0 the energy shift of the resonance from the Fermi level. The form factor de-
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termines the ratio between direct and indirect tunneling processes at the resonance energy.
Depending on its value, the resonance can appear as a dip (q = 0), as an asymmetric curve
(intermediate values, e.g. q = 1) or as a peak (q → ∞).[Ter09, Gar13b] Physically, large
values of q indicate a dominating contribution of indirect tunneling through the impurity,
which is usually the case for organic molecules interacting only weakly with the substrate
or magnetic adatoms decoupled on insulating layers.[Zha05] In contrast, low values of q sug-
gest a strong coupling between tip and sample leading to enhanced direct tunneling. This
behavior is observed for impurities that interact strongly with the substrate.[Ian06a, Per10]

In general, the Kondo temperature TK is lower for surface impurities compared to those
embedded in bulk systems. This is due to the reduced coupling strength between the con-
duction electrons of the metal substrate and the magnetic impurity when it is located on the
surface. In the analysis of STS measurements conducted at finite temperature, the Kondo
temperature TK can be extracted from the FWHM (2Γ) of the fitting curve of the Kondo
resonance through[Ter09]

2Γ =
√

(αkBT )2 + (2kBTK)2, (5.2)

and is one of the most important parameters in Kondo physics. The parameter α accounts
for the smearing of the Fermi-Dirac distribution.[Ter09]

Experimental Methods
The experiments were carried out in the LT-STM setup. Co atoms were evaporated in-situ
on bare Cu(111), h-BN/Cu(111), and h-BN + graphene/Cu(111) samples by means of two
different evaporators (see section 3.1). In the case of the e-beam evaporator a filament cur-
rent Ifil = ∼1.9 A together with a high voltage of V = 800 V typically yielded an emission
current Iem = ∼18 mA resulting in a flux of ∼50 nA. Co atoms were deposited for 30 to 60 s
with the ion suppressor of the evaporator enabled. The sample was hanging freely in the
STM and pulled down after the deposition to allow for cooling. In the case of the resistive
evaporator, a power of 10.2 W (I = 5.5 A, V = 1.86 V) was utilized to heat a 99.95 % W
filament surrounded by a thoroughly degassed Co wire (purity 99.996 %). Co atoms were
deposited for 15 min. The temperature during all in-situ depositions was below 15 K. In
order to record high-resolution STS spectra around the Fermi energy an external lock-in
amplifier was utilized. The employed settings during the data acquisition for Kondo reso-
nances were: f = 947 Hz, time-constant τ = 300 ms, sensitivity: 20 mV, a rms modulation
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System Magnetic moment
Single Co atom (S = 3/2) 3µB
Single Co atom on h-BN/Cu 2.2µB
Co coordinated to –CN terminal groups, free-standing 2.4µB
Co coordinated to –CN terminal groups, on h-BN/Cu 2.4µB
Co–P, gas phase (S = 1/2) 1µB
Co–P/ Cu 0
Co–P/ h-BN/ Cu 0.2µB to 0.9µB

Table 5.5: Magnetic moments predicted by DFT for Co atoms in different chemical environ-
ments. The DFT calculations were carried out by the group of Andrés Arnau from Basque
Country University,[Arn17] and Alejandro Pérez Paz (see section 5.1).

amplitude of 0.05 V with the digital signal devider set to 1 : 100 resulting in an actual
amplitude Arms = 0.5 mV. Note that the peak-to-peak amplitude is hence given by

App = 2
√

2 · Arms ≈ 2.8 · 0.5 mV = 1.4 mV. (5.3)

This amplitude is sufficiently small to probe spectral features, which manifest with widths
of typically some mV. dI/dV spectra were recorded at low temperature (∼6 K), at zero
magnetic field (B = 0 T), in a bias windows of either ±25 mV or ±50 mV around the Fermi
energy with usually 200 data points and an acquisition time of typically 70 s. A Mathematica
script was employed to fit the STS data to the Fano equation (Eq. (5.1)) amended by an
additional linear slope and a constant offset:

f = A · eV +B ·
( eV−ε0Γ + q)2

1 + ( eV−ε0Γ )2 + C, (5.4)

to deal with the inhomogeneous background in STS spectra.
Table 5.5 summarizes the magnetic moments predicted by DFT calculations for Co atoms

in different chemical environments, which are model systems that simulate the situation in
experimental settings as discussed e.g. in sections 5.2 and 5.3. In the following section, we
present a concise summary of preliminary results as this project is still on-going. We want
to emphasize that the presented values have to be regarded with caution as discussed below.

5.4.1 Experimental Results

In order to calibrate the resistive in-situ evaporator and to determine the ideal lock-in
parameters to resolve Kondo resonances, we studied Co adatoms on Cu(111), a system
well-characterized in literature.[Kno02] Figure 5.17a displays the Co atoms on the copper
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Figure 5.17: Kondo effect in Co atoms on Cu(111). (a) STM image showing single Co atoms
on the Cu(111) surface. (b) dI/dV spectra around the Fermi energy taken on the substrate
(green) and the indicated Co atom (blue). The fit of the data to Eq. (5.4) yields a Kondo
temperature TK = 54.7 K.

surface. The majority of atoms appear similar with an apparent height of 0.7Å (Ub =
25 mV, It = 1 nA) and a FWHM of ∼7Å, consistent with previous studies.[Kno02] The
fit of a representative dI/dV spectra recorded around the Fermi energy is consistent for
all atoms that are identified as single Co atoms and yields a Kondo temperature TK =
54± 3 K, which is in good agreement with the reported values of 54± 2 K,[Kno02] and
53± 5 K.[Man00, Wah04] Besides the most prevalent species, some smaller and one bigger
protrusion were observed, which are tentatively assigned to impurity atoms or Co atoms
trapped on defects and Co clusters, respectively. Both species do not present a Kondo
resonance.

Afterwards, Kondo resonances were studied at Co atoms deposited on insulating 2D over-
layers such as h-BN and graphene. First, Co was deposited on h-BN/Cu(111) by means
of an e-beam evaporator. Figure 5.18a displays the sample surface after in-situ deposition
where no preferred adsorption site of Co atoms on the moiré superlattice is observed. At
least three different Co species can be identified: The first species (white circle) appears as
small bright protrusion with an apparent height of 1.6± 0.1Å and a FWHM of 8.7± 1.0Å
and is tentatively assigned to single Co atoms. The second (third) species (black and red
circle, respectively) present an apparent height of 2.9± 0.2Å (0.9± 0.1Å) and a FWHM of
10.4± 1.2Å (9.4± 0.8Å) at the tunneling parameters given in the caption of Figure 5.18.
Jacobson et al. recently reported on CoHx complexes, observed in the Co on h-BN/Rh(111)
system.[Jac15] However, in contrast to their study, we did not observe inelastic excitations
in our dI/dV spectra, which suggests that the assignment to CoHx complexes can be ruled
out for the second and third species.
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Figure 5.18: Kondo measurements at Co atoms on h-BN and G on Cu(111). (a) Constant-
current STM image displaying different atomic Co species on h-BN/Cu(111). Ub = 0.156 V,
It = 0.17 nA. (b) Single Co atoms were identified to present a Kondo resonance (blue circle).
(c) dI/dV spectra around the Fermi energy taken on the substrate (green) and the indicated Co
atom (blue) in (b). The fit of the data to Eq. (5.4) yields a Kondo temperature TK = 49± 3 K.
(d) STM image of Co atoms on a Cu(111) surface covered with h-BN and G. (e) dI/dV
spectra around the Fermi energy taken on the substrate (green) and the two indicated Co atom
(blue, yellow) in (d). The fit of the data yields Kondo temperatures TK = 46.2± 3.1 K and
TK = 55.0± 2.6 K, respectively. (f),(g) Co atoms are very mobile and subsequent scans reveal
that they are often attached to defects, potentially influencing the magnetic exchange coupling
between adsorbate atom and metal substrate.

Figure 5.18b displays Co atoms deposited on h-BN/Cu(111) by means of the resistive
evaporator utilized for the Co on Cu(111) experiments described above. Again, different
atomic species are present on the surface and the Co atom where a Kondo resonance was
observed reproducibly (blue circle) had an apparent height of 0.3Å (Ub = 25 mV, It = 0.3 nA)
and a FWHM of ∼5Å. Fitting the corresponding dI/dV spectrum shown in Figure 5.18c
yields a TK = 49± 3 K. However, we want to emphasize that the Co atoms turned out to
be highly mobile and either jump to the STM tip or aggregate in clusters on the surface
after some scans. Furthermore, not all Co atoms presented a Kondo resonance even if the
appearance in STM was very similar. In a recent publication,[Zha17a] the authors claim that
Co adsorption in monomers, dimers, and trimers is enhanced on grain boundaries compared
to pristine h-BN. Although the localized defect states at the grain boundaries strengthen
the binding of Co atoms to the h-BN, the magnetic properties are predicted to remain
unperturbed.
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Co atoms deposited on ateral h-BN/graphene heterostructures on Cu(111) (see section 6.1)
are displayed in Figure 5.18d. We were not able to clarify whether h-BN or G was present
in the displayed area (see section 6.1.2). However, clearly, the two indicated atoms (blue
and yellow circle) reproducibly showed pronounced Kondo resonances (Figure 5.18e). While
the first Co atom (yellow circle) shows a peak and the fit yields a Kondo temperature
TK = 46.2± 3.1 K the second Co atom (blue circle) presents a dip and an increased Kondo
temperature TK = 55.0± 2.6 K. The characteristic line shapes are due to the different form
factors q, which indicate dominating indirect tunneling in the first case as discussed above.
The dominating direct tunneling channel in the second case (blue) can be understood by the
presence of a defect close to the Co atom. Although AFM measurements suggest that those
kinds of defects are situated mostly underneath the h-BN layer they can interact with the Co
atom on top of h-BN and influence the magnetic exchange coupling significantly. We want
to note, that we observed Co atoms attached to defects quite frequently, as evidenced by
Figure 5.18e,f, where the probed atom is removed after a series of measurements, revealing the
defect imaged as a dark depression. In this case, a Kondo temperature of TK = 73.3± 2.3 K
was determined reproducibly. The increased Kondo temperature, compared to the values
described above, suggests that defects can exert a significant influence on the Kondo exchange
interaction between the Co atom and the Cu substrate, necessitating further experiments to
gather more statistics for an unambiguous quantification. Furthermore, it should be noted
that the substrate could have been h-BN or graphene impeding a clear conclusion on this
value. Moreover, we tried to measure the Kondo resonance on the Co center of Co–P on
h-BN/Cu(111), but did not obtain a reliable conclusion for this system.

5.4.2 Discussion

As predicted by DFT, all studied systems presented characteristic Kondo resonances with
different temperatures ranging from 54± 3 K in the case of Co/Cu(111) up to 73.3 K in the
case of Co on h-BN/Cu(111). We find that only Co on Cu(111) is a stable and well-defined
system. In the case of Co on h-BN + G/Cu(111) no final conclusion could be reached
yet. The obtained results from various atoms of different experiments are consistent and
reproducible on the particular atom. However the reason for why only some Co atoms and
also Co–P molecules on h-BN/G present a Kondo resonance remained unclear. Moreover,
we were not able to identify atoms/molecules in STM that will present a Kondo resonance
prior to the actual acquisition of dI/dV spectra. The fact that Co atoms on h-BN supports
are adsorbed only weakly and are hence prone to hopping during the acquisition of STS
spectra further hampers the reliable characterization of this system. Frequently, this leads
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to Co atoms covering the STM tip resulting in virtual Kondo resonances in spectra recorded
on h-BN/Cu(111) regions.
The obtained Kondo temperature (TK = 49± 3 K) for Co atoms adsorbed on h-BN on

Cu(111) is significantly increased compared to e.g. Co on epitaxial graphene, where values
of 15 to 17 K are reported in a theoretical study on freestanding graphene,[Weh10] and an
experimental study on G/Pt(111).[Mat09] The presence of a Kondo peak instead of a dip
has also been reported for Co-, Fe- and MnPc on metal surfaces, and can be understood
by the decoupling from the substrate.[Zha05, Gao07, Fu07] In a very recent study using
first-principle DFT calculations, the structural and magnetic properties of Co adatoms on
graphene/Cu were compared to other 3d transition metal adsorbates, however, no Kondo
temperatures were quoted.[Pét17]
We speculate that three parameters have a direct impact on the magnetic moment of the

Co atoms. (i) The configuration as a Co atom or a complex. Single Co atoms need to be
identified and selected from a zoo of different species. Moreover, it needs to be clarified
whether or not CoHx complexes are present on the surface, and what the impact of different
Co coordination states on the unpaired electron is. It has been shown for example that
Co atoms on Ag(111) undergo oxidation reactions with residual hydrogen, which leads to
a complete quenching of the Kondo resonance.[Ser14] (ii) The h-BN layers possess a signif-
icant corrugation (see section 4.1). Therefore, one might expect that the h-BN layer could
smoothly tune the Kondo exchange interaction between the spin and the underlying metal
as reported for the strongly corrugated h-BN/Rh(111) system,[Jac15] and organic molecules
on nanostructured graphene.[Gar14c, Gar14b] Possibly, the presence of a Kondo resonance
is even adsorption site dependent. For example, one could conjecture to observe a Kondo
resonance only for Co atoms located in pore regions, where they are closer to the metal
substrate and hence the screening would be enhanced. (iii) The role of defects within or
underneath the h-BN/G layer needs to be investigated as various observations suggest that
Co atoms trapped at those defects are more likely to show a Kondo resonance.

5.5 Conclusions

In the first section, we have determined the local adsorption geometry and the lateral reg-
istry of Co–P on Cu(111) with atomic precision. Specifically, the molecules adsorb with
the central cobalt atom on a bridge site at an average adsorption height of (2.25± 0.04)Å
(as measured by XSW), and the macrocycle of the molecule adopts a moderate asymmet-
ric saddle-shape conformation. The symmetry of this adsorption site is reflected in three
equivalent molecular orientations observed by STM. The adsorption mode of Co–P molecules
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is mainly governed by vdW interactions, although some indications of chemical adsorption
(short Co–Cu distance and large Bader charge transfer) are present. The Co center ex-
hibits a significant interaction with the Cu(111) substrate, being the closest atom to the
surface with a DFT-predicted Co–Cu bond distance of 2.65Å. The twofold symmetric ap-
pearance of the Co–P molecules is rationalized by an asymmetric deformation along the
long bridge direction. This distortion, which was previously not recognized for porphines on
coinage metals,[Dil13b, Bis13, Hie11, Hou15] is less pronounced than in pyridyl-,[Auw07a]
and phenyl-functionalized porphyrins.[Di 11, Web08, Hou15, Seu11b, Buc10] The knowledge
of the geometric structure and the adsorption height of Co–P/Cu(111) is of fundamental rel-
evance in order to understand the functionality of Co–P and related metal-organic complexes
on surfaces.
In the case of Co–P on h-BN/Cu(111), we have observed island nucleation in the pores of

the h-BN layer and we determined the vertical heights of the individual components: While
the h-BN layer itself is not altered significantly, the adsorption height of the Co–P molecules
above the surface (i.e. the h-BN layer) increased compared to the bare Cu(111) substrate.
Interestingly, we have observed two chemically inequivalent Co species, although the origin
of this splitting remained to be investigated. Additionally, we have noted indications of a
temperature dependence in the adsorption height of the Co–P molecules.
Further, we have introduced protocols for in-situ metalation and lateral coordination of

functionalized tetrapyrrolic species on a h-BN monolayer, or more generally on insulating
supports or sp2 sheets. Upon Co exposure at 350 K, the formation of a metal-organic por-
phyrin network was promoted, featuring a distinct 4-fold coordination motif. The insulating
character of the h-BN support is furthermore reflected in the narrow electronic resonances
representing the molecular and atomic states, addressable with submolecular resolution.
Thus, our system opens up the opportunity to engineer and probe the electronic properties
of coordination networks in a peculiar 2D environment, addressing, for example, bimetal-
lic structures featuring tailored oxidation states. This approach provides access to a new
class of complex metallo-supramolecular arrays and hybrid architectures with prospects for
functionalities, e.g. in spintronics, photonics, or heterogeneous catalysis.
Regarding Co centers, we studied the magnetic properties of Co atoms with a single

unpaired electron spin in different environments by means of STM and STS. We provide a
first experimental evidence of a Co-related Kondo resonance on h-BN sheets on Cu(111),
opening paths for a further characterization of the related molecular systems.
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Chapter 6

Hybrid h-BNC Heterostructures

This chapter includes content that will be published in

M. Schwarz, M. Garnica, F. Fasano, N. Demitri, D. Bonifazi, W. Auwärter, BN-Patterning
of Metallic Substrates through Metal Coordination of Decoupled Borazines,
Chem. - Eur. J. 24, 9565-9571 (2018); Copyright (2018) by Wiley-VCH.

This chapter presents our work on lateral boron-nitrogen-carbon (h-BNC) heterostruc-
tures. Hybrid h-BNC heterostructures hold great prospects in the development of bandgap-
engineered applications in novel electronic devices with unprecedented magnetic and op-
toelectronic properties that are distinct from those of pristine h-BN and graphene.[Ci10,
Lev12, Gei13, Nov12, Nov16] Two different strategies are currently pursued to achieve these
highly appealing hybrid materials.[Wan14a, Lim14, Bon15] First, h-BN and graphene (G)
can be grown simultaneously or sequentially on a solid substrate, e.g. by CVD and atomic
C deposition resulting in truly 2D thin films,[Lee14] as will be discussed in the first sec-
tion of this chapter. Second, deliberately synthesized organic molecules with BN doping
units can be used. Specifically, borazine derivatives have emerged as an interesting building
block in recent years.[Bon15] The self-assembly of two particular borazine derivatives into a
metal-organic coordination network will be described in section 6.2.

6.1 In-Plane h-BN–Graphene Interfaces

Research on graphene is pervasive in the scientific community in the last decade and numer-
ous breakthroughs have been achieved.[Nov12] One of the key challenges is the opening of a
band gap in graphene.[Pen12] Various approaches have been proposed so far including the use
of strain,[Gui08] disruption of the hexagonal lattice,[App10] spatial confinement,[Li08, Son06]
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Figure 6.1: XP spectra of the (a) B 1s, (b) N 1s and (c) C 1s core levels of a h-BN–G
heterostructure on Cu(111) following a successive (blue lines, first growth of graphene, followed
by h-BN) and a simultaneous (orange lines) growth of the both materials.

substrate surface chemistry,[She09] and doping.[Fer07, Liu11, Gio08, Wan12a, Wei09, Red10]
Recently, the fabrication of lateral heterostructures consisting of h-BN and graphene domains
has been reported.[Ci10, Son10, Liu13] An atomically precise control of the boundaries where
the two materials are stitched together in-plane would yield hybrid atomic layers with inter-
esting electronic properties.[Lev12] First principle calculations predict, e.g. a tunable band
gap of up to 4.7 eV.[Pen12]
h-BN–G heterostructures have been grown experimentally on various transition metal sub-

strates including Rh(111),[Gao13, Rot16] Ru(0001),[Lu14] Ir(111),[Liu14a] Pt(111),[Sut14]
Ni(111),[Dro15] and in particular on the widely used Cu.[Ci10, Liu14b, Lev12, Han13, Liu13,
Kim12, Men15] In the following section, we will present a concise summary of the results
that we have obtained by means of a combined STM, STS and XPS analysis from h-BN–G
heterostructures, fabricated on a Cu(111) single crystal.

6.1.1 Growth and Characterization

For the growth of the h-BN–G in-plane heterostructures we utilized borazine as a CVD
precursor for the h-BN growth (see section 4.1) and atomic carbon evaporated from a graphite
rod for graphene (see section 3.5 and Ref. [Gar16]). The graphene and h-BN coverage are
controlled by the carbon deposition time and flux, and the borazine dose, respectively. We
studied both a simultaneous and a successive deposition of C and BN material.
In the first case, the sample was heated to 1020 K with its surface plane facing towards

the carbon evaporator while the chamber was back-filled with borazine (p = 7× 10−6 mbar)
for 5 min resulting in a total exposure of ∼1600 L. In STM, we observed graphene and
h-BN islands as well as extended, unordered regions presenting a triangular reconstruction
of unknown origin (not shown), similar to a report on BCN domains enclosed by graphene
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Figure 6.2: (a) STM image of the in-plane h-BN–G interface on Cu(111) (Ub = 4.0 V, It =
110 pA). (b) Atomically resolved, FFT-filtered STM image of the h-BN–G junction (marked
by the black square in (a)) indicating a continuous lattice. Ub = 0.2 V, It = 1.2 nA. (c) dI/dV
spectra on G (blue) and h-BN (green), acquired in the positions marked in (a). (d) 2D color
plot of the FERs acquired along the dashed line in (a).

nanoribbons on Ru(0001) in the literature.[Lu13] In accordance with this study, we speculate
that heterogeneous networks containing B, N and C atoms could have formed in this regions
on the surface (as indicated by XPS) in addition to the homogeneous graphene and h-BN
islands. This is further corroborated by the presence of shoulders in the B 1s and C1s
core-level spectra (see orange lines in Figure 6.1) indicating significant contributions of C–B
and/or C–N bonding configurations,[Liu14b] exceeding the ones expected from the boundary
between the BN and the C material. In addition, the C 1s main component is shifted by
∼0.3 eV toward lower binding energies compared to the layer obtained from a successive
growth (discussed next). Therefore, we infer that this approach hampers the fabrication of
well-defined h-BN–G heterostructures on a large scale within this set of growth parameters
that have been explored.

In a second approach, a sub-monolayer of graphene was grown prior to the growth of h-BN,
by depositing carbon onto the sample for 1 min, which was kept at 1020 K. A high voltage of
1.5 kV and a filament current of Ifil = 1.95 A gave rise to an emission current Iem = 110 mA
in the carbon evaporator. Subsequently, h-BN was grown following the established CVD
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procedure (see section 4.1). The growth of h-BN presumably takes place only on bare copper
regions, as on graphene covered regions the dehydrogenation and cracking of the borazine
precursor are suppressed.
Compared to the previous approach, the obtained h-BN and graphene islands are of supe-

rior quality, similar to preparations with only one kind of 2D layer present on the Cu(111)
crystal. The binding energies of the B 1s, N 1s and C1s core levels are 190.7 eV, 398.3 eV,
and 284.9 eV, respectively. Surprisingly, the interfaces between the two materials mostly
coincide with one or several copper step edges, impeding the analysis of the junction. This
can be understood by the fact that the sample is kept at elevated temperatures after the
graphene layer has been formed, possibly leading to an evaporation of material in uncovered
substrate regions. A similar effect has been observed for the growth of h-BN on Ag(111) (see
section 4.2). The nucleation of h-BN layers presumably starts at the edges of the graphene
layer, defect sites, and/or adsorbates on the surface. Moreover, we find indications that
BN material substitutes graphene on the surface for extended dosing times, in line with the
report of Lu et al.,[Lu13].
Occasionally, in-plane h-BN–G interfaces are observed on the very same Cu terrace. Fig-

ure 6.2a shows an STM image of such an h-BN–G interface grown by the second approach.
The two materials can be distinguished by the appearance of their characteristic moiré pat-
terns. At a bias voltage of 4 V the moiré pattern of h-BN is typically imaged as bright
protrusions in STM (see section 4.1), whereas in the graphene island, the contrast is inverted
and the wires of the superstructure are imaged brighter than the pores. Importantly, Fig-
ureC.6b shows that both moiré superstructures can be observed at room temperature. This
observation provides the first experimental evidence that the templating effect of the h-BN
sheet can also be expected at room temperature. The apparent corrugation is larger in case
of the h-BN (∼90 pm) compared to graphene (∼35 pm), as illustrated in FigureC.6c.
Figure 6.2b shows an atomically resolved, FFT-filtered STM image of an h-BN–G interface

overlaid with the partly transparent raw image. The atomic lattice is clearly visible in both
regions, h-BN and graphene, at the same time, and continuous across the junction indicating
that both layers are indeed stitched together. In the raw STM image, a significant electronic
signal is present at the junction displayed as dark depressions. It should be noted that the
orientations of the two atomic lattices differ by some degrees resulting in strain and sheered
superstructures as can be seen in the top part of Figure 6.2a and in FigureC.6b.
STS measurements of the h-BN–G heterostructure are shown in Figures 6.2c,d. We probed

the surface state on h-BN and graphene (Figure 6.2c), and found that the onset is located at a
similar energy in both materials and that it is in good agreement with previous observations
(see section 4.1). The 2D color plot in Figure 6.2d shows the FERs acquired along the line
in Figure 6.2a (see section 4.2.2). The resonances are also found at almost the same energy
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6.1 In-Plane h-BN–Graphene Interfaces

in both materials. They show the well-known modulation in h-BN (see FigureC.2) and are
almost unperturbed in the graphene region. Most notably, our STS measurements present
no indication of boundary states upon formation of h-BN–G heterostructures. This is in
contrast to a report of Park et al. on h-BN–G interfaces on Cu(100), who observed one-
dimensional boundary states at about 0.6 eV below or above the Fermi level, depending on the
termination (B–C and N–C, respectively) of the h-BN sheet, which are localized at a zigzag
heterojunction of the two materials.[Par14] The work functions of the h-BN- and G-covered
Cu regions, derived from the FERs that have been probed through dI/dV measurements (see
section 4.2.2), are identical within the error bars with a faintly visible variation by ∼ 0.3 eV
on h-BN reflecting the moiré superstructure (see section 4.1, FigureC.2 and Ref. [Sch17b]).
As mentioned before, this method does not allow to quote absolute values for the work
function. In literature, a work function decrease of ∆Φ = −0.82 eV has been predicted
upon adsorption of graphene on Cu compared to the clean metal substrate.[Gio08] Our DFT
calculations (see appendixC.0.2) suggest a work function decrease between ∆Φ = −0.64 eV
and ∆Φ = −0.98 eV in the h-BN/Cu(111) system, depending on the moiré registry.

6.1.2 Discussion

In agreement with earlier studies,[Lu13, Gop16] we find that h-BN–G heterostructures form
on the metallic Cu(111) surface in coexistence with unordered regions containing an h-BNC
alloy. It should be mentioned that these earlier studies suggest that continued dosage of
borazine over an extended period of time eventually substitutes the C material on the surface
leading to extended homogeneous islands on the surface.
The binding energies of the B 1s and N1s core-level spectra of the h-BN–G heterostruc-

ture on Cu(111) are slightly increased compared to the measurements of h-BN/Cu(111)
conducted at DLS (see section 4.1.3.2), but in line with previous studies;[Gao15] the binding
energy of the C 1s band is in excellent agreement with values reported in the literature for
h-BN–G/Cu(111),[Liu14b, Gao15] indicating that the atomic species are present in a sp2

configuration as expected for laterally stitched heterostructures.
The alignment of the atomic h-BN and graphene lattices on Cu in STM is in line with

previous reports.[Liu14b] Moreover, Liu et al. observe solely zigzag graphene edges due to the
hydrogen etching of the graphene layer acting as a template for the h-BN nucleation.[Liu14b]
Our results based on the atomically resolved STM images suggest the same zigzag edges for
the h-BN–G heterojunction, even without the hydrogen etching procedure. Nevertheless, a
more detailed characterization of the interface of as-grown h-BN–G samples remains to be
done.
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A discrimination of the two materials in STM is not straightforward as the binding energy
of the surface state onset of both is very similar. At a bias voltage of 4 V the contrast of
the two layers is characteristic. However, scanning at high bias is not always possible, e.g.
if mobile atomic adsorbates are on the 2D layers (see section 5.4). Another characteristic
feature that can be considered is the shape of the island: for graphene typically almost
perfectly straight borders are observed, whereas in the case of h-BN, the borders appear
more irregular.

6.2 Network of Decoupled Borazine Derivatives

Borazine derivatives have recently attracted increasing interest[Bon15, Lor17] as molecular
building blocks, due to their high potential for applications in the fields of electronics,[Sha05,
Faz95, Wak05, Ker13a, Rie17, Ayh18, Lor16] and non-linear optics.[Kar14, Ote17, Ote16] In
particular hybrid h-BNC nanostructures, where carbon-carbon bonds are replaced by isoelec-
tronic and isostructural BN couples are emerging as a new route to functionalize polycyclic
aromatic hydrocarbons without a significant structural perturbation of the molecular pe-
riphery and of its skeleton.[Rie17, Ayh18, Lor16, Cam12, Liu08, Wan15] The presence of BN
bonds imparts strong local dipole moments that can tailor both, the optoelectronic proper-
ties and the self-assembly behavior of the molecule.[Wan14b, Mar17, Dos17, Ker13b, Kri15,
Cic16] For instance, one can conjecture that the polar BN bonds could serve as anchoring
point for non-covalent adsorption of polar gases like CO2 and CO, which can in principle
interact with BN bonds through dipolar interactions, thus making BN-doped materials very
good candidates for gas adsorption.[Jac11, Rei12] Together with the possibility of tuning
the molecular bandgap into the visible range of the solar spectrum, these structures could
emerge as unique photoactive materials triggering photo-chemical transformations. Given
these premises, we conjectured that two-dimensional structures formed through non-covalent
interaction on a surface could act as unique model architectures to study the self-assembly
and recognition properties of BN-materials at the molecular level through STM.
In particular, precisely tailored substituents of molecules can be utilized to realize targeted

adsorption geometries, as well as to preserve the intrinsic properties of molecules upon ad-
sorption on a metal support.[Ros03, Cir17, Sch11, Pio08] Recently, it has been proposed that
the borazine scaffold of a molecule can be protected and electronically decoupled from the
conductive substrate by di-methylphenyl terminal groups through steric hindrance without
affecting the possibility of the molecule itself to adsorb and self-assemble.[Kal14] Addition-
ally, the selection of the substituent’s termination (e.g. -carbonitrile (CN), -carboxylate,
-pyridyl) steers the supramolecular interactions, driving for example the formation of two
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dimensional metal-organic coordination networks (2D-MOCNs) in the presence of metal
adatoms. The formation of such a 2D-MOCN combining borazine and metal adatoms has
not been reported to date, although those porous architectures are highly appealing as they
can act as templates featuring cavities and molecular units on regular and well-defined sites
linked by metallic nodes.[Urg15b, Bar09, Ari16, Don16]
Indulging this line of thought, here we describe the synthesis and the self-assembly prop-

erties of borazine derivatives on Cu(111), Ag(100) and Ag(111) surfaces that, exposing pe-
ripheral pyridyl groups, can undergo metal-coordination in the presence of copper adatoms
to yield porous patterns. Specifically, STM studies show that the molecules behave differ-
ently on the two metals, with those deposited on Ag undergoing self-assembly through weak
interactions (van der Waals (vdW) and H-bonding), whereas on Cu the molecules engage
in metal-coordination. Using STS, we also provide evidence that the borazine core is elec-
tronically decoupled from the conductive metal substrate. The architectures on Cu(111)
substrates were exposed to CO gas and their chemical properties investigated by XPS. Ad-
ditionally, we explored the thermal stability of the network on Cu(111) at room temperature,
and the effect of post-annealing on both metal substrates by STM.

Experimental Methods
STM experiments were performed in the LT-STM setup at low temperature and the XPS-
STM setup at room temperature. The Cu(111) and the Ag(100) single crystals were prepared
following the procedures described in section 3.5. Ag(111) was prepared by e-beam evapo-
ration of several layers of Ag on a Cu(111) crystal, which was held at 575 K as detailed
in.[Gar16] The borazine derivatives BNPPy and BNAPy were synthesized in the group
of D. Bonifazi.[Sch18b] In the UHV chamber, the molecules were dosed from a thoroughly
degassed quartz crucible held at 600 K onto the sample held at room temperature. All XP
spectra were excited with the AlKα photon energy of 1486 eV (see section 3.2). A Shirley-
type background was subtracted and Voigt profiles were used to fit the data.

Appearance of BNPPy upon Adsorption

High-resolution STM images of individual BNPPy molecules on Cu(111) and Ag(100)
show sub-molecular features with a very similar appearance (Figure 6.3b and c). The central
part of the molecule appears as three bright lobes pointing along the axes defined by the
pyridyl-terminated substituents, which are imaged dimmer. The molecular contrast does
not change for moderate bias voltages of both polarities, suggesting that it reflects the
molecular conformation. We simulated STM images for different adsorption geometries using
the extended Heckel method (see FigureE.1). The best agreement between experiment and
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Figure 6.3: (a)Structure of BNPPy determined by X-ray diffraction. STM images of an
individual BNPPy molecule on (b) Cu(111) (Ub = 1.9 V, It = 170 pA) and (c) Ag(100)
(Ub = 0.5 V, It = 81 pA). The superimposed dashed triangle in (b) indicates the orientation of
the molecule.

simulation is obtained for a BNPPy geometry where the borazine core and the peripheral
pyridyl-groups are aligned (nearly) parallel to the surface plane while all phenyl rings are
rotated out of this plane. Specifically, the three prominent lobes observed in STM can be
reasonably associated with the bulky di-methyl-bearing aryl rings. This assignment is in line
with STM observations and complementary molecular dynamics (MD) modeling reported for
dimethyl-bearing aryl borazine derivatives on Au(111) andCu(111).[Kal14] Consistently, we
observe a very similar intramolecular contrast featuring three bright protrusions for BNAPy
on Cu(111) (see FigureE.6).
The molecular structure determined by X-ray diffraction (in collaboration with D. Boni-

fazi) on BNPPy crystals shows that the expected three-fold symmetry of the molecule can
be disturbed due to the flexibility of the substituents (Figure 6.3a). Upon adsorption, a
similar behavior is observed, as can be seen in Figures 6.3b,c. The pyridyl-terminated sub-
stituents appear bent in the surface plane, resulting in angles enclosed by them deviating
from 120◦.

6.2.1 BNPPy on Ag Surfaces

Extended, highly ordered molecular islands of BNPPy were observed on silver samples
with different surface terminations, namely a Ag(100) single crystal and a Ag(111) film (see
Figures 6.4 and 6.7c, respectively). The molecules, deposited onto the sample held at room
temperature, arrange in six-membered rings and form porous honeycomb networks. A similar
self-assembly was observed for related molecules on the Au(111) surface. [Kal14] Molecular
domains with sizes of several hundreds of nm and arbitrary orientation with respect to the
crystal high-symmetry directions were present on the samples.
A high-resolution close-up view (Figure 6.4b) reveals that each molecule in the honeycomb

structure is surrounded by three neighbors and three pores. The rhombic unit cell (white
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Figure 6.4: STM images of BNPPy on Ag(100). (a) Large-scale image of the close-packed
hexagonal network of BNPPy molecules. Scan parameters: Ub = 1.0 V, It = 64 pA. (b)
High-resolution STM image (unit cell highlighted by white rhombus). Scan parameters: Ub =
0.2 V, It = 40 pA. (c) STM image overlaid with a tentative structural model of the molecular
assembly. (d) Individual molecules can be manipulated by STM in a controlled way (dotted
white lines represent the tip path). (e) Three individual BNPPy molecules were detached
from the dense-packed island. (Scan parameters of (d),(e): Ub = 0.5 V, It = 81 pA (d), (f,g)
Additionally, the orientation of the protruding substituents can be changed as indicated by the
white arrows in (f). Scan parameters of (d),(e): Ub = 1.7 V, It = 81 pA.

lines in Figure 6.4b) has the parameters a = b = 26.0± 0.5Å and Θ = 60± 3◦, which results
in a packing density of 0.34 molecules/nm2. The network is stabilized by intermolecular
vdW and H-bonding interactions between the aryl moieties decorating the BN core. The
small molecule–molecule distance suggests that the flexible substituents are bent to reduce
steric hindrance (see Figure 6.4c).
Nevertheless, STM-based manipulation experiments indicate weak intermolecular attrac-

tion as individual molecules can be removed from the edges of the islands in a controlled
fashion without significantly perturbing the self-assembled network (Figure 6.4d,e). For this
purpose, the STM tip is positioned above a rim molecule, which is dragged out to the bare
Ag terrace (indicated by the white dashed lines) applying a bias voltage of Ub = 50 mV
and a tunneling current of It = 20 nA. Furthermore, the molecules can be rotated by STM
manipulation, changing the orientation of the pyridyl-terminated substituents with respect
to the molecular axes (Figure 6.4f,g). The flexibility of the substituents is clearly revealed
in Figure 6.4f where apparent angles between 90◦ and almost 180◦ are observed between
adjacent aryl substituents.
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In addition to the most abundant arrangement in six-membered rings, a second dense-
packed phase (packing density 0.41 molecules/nm2) embedded in the honeycomb network
is occasionally observed (see FigureE.2). In this phase, BNPPy are assembled in rows
consisting of pairs of molecules oriented in opposite directions. This pair of molecules con-
stitutes the base unit observed in both structures on the Ag substrates, suggesting that the
molecular packing is governed by the same intramolecular interactions and the concentration
of molecules on the surface (see Figures 6.4 and E.2). Large coverage deposition promotes
the formation of the second phase, which presents a more compact network.
After annealing the sample to 570 K, the hexagonal arrays still occur, including some dislo-

cation lines. Additionally, disordered regions are observed (see FigureE.4b), where covalent
structures, formed through thermal activation of C–H bonds, are presumably present.

6.2.2 BNPPy on Cu(111)

The self-assembly behavior of BNPPy molecules on Cu(111) is summarized in Figure 6.5a.
A highly ordered porous 2D network with molecules arranged in interconnected chains
(Figure 6.5d) is formed after deposition of the molecules onto the sample at room tem-
perature. The trapezoidal unit cell of the network has the parameters a = 38.4± 2.9Å,
b = 26.5± 2.3Å and Θ = 75± 5◦. The packing density is 0.20 molecules/nm2 and the short
axis of the unit cell is found to be parallel to one of the 〈110〉 directions of the Cu(111)
surface. The growth of the network initiates at step edges. Subsequently, the anisotropic
islands expand onto the terraces (FigureE.3a). A similar self-assembled chain-like structure
was observed for the borazine derivative BNAPy on the same support (see FigureE.6).
Due to the reduced length of the aryl substituents, the BNAPy network presents a smaller
trapezoidal unit cell with the parameters a = 32.6± 2.6Å, b = 19.2± 2.4Å and Θ = 75± 4◦.
Along the rows, the molecules are alternately rotated by 180± 6◦ and remarkably close-

packed. The center-to-center distance (20.5± 0.5Å for BNPPy and 17.9± 0.4Å a for
BNAPy, respectively) suggests that the substituents are slightly bent (Figure 6.5d). Ad-
jacent rows are connected via opposing substituents in BNPPy and BNAPy networks
with a center-to-center distance of 32.2± 0.6Å and 27.2± 0.5Å, respectively. This long dis-
tance suggests a pyridyl–Cu–pyridyl coordination motif, where the N atoms of the peripheral
pyridyl groups are coordinated to a copper atom. Notably, due to the flexibility of the lateral
aryl substituents, the molecules are not necessarily connected in a straight line. This results
in the formation of a porous network featuring voids of unequal size.[Sch18b, Éci12]
Deposition of additional copper atoms with the sample kept at 420 K gives rise to a

structural transformation of the chain-like network: patches of fully Cu-coordinated hexag-
onal arrays embedded in the former assembly of BNPPy on Cu(111) emerge (Figure 6.5b).
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Figure 6.5: STM images of BNPPy on Cu(111). (a) Upon room temperature deposition, the
BNPPy molecules form chains that are interconnected by the protruding substituents coordi-
nated to a Cu adatom. Scan parameters: Ub = 1.2 V, It = 100 pA (b) Deposition of additional
Cu atoms while the sample is held at 420 K, leads to a structural transformation and patches
of molecules with all three substituents coordinated to Cu atoms are formed. Scan parameters:
Ub = 1.0 V, It = 64 pA. (c) With sufficient Cu adatoms available, extended islands with fully
three-fold coordinated BNPPy molecules are observed. The models of the molecular network
is superimposed on the STM images in (a) and (c). Scan parameters: Ub = 0.96 V, It = 40 pA.
(d)-(h) A series of STM images acquired at 300 K shows that the chain-like network is observ-
able at room temperature. Consecutive scans of the same area reveal that individual molecules
at the edge of the molecular islands are mobile (highlighted by black circles). Scan parameters:
Ub = 1.0 V, It = 110 pA.

Annealing to this temperature in the absence of extra copper atoms or deposition of the mo-
lecules at 420 K does not trigger the formation of this phase. In this new network structure,
three BNPPy molecules are coordinated with the N atoms of their terminal pyridyl groups
to a node that presumably consists of a single Cu atom (see discussion below). As in the
previous chain-like assembly, the individual Cu atoms are not resolved in the STM images.
Increasing the dose of additional Cu atoms completely transforms the chain-like architecture
into a three-fold coordinated, fully reticulated metal-organic network (Figure 6.5c,e and Fig-
ureE.3b). The trapezoidal unit cell has the parameters a = 25.5± 1.7Å, b = 24.2± 1.6Å
with an internal angle Θ = 60± 2◦, resulting in a packing density of 0.18 molecules/nm2.
Notably, the nanostructure does not align with the high symmetry directions of the crystal.
Further annealing of either network to temperatures higher than 470 K results in a poly-
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Figure 6.6: XP spectra of the (a) C 1s and (b) N 1s core level of BNPPy on Cu(111). Both
spectra are background subtracted with a Shirley background. The red line is the fit to the data.

meric phase. Contrary to a recent study employing bromine-substituted borazine derivatives
aiming for highly regular polymeric nanostructures,[Sán15] only disordered structures were
observed. Molecules have presumably lost part of their peripheral substituents and are bond
covalently (see FigureE.4a). A similar observation was made for the dense-packed structure
on Ag, when it was annealed to 570 K (see FigureE.4b).
STM measurements performed at 300 K (Figure 6.5f-j) reveal that the chain-like BNPPy

network, comprehensively characterized at 5 K (Figure 6.5a), prevails at room temperature.
However, consecutive scans indicate that borazine modules at the edge of molecular islands
are mobile, while the bulk of the self-assembled architecture remains mostly unperturbed.
Likely, this is a consequence of the weak molecule–substrate interaction combined with the
high mobility of Cu adatoms at room temperature that, enabling diffusion of the molecules,
allow the dynamic formation and rupture of coordination bonds at the periphery of the
self-assembled islands.
Finally, we have carried out XPS measurements on the chain-like network on Cu(111) in

order to investigate the ability of the BNPPy molecule to adsorb CO through its central
borazine core, thus exploring the potential binding of polar guest gases alluded to in the
introduction. XP core-level spectra of a sub-monolayer of BNPPy on Cu(111) before dosing
CO are shown in Figure 6.6. The main component of the C 1s core level is observed at a
binding energy Eb = 284.8 eV. The N1s core level is found at a binding energy 399.2 eV. Due
to its low cross-section, the B 1s core-level could not be resolved for sub-monolayer coverage.
In BNPPy multilayers on Cu(111), the C 1s and N1s core levels (FigureE.5) reveal a slight
upshift by 0.4 eV and 0.2 eV, respectively. This is attributed to a suppressed polarization
screening by the metallic substrate in the case of the multilayer.
After a CO dosage of 60 L at room temperature and a dose of 6 L at ∼100 K, no changes

in either core level have been detected in XPS for sub-monolayer coverages. Also in STM
measurements no structural changes were detected after an in-situ dose of 10 K of CO at
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6.2 Network of Decoupled Borazine Derivatives

temperatures below 15 K. Therefore, we infer that the CO is not adsorbed on the self-
assembled network. Presumably, this is caused by the presence of the sterically-hindering
methyl substituents that, shielding the borazine core, impede the formation of favorable
dipolar interactions between the BN bonds and CO gas molecules.

6.2.3 STS Characterization of BNPPy

STS data of BNPPy on a Cu(111) single crystal and a Ag(111) film are summarized in
Figure 6.7. In the case of Cu(111), the spectra taken in the pore of the chain-like assembly
(Figure 6.7b, blue spectrum) show a pronounced feature at ∼− 400 meV, which is attributed
to the increase of the local density of states due to the surface state of Cu(111). This feature
is still detected in the spectra taken at the center (red spectrum) and at the bright lobe
(yellow spectrum) of the molecule as indicated in Figure 6.7a. In analogy to reports on other
physisorbed adsorbates,[Zir09] the persistence of the surface state feature signals that the
borazine core is only weakly interacting with the substrate. Moreover, an additional broad
resonance is observed at 2.3 V, reflecting an electronic feature of the BNPPy molecule, as
no such signature is observed on the bare metal. Spectra taken at the coordinated pyridyl
substituent (Figure 6.7b, green spectrum) show a pronounced resonance shifted by ∼350 meV
toward lower energy compared to the spectral feature observed on the molecular core. Indeed,
the alignment and spatial distribution of molecular orbitals can be affected by the site-specific
bonding with metal adatoms as previously reported.[Yan14, Umb14]

In the case of BNPPy on the Ag(111) film, the lowest unoccupied molecular resonance
is found at ∼2 eV and the related surface state feature at ∼50 meV (Figure 6.7d, black spec-
trum) is also detected on the core of the molecule (red and yellow spectrum). However, for
spectra taken at the center of the pore (Figure 6.7c, blue dot), the surface state feature is
not observed. This can be tentatively explained by the presence of the terminal pyridyl rings
(Figure 6.4c), which are clearly visualized in STM images only at certain bias voltage. The
real pore size is drastically reduced compared to that appearing at low bias voltages. Indeed,
this bias dependent contrast is revealed in an STM voltage series of BNPPy on Ag(111)
displayed in Figures 6.7e-g. At low bias voltages, the contrast of the BNPPy molecule is
dominated by the three bright protrusions in the center, while the peripheral substituents
are only faintly visible (Figure 6.7e, Ub = 0.6 V). At higher bias voltages, the terminal
pyridyl groups of the substituents are imaged brighter than the molecular core (Figure 6.7g,
Ub = 2.4 V), indicative of unoccupied molecular resonances located on the terminal moieties.
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Figure 6.7: STM images of BNPPy on (a) Cu(111) and (c) a Ag(111) film (Scan param-
eters in both images: Ub = 1.0 V, It = 100 pA. The corresponding STS spectra recorded on
characteristic positions of the respective assembly are shown in (b) and (d). (e)-(g) Voltage
series of BNPPy on Ag(111). The scale bar is 1 nm. Set point: It = 200 pA.

6.2.4 Discussion

Using high-resolution STM imaging and X-ray diffraction, we show that individual BNPPy
molecules have a remarkable flexibility, which is expressed by the possibility of their pyridyl-
terminated substituents to bend in-plane. The terminal pyridyl groups drive the self-
assembly, which can be controlled by the choice of the metal substrate. On Ag(111) and
Ag(100) surfaces, the molecule–substrate interaction is weak and no influence of the surface
termination on the network architecture was observed. The self-assembly is driven by inter-
molecular vdW forces and H-bonding leading to a dense-packed network (0.34 molecules/nm2)
and no indication for metal coordination has been observed. Previous studies have been
devoted to the coordination chemistry of pyridyl-functionalized molecules in the quest to
achieve supramolecular networks.[Kla08, Hei10a, Hei10b, Li11, Lan08, Li12, Tai07, Stu15,
Lin13] In particular, utilizing Cu atoms as metallic coordination nodes, two-fold pyridyl–
Cu–pyridyl coordination has been reported on Ag(111) and Cu(111).[Umb14, Kla08, Hei10b]
However, a coordinated BNPPy network could not be achieved on silver surfaces, neither
by annealing nor by providing additional Cu atoms within the experimental parameter space
that was explored.

136



6.2 Network of Decoupled Borazine Derivatives

Contrary to borazine derivates terminating with phenyl moieties,[Kal14] BNPPy forms a
highly ordered assembly on Cu(111), in which chain-like structures are formed involving Cu
coordination. The resulting porous network features a packing density (0.20 molecules/nm2)
clearly reduced compared to that formed by BNPPy on Ag(111) and Ag(100), as well
as compared to similar phenyl-terminated borazine derivatives on Cu(111) [Kal14] (0.33
molecules/nm2). Thus, pyridyl-mediated metal-coordination allows for the fabrication of
stable borazine arrays with unprecedented pore sizes. Interestingly, this network does not
reflect the three-fold symmetry of BNPPy, but bases on interconnected chains where only
one of the three pyridyl-substituents seems to engage in Cu coordination. Even if we can-
not exclude the presence of some coordinative interactions along the chains, our data sug-
gest the simultaneous expression of metal-organic and organic bonding motifs.[Vij13, Bis16]
The measured center-to-center distance between BNPPy units along the coordinated sub-
stituents, that is, perpendicular to the chain direction, is 32.2± 0.6Å. With a pyridyl-
substituent length of 14.4Å, extracted from the structural model (after geometry opti-
mization with the semi-empirical AM1 method in HyperChem), this results in a projected
pyridyl–Cu–pyridyl bond length of 3.4Å, slightly reduced compared to the 3.6Å reported in
the literature.[Hei10a, Li12, Tai07, Bis16] This can be rationalized by the in-plane bending
of the substituents. Accordingly, the projected N–Cu bond length corresponds to 1.7Å.
A fully reticulated coordination network with a three-fold symmetry was achieved by the

deposition of additional Cu atoms. Three-fold Cu coordination has previously been reported
for CN end groups,[Pac15, Sir13, Paw08] bipyridyl molecules,[Lan12, Tai08] and pyridyl-
terminated tectons.[Hei10a, Vij12, Yan17] However, for the latter case, reports on two-fold
pyridyl–Cu–pyridyl coordination clearly prevail.[Kla08, Hei10a, Hei10b, Lin13, Li11, Lan08,
Li12, Shi09, Wur16] In the present system, the N–Cu bond distance in the three-fold node
((3.0± 0.5)Å) significantly exceeds the theoretically predicted value of 1.6Å[Li12] and the
1.7Å characteristic for the two-fold motif, which might reflect steric hindrance between the
(nearly) co-planar pyridyl rings. Nevertheless, we cannot exclude a minor rotation of the
terminal pyridyl moieties out of the surface plane. For instance, such rotations can enable a
four-fold coordination of tetra-pyridyl-porphyrins to mononuclear centers.[Wur16] We assign
the coordination center to a single Cu atom (see Figure 6.5e), as no protrusion is apparent
at the three-fold node. Protrusions were previously observed in three-fold motifs featuring
Cu dimers coordinated to pyridyl termini.[Hei10a]
Our STS data on BNPPy and BNAPy molecules (Figures 6.7 and Ref.[Sch18b]) reveal

that the surface state feature is still detected on the molecular core on both the Cu(111)
and the Ag substrates. This observation shows that the borazine core is decoupled from the
metallic substrates by means of the dimethyl substituents, a fact which has been anticipated
for similar borazine derivatives in a previous report.[Kal14] Additionally, the XPS binding
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energy of the N 1s line is at 399.2 eV, comparable to the value reported for other borazine
derivatives on noble metal supports,[Cic16] and exceeding the value for h-BN/Cu(111) by
about 1 eV.[Pre05] The different contributions of the N atoms located in the borazine core
and in the pyridyl moieties could not be resolved with our lab-based XPS setup.

6.3 Conclusions

In this chapter, we presented our results on in-plane h-BNC heterostructures. First, we have
demonstrated the successful CVD synthesis of h-BN–G junctions on Cu(111) and presented
a concise characterization of the interface by means of XPS, STM, and STS. A successive
growth of the two materials seems to be favorable and yields in-plane junctions with the
lattices of h-BN and G aligned along the same direction. A different growth sequence, i.e.
growing graphene on a sub-monolayer h-BN-covered sample could be pursued in the future.
In a second set of experiments, we combined pyridyl-functionalized borazine derivatives

with selected substrates to achieve distinct network architectures, exploiting the remarkable
flexibility of the substituents. While the BNPPy molecules form a dense-packed hexag-
onal network on Ag substrates, a porous network evolves for BNPPy and BNAPy on
Cu(111) with stability up to room temperature. The deposition of additional Cu atoms
yields a structural transformation of the metal-organic architecture on Cu(111), which leads
to a fully reticulated network with a three-fold pyridyl–Cu coordination motif. Following
this approach, the molecular density could be varied from 0.20 mol/nm2 to 0.18 mol/nm2, ex-
panding the corresponding pore size from 0.7 nm2 to 6.0 nm2. These findings thus provide un-
precedented metal-organic coordination architectures on surfaces based on BNC-containing
molecules. Our experiments likely suggest that the presence of the sterically shielding methyl
groups on the aryl B-bearing substituents prevents the adsorption of CO on the BN core,
notwithstanding, they electronically decouple the BN core from the conducting substrate.
This findings provide valuable insight for the design of borazine derivatives targeting the
anchoring of CO in functional nanostructures comprising for example functionalized hybrid
h-BNC polyphenylenes and graphene-like structures.[Bon15, Lor17]

138



Chapter 7

Conclusions and Perspectives

This thesis describes the characterization of interfacial interactions between atoms, mo-
lecules, 2D materials and noble metal surfaces. To this end, we have employed several
complementary surface science techniques, such as STM, AFM, LEED, XPS and XSW and
have learned that it is the combination of these powerful techniques that has provided a
fully grounded understanding of the system under investigation. Studying the fundamental
structural, electronic and magnetic properties of those systems constitutes a valuable source
of knowledge for potential technological applications in future nanoscale devices.
In Chap. 4, epitaxial h-BN layers on the noble metal substrates Cu(111) and Ag(111) were

introduced. In the case of Cu(111) the adsorption height of the atomically thin h-BN layer
was determined unambiguously by combining XPS and XSW. The structural parameters of
XSW suggested a significant corrugation in the system, which was verified by complementary
AFM measurements in the course of which a novel experimental method was developed.
The described AFM technique — presumably even applicable to similar STM measurements
— enables to determine relative height differences in two-dimensional layers, as well as
potentially in large polycyclic molecules. Its combination with XSW thus provides exciting
opportunities for a detailed structure determination at the nanoscale. We showed that also
the relatively inert Ag(111) substrate allows to grow epitaxial h-BN layers utilizing ion-
gun assisted CVD. The weak interaction between the h-BN layer and the metal substrate
is reflected by the conservation of the Shockley surface state, which is still detectable in
STS measurements upon adsorption of h-BN. However, as the direct growth of h-BN on
Ag(111) results only in h-BN domains of minor structural quality, intercalation of silver in
h-BN/Cu(111) was explored. Our promising results suggest that this approach yields large-
scale h-BN domains on a silver substrate and that the electronic properties of the interface
(e.g. the work function and the electronic corrugation) can be tuned smoothly between the
ones achieved on Cu(111) and on Ag(111) supports through the employed thickness of silver,
providing a tailored platform for molecular adsorbates.
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Future experiments in this field could tackle the systematic investigation of the h-BN
corrugation on Cu(111) as a function of the moiré size. This question could even be studied by
DFT once the exchange-correlation functionals are further refined, confidence in its predictive
power is attained, and enough computing power is available to perform efficient calculations
on full h-BN moiré cells. In order to get a comprehensive understanding of the interfacial
interactions between h-BN and Ag/Cu(111), the geometric structure of the system needs to
be studied in more detail, e.g. by high-resolution nc-AFM. h-BN on Ir(111) represents a
potential test system for the applicability of the AFM method to highly corrugated systems,
with a quantitative structure determination by means of XSW having been reported in the
literature.[Zum16]
Chap. 5 presented experiments with porphyrin molecules as well as single cobalt atoms on

solid surfaces and h-BN supports. We determined the conformation of Co–P on Cu(111) and
obtained the exact lateral registry, a surface bridge site, unambiguously by a combined STM
and XSW analysis. Furthermore, we provided evidence that photoemission-based techniques
are capable of exploring the wide range of organic molecular adsorbates on epitaxial 2D over-
layers as evidenced by our adsorption geometry determination of Co–P on h-BN/Cu(111)
as a prototypic system. The adsorption height of Co–P on the h-BN layer as well as the
molecule–substrate interaction was discussed. Utilizing carbonitrile-functionalized porphyrin
molecules, we demonstrated the formation of 2D metal-organic coordination networks on an
insulating h-BN layer promoted by cobalt adatoms. Moreover, we showed for the first time
an in-situ metalation of a porphyrin macrocycle with metal atoms directly on an insulating
sp2 sheet. The resulting nanoporous network features Co centers in distinct environments,
hence constituting a mixed oxidation and valence network with prospects for applications in
hybrid nanoarchitectures. Surface magnetism was studied on cobalt atoms in different struc-
tural and chemical environments through characterization of the Kondo exchange interaction
between the single unpaired electron spin of Co and the underlying metal.
Based on the gained insights, we propose to study the metallo-supramolecular coordination

network, Co–TPCN on h-BN/Cu(111) in more detail, where interesting Kondo physics and
spin excitations can be expected. Moreover, the fundamental studies on the adsorption
geometry of porphyrin molecules on h-BN have opened paths to further investigate several
topics: first, the effect that molecular adsorbates exert on an atomically thin layer has yet to
be studied experimentally. Second, the presented measurements have indicated an intriguing
temperature dependence in the adsorption height of Co–P on a Cu(111)-supported monolayer
of h-BN. This effect has been anticipated in the literature[Mer13] to explain the discrepancies
between DFT calculations representing a kelvin environment and measurements performed
at finite or ambient temperatures, but to date not measured experimentally. However these
experiments have been performed on two different preparations of the boron nitride layer,
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thus a more reliable measurement of this effect is required and will be performed in an
upcoming synchrotron beamtime. The data analysis could yield corrections to the DFT
calculations to model this finite temperature effect, shedding significant insight into the
interaction of molecular semiconductors on h-BN, and more generally into the underlying
physics of molecular adsorption. Ultimately, the measurements have revealed that, although
the h-BN layer does significantly decouple the Co–P molecules, this decoupling is not total,
and a measurable interaction remains between molecular adsorbates and the underlying
substrate. This illustrates the need for an even more inert substrate for the h-BN layer
(such as e.g. SiC, Ag or Au) or to employ multiple h-BN layers to obtain a more idealized
approximation of adsorption on an insulating substrate.
Chap. 6 summarized the experimental findings on h-BNC heterostructures, which can

be realized via two systematically different approaches. First h-BN and G domains were
stitched together in-plane through simultaneous as well as sequential growth of h-BN and G
via CVD and atomic carbon evaporation, respectively. The electronic properties such as the
work function and the modification of the surface state were found to be very similar in both
materials. Second, as an alternative strategy to obtain well-defined B/N–C bonds, tailored
molecules comprising doping BN-hexagons within a poly-aromatic hydrocarbon scaffold were
employed. The self-assembly of two custom-designed borazine derivatives was studied on
the noble metal substrates Cu(111) and Ag(111). We observed that the substrate plays an
important role leading to a metal-organic coordination network in the case of Cu(111) and
resulting in densely-packed islands in the case of Ag(111).
For future work, advanced borazine derivatives with a slightly modified structure or care-

fully chosen, cleavable protection groups could be employed, possibly resulting in the forma-
tion of truly in-plane covalent networks. Moreover, the exploration of in-plane h-BN–G het-
erostructures holds great prospects, e.g. as a method to tune the graphene band gap,[Ci10,
Wan13] and to pave the way toward the construction of atomically thin graphene-based
integrated circuits.[Lev12, Liu13] A detailed understanding of the h-BN–G junction on the
atomic level could be pursued by means of high-resolution nc-AFM, which might lead to the
development of protocols for large-scale synthesis of well-defined heterostructures. Moreover,
it could be beneficial to explore another growth sequence: having sub-monolayer h-BN on the
sample before the evaporation of carbon. In this context, also the defined edges of graphene
nanoribbons[Cai10, Ruf16] could also be exploited. Another possible approach could be to
functionalize h-BN domains with tailored molecular building blocks, similar to what has been
achieved recently by fusing porphine molecules to graphene edges.[He17a, He17b] Moreover,
vertical heterostructures consisting of h-BN and various other 2D materials are conceivable
and of great interest.[Bri12, Gei13, Nov16] Especially the combination of h-BN and transition
metal dichalcogenides (TMD) such as WS2, MoS2 or MoSe2 seems very promising, owing to

141



Chapter 7 Conclusions and Perspectives

the decoupling characteristic of boron nitride, and the demonstrations that monolayer TMDs
form atomically thin direct band gap semiconductors,[Mak10, Spl10, Ton13] providing new
opportunities for technological innovations in the field of optoelectronics[Che18b] as well as
for the exploration of new physical phenomena.[Wan12b] Eventually, the direct, on-surface
synthesis of graphene nanoribbons or other molecular complexes on h-BN sheets might be
interesting to obtain a better understanding of physics at the nanoscale.
On a broader perspective, quantum materials are more and more in the focus of research

lately. In this class of materials that include e.g. graphene, superconductors, and topological
insulators, electrons are strongly correlated and quantum effects manifest over large ranges
of energy and length scales.[Kei17] Since many of these phenomena occur at surfaces or
interfaces, they are predestined for experiments utilizing the broad toolbox of surface science,
opening new avenues of research on a vast variety of materials with fascinating properties.
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Appendix A

List of Devices

A.1 LT-STM

Analysis chamber
STM CreaTec LT-STM (Besocke Beetle type)
In-situ evaporator Home-built 3-cell evaporator
Pressure gauge PfeifferVacuum IKR 270 Active Piezo Transmitter
Ion pump Varian VacIon Plus 300 Starcell

Preparation chamber
Sample manipulator VAb UHV Präzisions-Manipulator PM-25-500

VAb UHV Präzisions-Durchführung DDF 63 P
VAb He-Verdampfer-Kryostat HVK-STM-500

Ion source SPECS IQE 11/35
Resistive evaporator Home-built evaporator for copper
E-beam evaporator Focus EFM 3s
OMBE source Dodecon Molecular Beam 4-cell evaporator
LEED MDC Vacuum Products HTBRM-133-SP
Pressure gauge PfeifferVacuum IKR 270 Active Kaltkathode Transmitter
Ion pump Varian VacIon Plus 300 Diode
Titanium sublimation pump Varian Titan Sublimations Cryopanel
Turbo pumps OerlikonLeybold TVP TURBOVAC 340 M

Alcatel ATS 100
Diaphragm pump Vacuubrand Membranpumpe MD 4 NT

Electronics
STM DSP board CreaTec LT-STM Electronic Type DSP-10-CB-02
STM HV amplifier CreaTec HV-Amplifier
Current to voltage amplifier Femto DLPCA-200 Current Amplifier
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Lock-in amplifier Stanford Research System SRS850
Oscilloscope Tektronix TBS 1052B-EDU
Ion source controller SPECS PU-IQE 11/35
Pressure gauge display PfeifferVacuum TPG 256 A MaxiGauge
LEED controller Omicron SPECTALEED CONTROL UNIT
E-beam evaporator controller Focus EVC 300
Voltage sources Laboratory Power Supply EA-PS-3016-10 B

A.2 XPS-STM

STM chamber
STM CreaTec STM with PAN-Slider
Pressure gauge Vacom BARION-BASIC (Bayard-Alpert)
Ion pump GammaVacuum 600TV

XPS / Preparation chamber
Sample manipulator VAb UHV Präzisions-Manipulator PM-25-600

VAb UHV Präzisions-Durchführung DDF 63 P
VAb He-Verdampfer-Kryostat HVK-STM-600

Ion source SPECS IQE11/35
Resistive evaporator Home-built evaporator for copper
E-beam evaporator Focus EFM 3s
OMBE source Home-built Knudsen-cell evaporator (3 cells)
X-Ray gun SPECS XR 50
Electron analyzer SPECS PHOIBOS 100 with MCD detector
Residual gas analyzer Stanford Research Systems RGA100/12
Pressure gauge (UHV) Vacom BARION-BASIC (Bayard-Alpert)
Pressure gauge (FV) Vacom LH-230035 (Pirani)
Titanium sublimation pump GammaVacuum TSP 3 FILAMENT
Turbo pumps Oerlikon Leybold MAG W 400 iP

Oerlikon Leybold TURBOVAC SL 80
Diaphragm pump KNF N920AP.29.18

Electronics
STM DSP board CreaTec DSP-10-CB-03-STM
STM HV amplifier CreaTec HV Verstärker
Current to voltage amplifier Femto DLPCA-200 Current Amplifier
Oscilloscope VOLTCRAFT DSO-1062D
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A.3 Diamond Light Source - i09 Beamline

Sputter gun controller Home-built ion source controller
Pressure gauge display Vacom MVC3-B0

Vacom MVC3-BM
Ion pump controller GammaVacuum MPC-1-P-S-1-EC230-232-H-ITSP
Electron analyzer controller SPECS HSA 3500 plus
X-Ray gun controller SPECS XRC 1000
X-Ray gun water cooling controller SPECS CCX 60/R2
Cooling unit Van der Heijden KÜHLMOBIL

002-B400-SON-SPECS-16
E-beam evaporator controller Focus EVC 300
Voltage sources Laboratory Power Supply EA-PS-3016-10 B

A.3 Diamond Light Source - i09 Beamline
UHV chamber

X-Ray energy ranges Hard X-Rays: 2.1 - 18 keV
Soft X-Rays: 230 - 2000 eV

Electron Analyzer VG Scienta EW4000 HAXPES
with a 70 frame/sec CCD camera
Analyzer-incdent beam angle = 60◦ or 90◦

Sample manipulator 5 axes: X, Y, Z, polar (0 - 360◦) and azimuth (0 - 360◦)
Omicron type sample plates

E-beam evaporator Focus EFM 3s
OMBE source Home-built Knudsen-cell evaporator (3 cells)
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Appendix B

Vacuum Distillation of Borazine

In the course of this thesis, borazine was used as a precursor for the growth of h-BN via CVD
(see section 4). Borazine is liquid at room temperature and, importantly, decomposes rapidly
to boric acid, ammonia and H2 in the presence of ambient humidity,[Bon15] and ultra-violet
light.[Kön15] It is very reactive due to its electrophilic boron atoms, which favor the opening
of the aromatic ring leading to the degradation of the borazine molecule. To circumvent this
issue and enable its use as a precursor that is stable over reasonable timescales, a special
approach is necessary to handle borazine.
In the following, the vacuum distillation transfer of borazine, from the delivered stain-

less steel container into smaller quantities that are used for sample preparation in the UHV
chamber, is explained in detail. The method has two major advantages: First, it prevents
borazine from contamination (by air and hence in particular water) and thus decomposition
during the transfer. Second, the glass tube is filled with pure borazine, as gaseous decom-
position products of borazine do not condense at the applied temperature. The borazine
with a purity of 99% was purchased from KatChem, Prague, Czech Republic.[Kat17] The
glass tube in which the borazine is stored when attached to the UHV chamber is basically
a glass tube equipped with a vacuum tight, low leakage PRODURAN valve,[DUR17] and a
glass-metal transition in order to mount it to the CF flange of a leak valve. The glass tube
allows for visual inspection of the borazine quality.
FigureB.1a shows the employed setup for transferring borazine by condensation from

the stainless steel container into the glass tube. The borazine container is mounted with
either of its two valves to a KF/CF vacuum (Schlenk) line connecting it to the glass tube.
Additionally, two valves are required. One connects the vacuum line to a pumping station,
while the other valve connects a He bottle. In our case, a combined rough/turbo pumping
station is used, but in general, also a scroll pump or only a rough pump can be used. The He
gas is utilized to flush the vacuum line and acts as transport gas. Note that Ar gas should
not be employed since the boiling point of Ar is 87.3 K,[Twu80] and therefore, Ar condenses
when it is introduced into the liquid nitrogen cooled borazine container. For the transfer,
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Appendix B Vacuum Distillation of Borazine

borazine 
container

vacuum line

glass tube

valve 1 to
pumping station

valve 2 to
He bottle

borazine

a b

Figure B.1: a) Photo of the vacuum distillation setup. The stainless steel container with
the borazine and the glass tube are connected to a KF/CF vacuum (Schlenk) line. Two valves
separate a pumping station and a He bottle from the vacuum line. b) Photo of ∼2 ml liquid
borazine in the glass tube. Already very small quantities of borazine are sufficient for sample
preparations over a period of several months.

the vacuum line is evacuated, the borazine in the container is cleaned by two freeze-thaw
cycles and subsequently condensed into the glass tube. The exact procedure is as follows:

• Open the valve to the glass tube. Then, adjust the pressure of the He bottle to have
a slight overpressure and connect the tube to valve 2 of the transfer line. Next, close
valve 2 (between the vacuum line and He bottle).

• Freeze the borazine container (its both valves are still closed) with liquid nitrogen.

• Open valve 1 (to the pumping station) and pump the vacuum line for some minutes.

• Close valve 1 and open valve 2 to introduce He into the vacuum line.

• Close valve 2.

• Slowly open valve 1 to pump the vacuum line for some minutes. The vacuum line
should now be clean and under vacuum.

• Close valve 1 and then open the valve of the borazine container.

• Slowly open valve 1 and pump the transfer line for some minutes.

• Close valve 1 and open valve 2 to introduce He into the transfer line. The borazine
container is still cooled by nitrogen and the connecting valve is open.
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a b

Figure B.2: a) Photo of the Peltier Cooler in which the borazine glass tube is stored when
attached to the UHV chamber. b) Photo of a new glass tube equipped with a Swagelok valve
instead of the PRODURAN teflon stamp.

• Close valve 2 and slowly open valve 1 to pump the transfer line and the borazine
container for several minutes. (The last two steps may be repeated twice.)

• Close valve 1.

• Remove the liquid nitrogen dewar from the borazine container allowing it to warm up.
This step may take 15 to 20 min.

• The glass tube should now be placed in liquid nitrogen. Take care that the nitrogen
does not get too close to the glass T-piece with the Teflon stamp to avoid leakage.

• As soon as the borazine in the container melts and becomes liquid, a vapor pressure
of 300 mbar will be established in the vacuum line. Due to the temperature gradient
toward the glass tube that is cooled with liquid nitrogen (acting as a cold trap), the
borazine will condense into the glass tube.

• Remove the nitrogen dewar from time to time to allow the borazine, which freezes to
the inner walls of the glass tube, to melt and rinse down into the glass tube.

• The filling procedure may take 1 to 2 h
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Appendix B Vacuum Distillation of Borazine

Once ∼1 to 3 ml of borazine are filled into the glass tube (FigureB.1b), the transfer can
be stopped. The borazine in the glass tube is frozen with liquid nitrogen and mounted to
the leak valve of the UHV chamber. There, the metal T-piece (connecting the leak valve,
the borazine glass tube and a Swagelok valve that allows to clean the borazine prior to every
sample preparation) should be pumped and heated with a heat gun in order to get rid of
water adsorbed on the inner tube walls. To protect the borazine from decomposition during
storage, the glass tube is placed in a Peltier cooler (FigureB.2a) maintaining a temperature
of ∼− 15 ◦C and protected against ultraviolet light by wrapping it into aluminum foil. The
stainless steel container should be stored in a fridge to reduce the decomposition of the
borazine. FigureB.2b shows a new version of the glass tube equipped with a Swagelok valve,
which may be used in the future to circumvent the flaws of the PRODURAN teflon-stamp
valves.
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Appendix C

Experimental Details for Chapter 4

C.0 Experimental and Computational Details

C.0.1 Data Acquisition and Analysis

Nc-AFMmeasurements were performed with a qPlus tuning fork sensor (resonance frequency
∼30 kHz, oscillation amplitude 80 pm, Q value ∼46 000) operated in the frequency modula-
tion mode.[Gie98] The tip was prepared by indentation into bare Cu(111) and used without
deliberate (CO-)functionalization. The actual corrugation of the h-BN layer was obtained
with an experimental method in which we correlate the atomic contrast observed in the
AFM frequency shift ∆f to a height. First, the local atomically resolved h-BN lattice was
measured in a series of constant height scans with different tip heights (Figure 4.2f–i and
FigureC.3). Here, small-size images of 1 nm× 1 nm were acquired on pore and wire regions.
A Gaussian high-pass filter (σ of 0.15 nm) and a low-pass filter (σ of 0.05 nm) were applied
for background correction and noise reduction, respectively. For each pixel in the small-size
images, the ∆f amplitude A∆f is determined as the difference between the brightest and
darkest regions in a surrounding square box with side lengths of 0.28 nm, 10 % bigger than
the h-BN unit cell. By averaging over all pixels in each image, the average ∆f amplitudes
on wire (A∆f,W ) and pore regions (A∆f,P ) were determined and plotted as a function of the
relative tip height (see Figure 4.2b,e). The tip height is defined with respect to a reference
point that corresponds to the lowest tip height that was probed within the experiment.
No noticeable influence of piezo creep and thermal drift was found as verified by repeated
calibration scans in both directions, i.e. increasing and decreasing relative tip heights. An
averaged linear calibration curve A∆f (solid lines in Figure 4.2b,e) is obtained from the linear
fits to A∆f,W and A∆f,P . The local ∆f amplitude A∆f is proportional to the tip-sample dis-
tance ∆dtip−sample, i.e. A∆f ∝ ∆dtip−sample. Utilizing this relationship, the large-area AFM
constant-height image of the h-BN layer (Figure 4.2a) can be translated into a calculated
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Appendix C Experimental Details for Chapter 4

height map zcalc(A∆f ) (Figure 4.2c) by converting the local ∆f amplitude of each pixel of
the constant-height image into a height difference.

The XPS and XSW experiments were carried out at the I09 end station of DLS as described
in section 3.7. The XSW scans were acquired from the (111) Bragg reflection of Cu and were
repeated over 20 unique spots, resulting in 10 individual B 1s and N1s XSW data sets,
which were then averaged to improve the signal to noise ratio. The uncertainty of the given
structural parameters reflects the spread of results obtained by analyzing each measurement
individually. The B 1s and N1s peaks were fitted with two Voigt profiles, each given by a
convolution of independent Gaussian G(Eb, σ) and Lorentzian L(Eb,Γ) contributions:[Hes07]

V oigt(A,Eb, Eb0,Γ, A) = A · δ(Eb − Eb,0)×G(Eb, σ)× L(Eb,Γ), (C.1)

where A is the amplitude, Eb is the photoelectron binding energy scale, Eb,0 is the central
binding energy of the Voigt profile, σ is the FWHM of the Gaussian, and Γ the HWHM (half-
width at half-maximum) of the Lorentzian. The chosen widths of the Lorentzian components
are in good agreement with reported core-hole lifetimes of B 1s and N1s, respectively.[Nic12]
The Gaussian and Lorentzian line shapes are both normalized, prior to convolution, to have
an integrated area of 1. The Cu 3p peak, used to define the binding energy of the XP
spectra, was fitted with a convolution of a Doniach-Šunjić function with a Gaussian line
shape.[Sch17b] The integrated intensities of B 1s and N1s photoemission peaks were used to
obtain the relative X-ray absorption of the B and N atoms, respectively. Nondipolar effects
in the angular dependence of the photoemission were accounted for with the asymmetry
parameter Q which was calculated theoretically using the angle that corresponded to the
average angle weighted by emission intensity at an off Bragg energy (Φ = 18◦ where Φ is as
defined in reference [Fis98]).

To simulate the effect of the various height distributions (either extracted from the nc-AFM
measurement or given by a Gaussian/rectangular function) on the geometric factor, and thus
the coherent fraction, the structural parameters f 111 and p111 were expressed as the amplitude
and phase (respectively) of a Fourier component of the adsorption site, projected along the
(111) direction of the Cu crystal. This component can then be expressed by an integral,
between p111 = 0 and p111 = 1, and an associated probability assigned to each position,
as described in Eq. (C.2) and Eq. (17) of Ref. [Woo05]. The length of the vector represents
the coherent fraction and the angle is defined by the coherent position. Each individual
component within the respective distribution was assumed to have a coherent fraction of
0.88 (taking into account the vibrational amplitudes discussed above) and weighted by a
factor dependent on the distribution. An exemplary profile is shown in Figure 4.6a together
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C.0 Experimental and Computational Details

with its structural fit parameter. Simulated XSW absorption profiles for a Gaussian and a
uniform height distribution are displayed in FigureC.5.

C.0.2 DFT Calculations of h-BN/Cu(111) in a (1× 1) Unit Cell

DFT calculations using the Quantum ESPRESSO code[Gia09] were carried out by Ari
Seitsonen. We employed several approximations (vdW-DF2-rB86,[Ham14, Lee10] vdW-
DF-optB86,[Kli11] vdW-DF,[Dio04, Dio05] and revPBE+D2,[Zha98, Per96, Gri06]) in the
exchange-correlation term, and compare to previous results to clarify the apparent discrep-
ancies between those calculations. For simplicity we used the experimental lattice constant
of 3.61Å, four substrate layer-slabs with two bottom layers fixed, projector augmented wave
(PAW) data sets for the pseudisation of the core electrons, and cut-off energy of 40 Ry for the
wavefunctions and 400 Ry for the electron density and augmentation terms in the plane wave
expansion. We first investigated the h-BN layer laterally positioned at the six high-symmetry
registries,[Gom13] where the B and N atoms are located either at fcc, hcp or on-top position
above the Cu(111) substrate. For example, the notation BfNo corresponds to a B atom at
lateral fcc site and N at on-top site. 24× 24 grid of k points was employed in the integral
over the first Brillouin zone. We checked that in ten-layer slabs with vdW-DF2-rB86 the
results are only marginally changed (up to 0.01Å in layer distances, 1 meV in energies and
0.01 eV in work functions). We further performed two calculations in a (4

√
3 × 4

√
3)R30◦

super-structure, where the h-BN layer was rotated by 30◦ relative to the substrate, yield-
ing 49 BN pairs on 48 substrate atoms. Two additional calculations with a commensurate
structure, with 48 BN pairs in the same cell as before, were performed with BoNf and BfNo

registries in order to allow a comparison of the results with minimal qualitative differences
in the system. A 2× 2 grid of k points was employed.
EN 1s core-level binding energies with the vdW-DF-rB86,[Ham14, Dio04, Dio05] as the

exchange-correlation term were evaluated with the VASP code,[Kre96] in lateral 4× 4 com-
mensurate lateral cell with ten layers of substrate and 2× 2 grid of k points in the commen-
surate cells and four layers with Γ-point only in the (4

√
3 × 4

√
3)R30◦ h-BN-rotated cells.

We note that in the smaller 2× 2 cell even the sign of the binding energy difference between
the two N-on-top and the four other configurations was the opposite, thus requiring such a
larger cell to better isolate the atoms with a core hole. In Table C.1 we collect the results
for the vertical height of the B and N from the top-most Cu layer (∆zB−Cu, ∆zN−Cu, in Å),
the corresponding height from the coordinate of bulk-truncated Cu slab extrapolated to the
outermost layer (∆zextB−Cu, ∆zextN−Cu, in Å), the relative total energy from the minimum BfNo

configuration (∆E, in meV), and the work function (Φ, in eV). Additional calculations are
published in Ref. [Sch17b].
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BfNo BhNo BoNh BfNh BoNf BhNf

vdW-DF2-rB86 ∆zB−Cu 3.12 3.13 3.36 3.37 3.34 3.36 Present work
∆zN−Cu 3.13 3.14 3.36 3.38 3.35 3.37
∆zextB−Cu 3.03 3.04 3.27 3.29 3.26 3.28
∆zextN−Cu 3.06 3.05 3.28 3.29 3.26 3.28
∆E Ref 1 22 22 21 22
Φ 4.11 4.12 4.45 4.43 4.45 4.42 ΦCu(111) = 5.09

vdW-DF-optB86 ∆zB−Cu 3.04 3.06 3.31 3.32 3.29 3.32 Present work
∆zN−Cu 3.06 3.07 3.32 3.33 3.30 3.32
∆zextB−Cu 2.94 2.96 3.21 3.22 3.19 3.22
∆zextN−Cu 2.95 2.97 3.22 3.23 3.20 3.22
∆E Ref 1 25 26 24 25
Φ 3.96 3.99 4.34 4.33 4.35 4.33 ΦCu(111) = 5.05

vdW-DF-rB86 ∆zB−Cu 3.03 3.04 3.27 3.28 3.26 3.28 Present work
∆zN−Cu 3.04 3.05 3.28 3.29 3.27 3.29
∆zextB−Cu 2.95 2.96 3.19 3.20 3.18 3.20
∆zextN−Cu 2.96 2.97 3.20 3.21 3.19 3.20
∆E Ref 0 25 26 24 26
Φ 3.98 3.97 4.31 4.32 4.31 4.32 ΦCu(111) = 5.03

Table C.1: Adsorption properties of h-BN/Cu(111) from DFT calculations in a (1× 1) cell

The results show a large variation in the layer heights, relative energies between the reg-
istries and the work function. The same observation has recently been made on h-BN/Ir(111).
The present results with revPBE+D2 approach are close to those in Refs [Gom13, Koi13]
with revPBE+D3. Results from vdW-DF2-rB86 and vdW-DF-optB86 are close to each
other, and we do trust in those most.

We cannot directly compare the layer distances extracted from the XSW measurements
and our commensurate 1× 1 systems, as our calculations are in the commensurate cell with
the B and N atoms placed at high-symmetry sites. Assuming that the N-on-top configura-
tions yield extremal layer distances in a moiré-like structure the adsorption height from the
DFT calculations averaged over regions where N is close to the on-top positions would result
in a value smaller than the ≈ 0.2Å obtained at BfNo and BhNo. Extended calculations in
larger cells would be required to further investigate the issue.

In a separate approach, we compared the mean adsorption height of a 30◦ rotated h-BN
sheet on Cu(111) modeled by a (4

√
3× 4

√
3)R30◦ super-structure with the non-rotated one

(1× 1) following the vdW-DF2-rB86 scheme. The heights are listed below:
Rotated structure with one B on-top: 3.32Å Non-rotated BoNf : 3.36Å
Rotated structure with one N on-top: 3.31Å Non-rotated BfNo: 3.15Å
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C.1 Moiré Calculations of h-BN Domains on Cu(111)

The rotated structure features a very small corrugation as compared to the non-rotated
one, most likely due to adjacent N on-top positions in the latter, leading to regions, or
“pores”, where the h-BN layer is closer to the substrate. In the rotated structure this is not
the case, and the whole layer is located at the large distance from the surface.
The calculated XPS EN 1s core-level binding energies in the commensurate cells are larger

by about 0.3 eV in the BfNo registry than when the N atoms are located on hollow sites. In
the rotated (4

√
3× 4

√
3)R30◦ cell the difference in EN 1s between the two configurations are

very small, reflecting the very similar vertical corrugation. This also implies that the EN 1s

is different in the BfNo configuration not because of the on-top position of the N atom, but
because of the difference in the layer height.

C.1 Moiré Calculations of h-BN Domains on Cu(111)

The right h-BN island in FigureC.1a clearly shows a moiré pattern with a periodicity of
6.9 nm. In the left h-BN island the moiré pattern is not discernible at the given scan pa-
rameters: Ub = 2.0 V,It = 80 pA. FigureC.1b displays an STM image with atomically
resolved h-BN lattice and the moiré super structure of a zoom into the left island evidences
the existence of a moiré with only 1.03 nm periodicity. The h-BN lattice is rotated around
12◦ with respect to the substrate lattice. Inequivalent contrast of the moiré beatings might
indicate, that multiple beatings are present within the moiré unit cell. FigureC.1d,e display
calculations of the moiré lattice constant am versus angle between h-BN and Cu(111) lat-
tice according to the procedure devised by Artaud et al. [Art16] (aCu = 2.556Å[Str69] and
aBN = 2.504 68Å[Pas02] used for calculations) assuming commensurability between the two
lattices. Each point corresponds to a commensurate super lattice with lattice constant am
and rotation Φ between substrate and h-BN lattice. The color indicates the strain level of
the h-BN layer. If one considers multiple beatings per moiré unit cell, moiré super structures
with angles between 0◦ and 30◦ can be explained.
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Figure C.1: (a) STM topography image showing two different h-BN islands on Cu(111). STM
image of the h-BN lattice of (b) the left island (Ub = 0.28 V,It = 2.8 nA), and (c) the right
island in (a). Ub = 0.28 V,It = 1.7 nA. (d,e) Moiré calculations based on the works of Artaud
et al. [Art16] predict possible moiré periodicities for considering (d) only one, or (e) multiple
beatings per unit cell.
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C.2 Local Work Function Differences of h-BN/Cu(111)

C.2 Local Work Function Differences of h-BN/Cu(111)
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Figure C.2: Work function variation along h-BN/Cu(111) moiré. (a) STM image showing the
h-BN moiré with a periodicity of 8.4 nm. Scan parameter: Ub = 4.0 V, It = 40 pA. (b) Field
emission resonances acquired along the black dotted line in a) revealing a variation of the peak
positions. (c) Work function differences between bright (“hill”/pore) and dark (“valley”/wire)
regions obtained from the dI/dV curves of the field emission resonances displayed in b).
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C.3 Atomic Contrast Series for Different Tip Heights
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Figure C.3: Constant-height AFM series showing the increase of atomic contrast of the h-BN
lattice with reduced tip-sample distances. The z-dependence of the atomic contrast in the images
shows a similar behavior for both, (a) wire and (b) pore regions of the h-BN/Cu(111) moiré.
All images are 1 nm× 1 nm and are offset to have the same color scales as indicated for each
series. The images (Size: 1 nm× 1 nm) in (c) compare directly the wire (upper panel) and
pore (lower panel, offset by 0.4Å) regions to highlight the different tip heights required for
similar atomic contrast. The images were acquired in the region shown in Figure 4.2 in the
section 4.1.3.1. For better comparability across images we use relative ∆f rel scales, where the
lowest ∆f rel value in each image amounts to 0 Hz.
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C.4 Dissipation
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Figure C.4: Constant-height AFM series for very close tip-sample distances shows pronounced
features in the atomic h-BN lattice accompanied by enhanced dissipation. Dissipation reflects
the energy lost by direct tip-substrate interactions.

C.5 Simulation of XSW Absorption Profiles

a

-2 -1 0 1 2

E - E
Bragg

 (eV)

0

0.5

1

1.5

2

2.5

R
e

la
tiv

e
 A

b
so

rp
tio

n

Experimental yield

Gaussian distribution

Equal distribution

cb

-0.5 -0.25 0 0.25 0.5

Relative adsorption height (Å)

C
o
u
n
ts

 (
a
rb

. 
u
n
its

)

-1 -0.5 0 0.5 1

Relative adsorption height (Å)

C
o
u
n
ts

 (
a
rb

. 
u
n
its

)

Figure C.5: Calculated XSW absorption profiles for theoretical height distributions. The height
distribution in (a) is given by a Gaussian distribution with a σ spread of 0.45Å and in (b)
by an uniform height distribution with width w = 0.75Å. (c) The obtained XSW profiles both
exhibit a coherent fraction of 0.71 similar to the one experimentally observed.

To simulate the effects of the height distributions displayed in FigureC.5, the coherent
fraction and position were expressed as a Fourier component projected along the (111) direc-
tion for the Fourier series that describes the distribution of adsorption sites. The component
can itself then be expressed as an integral along the (111) direction (z) over a period defined
by the (111) layer spacing (d111):

f 111 exp
(
−2πip111

)
=
∫ d111

0
f(z) exp (2πiz/d111)δz, (C.2)
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where f(z) is in turn, as by Eq. (4.1) in the main text:

f(z) = C · az ·D111, (C.3)

where az is the probability of finding an atom at position z (as defined by the functions
shown in FigureC.5). Thus, assuming the ordered fraction is unity, the resulting geometric
factor becomes:

a111 = f 111

D111
. (C.4)

C.6 Moiré Superstructures at Room Temperature
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Figure C.6: STM images of the moiré superstructure of (a) h-BN/Cu(111) (Ub = −0.75 V,
It = 74 pA) and (b) an h-BN–graphene interface on Cu(111) (Ub = −1.16 V, It = 2.3 nA),
recorded at room temperature. (c) The apparent corrugation in the STM image displayed in (c)
is clearly larger in the case of h-BN (∼90 pm) compared to graphene (∼35 pm). For a smaller
bias voltage of Ub = −0.11 V and in a different region, apparent corrugations of ∼40 pm (h-BN)
and ∼20 pm (graphene) were measured, respectively.
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C.7 Geometric Corrugation Measurements on a Larger Moiré Unit Cell

C.7 Geometric Corrugation Measurements on a Larger
Moiré Unit Cell
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Figure C.7: (a) Constant-height AFM image of h-BN/Cu(111) showing the atomic h-BN
lattice together with the moiré unit cell. Orange and blue squares indicate spots on the wire
and pore region of the moiré pattern. Green square indicates an area with a defect underneath
the h-BN layer. (b)-(d) Series of constant height AFM scans showing the atomic contrast of
the h-BN lattice acquired on the indicated defect in (a) for decreasing tip heights. All boxes are
1 nm× 1 nm and have the same color scale. (e) Mean local ∆f amplitude A∆f (solid line) of
the atomic h-BN contrast for such boxes recorded at various tip heights in the indicated wire
and pore region and for the defect. Dashed lines represent linear fits of filled data points. (f)
Calculated zcalc (∆f) map of the constant height AFM scan in (a). The moiré unit cell is indi-
cated with black lines. (g) Extracted height distribution histogram of indicated moiré unit cell
(black parallelogram) in the zcalc (∆f) map in (f). Values exceeding ±2σ were replaced by ±2σ.
AFM data analysis was done in Python using NumPy,[van11] SciPy,[Jon1 ] Matplotlib[Hun07]
and scikit-image.[van14]
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C.8 Silver Deposition on Cu(111)

Silver was deposited by e-beam evaporation while the Cu sample was kept at 573 K. After
depositing silver on Cu(111) we observed the well-known reconstruction resulting from the
lattice parameter difference between Ag and Cu (aAg = 2.89Å, and aAg = 2.56Å), see
FigureC.8a. The 9× 9 superstructure has a periodicity of 2.4 nm.

a b

c

5 nm

Figure C.8: Silver overlayer on a Cu(111) crystal. (a) 15× 15 nm2 STM image of 2 ML
of Ag on Cu(111) (Ub = 2 V, It = 0.1 nA). (b) Corresponding LEED pattern at 70 eV. The
pattern presents an offset from (0,0) due to technical issues. (c) dI/dV spectra measured on
different areas of the 9× 9 superstructure.

The LEED pattern in FigureC.8b shows the six main spots of the Cu(111) substrate
surrounded by Ag satellite spots. The Ag/Cu(111) surface has also been studied by means
of scanning tunneling spectroscopy. FigureC.8c shows individual dI/dV curves measured on
different areas of the Ag/Cu(111) superstructure. All spectra show an increase in the local
density of states around −235 eV that correspond to the surface state onset of Ag/Cu(111).
Previous studies have shown, that the surface state binding energy depends on the Ag
thickness.[Wes04] Comparing our dI/dV spectra with this previous work, we conclude that
the Cu(111) crystal is covered by about 3ML of Ag.
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C.9 Evolution of the Surface State of h-BN on Ag(111) and Ag/Cu(111)

C.9 Evolution of the Surface State of h-BN on
Ag(111) and Ag/Cu(111)

a b

c d

Ag(111) h-BN h-BN

Ag/Cu(111)

Figure C.9: Evolution of the surface state. STM images of (a) h-BN/Ag(111) and (b)
h-BN/Ag/Cu(111). (c) and (d) display the corresponding dI/dV spectra around the Fermi
energy measured along a line going from the metallic surface to the 2D layer.
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D.0 Geometric Factor in XSW

The coherent fraction f 111 can be expressed as a product of the ordered fraction (C), a
geometric factor (a111) and the Debye-Waller factor (D111) such that:

f 111 = C · a111 ·D111, (D.1)

which model, respectively, the level of order, the static geometric distribution, and the
dynamic geometric distribution of the atomic species under investigation.[Woo05] Taken
that the molecular coverage was low (∼20 %) during our experiments and the STM images
suggest well-ordered Co–P molecules, the ordered fraction C is assumed to be ∼0.9, the
coherent fraction of the Co 2p3/2 core level. The Debye-Waller factor DWF ≤ 1 takes into
account thermal vibrations. In the harmonic approximation, it is defined as

D111 = exp
[
−
(
q2
〈
u2
〉)
/3
]

(D.2)

where q is the scattering vector:
q = 2π/d111. (D.3)

Here, 〈u2〉 is the mean-square vibrational amplitude of the considered atom and d111 denotes
the spacing of the used diffraction planes.[Zeg09]

D.1 XSW Triangulation Measurement

XSW allows to determine the lateral atomic registry via real-space triangulation.[Woo05]
In case of an fcc (111) surface, a set of two experiments at both the (111) and the (111)
Bragg reflections are needed in order to distinguish the high-symmetry adsorption sites of
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Figure D.1: Normal-incidence XSW absorption profile for Co 2p3/2 of a sub-monolayer of
Co–P on Cu(111) using the (111) Bragg reflection. A Debye-Waller factor of 0.95 is included
in the XSW fit to account for the thermal vibrations of the substrate at room temperature. The
solid green line denotes the fit to the data. Black data points represent the reflectivity curve.

the surface. The obtained layer spacings p111 and p111 can then be used to determine the
lateral atomic position. In case the adsorber atom occupies the bridge site, the relationship
between the two layer spacings is given by:[Woo05]

p111 = (p111)/3 + 1/2 (D.4)

taking into account the three distinct bridge sites. The same layer spacing relationship is
obtained for an adsorber atom equally populating fcc and hcp hollow sites.[Woo05]
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D.2 Co–P Molecules Imaged with Different Tips

D.2 Co–P Molecules Imaged with Different Tips

2 nm

a b c-0.5 V 0.5 V 0.5 V

CO tip CO tip Metallic tip

Figure D.2: STM images of Co–P molecules with three different orientations on Cu(111)
imaged with (a) a CO terminated tip at negative bias, (b) a CO terminated tip with positive
bias, and (c) a metallic tip at positive bias. Set point of all images: It = 800 pA.

D.3 XSW Absorption Profiles of Co–P on
h-BN/Cu(111) – Low Coverage, 50 K
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Figure D.3: XSW absorption profiles of the atomic species in (a) the h-BN layer, and (b) the
Co–P molecules on h-BN/Cu(111) at the (111) Bragg reflection at 50 K and in the low coverage
regime (∼0.15 ML). Solid lines are fits to the data. Black data points represent the reflectivity.
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D.4 XPS Data of the Co 2p Core Level for High
Coverage on h-BN/Cu(111)
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Figure D.4: XP spectrum of the Co 2p3/2 core level for a high Co–P coverage on h-BN/Cu(111)
(∼0.95 ML) acquired at 300 K. The ratio of Co1 to Co2 is ∼ 1.55 : 1.

D.5 XSW Absorption Profiles of Co–P on
h-BN/Cu(111) – Low Coverage, 300 K
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Figure D.5: XSW absorption profiles of the atomic species in (a) the h-BN layer, and (b)
the Co–P molecules on h-BN/Cu(111) at the (111) Bragg reflection at 300 K and in the low
coverage regime (∼0.15 ML). Solid lines are fits to the data. Black data points represent the
reflectivity curve.
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D.6 XSW Absorption Profiles of Co–P on h-BN/Cu(111) – High Coverage, 300 K

D.6 XSW Absorption Profiles of Co–P on
h-BN/Cu(111) – High Coverage, 300 K
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Figure D.6: XSW absorption profiles of the atomic species in (a) the h-BN layer, and (b) the
Co–P molecules on h-BN/Cu(111) at the (111) Bragg reflection at 300 K and in the high cov-
erage regime (∼0.95 ML). Solid lines are fits to the data. Black data points are the reflectivity
curve.

High coverage, 200 K High coverage, 300 K

Core level f111 p111
Adsorption
height h0

(Å)
f111 p111

Adsorption
height h0

(Å)

Co–P

C1s (C–C) 0.30± 0.02 0.16± 0.02 6.59± 0.04 0.24± 0.02 0.18± 0.02 6.64± 0.04
C 1s (C–N) 0.32± 0.03 0.16± 0.02 6.59± 0.04 0.31± 0.02 0.19± 0.02 6.66± 0.04
N1s (NCoP) 0.37± 0.06 0.13± 0.04 6.53± 0.08 0.47± 0.05 0.16± 0.03 6.60± 0.06
Co 2p (Co1) 0.33± 0.06 0.09± 0.04 6.45± 0.08 0.27± 0.04 0.12± 0.03 6.51± 0.06
Co 2p (Co2) 0.40± 0.08 0.07± 0.05 6.41± 0.10 0.40± 0.03 0.11± 0.02 6.49± 0.04
Co 2p (Co3) 0.34± 0.14 0.02± 0.13 6.30± 0.26 0.39± 0.10 0.03± 0.06 6.32± 0.12

h-BN B1s (B0) 0.53± 0.04 0.60± 0.02 3.34± 0.04 0.58± 0.06 0.61± 0.03 3.36± 0.06
N1s (N0) 0.62± 0.02 0.60± 0.01 3.34± 0.02 0.61± 0.02 0.60± 0.01 3.34± 0.03

Table D.1: Comparison of the structural parameters of the XSW analysis of
Co–P/h-BN/Cu(111) at 200 K and at 300 K. The table summarizes the coherent fraction f111,
the coherent position p111 and the mean adsorption height h for all atomic species in the Co–P
molecule and the h-BN layer.
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D.7 Voltage-Dependent Contrast of the TPCN
Network
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Figure D.7: Voltage dependent contrast due to the electronic superstructure of h-BN/Cu(111)
and STS signature of coordination nodes in comparison to Co–TPCN and 2H–TPCN. (a) Lat-
eral electronic superstructure of the bare h-BN/Cu(111) template (Ub = 4 V). (b-f) Continuous
variation of the appearance of the TPCN layer with increasing bias voltage (Ub = 1 − 1.5 V),
reflecting the onset of the LUMO energy, which varies with position on the h-BN/Cu(111) su-
perstructure. (a-f: Image size 16 nm × 16 nm). (g) STS data of 2H–TPCN molecules (red,
1, 3) evidencing the shift of the LUMO energy (compare Figure 5.12). Exemplary positions of
molecules 1 and 3 are highlighted in (b), (d) and (f). At the bias voltage corresponding to image
(d), tunneling proceeds via the LUMO only for the molecules on the moiron (3), i.e. they show
a four-lobe contrast. At the bias voltage corresponding to image (f), tunneling proceeds via the
LUMO for all molecules. The bottom panel compares the STS signature of coordination nodes
(blue, 4, 6) with Co centers in Co–TPCN (green, 5), evidencing an upshift of the lowest un-
occupied resonance in the former. (h) STM image of the mixed-valence coordination network,
where the positions of nodes 4 and 6 are marked.
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E.1 STM Simulations of Individual BNPPy Molecules
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Figure E.1: Comparison between the experimental and simulated STM images of an individual
BNPPy molecule for different molecular conformations. (a) Experimental STM image of a
BNPPy molecule on Cu(111). Scan parameters: Ub = 1.9 V, It = 170 pA. (b) Wireframe
model of BNPPy where the phenyl rings attached to the borazine core are standing upright and
the terminal pyridine rings in the legs are lying flat. (c) The corresponding STM simulation
of the occupied states is in good agreement with the experimental STM image. (d) Wireframe
model of BNPPy where the phenyl rings are upright while the three legs are completely planar.
(e) The STM simulated image of the occupied states reveals that in this adsorption geometry,
the contrast is dominated by the upstanding phenyl rings and does not match the experiment.
(f) Wireframe model of the cyclodehydrogenated, planar BNPPy molecule. (g) The appearance
in the corresponding simulated STM image of the occupied states is dominated by a hexagonal
shaped bright core unit. STM images were simulated under the Tersoff-Hamann approximation.
The occupied states are described best by the HOMO, HOMO-1 and HOMO-2 orbitals. A
Gaussian filter was applied to smooth the simulated images.
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E.2 Molecular Phases on the Ag Substrate

a b
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b
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Figure E.2: Self-assembled molecular phases of BNPPy on the Ag surface. (a) The large-
scale STM image reveals that within the well-ordered hexagonal network, several domains of a
different phase occur. Scan parameters: Ub = 1.0 V, It = 910 pA. (b) In the most abundant
phase the molecules arrange in six-membered rings with hexagonal symmetry. Scan parameters:
Ub = 0.2 V, It = 40 pA. (c) In the second phase, the BNPPy assemble in rows consisting of
two molecules rotated by 60◦ relative to each other. Scan parameters: Ub = 1.4 V, It = 100 pA.

E.3 Large-Scale STM Images on Cu(111)

50 nm 10 nm

a b

Figure E.3: (a) Large-scale STM image of BNPPy on Cu(111). For sub-monolayer coverages,
the growth initiates at step edges. Scan parameters: Ub = 1.0 V, It = 91 pA. (b) Deposition
of additional Cu atoms, leads to a structural transformation of the self-assembly. The large-
scale molecular network consists of three-fold coordinated BNNPy molecules. Scan parameters:
Ub = 1.5 V, It = 58 pA.
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E.4 High Temperature Post-Annealing

E.4 High Temperature Post-Annealing

Cu(111) Ag(100)

ba 5 nm 20 nm

Figure E.4: (a) STM image of the BNPPy network on Cu(111) after annealing to 470 K.
Only disordered structures are observed on the surface. Presumably, covalent bonds are formed
between some molecules (indicated by red arrows), while other molecules might have lost at
least parts of their legs (indicated by red circles) leading to very densely packed structures.
Scan parameters: Ub = 1.0 V, It = 80 pA. (b) STM image of the BNPPy network on Ag(100)
after annealing to 570 K. The highly ordered hexagonal network is still mostly intact, although
some defect lines begin to appear. In addition, regions with disordered structures are observed
on the sample. Scan parameters: Ub = 1.0 V, It = 100 pA.

E.5 XPS Data of a Multilayer on Cu(111)
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Figure E.5: Coverage dependent XP spectra of BNPPy on Cu(111). (a) The peak of the C 1s
core level of a (sub-) monolayer BNPPy coverage (blue line) is observed at Eb = 284.8 eV.
Increasing the molecular coverage to ∼5 layers (orange line) leads to an upshift of the core-
level binding energy to Eb = 285.2 eV, due to suppressed polarization screening by the metallic
substrate in the multilayer. Annealing the multilayer sample to 520 K for 5 min (green line)
does not change the C 1s core-level spectra. It is inferred that the molecular coverage on the
sample does not substantially decrease upon annealing. (b) N 1s core-level spectra of a BNPPy
monolayer (blue line) and ∼5 layer coverages (orange line). In the case of the monolayer, the
peak is observed at Eb = 399.2 eV, while it is upshifted by ∼0.2 eV in the case of the BNPPy
multilayer sample. (c) Due to the small cross-section, the B 1s core level is only resolved for
multilayer coverages. The determined binding energy is Eb = 190.8 eV.
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E.6 Modified Borazine Derivative BNAPy
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Figure E.6: (a) Structural model of N,N’,N”-triphenyl-B,B’,B”-tri(2,6-dimethyl-4-(4-
(pyridyl)phenyl)pnehyl)borazine (BNAPy). (b) The STM image of BNAPy on Cu(111) shows
the same self-assembly in molecular chains with one coordinated leg. The trapezoidal unit cell
of the network has the parameters a = 32.6± 2.6Å, b = 19.2± 2.4Å and Θ = 75± 4◦. Scan
parameters: Ub = 1.0 V, It = 100 pA.
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