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Abstract

In the present work, the ability of one single layer of hexagonal boron nitride (hBN) to decou-
ple the organic molecule 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) from an under-
lying Cu(111) surface was investigated. The decoupling was probed by fluorescence (FL) spec-
troscopy of the PTCDA molecule adsorbed on the hBN surface. An analysis of the topographi-
cal and the electronic structure of the system PTCDA/hBN/Cu(111) was performed with spot-
profile analysis low energy electron diffraction (SPA-LEED), the normal incidence x-ray standing
waves technique (NIXSW), x-ray photoelectron spectroscopy (XPS), and ultraviolet photoemis-
sion spectroscopy (UPS). To gain insight into the growth process of the hBN layer, temperature
programmed desorption (TPD) was used. The investigation comprises three steps.

First, the structure of the substrate hBN/Cu(111) was analyzed and the growth process of the
hBN layer was investigated. The structural analysis revealed the very weak interactions at the
hBN/Cu(111) interface. Despite a small lattice mismatch of 2.0% the structure is incommensurate.
The hBN layer is slightly buckled with an amplitude of (0.42 £ 0.05) A, however, compared to
the large vertical distance between hBN and the Cu(111) surface of 3.24 A this buckling is very
small and the hBN layer can be considered locally flat. A further indication for weak interfacial
interactions is the wide range of azimuthal orientations of the hBN domains. The orientations are
determined during the growth process which is separated into three steps. First, hBN domains
rotated by 30° relative to the Cu(111) surface grow at surface defects, then the hBN domains on
terraces grow aligned with the metal substrate and reach the largest sizes of all hBN domains, and
finally, randomly oriented hBN domains fill the remaining gaps between larger domains.

Then, the PTCDA molecule on hBN/Cu(111) was investigated with respect to its geometric and
electronic structure. For the PTCDA /hBN interface, too, an incommensurate structure, a large
vertical distance, and disorder in the azimuthal orientations of the adsorbate domains were found.
Furthermore, the investigations revealed a small desorption energy of PTCDA molecules, a strong
resemblance of the Cls XPS spectra of PTCDA/hBN/Cu(111) and PTCDA multilayers, and no
differential shifts of orbital energies of PTCDA on hBN/Cu(111) compared to the gas phase of
PTCDA. All of these observations point to the very weak interactions between PTCDA and the
hBN/Cu(111) substrate. Stronger interfacial interactions have only been found for hBN layers
with a higher density of structural defects. Here, the underlying Cu(111) surface could influence
the azimuthal orientation of the PTCDA domains.

Finally, the optical properties of PTCDA/hBN/Cu(111) were measured and compared to those
of PTCDA/Cu(111) where the first PTCDA layer decouples the higher layers of PTCDA from
the metal surface. Raman lines were measured for both systems and compared to PTCDA on
other substrates. On both, hBN/Cu(111) and Cu(111), fluorescence from molecules at surface
defects and from molecules adsorbed in higher layers (the second and third PTCDA layers on
hBN/Cu(111) and on Cu(111), respectively, and higher) was observed at ~18,450 cm ™! and at
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~18,150 cm ™!, respectively. Only on hBN/Cu(111), fluorescence from ordered PTCDA domains
in the first layer was found at ~18,300 cm~!. However, the fluorescence intensity of PTCDA on
hBN/Cu(111) is low and the life times of the excited states amounts to only (1.6 —4.4) - 1074 s.

These investigations showed that a single layer of hBN is able to decouple the PTCDA molecule
from an underlying Cu(111) surface only to a certain degree. On the one hand, PTCDA on
hBN/Cu(111) structurally resembles PTCDA molecules in the gas phase rather than those ad-
sorbed on metal surfaces. On the other hand, the hBN layer does not decouple the PTCDA
molecule enough to prevent the quenching of an electronic excitation. Despite the reduction of

the charge-transfer at the interface, the fluorescence intensities and quantum yields are small.



Kurzzusammenfassung

In dieser Arbeit wurde untersucht, ob eine einzelne Schicht hexagonales Bornitrid (hBN) die
Fahigkeit besitzt, das organische Molekiil 3,4,9,10-Perylentetracarbonsduredianhydrid (PTCDA)
von einer Cu(111) Oberflache zu entkoppeln. Die Entkopplung wurde durch Fluoreszenz (FL)-
Spektroskopie an dem auf der hBN-Oberfliche adsorbierten PTCDA-Molekiil gemessen. Die
Analyse der topographischen und der elektronischen Struktur des Systems PTCDA /hBN/Cu(111)
erfolgte mittels Spotprofil-Analyse bei der Beugung niederenergetischer Elektronen (engl. spot-
profile analysis low energy electron diffraction, SPA-LEED), der Technik des stehenden Wellenfelds
unter Normaleinfall (engl. normal incidence x-ray standing waves technique, NIXSW), Rontgenpho-
toelektronenspektroskopie (engl. x-ray photoelectron spectroscopy, XPS) und Ultraviolettphotoelek-
tronenspektroskopie (engl. ultraviolet photoelectron spectroscopy, UPS). Um einen Einblick in den
Wachstumsprozess der hBN Schicht zu erlangen, wurde Temperatur-programmierte Desorption
(engl. temperature programmed desorption, TPD) eingesetzt. Die Untersuchungen umfassen drei
Schritte.

Zunichst wurde die Struktur des Substrats hBN/Cu(111) analysiert und der Wachstumsprozess
der hBN-Schicht wurde untersucht. Die Strukturanalyse deckte die sehr schwachen Wechsel-
wirkungen an der Grenzfliche zwischen hBN und Cu(111)-Oberfliche auf. Trotz der nur gerin-
gen Gitterfehlanpassung von 2,0 % ist die Struktur inkommensurabel. Die hBN-Schicht ist leicht
gewellt mit einer Amplitude von (0,42 &+ 0,05) A. Im Vergleich mit dem grofien vertikalen Ab-
stand zwischen hBN und Cu(111)-Fldche ist diese jedoch sehr klein und die hBN-Schicht kann
lokal als glatt betrachtet werden. Ein weiterer Hinweis fiir die schwachen Wechselwirkungen an
der Grenzflache ist die grofle Spanne von azimutalen Orientierungen der hBN-Doménen. Diese
Orientierungen werden wihrend des Wachstumsprozesses festgelegt. Dieser kann in drei Schritte
unterteilt werden. Als erstes wachsen hBN-Doménen, die im 30°-Winkel relativ zu der Cu(111)-
Oberflache orientiert sind, an Oberflichendefekten. Dann wachsen hBN-Doménen auf Terrassen.
Diese sind an der Cu(111)-Oberfldche orientiert und erreichen die grofite Ausdehnung aller Doma-
nen. SchliefSlich fiillen zuféllig orientierte hBN-Doménen die restlichen freien Liicken zwischen

grofieren Doménen.

Im néchsten Schritt wurde das PTCDA-Molekiil auf hBN/Cu(111) hinsichtlich seiner geometrisch-
en und elektronischen Struktur untersucht. Auch an der PTCDA /hBN-Grenzfldche wurden eine
inkommensurable Struktur, ein grofser vertikaler Abstand und Unordnung in der azimutalen Ori-
entierung der Adsorbat-Doménen gefunden. Aufierdem deckten die Untersuchungen die geringe
Desorptionsenergie der PTCDA-Molekiile auf. Die XPS-Spektren von PTCDA auf hBN/Cu(111)
zeigten eine starke Ahnlichkeit zu PTCDA-Multilagen und fiir die Energien der Molekiilorbitale
wurden keine differentiellen Verschiebungen im Vergleich zur Gasphase gefunden. All diese
Beobachtungen zeigen die sehr schwachen Wechselwirkungen zwischen PTCDA und dem hBN/



viii

Cu(111)-Substrat auf. Starkere Wechselwirkungen an der Grenzfliche wurden nur dann gefun-
den, wenn die hBN-Schicht eine hohere Dichte an strukturellen Defekten aufwies. In diesen
Fallen konnte die darunter liegende Cu(111)-Oberflache die azimutale Orientierung der PTCDA-

Domaénen beeinflussen.

Abschliefiend wurden die optischen Eigenschaften von PTCDA /hBN/Cu(111) gemessen und mit
denen von PTCDA /Cu(111), wo die erste PTCDA-Lage die hoheren PTCDA-Lagen von der Met-
alloberfldche entkoppelt, verglichen. Raman-Linien wurden fiir beide Systeme gemessen und
mit denen von PTCDA auf anderen Substraten verglichen. Auf beiden Substraten, hBN/Cu(111)
und Cu(111), wurde Fluoreszenz gemessen von Molekiilen, die an Oberfldchendefekten adsor-
biert sind, und von Molekiilen in hoheren Lagen (ab der zweiten Lage auf hBN/Cu(111) und ab
der dritten Lage auf Cu(111)). Die Fluoreszenz lag bei ~18.450 cm ™! bzw. ~18.150 cm~!. Nur auf
hBN/Cu(111) wurde Fluoreszenz von geordneten Molekiilen in der ersten Lage bei ~18.300 cm ™!
gemessen. Allerdings ist die Fluoreszenzintensitit von PTCDA auf hBN/Cu(111) klein und die
Lebenszeiten der angeregten Zustiande liegt bei nur (1,6 —4,4) - 10~ s.

Diese Untersuchungen zeigten, dass eine einzelne hBN-Schicht nur zu einem gewissen Grad in
der Lage ist, das PTCDA-Molekiil von einer Cu(111)-Oberfliche zu entkoppeln. Einerseits dhnelt
das PTCDA-Molekiil auf hBN/Cu(111) PTCDA-Molekiilen in der Gasphase stdrker als solchen,
die auf einer Metalloberfldche adsorbiert sind. Andererseits wird das PTCDA-Molekiil durch die
hBN-Schicht nicht ausreichend entkoppelt, um eine Ausléschung einer elektronischen Anregung
zu verhindern. Trotz einer Reduktion der Ladungsiibertragung zwischen den Schichten sind die

Fluoreszenz-Intensitdten und die Quantenausbeute gering.
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1 Introduction

Two-dimensional materials (2DMSs) constitute a special subject in surface science. Since they con-
sist of two surfaces and no bulk, they exhibit unique properties that differ significantly from those
of the corresponding bulk materials [1, 2]. In 2010, Geim and Novoselov received the Nobel Prize
for the preparation of graphene, a single layer of 7-conjugated carbon atoms, by the simple top-
down method of mechanical exfoliation, and for measuring its unique electronic properties [3].
Since then, the interest in graphene (with its remarkable properties like extraordinary stability,
ballistic transport, and high current density) has risen constantly as it has a multitude of poten-
tial applications from electronic and optical devices to chemical sensors and energy storage [4,
5]. In pursuit of new properties of ultrathin materials, the attention of researchers has turned to
other materials which can also be produced via mechanical exfoliation: 2DMs now encompass
a wide range of materials, such as transition metal dichalcogenides (TMDCs) like MoS;, TeS,,
or MoSe; [6, 7], black phosphorous [8, 9], hexagonal boron nitride [10, 11], ultrathin oxides (e.g.
MoO3) [12, 13], and more [14]. Many of these materials can also be prepared via chemical vapor
deposition (CVD) [14, 15]. This bottom-up method makes even more materials accessible, e.g.
blue phosphorous [16] and the graphene-analogous silicene [17]. In addition, this wide range of
different materials with numerous distinct and often tunable properties allows for tailoring of new
electronic devices by combing different 2DMs into layered heterostructures [14, 18].

In assembling such heterostructures, it is of paramount importance that the interactions and pro-
cesses that happen at the interfaces between the layers are understood in detail. For example,
in optoelectronic devices like phototransistors and light emitting diodes [18], the preservation of
accumulated charges in a semiconductor layer is essential. This is achieved by an insulating layer
between the semiconductor and the electrode [19]. Thus, investigating possible charge-transfer
processes in layered systems of the type semiconductor/insulator/electrode is of high interest.
The general role of the insulator is to provide a sufficient decoupling of the semiconductor (e.g.
organic molecules as they are used in organic light emitting diodes [20]) and the (metallic) elec-
trode. Here, the term decoupling describes the separation of the electronic states of the molecules
and the metal. This prevents a charge-transfer between the two, which can be essential for the
functionality of the above mentioned devices.

The insulator achieves this decoupling by suppressing the wave functions of the electronic states
of the metal and, additionally, spatially separating them from the wave functions of the molec-
ular electronic states. This has also an impact on the excited molecular states and is illustrated
in Figure 1.1. In the molecule, an electron is excited from the highest occupied molecular orbital
(HOMO) of the electronic ground state Sy into the lowest unoccupied molecular orbital (LUMO)
of the electronic excited states S;. If these molecular states couple to metallic states, the elec-
tron transfers from the S; into the unoccupied states of the conduction band of the metal. At the
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same time, the electron hole in Sy is filled by an electron from the metallic valence band. This
charge-transfer occurs on a time scale of 10714 s [21, 22]. Due to this quick process, the excita-
tion of the molecule is quenched, i.e. lost. A charge-transfer is often even possible from a second
molecular layer into the metal without a significant overlap of wave functions via the states of
the first layer [23]. An inserted insulating layer prevents the overlap of the wave functions of the
above mentioned electronic states, and thus, the charge-transfer. The efficiency of the insulator
can range from a complete decoupling to a situation of competing processes for the decay of the
excitation, e.g. a non-radiative decay via charge-transfer (quenching) and a radiative decay, like
fluorescence. Accordingly, the insulator determines the quantum efficiency and thus the perfor-
mance of the device. Finding the right insulating material for this task is, hence, of big importance.
Previously, thin films (composed of several layers) of insulating materials have been used for this
purpose [24-31].

Figure 1.1: Schematic representation of the electronic states of a metal (brown, with a Fermi energy
Er) and a molecule (red). In the molecule, an electron is excited from the electronic ground state
Sy into the electronic excited state S1. a) A coupling of the electronic states of molecule and metal
leads to a charge-transfer of the excited electron from S; into the unoccupied electronic states of
the metal. The charge-transfer occurs on a time scale of 10 14 g [21, 22]. The excitation decays
as the excited electron transfers into the occupied metallic states. The electron hole in Sy is filled
with an electron from the valence band of the metal. b) The electronic states of molecule and metal
are separated by a dielectric material with a wide bandgap (green). The charge-transfer between
molecule and metal is no longer possible. The excitation can alternatively decay in a radiative
process. The life time of the excited electron then typically amounts to 10 7 s [23]. The bandgaps
of the molecule and the insulating material are on the scale for PTCDA [32] and hBN [33, 34].

After the discovery of the unique electronic properties of graphene [3], the development of gra-
phene based electronic devices emerged [4]. Some of the advantages of graphene based devices
are the high conduction speed, low energy loss, and the compact size of the devices [35]. To pre-
serve the compact size, it is of high interest to keep the other components of such devices, like in-
sulating layers, on a similarly small scale as the graphene, while maintaining their properties [36].
The most prominent 2DM for use in such devices is hexagonal boron nitride (hBN) [36, 37] due
to not only its very large bandgap of 5—6 eV [33, 34, 38, 39], but also its structural similarity with
and small lattice mismatch to graphene which make it ideal for combining the two in layered
devices [40]. Furthermore, hBN displays very large structural stability mechanically, thermally,
and chemically [11] and can be grown in large-scale monocrystalline sheets [41-43]. hBN can be
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prepared under UHV conditions via CVD, and displays a wide range of topographical structures
depending on the metal substrate it is grown upon [11]. By depositing organic molecules on an
hBN layer, as-grown on a metal substrate, a layered system of semiconductor/insulator/electrode
is assembled and can be studied.

The objective of the present work was to determine whether a single monolayer of hBN is able
to decouple an organic molecule from an underlying metal surface using fluorescence spectroscopy.
The organic molecule chosen is 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) and the
metal substrate used here is the Cu(111) surface. The materials and methodology have been cho-

sen for the following reasons:

(i) PTCDA has been extensively studied regarding its structural, electronic, and optical prop-
erties on various metallic [44-50] and dielectric surfaces [51-54]. Thus, it is regarded as a
model for large, 7r-conjugated organic molecules and the results of the present work can be
viewed in a larger context. Especially the available information regarding PTCDA on the
Cu(111) surface are of great importance for the investigations presented here, as a compari-
son of the properties of PTCDA on hBN/Cu(111) and on bare Cu(111) will reveal the exact
changes at the interfaces.

(ii) The interaction between the noble metal Cu and the hBN layer is expected to be rather
weak [55] which, in turn, leads to a large vertical distance at the interface. This may help
to prevent quenching of the excitation of the molecule [23] in combination with the large
bandgap of hBN.

(iii) One possible way to investigate electronic decoupling as described above is photoemission
spectroscopy. However, the intrinsic life time of an electron hole amounts to 10~1* s [21,
22]. A charge-transfer that is slower than this cannot be observed in a photoemission spec-
trum. A broadening of the spectrum would only be caused by a shortened life time and,
thus, a faster charge-transfer. Fluorescence spectroscopy is sensitive to such a slower charge-
transfer. The life time of an excited electron which relaxes back into the ground state in a
radiative process typically amounts to 10~ s [23]. Thus, even a small mixing of the electronic
states of metal and molecule becomes visible in fluorescence experiments.

The present thesis is divided into three parts. First, hBN on the Cu(111) surface is discussed in
detail. The surmised weak interaction and large vertical distance between hBN and metal are
expected to be of great importance for the decoupling of organic molecules deposited on top of
the hBN. Accordingly, these assumptions had to be verified. Furthermore, the hBN substrate may
have a significant influence on the structure of the adsorbed organic layer and thus its optical
properties [52, 53]. This thesis reports both the lateral and the vertical structure of the hBN layer
which were determined using mainly spot-profile analysis low energy electron diffraction (SPA-LEED)
and the normal incidence x-ray standing waves technique (NIXSW, in this thesis referred to as XSW
for brevity). Additionally, a model for the growth process of hBN on Cu(111) is developed based
on the results of temperature programmed desorption (TPD) experiments.

In the second part, the structure of PTCDA layers on the hBN/Cu(111) substrate is described
on the basis of the results from SPA-LEED and XSW. Electronic properties of the system were
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examined using various photoemission spectroscopy (PES) methods. Both, the structural and elec-
tronic properties, deliver information on the influence of the underlying metal substrate on the
molecules. The structure and properties of PTCDA on Cu(111) have been studied in detail [46, 56,
57] so that a comparison between the systems clearly shows the effect of the inserted hBN layer.
In the third part, the fluorescence (FL) of PTCDA adsorbed on hBN/Cu(111) and on Cu(111) is
reported. This allows a direct comparison between the decoupling achieved by the hBN sheet and
the first PTCDA layer on the Cu(111) surface whose excitation is expected to be quenched because
this was observed for PTCDA on Ag(111) and Au(111) [58].

The present thesis is partly a continuation of the author’s Master’s thesis [59]. The structural
data of hBN/Cu(111) shown in that work will be presented here again since they constitute the
basis of the new findings and in order to show the system in a complete picture. The data in
the present thesis was partly measured by the author in the home laboratory and was partly
measured in collaboration with other scientists. XSW data was measured during several beam
times at the Diamond Light Source, Didcot, UK and the data was evaluated by T. Heepenstrick.
These results were published in the articles that are included in the Appendices A.1 and A.2.
They will be referred to in this thesis, too. The photoemission data (also published in the articles
included in the Appendices A.1 and A.2) was measured in the lab of Prof. Dr. F. S. Tautz from the

Forschungszentrum Jiilich.

The thesis is organized as follows: Chapter 2 will give an overview of the literature on hBN on
metal surfaces, PTCDA adsorbed on metal and dielectric surfaces, and large organic molecules on
hBN/metal substrates. Chapter 3 concerns the theoretical background of the experimental tech-
niques used in the investigations presented later. Chapter 4 details the experimental procedures.
In Chapters 5, 6, and 7, the structure of hBN on Cu(111), the structure and electronic properties of
PTCDA on hBN/Cu(111), and the FL of PTCDA/hBN/Cu(111) and of PTCDA /Cu(111) will be
given. Finally, Chapter 8 will summarize the results and address some open questions that could

be subject to future work.
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This chapter gives an overview of topics related to those presented in this thesis, and which are of
importance for the understanding of the presented results and for seeing them in a greater context.
Chapter 2.1 is an introduction to hexagonal boron nitride grown on different metallic substrates
so that the influence of the metal surface on the structure of this 2DM can be understood. In Chap-
ter 2.2, the organic molecule PTCDA will be discussed. Its structural and electronic properties on
various metallic and dielectric surfaces will be considered. As reference points, these systems will
help in the understanding of the effect the hBN layer has on the interaction between the molecule
and the metal surface. Published literature on PTCDA on hBN will be reviewed in Chapter 5.1.
Lastly, Chapter 2.3 focuses on the adsorption of molecules on hBN. The templating effect of the
hBN layer and the influence of the underlying metal will be introduced.

2.1 Hexagonal Boron Nitride on Metal Surfaces

The bulk material of hexagonal boron nitride (x-BN) is a layered structure of 77-conjugated hon-
eycomb lattices made up of alternating boron and nitrogen atoms (see Figure 2.1) [14]. In surface
science, the abbreviation hBN commonly refers to one single layer of this material and will be
used in the same way in the present thesis. hBN has the same structure as graphene, it is isoelec-
tronic to it, and with a lattice constant of 2.488 A [60] the two exhibit a lattice mismatch of only
—0.1% [61]. Accordingly, hBN is also known as white graphene. It is of comparable mechanical
stability [62], resistant against corrosive environments like NaOH solutions [63], and thermally
stable up until 1123 K [64]. Like graphene, it can be prepared via mechanical exfoliation from the
bulk crystal [10] as in both graphite and a-BN the vertical interactions between the layers are quite
weak [65]. The important difference between graphene and hBN are their electronic properties:
graphene displays metallic characteristics [3] while hBN has a wide bandgap of 5—6 eV [33, 34,

38, 39] which makes it an insulating material.

For the use in electronic devices, hBN can be grown on copper foils in an Hy /Ar atmosphere via
thermal decomposition of solid ammonia boride (BH4)(NHj) [66-68]. It decomposes to borazine
BsN3Hg [69, 70], an isoelectronic and isostructural inorganic analogue to benzene [71]. This in
turn decomposes to hBN on the hot copper foil [11]. While copper foils are most commonly
used, hBN has also been prepared on other metal foils [39, 72-74]. The hBN sheets can then
be transferred onto other substrates, e.g. SiO,/Si [60]. Under ultra high vacuum, hBN is grown
directly from the precursor borazine which decomposes on the hot metal surface [11]. Since the
presence of the metal surface is required for the decomposition of borazine, the growth of the hBN
stops after the first layer is completed (self-termination after one monolayer) [75]. The dose and
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Figure 2.1: Left: Crystal structure of bulk hexagonal boron nitride (x-BN). The layers of honey-
comb lattices are stacked by van-der-Waals forces. Right: Structure model of the m-conjugated
honeycomb lattice of a single layer of hexagonal boron nitride, commonly referred to as hBN.
Taken from Ref. [14].

sample temperature necessary for the decomposition is dependent on the metal surface used as
the substrate. The substrate also heavily influences the structure of the formed hBN layer [11].
The lattice mismatch between the two and subsequently the strength of interaction at the interface
determine the topographical structure of the hBN layer.

The lattice mismatch between hBN and Ni(111) is only —0.5%! and the resulting structure at the
interface is commensurate [78] with preferred positions of the adsorbate atoms at on-top sites for
the nitrogen and on hollow sites for the boron atoms [79, 80]. This leads to the growth of two
kinds of incongruent domains (one kind with boron atoms occupying fcc-hollow sites while in
the other the hcp-hollow sites are occupied) which differ in their azimuthal orientations by 60°.
The domains display a triangular shape as a termination by only one kind of atom is energetically
favorable. Since these two kinds of domains can never coalesce to form a single domain, grain
boundaries can be observed in scanning tunneling microscopy (STM) images [80], as shown in Fig-
ure 2.2. With the adsorbate atoms occupying their preferred adsorption sites, the interaction at the
interface is strong on the entire surface which leads to a flat-lying hBN sheet [81].

In the case of a larger mismatch, the hBN layer has to compensate for the deviation from the
preferred adsorption sites, as is the case for hBN/Ir(111) [82] with a mismatch of 7.7%. Farwick
zum Hagen et al. found a (11.7 x 11.7) on (10.7 x 10.7) superstructure in LEED in which there are
areas where the nitrogen and boron atoms are located at the preferred sites and others where this
is not the case. In the former case the interaction between hBN and iridium is strong, leading to
a small vertical distance between these areas of the hBN sheet and the metal (2.20 A). However,
the rest of the layer does not experience such a strong bonding which leads to a buckling of the
layer of about 1.5 A (peak-to-peak corrugation). The resulting structure is shown in Figure 2.3a.

1For a better comparison, all lattice mismatches m cited in this thesis are calculated as m = 1 — apgN/ Ametal, USING
the lattice constants of the metals given in [76] and the bulk lattice constant of hexagonal boron nitride 2.505 A at
297.5 K [77]. Thus, the values for m may differ from those given in the respective publications. All relevant values are
summarized in Table G.1 in Appendix G.
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Figure 2.2: a) STM image of a Ni(111) surface partially covered with triangular hBN domains.
Domains of different orientations separated by 60° are incongruent and cannot coalesce. Image
size is 0.31 ym x 0.36 ym. b). Zoom-in on the area marked with a white box in a). Arrows indicate
the defect lines between two incongruent domains. Taken from Ref. [80].

Farwick zum Hagen et al. termed the topography of this system “egg-box model” [82]. The
areas closer to and the areas further away from the substrate are commonly referred to as "pores"
and "wires", respectively, and can be easily observed in STM (cf. Figure 2.3b). Similar structures
have been found on Rh(111) [75, 83] and Pt(111) [84] (with lattice mismatches of 6.9% and 9.7%,
respectively). For strongly corrugated hBN layers the term "nanomesh" has been introduced in
2004 [75]. Preobrajenski et al. used PES to demonstrate that there is a gradual change in the
strength of the buckling of hBN layers on different metals depending on the bonding strength
rather than a phase transition going from flat layer to nanomesh [85].

Besides a buckling, a large mismatch can be compensated by a rotation of the hBN domains as has
been observed on Pd(111) [86]. In the LEED pattern of hBN/Pd(111) which is shown in Figure 2.3c,
three different structures were found: a (11x11) on (10x10) supercell aligned with the substrate,
an incommensurate superstructure rotated by 30°, and randomly oriented hBN domains, indi-
cated by a continuous ring in the LEED pattern. An azimuthal rotation by 30°, which reduces the
lattice mismatch from 8.9% to —5.2%? , allows more adsorbate atoms to occupy their preferred
adsorption sites. A random orientation, on the other hand, points to such weak interactions at the
interface that the metal has no influence on a certain percentage of hBN domains. This is more
obvious in the case of hBN/Ag(111) [87], with a lattice mismatch of 13.3%, where in LEED mea-
surements only a continuous ring was observed. Laskowski et al. have shown that elements with
full d shells display the weakest binding energies to an hBN layer compared to other transition
metals [55]. This means for this case that the Ag(111) surface has no influence on the structure of

2The definition of the lattice mismatch m refers to the distance between lattice lines {#0} and {0k}, respectively. For

rotated domains of hBN, a lattice mismatch can be considered for other lattice lines {hk} so that m = 1 — aygN/ ”ﬁll(etal .
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Figure 2.3: a) Side-view model of a monolayer hBN (atoms color-coded yellow to black according
to their vertical distance from the substrate) on Ir(111). The lateral positions of the B and N atoms
were chosen according to DFT results for the preferred configuration (nitrogen at on-top sites and
boron at hcp sites). The alteration in vertical distance leads to the "egg-box" shape of the hBN layer.
Taken from Ref. [82]. b) Atomically resolved STM image of hBN on Ir(111) with a triangular hole
exposing bare Ir. White lines indicate the unit cell of the superstructure. Image size is 144 x 144 A2,
The Moiré pattern clearly shows the locations of the pores and wires of the hBN layer. Taken from
Ref. [82]. ¢) LEED pattern of hBN on Pd(111). The ring of intensity indicates a homogeneous
distribution of orientations of hBN domains in most directions. Only orientations in alignment
with the substrate and rotated by 30° relative to that are preferred. Taken from Ref. [86].

the hBN layer or on the azimuthal orientations of its domains. A similarly weak binding energy as
on Ag(111) has been calculated for hBN/Cu(111) [55]. Further details regarding this system will
be given in Chapter 5.1.

With the interaction strength between metal and hBN being the key factor for the topography and
the structure rather than the epitaxial relation to the (111) substrate surface, it comes as no surprise
that the growth of hBN on metal surfaces displaying other symmetries than the (111) surfaces is
also possible [88-95].

2.2 Bonding of PTCDA on inorganic surfaces

PTCDA (3,4,9,10-perylene tetracarboxylic dianhydride, molecular structure shown in Figure 2.4)
is a well-studied large organic molecule that is commonly used as a model for organic semicon-
ductors. It can be evaporated in vacuum which allows the preparation of well-defined structures
on surfaces and their investigation using surface science techniques [96]. The bulk material dis-
plays two modifications (« and ) with similar lattice constants and the characteristic herringbone
arrangement of the PTCDA molecules in the (102) plane [97, 98]. The unit cell in the (102) plane
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is rectangular, contains two molecules, and has a p2gg symmetry. The stacking of the (102) planes
in PTCDA crystals distinguishes the a- and B-modifications. The second (102) plane is laterally
shifted relative to the first along the long axis of the unit cell in the a- and along the short axis in
the B-modification. These shifts amount to 1.9 A and 1.95 A, respectively [97].
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Figure 2.4: Structure model of the PTCDA molecule. Anhydritic and carboxylic oxygen atoms
are depicted in blue and red, respectively. The carbon atoms in the perylene backbone are black,
functional carbon atoms in the anhydride groups of the molecule are gray, hydrogen atoms are
white.

The PTCDA molecule has been extensively studied as an adsorption complex on the low index
surfaces of the coinage metals. The interactions between metal and PTCDA molecule vary sig-
nificantly depending on the specific substrate surface which influences both the structure and the
electronic properties of the molecule. On all three (111) surfaces, the PTCDA molecules form a
herringbone arrangement similar to the (102) plane in the bulk crystal. On Au(111), the structure
is incommensurate [49] while on Ag(111), a commensurate arrangement [99] and on Cu(111), a
point-on-line coincidence [57] have been found. This points to a considerable difference in interac-
tion strengths of the molecule to Au(111) versus Ag(111) and Cu(111).

Indeed, the PTCDA molecules are only weakly physisorbed on Au(111) as no charge-transfer (CT)
occurs [46] and the (22 x/3) reconstruction of the metal surface remains unaltered underneath
the PTCDA layer [49]. On both Ag(111) and Cu(111), a CT from metal to molecule was found in
ultraviolet photoemission spectroscopy (UPS) [46]. On the Ag(111) surface, the partially filled former
LUMO is shifted just below the Fermi edge giving the molecule itself a metallic character while on
Cu(111), the CT from metal to molecule shifts the former LUMO well below the Fermi edge [46].
This increase in interaction is directly felt in the vertical adsorption height of the molecule above
the surface. From Au(111), where the PTCDA molecule is positioned at a vertical distance similar
to the stacking distance of the (102) planes in the bulk (3.22 A in the a- and 3.25 A in the B-
modification [97]), to Ag(111) and Cu(111) the adsorption height decreases [45, 56, 100]. It should
be noted that this is in regard to the absolute values for the vertical adsorption heights. When
these values are reduced by the respective van der Waals (vdW) radii of the substrates [101], the
adsorption height of PTCDA on Cu(111) is larger than on Ag(111). Additionally, on both Ag(111)
and Cu(111), the molecule is distorted out of the molecular plane. With the carboxylic oxygen
atoms closer to the surface than the perylene backbone and the anhydritic oxygen atoms further
away, the molecule forms a saddle-like shape on Ag(111) [100]. On Cu(111), both types of oxygen
atoms are further away from the surface than the perylene backbone [56]. These distortions may
be linked to a CT from metal to molecule [47]. Figure 2.5 shows the distortion motifs of PTCDA
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on the different coinage metal surfaces, the corresponding experimental results are summarized
in Table G.2 in Appendix G. More details on the properties of PTCDA on Cu(111) will be given in
Chapter 6, as this system is of the highest interest for the work presented in this thesis.
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Figure 2.5: Side-view models along the long and short molecular axes of PTCDA adsorbed on
coinage metal surfaces (left: Ag(111), Ag(100), Ag(110), right: Cu(111), Cu(100), Au(111)). Vertical
distances taken from Refs. [45, 47, 56, 100, 102], radii taken from Refs. [101, 103, 104]. Covalent
radii are drawn at 75% and the vertical distances within the PTCDA molecules are enlarged by
a factor of three for better visibility. All radii used in this thesis are summarized in Table G.3 in
Appendix G, the results of the XSW experiments and the resulting values for the vertical distances
are summarized in Table G.2 in Appendix G.

An increase in the metal-molecule interactions can also be found when going from the (111) to
more open surfaces. The lateral molecular arrangements found on Ag(100), Ag(110), and Cu(100)
are T-shape [105], brickwall [99], and L-shape [106, 107] motifs, respectively, all of them display-
ing commensurability to the surface. Furthermore, the adsorption heights decrease. While on
Cu(100), the distortion motif remains the same as on Cu(111) [102], on Ag(100) and Ag(110), the
distortion changes from saddle-like to arch-like with both types of oxygen atoms closer to the
surface than the perylene backbone [47].

Apart from PTCDA on metal surfaces, the behavior of the molecule on insulating surfaces has
also been of large interest. Studies regarding its structure and electronic properties have been con-
ducted on substrates like KBr [108], mica [109], and MgO [110]. Here, the focus will be on PTCDA
on thin alkali halide films, namely on NaCl and KCl.

Depending on the growth conditions, PTCDA forms two structurally distinct monolayer phases
on NaCl, a commensurate structure with a quadratic unit cell and a T-shape arrangement of the
molecules (Q-phase) and herringbone arrangement of the molecules in a rectangular unit cell
(HB*-phase) [111]. The Q-phase is the thermodynamically more stable phase. The multilayer
also grows in a herringbone arrangement (HB-phase), its structure, however, differs from that
of the HB*-phase. On KCI, PTCDA forms a commensurate brickwall structure [112]. DFT cal-
culations [113] have shown that a single PTCDA molecule on a KCI or NaCl terrace prefers an
adsorption site in which the perylene backbone is positioned above a Cl~ anion at a distance of
2.72 A and 2.54 A, respectively, while the oxygens atoms are located close to the cations in the sur-
face. This leads to a distortion of the molecule similar to the situation on Ag(100) and Ag(110) but
with an even more pronounced downward shift of the carboxylic oxygen atoms. The distortion
of the molecule is bigger on NaCl than on KCl which can be attributed to the difference in lattice
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constants of the substrates. If the molecules are located at step sites on the surface, the interac-
tion of the molecule with the step edge lifts up one anhydride group of the molecule, making the
distortion asymmetric [114].

2.3 Molecules adsorbed on hexagonal boron nitride

Large organic molecules adsorbed on metal-supported hBN layers show distinctly different be-
haviors compared to when they are adsorbed on bare metal surfaces. The hBN provides a level of
electronic decoupling from the metal and at least reduced CT which can lead, for example, to the
formation of molecular assemblies driven by intermolecular interactions rather than being dic-
tated by the substrate [11]. However, there is still an influence of the underlying metal surface on
the organic molecules since the properties of the hBN layers themselves are determined by them.

Figure 2.6: a) STM image of CuPc molecules adsorbed on hBN/Rh(111), measured at 20 K. The
molecules adsorb in the black hBN pores on off-center sites. Taken from Ref. [115]. b) High reso-
lution STM image of MnPc adsorbed on hBN/Rh(111), measured at 4.9 K. The molecules adsorb
on off-center positions in the hBN pores. Subtle differences in adsorption sites lead to a variation
in the STM signatures of the molecules. Taken from Ref. [116].

As described in Chapter 2.1, hBN on Rh(111) forms a nanomesh made up of pore and wire regions,
with the pore regions being located considerably closer to the metal surface than the wires. Upon
deposition of small amounts of large organic molecules, these molecules preferably adsorb in the
pore regions, however, rather at the rim of the pores than their centers (off-center pore sites), and
with specific orientations relative to the substrate [115-118] (cf. Figure 2.6a). This is attributed to
dipole-rings which are a result of the different work functions of wires and pores [117]. Only when
the coverage exceeds the pore areas, molecules adsorb on wire regions so that large crystalline
islands form [119, 120]. The hBN layer is able to decouple the molecules from the underlying metal
and has itself only a very small influence on the electronic molecular structure, demonstrated by
scanning tunneling spectroscopy (STS) [118]. This influence, that is signified by a position-dependent
shift of the frontier orbitals in STS and/or a change in the appearance of the molecules in STM (as
seen in Figure 2.6b), is actually dependent on the specific adsorption site of the molecule within
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the pore as this governs the interactions and possible charge-transfer characteristics [115, 116, 118].
A similar behavior has been found on hBN/Ir(111) where cobalt phthalocyanines adsorb first at
off-center pore sites before adsorbing on the wires where their electronic properties (namely the
positions of the frontier orbitals) differ significantly from the molecules in the pores due to the
work function modulation of the hBN substrate [121].

The interactions of the molecules with an hBN/metal substrate can differ so drastically from the
molecule/metal interface that, e.g. on-surface dehalogenation reactions could be induced and
analyzed in detail which is impossible on metals where the reaction occurs immediately upon
adsorption and too fast for observation [122, 123].

The behavior of large organic molecules on hBN/Cu(111) will be summarized in Chapter 6.1.
Specifically, studies on PTCDA on hBN/Rh(110) [124], on hBN/Pt(111) and hBN/Rh(111) [125],
and on hBN/SiO; [126] will be discussed in Chapters 6 and 7.
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3 Theoretical Background

The goals of the present thesis have been outlined in the Introduction. Here, the experimental
techniques used to answer the questions posed to the specific sample systems of hBN/Cu(111),
PTCDA/hBN/Cu(111), and PTCDA /Cu(111) will be introduced. Only aspects that are important
in the context of the present thesis will be summarized briefly. For more in-depth explanations of
these techniques, refer to the literature cited in this chapter.

3.1 Low Energy Electron Diffraction

For structural investigations of the sample systems, low energy electron diffraction (LEED) was used
which has become a standard technique in surface science since its discovery in 1927 by Davisson
and Germer [127]. All LEED measurements presented here were done with an apparatus specif-
ically designed for SPA-LEED. Detailed information on LEED and SPA-LEED can be found in
Refs. [128-133].

The LEED pattern that arises due to the angular dependence of the constructive interference of
electrons is commonly explained using the Ewald construction as shown in Figure 3.1a. The posi-
tions of diffraction spots are given by the wave vector k™. With kinetic energies Ey, of 20 — 500 eV,
the depth of penetration of the electrons into the material amounts to only a few atomic layers
(5— 10 A). Since the depth of penetration is so small, there is no periodicity perpendicular to the
surface and the corresponding wave vector component Wik can have arbitrary values which de-
livers diffraction rods rather than diffraction spots in reciprocal space. The wave vector component
parallel to the surface E‘h‘k has to meet the conditions

K =h-@ +k-b° (3.1)
with
|Kik| = Ko - sin(8) (3.2)
and . .
kol = Ay (3.3)

where h and k are the Miller indices, ¢ is the diffraction angle (see Figure 3.1), and A is the de
Broglie wavelength [134] of the electrons. @* and b* are the reciprocal unit cell vectors of the
surface. They are defined as
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=, (3.4)

where @y and by are the distances between rows of atom parallel to the surface. For quadratic
and rectangular surfaces unit cells, they correspond to the vectors of the unit cells @ and b, for

hexagonal surfaces aj (and b}, respectively) is given by

—

ap =dsina, (3.5)

with & = 120°. kg is the radius of the Ewald sphere. Thus, only those diffraction spots are present
in the LEED pattern whose diffraction rods intersect with the Ewald sphere. This entails that at
lower electron energies diffraction spots of higher order will not be observed (c.f. Figure 3.1b).

a) b)
k||

Vs NN .

SR~ \” L\

. ke N <: Nk,
\e/ /. N/ )
\/ \ / 30 / - A\\\/ 30

Ewald / diffraction Ewald diffraction
sphere rods sphere rods

>

kOO

<

Figure 3.1: a) Ewald construction corresponding to the conventional LEED set-up. The radius

of the Ewald sphere ko (red) depends on the energy of the electrons according to Eq. (3.3). Only
diffraction rods that intersect with the Ewald sphere cause spots to appear in the LEED pattern.
¢ is the diffraction angle. b) Ewald construction for electrons with 50% of the energy as in a)
(for comparison, the original Ewald sphere is shown in gray). With the smaller Ewald sphere,
less diffraction spots can be observed in the LEED pattern and those spots that are present are
positioned at larger distances from each other on the screen. As per Ref. [131].

While the arrangement of the diffraction spots contains information about the symmetry, size, and
orientation of the surface unit cell, the shapes of the spot profiles deliver information about the
surface morphology, namely the surface roughness due to steps or domain boundaries. Deviations
from the ideal surface like point defects, steps, and domain boundaries result in a broadening of
the profiles. The broadening of the profiles due to steps depends on the energy of the incident
electrons. Electrons that are diffracted at the upper and the lower level of a step, respectively,
interfere destructively for certain energies. The phase shift of the two electron waves is described
with the scattering phase S (cf. Figure 3.2a) and is defined via the step vector ¢ and the diffraction

vector k:
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Ix ky
8y ky
¢k oot k.
S — 3’2 . o : (3.6)

The effect of the step is maximal when S = half-integer (anti-phase condition). If S = integer, the
electrons interfere constructively and they are not sensitive to the steps (in-phase condition). Thus,
from the width of the profiles Ak, measured at anti-phase conditions, the width of terraces Tierrace
may be determined, while Ak, measured at in-phase conditions is correlated to the transfer width

Tiranster, @ measure for the general spatial coherence of the surface and the instrument itself:

KO 2m

Ty = |ao] (3.7)

Ak, Ak

Figure 3.2: a) Illustration of the scattering process at a step edge. In-phase incident electrons (red)
get scattered at the upper and the lower level of a step edge, resulting in two diffracted waves
(green) with a difference in path length of S - A (the phase shift is indicated). As per Ref. [130]. b)
Illustration of a single scattering process (left) compared to multiple scattering processes (middle
and right). In multiple scattering processes, the incident electrons (red) do not only get scattered
once leading to the outgoing, diffracted electron wave (green), but several scattering processes can
be occurring in the first few layers of the crystals (orange) that lead to different outcomes for the
diffracted beam. As per Ref. [131].

Besides the surface morphology, electron diffraction allows access to the overall geometry of the
surface including the adsorption sites of adsorbate atoms via the spot intensities. In the present
thesis, this will be utilized in a simple kinematic approximation which is detailed in Appendix B.
However, the spot intensities observed in experiments are also influenced when multiple scatter-

ing processes occur (as depicted in Figure 3.2b). Then, additional spots can be observed in the
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LEED pattern of an incommensurate adsorbate as the additional scattering events alter the paths
of the electrons. This, too, will be relevant for the present thesis.

3.2 Optical Spectroscopy

As introduced in Chapter 1, optical spectroscopy allows the investigation of slow CT due to a
small mixing of electronic states of substrate and adsorbate and is thus an appropriate method for
the systems investigated in the present thesis. The techniques employed here are FL and Raman
spectroscopy. Reviews of these methods can be found in Refs. [135-142]. Both techniques can be
used to probe the molecular vibrations of an adsorbate on a surface, however, FL spectroscopy
concerns the excitation and relaxation of electrons in the probed substance leading to emission of
photons and Raman spectroscopy is based on inelastic scattering of visible light.

3.2.1 Fluorescence Spectroscopy

The relationship of electronic and vibrational excitation in FL spectroscopy can be explained with
the Franck-Condon principle and is commonly visualized with the Morse potential which describes
the important phenomena for a single normal coordinate (see Figure 3.3a). The incidence of light
on a substance may excite an electron from the HOMO of the ground state Sy to the LUMO of
the first electronic excited state S;. The time-frame of molecular vibrations is 10719 to 1012 s and
is much slower than the electronic transition which occurs within 10~ s so that, in accordance
with the Born-Oppenheimer approximation, the movement of the nuclei can be neglected and we
speak of “vertical transitions”. The probability for a specific transition increases with the overlap
of the nuclear wave functions of the initial and the final state which affects the intensities of the
FL vibrational peaks. This is shown in Figure 3.3b where the relative intensities of the vibrational
peaks reflect the wave function overlap of the vibronic states in Sp and S in Figure 3.3a. In an
FL process in condensed matter, the excited molecule relaxes non-radiatively into the vibrational
ground state of S; where the excitation decays under emission of a photon into Sg. Thus, FL

spectroscopy is in some sense the reversal of absorption spectroscopy.

The total intensity of the FL is described by the quantum yield # which is the ratio between emit-
ted and absorbed photons and is connected to the life time of the excited state 75 according to
Eq. (3.8) in which k; and k. are the rate constants of the radiative and non-radiative excitation
decay processes and T; is the natural life time of the FL:

—— =k g = —. (3.8)

Ts has an essential influence on the shape of FL spectra as it determines the natural line width
Avpat of an FL peak [143] according to
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Figure 3.3: a) Illustrations of the energetic transitions leading to FL. The absorption of laser light
transfers an electron from the ground state Sy into the first electronic excited state S (blue). Sq
is shifted to larger bond lengths relative to Sy. In a non-radiative process the electron transfers
from a vibronic exited state (V' > 0) in Sy into the vibronic ground state. There, the excitation
decays (green) emitting a photon which is detected as fluorescence. The transition probability
depends on the overlap of the wave functions of the vibronic levels and influences the intensities
of the signals in the spectrum. b) Fluorescence spectrum for the transitions depicted in a). The 0-2
transition shows the highest intensity as the involved wave functions have the largest overlap. As
per Ref. [137].

Avnat = > (39)

Tg

However, the line width of a given FL peak Av is determined by more factors. Factors that influ-
ence every molecule individually cause inhomogeneous line broadening. Besides the natural line
broadening, temperature and saturation broadening increase the widths of FL peaks [144]. Inho-
mogeneous line broadening is a consequence of probing an ensemble of molecules. It is caused by
the statistical distribution of energies of electronic transitions due to variations in the environment

of individual molecules in the ensemble.

Non-radiative decay leads to a loss of FL intensity (quenching) and can be a result of a variety of
processes. Significant for the present work is the quenching by interfacial CT between adsorbate
molecules and the substrate as depicted in Figure 1.1. If the rate constants of the non-radiative
decay processes of the excitation are significantly larger than that of the radiative decay, no FL can

be observed. For similar time constants, both competing processes may be present.
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3.2.2 Raman Spectroscopy

Raman spectroscopy observes light inelastically scattered by a material (for the purpose of this
thesis, large organic molecules). The interaction of the electromagnetic wave with the molecules
can lead to an energy transfer (corresponding to the energy of a vibration) from the photons to
the molecule or vice versa (if the molecules are in a vibrationally excited state). These different
interactions manifest as Stokes and Anti-Stokes lines in the Raman spectrum (see Figures 3.4a and
b). However, not all molecular vibrations can be observed in the Raman spectrum because only

such vibrations are Raman-active that lead to a change of the polarizability of the molecule.
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Figure 3.4: a) Schematic representation of the Raman scattering process. The interaction with
light leads to the transition of an electron to a higher or lower vibronic level within Sy via a virtual
energy level. b) Schematic illustration of a Raman spectrum. Elastically scattered photons occur
in the spectrum as a Rayleigh peak (black). Electrons that get excited into a higher vibronic state
cause Stokes lines in the spectrum (green), while an energy loss of electrons in higher vibronic
states leads to anti-Stokes lines (blue). For the latter process to be even possible, higher vibronic
states have to be occupied. Since the population of these is lower than the population of the
ground state, the intensity of the anti-Stokes lines is smaller than that of the Stokes lines. As per
Ref. [137].

If the energy of the incident light is close to an electronic transition of the molecule, the Raman
effect gets enhanced because the change in the electronic configuration of the molecule greatly
changes its polarizability so that the Raman scattering is much stronger. The related technique is

called resonance Raman spectroscopy.
Surface enhanced Raman spectroscopy

Surface enhanced Raman spectroscopy has become a powerful tool among the surface science
methods. The effect of surface enhanced Raman scattering (SERS) is commonly observed on rough
surfaces of noble metals [145] or near metallic nanocrystals [146]. There is a chemical and an elec-

tromagnetic mechanism that both contribute to the enhancement of Raman signals.
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The chemical mechanism is based on the intrinsic chemical characteristics of the investigated sys-
tem [146]. A CT between molecule and substrate, if present, will lead to a change in the polariz-
ability of the molecule and thus to an enhanced Raman signal. It is also possible that the intrinsic
electronic structure of the adsorbed molecule allows for a resonance Raman effect which causes
an enhancement of the signal by a factor of 102 - 10° [146].

The electromagnetic mechanism is related to the surface roughness. In a theoretical study, Garcia-
Vidal and Pendry [147] showed that the interaction of the incident light with localized surface
plasmon polaritons, which are trapped in the crevices between surface defects, creates a large lo-
cal E field. This leads to an enhancement of the Raman signal by a factor of 10° - 10%. Thus, the
contribution of the electromagnetic mechanism is much more significant than that of the chemical
mechanism. The SERS effect caused by the electromagnetic mechanism is a highly localized effect
and the spectrum will be governed by those enhanced Raman signals coming from the surface
area with the highest roughness.

3.3 Temperature Programmed Desorption Spectroscopy

Temperature programmed desorption (TPD) is an experimental method that allows insight into the
interaction between the substrate and the adsorbate. In the context of the present thesis, TPD
is used to investigate the desorption process of borazine on Cu(111) in order to understand the
growth of hBN layers. Furthermore, the determination of molecular coverages on the surface is
essential for the interpretation of optical spectra of PTCDA on hBN/Cu(111) and Cu(111). Details
on the TPD technique can be found in Refs. [128, 129, 148-150].

In a TPD experiment, the temperature of the sample is increased with a constant heating rate p
while simultaneously the desorbed molecules are detected with a mass spectrometer. To avoid de-
tecting molecules that desorb from the sample holder, a Feulner cup can be used [151] (depicted in
Figure 3.5). The aperture at the bottom of the cup allows the detection of the desorbed molecules
while slits in the sides allow the ionization chamber of the mass spectrometer to be pumped and,
additionally, monitoring of the amount of deposited molecules during sample preparation. With a
constant pumping speed and a large ratio of pumping speed to volume (as provided by the Feul-
ner cup) the recorded ion current is proportional to the number of particles desorbed per time [152]
and thus the integral of the measured ion current is proportional to the amount of molecules des-
orbed from the surface. This way, for systems where the adsorbate desorbs completely upon heat-
ing of the sample (e.g. hexaazatriphenylene-hexacarbonitrile desorbs from Au(111) intact while
the desorption from Ag(111) is not possible [153]), the exact coverage for every preparation can be
determined.

The spectrum can be described with the Polanyi-Wigner equation which connects the desorption
rate r (the change of the number of adsorbed molecules on the surface N with time ¢ or surface
temperature Ts) with the coverage-dependent desorption energy Eges(60) [150, 152]:

. dN . dN _ an _Edes
r=—g = Par = 6" - vp - exp ( P (3.10)
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Figure 3.5: Schematic depiction of a Feulner cup. The Feulner cup encloses the ionization chamber
of the mass spectrometer. An aperture at the bottom and slits on the sides allow the detection of
molecules desorbing from the sample or those that are evaporated during deposition, respectively.

At the same time, the Feulner cup blocks molecules that desorb from the sample holder from
entering the detector.

The pre-factor vy contains the partition functions of the initial state of the adsorbed molecules
and of their transition states during desorption; n is the order of the desorption process [129] and
can have values of 0, 1, or 2. A 1 order desorption describes the desorption of the complete
molecule from the surface, a 2" order desorption requires a preceding step like a recombination,
and desorption of 0! order refers to the desorption of multilayers which is independent of the
coverage. The order of desorption determines the shape of the desorption spectrum [128]. Addi-
tionally, the shape of the spectrum may be influenced by lateral interaction between the adsorbate
molecules [154] which leads to a shift of the spectrum to higher or lower temperatures. Several
different methods for the analysis of TPD spectra have been reported. An overview of the most
common methods has been published by de Jong et al. [150].

3.4 Photoemission Spectroscopy

Photoemission spectroscopy (PES) experiments delivered crucial information about the vertical struc-
ture and electronic properties of the systems hBN/Cu(111) and PTCDA/hBN/Cu(111). These
experiments were, however, not the main focus of the present thesis, thus, the methods x-ray pho-
toemission spectroscopy (XPS), normal incidence x-ray standing waves (NIXSW, in this thesis referred
to as XSW for brevity), and ultraviolet photoemission spectroscopy (UPS) will be summarized only
briefly. Detailed reviews on these techniques can be found in Refs. [128, 138, 155-161].

The basic principle for PES is the photoelectric effect: irradiation of a solid material with photons
leads to an emission of electrons, as long as the photonic energy is larger than the work function
of the sample. Thus, depending on the energy of the photons, different electrons can be extracted



3.4. Photoemission Spectroscopy 21

from the material. The kinetic energy Ey;, of the electrons that leave the sample upon irradiation
with the energy hv is given by Einstein’s photoelectric equation:

Exin = hv — (Eg + @), (3.11)

where Ep is the binding energy of a core level with respect to the Fermi level Er and & is the work
function. This is schematically shown in Figure 3.6. The electrons get detected by a hemispherical
analyzer and from Ey;,, Eg can be determined.
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Figure 3.6: The irradiation of a sample by light leads to the removal of an electron from an orbital,
out of the sample, and into the vacuum. For this, the energy of the light hv has to be large enough
to overcome the binding energy Eg of the electron and the work function ®. Excess energy is
converted into the kinetic energy Ey;, of the electron. As per Ref. [128].

For the probing of core level electrons, monochromatic high-energy x-rays are used to irradiate
the sample (XPS). The binding energy of the core levels is characteristic for each element, yet
also dependent on the chemical environment of the atom. The chemical environment changes the
energies of the initial and final state of electrons and, thus, causes shifts of Eg. In the spectrum,
this manifests as the “chemical shift” of the XP peaks. Thus, XPS allows not only the identification
of the atomic species on the surface but also the analysis of their chemical environment.

The probing of valence electrons, on the other hand, allows the analysis of the actual chemical
bonds in the adsorbate molecules. Here, the sample is irradiated with ultraviolet light (UPS).
Since the ionization cross section of valence orbitals is significantly larger for low photon energies,
these electron transitions can be probed more effectively by UPS compared to XPS [162]. The
specific molecular orbitals that bond to the substrate can be identified by “fingerprinting”: The
UP spectrum of the adsorbed molecule is compared to the spectrum of the molecule in the gas
phase. An energetic shift of the peaks points to the changed orbitals due to the adsorption on a
surface. Furthermore, the work function of the probed surface can be determined from UP spectra.
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Besides the investigation of the electronic structure of an adsorbate, PES in the special form of
XSW can also be used for measuring its vertical structure. The XSW technique allows the deter-
minations of the vertical distances of adsorbed atoms relative to the Bragg planes of the substrate.
For this, it employs XPS measurements as a function of the energy of the photons. If the energy
of the incident x-ray beam (normal to the surface) corresponds to the Bragg energy Epag¢ of the
probed sample according to

hc hc

Ebrags = & =" 57—,
Bragg A Zdhkl - sin 913

(3.12)
with djy as the lattice plane spacing of the {hkl} lattice planes and 6 as the Bragg angle with
respect to the lattice planes, we speak of a Bragg reflection. For a Bragg reflection, the incident
and the reflected waves combine to a standing wave which extends into the crystal and into the
vacuum above the surface. The periodicity of the x-ray wave field is well-defined, corresponds
to the periodicity of the Bragg planes and causes the emission of photoelectrons from the sample.
Those species that are positioned at a maximum of the standing wave emit more electrons than
those that are not. Thus, a scanning of the energy around the Bragg energy (& 5 eV), which leads
to a shift of the maxima of the standing wave, allows the detection of XP spectra in which the
intensities for different atomic species on the surface depend on their respective vertical distances
from the surface.

For an XSW spectrum, the integrals of the XP peaks of the individual species are plotted as a

function of incident energy. The intensity I of the resulting yield curve can be described by

I~14R+2VR-Fc-cos(vc —2mPc), (3.13)

in which R is the reflectivity of the substrate and v describes the phase relationship between
incident and reflected electromagnetic wave.! The results gained from the yield curve are the
coherent position Pc and the coherent fraction Fc. For the ideal case of a single adsorption height,
Fc would be 1 and Pc would describe the adsorption height in units of the distance between the
Bragg planes of the crystal from which the standing wave originates. However, in real cases Fc is
always < 1 because of thermal vibrations which render both the atomic positions and the standing
wave slightly incoherent. Pc can then be interpreted as corresponding to average adsorption
heights.

The vertical distance d¢ of the adsorbate atoms from the surface can be calculated as
dc = (Pc+n) - dpg , (3.14)
where 7 is an integer and and dyy is the distance between the Bragg planes of the substrate. For the

Cu(111) surface, this distance is 2.087 A [163]. This corresponds to a Bragg energy of 2.972 keV. For
the calculations of dc¢ in the present thesis, n = 1 is used. Hence, the experiment requires the use

1Eq. (3.13) only holds for the dipole approximation. For a correct interpretation, nondipolar corrections have to be
considered.
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of synchrotron radiation. The experiments shown in this work were carried out at the Diamond
Light Source in Didcot, England, at beam line 109.
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4 Experimental

All experiments presented in this thesis were carried out under ultra-high vacuum (UHV) condi-
tions. The experimental set-ups, sample preparation, and general procedures will be described in
this chapter.

4.1 Experimental Set-up

Different UHV set-ups were employed for the experiments in the present work. The set-ups for
the SPA-LEED, TPD, and optical experiments will be given below. The set-up of the STM chamber
is described in detail in Ref. [107]. UPS data were measured as part of a cooperation with Dr.
Serguei Soubatch and Dr. Francois Posseik from the group of Prof. Dr. F. Stefan Tautz from the
Forschungszentrum Jiilich. The XPS and XSW experiments were conducted at beamline 109 at
Diamond Light Source in Didcot, UK. A detailed description of the experimental details and of
the data analysis can be found in Appendix A.1.

41.1 The UHV chamber

The SPA-LEED, TPD, and optical experiments were carried out in a UHV chamber with a base
pressure p of 2.3 x 1079 mbar, which was reached after a 48 h bake-out at 150°C. The chamber
is pumped with five pumps: a rotary oil pump, a diffusion pump, a turbo molecular pump, an
ion getter pump, and a titanium sublimation pump. A schematic representation of the chamber
is shown in Figure 4.1. All experiments were done on Cu(111) single crystals with a diameter of
8 mm, bought from Mateck.

The crystal was mounted on a home-build sample holder, which is detailed in Ref. [166]. The
sample holder is attached to a long travel manipulator with a continuous-flow helium cryostat
that allows cooling of the sample down to 6 K. The crystal could be heated up to 1100 K via
thermal irradiation from a tungsten filament and electron bombardment. High temperatures were
measured by a type-K thermocouple and low temperatures (< 70 K) were measured via a Si-
diode (DT-670B-SD, Lake Shore, Cryotronics). The diode was positioned on the sample holder,
approximately 70 mm removed from the sample.

The chamber was equipped with a sputter gun with a separate argon line (IQE11/35, Specs) for
cleaning the sample. For the deposition of the adsorbates, two different evaporators were used.
The liquid borazine for the preparation of hBN layers was stored in and evaporated from a glass
container which was held at a temperature of —5°C by a removable Peltier cooling system. For
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Figure 4.1: Experimental set-up of the UHV chamber and the optical table. Not true to scale. For
detailed description, see text. As per Refs. [164, 165].

a detailed description of the handling, cleaning procedure, and storage of borazine, refer to Ap-
pendix F. The organic molecules were evaporated from glass crucibles in home-build Knudsen

cells.

For monitoring the molecular flux and checking the purity of the adsorbed species, a quadrupole
mass spectrometer (QMG422, Pfeiffer Balzers) was used. For conducting TPD experiments, the
quadrupole mass spectrometer (QMS) was equipped with a Feulner cup [151]. For the optical
experiments, the sample could be transferred into a glass head (quartz glass, VP63Q, Vacom) at
the far end of the chamber. The set-up for the optical experiments will be detailed in the next
section. Between the main body of the chamber and the glass head, a home-build incident light
microscope (for details see Ref. [166]) could be installed that could image the sample under UHV
through a 1.75 mm thick glass window with all optical components outside the vacuum.

Structural investigations were carried out with a SPA-LEED apparatus (Omicron). The channel-
tron aperture was expanded to 300 ym (from 100 ym) which allows a higher counting rate but
reduces the instrumental resolution. However, the higher counting rate is desirable for the inves-
tigation of large organic molecules since a smaller electron current on the sample reduce possible
radiation damage. Additionally, the deflection voltages of the SPA-LEED controller were mod-
ified (50 V instead of 150 V) in order to stabilize the more frequently used lower voltages. The
lowest possible acceleration voltage Ey;, for the electrons was 20 eV. For measurements with even
slower electrons, the Ey;, and the voltage of the entrance lens (which is internally dependent on
Eyin) were controlled by home-build external potentiometers (see Appendix B.2).
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For TPD experiments, the sample was moved directly beneath the Feulner cup at a distance of
~0.5 cm. The ion getter pump and the titanium sublimation pump were disconnected from the
chamber by a large plate valve in order to ensure a constant pumping rate in the chamber (cf.
Chapter 3.3). The sample was then heated with a rate of 1 Ks~! with a temperature control (Eu-
rotherm). The TPD spectra were recorded via Labview [167] with a program written by N. Hum-
berg [168] and modified by B. Wolff [169].

Some SPA-LEED experiments were carried out in a different UHV chamber (with a base pressure
of 3.0 x 10~!Y mbar), equipped with the above mentioned evaporators, a QMS (QMS 200 Prisma,
Pfeiffer Balzers) and a SPA-LEED apparatus from Omicron. Its channeltron aperture was modified
in the same way as described before (300 ym instead of 100 xm) but the deflection voltages were
not modified.

4.1.2 Optical set-up

In the glass head, the sample was illuminated by a monochromatic laser beam that was focused
on the sample by a mirror. The incident angle was approximately 45° relative to the surface nor-
mal. The diameter of the laser spot on the sample was about 0.5 mm. The fluorescence and
Raman scattered light from the sample was collected and parallelized by an achromatic lens (N-
BAF10/SF10, f = 100 mm, & = 50.8 mm) and focused by a second achromatic lens (N-BK7/SF2,
f =200 mm, @ = 50.8 mm) onto the entrance slit of the spectrometer. The spectrometer (Spectra
Pro 2300i, f = 0.3 m, Acton) contained three different gratings (300, 600, and 1200 grooves per mil-
limeter) and was equipped with a nitrogen-cooled CCD camera (Spec-10:100-BR(LN)), operated
at —110°C. In order to block external stray light from entering the spectrometer, the glass head,
the lenses, and the entrance slit of the spectrometer were enclosed by black oxidized aluminum
plates.

For the excitation, three different lasers were used. Most experiments were conducted using an
optically pumped semiconductor laser (Sapphire LP UBB CDRH, Coherent) with 458 nm and
50 mW. Secondly, a laser diode (Laser Components) with 532 nm and 10 mW was employed. To
block the laser light from entering the spectrometer, long pass filters were positioned in front of
the entrance slit (cut-off at 475 nm when using the Sapphire laser and cut-off at 532 nm when
using the laser diode). Lastly, a combination of a tunable standing wave laser (Cr-599, Coherent)
and an optically pumped semiconductor laser (Genesis CX, Coherent) with 480 nm and up to 4 W
was used. The dye used in the standing wave laser was Coumarin 498 and the laser was tunable
(using a three-plate birefringent filter, line width 1 cm 1) between 494 and 515 nm with an output
of up to 60 mW. About 10% of the laser light were redirected to a power meter (PM120, Thorlabs)
and a wavelength meter (High Finesse Angstrom WS/6), respectively, to monitor both attributes
of the tunable laser light. In front of the entrance slit of the spectrometer a long-pass filter with

cut-off at 520 nm was used.

The acquisition of the spectra was controlled with the software WinSpec32 [170]. For the wave-
length calibration of the spectra, reference spectra of a calibration lamp (Hg(Ar)-lamp, Newport)
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were recorded for each grating used per experimentation day. For the conversion of the wave-
length scale to the wavenumbers scale, the relative spectral intensity was corrected by applying
a factor A2. The FL spectra were mostly recorded with an exposure time of 2 seconds and 50
accumulations. All pixels of the CCD in the vertical direction were binned. The entrance slit
of the spectrometer was usually set to 0.1 mm. With this set-up, spectra with resolutions of 48,
24, and 12 ecm™! (for the gratings with 300, 600, and 1200 grooves per millimeter, respectively)
were recorded. The spectrometer resolution was checked by measuring the light of a Hg lamp
and determining the full width at half maximum (FWHM) of the peak that was positioned at
-18,300 cm~! where the fluorescence observed in the experiments presented in the present thesis
are located.

4.2 Preparation procedures

42,1 The Cu(111) surface

All experiments presented in this thesis were carried out on the (111) surface of a copper single
crystal. The clean metal substrate was prepared in iterative cycles of two steps. First, contami-
nations were removed from the sample at room temperature by ion bombardment with Ar™ ions
at an argon pressure via the background of 2.2 x 10~> mbar. The ions were accelerated onto the
surface with 1000 eV. In a second step, the sample was annealed in order to heal the roughened
surface. After preparation, the quality of the Cu(111) surface was verified via SPA-LEED. A well-
prepared surface showed sharp spots and high spot-to-background intensity ratios.

Two different crystals in two separate UHV chambers were used for the experiments presented
here. Diverging preparation conditions for the two crystals are summarized in Table 4.1. An
additional third crystal was employed for the PES measurements at the Diamond Light source.
The structural investigations of hBN/Cu(111) and PTCDA /hBN/Cu(111) were conducted with
crystal A in the second UHV chamber (base pressure 3.0 x 107!Y mbar, see Chapter 4.1). In the
main chamber (see detailed description above), FL measurements, structural investigations of
PTCDA /Cu(111), and the line profile analysis of hBN/Cu(111) were carried out on crystal B. From
the analysis of the full-half widths of spot profiles recorded at 78 eV (corresponding to in-phase
conditions for the specular spot) the transfer width Ty anster Of the crystals was determined (cf.
Eq. 3.7). For crystal B, segregations of impurities from the bulk occurred when the same prepara-
tion conditions were used as for crystal A, namely when the sample was annealed at temperatures
>1040 K or for a time >30 minutes. They were identified by additional sharp spots of complicated
superstructures in LEED. These patterns are shown in Appendix D. Accordingly, the preparation

conditions were adjusted in order to prevent the segregations (cf. Table 4.1).
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Table 4.1: Preparation conditions for the two Cu(111) crystals used in the experiments presented
here. The ion current on the sample during sputtering Is, the impact angle of the ions on the
sample relative to the surface normal during sputtering ¢s, the sputtering time tsputering, and the
annealing temperature Typpealing are summarized. Additionally, the transfer widths Tianster are
given.

Is 4)8 tsputtering Tanneal'mg Ttransfer

crystal A | 7 uA 0° 30 minutes 1070K 430 A
crystal B | 3—4 yA  +/—45° 15minuteseach 1000K 450 A

4.2.2 hBN on Cu(111)

Before the preparation, the quality of the borazine was controlled with the QMS. In storage, bo-
razine decomposes to hydrogen and BN polymers. A large percentage of hydrogen in the gas
dosed into the chamber falsifies the presumed amount of borazine molecules in the chamber and
thus prevents the preparation of a high quality hBN layer. Details of the cleaning procedure of bo-
razine are given in Appendix F. The borazine was considered suitable for hBN preparation when
the signals for H (m/z = 2)! and borazine (m/z = 80) showed a ratio of < 1:1.

The hBN layers were prepared on the clean Cu(111) surface. The final annealing step of the prepa-
ration of the clean Cu(111) surface before borazine deposition was omitted for crystal B. The sam-
ple was heated up to 1010 K (for crystal B that showed segregation) or 1070 K (for crystal A) and
the borazine was dosed into the chamber to (1.6 + 0.1) x 107® mbar via the background for
30 minutes. This amounts to a dosage of ~2000 L. During borazine deposition, the ion getter pump
was switched off in order to prevent hBN from growing on its hot filaments. After 30 minutes, the
borazine valve was closed and then the sample was cooled down with a rate of 1 — 2 Ks™ .

4.2.3 Molecules on hBN/Cu(111) and Cu(111)

3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) and 5,10,15,20-tetraphenylbisbenz[5,6]-
indeno[1,2,3-cd : 1/,2/,3' — Im]perylene (DBP) were evaporated from glass crucibles. Their molec-
ular flux was monitored with the QMS. The evaporation temperature was adjusted so as to achieve
a constant growth rate of 1 monolayer per minute (typically 850 K for PTCDA and 770 K for DBP).
These rates were calibrated by B. Wolff in TPD experiments [169, 171]. A monolayer (ML) is de-
fined as one completed closed layer of flat lying molecules. During deposition, the sample was
turned towards the crucible and was held at a constant temperature (either 20 K or 300 K for
PTCDA and 20 K for DBP).

Borazine was evaporated from its glass container. The molecules were deposited on Cu(111) at a
sample temperature of 100 K. The doses amounted to 0.5—8.5 L with a borazine pressure of up
to 4 x 1078 mbar via the background. During the borazine deposition, the ion getter pump was
switched off in order to prevent hBN from growing on its hot filaments.

m is the mass of the molecule and z is its charge.
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The desired coverages were achieved by on-line integration of the QMS signal via Labview [167]
(m/z =392 for PTCDA and m/z = 80 for borazine, which correspond to the unfractured molecules
with a single charge, and m/z = 402 for the unfractured DBP molecule with a double charge).
The exact coverages were determined after every experiment via TPD with a margin of error of
=+ 0.05 ML for PTCDA, =+ 0.10 ML for DBP and + 0.1 ML for borazine. The underlying calibration
for the PTCDA coverages [169] are true for both the hBN/Cu(111) and the Cu(111) surface due to
the large structural similarity of the monolayer structures (see Chapter 6).
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5 Hexagonal Boron Nitride on Cu(111)

This chapter presents the lateral and vertical structure of a monolayer of hBN adsorbed on the
Cu(111) surface. Most of the results have been published and can be found in Appendix A.1. They
will be summarized here and supplemented with investigations of incomplete layers of hBN. The
structural information of the incomplete layer of hBN and desorption experiments of borazine on
the Cu(111) surface will be used to develop a model for the growth process of hBN on Cu(111).
Both the structure and the growth of hBN on Cu(111) will be discussed in the context of other
publications that appeared during the time of the present work. As an introduction, some of the
relevant publications in this field will be summarized.

5.1 Literature Overview

hBN can be grown under UHV conditions on single crystalline metal surfaces from the precursor
borazine [11]. Borazine is an inorganic analogue to benzene, an aromatic cyclic molecule com-
posed of boron and nitrogen instead of carbon [71]. When the borazine molecules come into con-
tact with the hot metal surface they decompose, losing their hydrogen atoms, and form the hBN
sheet. The surface temperature that is required for the hBN growth depends on the metal surface.
In general, less reactive surfaces require higher temperatures and higher doses of borazine than

more reactive surfaces [11]. The growth of hBN is self-terminated after one monolayer [75].

hBN on Ni(111) forms a commensurate structure [78] due to the small lattice mismatch of only
—0.5%. The lattice constants of Cu(111) (acy, = 2.556 A [76]) and Ni(111) (an; = 2.492 A [76])
differ by only 2.5% and the nominal lattice mismatch of hBN/Cu(111) amounts to 2.0%. In this
regard unsurprisingly, the first study about hBN/Cu(111) [172] also found a commensurate struc-
ture, indicating a stretching of the hBN layer in order to match with the Cu(111) surface. However,
the binding energy of hBN to Cu(111), according to theoretical calculations [55], is significantly
smaller (by a factor of 1.4—3.8, depending on the theoretical method employed) than that to the
Ni(111) surface. Furthermore, photoemission experiments have shown a strong chemisorptive
bond between hBN and Ni(111) due to a hybridization of the 3d metal states and the 7r-orbitals of
hBN, while on Cu(111), only a much weaker hybridization was found [172]. The binding energy
of hBN/Cu(111) is rather comparable to hBN/Ag(111), where the metal has no influence on the
structure of the hBN layer [87] (cf. Chapter 2.1). Such a weak bond makes a stretching of the hBN
layer to overcome the (even small) lattice mismatch and, thus, to conform to the Cu(111) lattice
rather unlikely. Furthermore, it was shown in STM that hBN domains can grow across Cu step
edges which indicates weak interactions at the interface, too [173].



32 Chapter 5. Hexagonal Boron Nitride on Cu(111)

Joshi et al. [174] conducted an experimental STM study on hBN/Cu(111). As described for other
metal substrates in Chapter 2.1, the authors observed Moiré patterns composed of wire regions
and pores ("moirons")!. At high bias voltages, they found a multitude of Moiré patterns with
varying periodicities, moiron sizes, and orientations. Figure 5.1 shows four of these Moiré patterns
next to each other. These different patterns are caused by incommensurate hBN domains that vary
in their azimuthal orientations relative to the Cu(111) substrate. The lattice mismatch between
Cu(111) and the hBN layer was 1.8% (at 6 K), the periodicities of the Moiré patterns were in the
range of 5 nm to 14 nm, and the minute rotations of the domains were between 0 and 3° relative
to the substrate lattice vector 41. Roth et al. confirmed the structural parameters in LEED [176].

Near the domain boundaries, distortions of the Moiré patterns were observed [174].

Figure 5.1: STM image of hBN/Cu(111) measured at 6 K with Uy, = +4 V and Iy = 0.6 nA. Four
different Moiré patterns (labeled « — ) are separated by domain boundaries. The domains differ
in periodicity and azimuthal orientation of their respective Moiré patterns. The lines in the top
right corner indicate the high-symmetry directions of the Cu(111) surface. Taken from Ref. [174].

The apparent heights of the Moiré patterns strongly depended on the bias voltage which led the
authors to the conclusion that the surface was merely electronically corrugated and not topo-
graphically. This has been corroborated by DFT calculations [177] which give a vertical distance
between the hBN layer and the Cu(111) surface of 3.006 A, with a maximum amplitude of the
hBN layer of 0.013 A. Note that other theoretical studies have found other values for the vertical
distance between hBN and Cu(111), covering a wide range between 2.65 A and 3.341 A [55, 178~
181]. The probable reason for these discrepancies are the different theoretical approaches toward
the weak vdW interactions at the interface.

The electronic corrugation is also apparent in the change of work function from 4.1 eV in the
wire regions to 3.8 eV in the moirons [174] (a reduction of the work function of bare Cu(111) of
4.94 eV [182]). This is in agreement with the lateral work function change of hBN on other metal

IThe round areas of the Moiré patterns termed "pores" in other studies are called "hills" by Joshi et al. while the
equivalents of the "wires" are called "valleys" [174]. Due to the bias dependence of the apparent heights, this termi-
nology is not robust. To avoid confusion when talking about hBN/Cu(111) in this work, the term "moiron" [175] will
be used for the regions equivalent to what is called "pores" in other studies. The areas between the moirons will be
referred to as "wires".
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substrates as summarized in Chapter 2.3. The lateral shift in adsorption positions of boron and
nitrogen atoms is the suspected reason for this as the adsorption sites of the atoms changes from
the preferred registries (N: on-top, B: hollow sites, as on Ni(111)) to less favorable registries [174,
177].

Figure 5.2: Schematic illustration of the model for the hBN growth process on Cu(111) by Felter
et al. Taken from Ref. [183]. a) The hBN domain can grow via the BN ring "i" by the attachment
of borazine molecule 1 forming a bond from a red to a blue atom or borazine molecule 2 forming
a bond from blue to red. An additional possibility is the attachment of molecule 3, forming two
bonds. The preference of molecule 1 attaching to a domain over molecule 2 is explained by Felter et
al. with the difference in dehydrogenation energy between the B—H and N—H bonds. b) Growth
of the main branch occurs via bond formation with molecule 1. After molecule 3 attaches, further
growth via the channel of molecule 1 leads to the formation of side branches in an angle of 120°.

As mentioned above, the required growth conditions for hBN (sample temperature and borazine
dose) correlate with the reactivity of the metal surface and the hBN growth is self-terminated after
one monolayer. Both factors point to a catalytic reaction of the borazine molecules with the metal
surface which is required for the hBN formation. However, this assumption has not been proven,
yet. The first study on the growth process of hBN was conducted by Felter et al. [183]. They
investigated the growth of hBN on Cu(111) in low energy electron microscopy (LEEM) experiments
and proposed a model for the growth process of hBN domains. In the context of the present thesis,
this is of very high interest as Felter’s findings can assist in the interpretation of the structural data
of hBN/Cu(111) presented here. Felter observed dendritic growth of domains with three main
branches separated by 120°, from which minor branches grew outward, bend backwards, again in
an angle of 120° (see Figure 5.2). In their model, this dendritic growth is caused by the formation
of single B—N bonds, with a preference for one of the atoms as part of the domain and the other
atom being the attacking reactant. The differentiation between BN-rings attaching themselves to
domains via a boron or a nitrogen atom was explained by a difference in dehydrogenation energy
due to the different bond strengths of hydrogen to the two atoms [184]. Thus, this growth mode
was termed "dehydrogenation limited aggregation". Importantly, the B—N bonds form between
intact BN rings of the borazine. Importantly, the B—N bonds within the molecules do not break
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upon adsorption of the molecule on the surface so that the (possibly dehydrogenated) BN-rings
may be diffusing on the metal surface. As shown in Figure 5.2, this allows the growth of domains
in three straight directions (main branches, via molecule 1) while the growth in 60° relative to the
main branch is inhibited (molecule 2). If the main branch can no longer grow, the addition of a BN
ring on the side via the formation of two B—N bonds widens the main branch (molecule 3). From
there, the minor branches grow by the formation of single bonds, as before.

5.2 The Structure of hBN on Cu(111)

5.2.1 The lateral structure

A LEED pattern of hBN/Cu(111) is shown in Figure 5.3a. It exhibits two features that are char-
acteristic for this surface: a continuous ring of intensity passing in proximity to the first order
diffraction spots of the Cu(111) surface and satellite structures composed of lines around those Cu
spots and the specular spot (see Figures 5.3c and d).

The radius of the ring is ~2% larger than the distance of the Cu(10) spots from the specular spot, in
agreement with the nominal mismatch of 2.0%. The ring is the result of a superposition of the first
order spots of hBN domains with different azimuthal orientations on the Cu(111) surface and will
be referred to as "hBN ring" in the following. The intensity of the hBN ring is not homogeneous.
Approximately 90% of the intensity is accumulated in the TM direction with a spread of 4.4°.
These sections of the ring will be referred to as "arcs". On the rest of the ring, the highest intensity
can be observed in the T'K direction. Increased intensities in certain directions indicate preferential
azimuthal orientations of the hBN domains. A similar arrangement of the hBN domains has been
observed on Pd(111) [86] where LEED spots from the hBN layer have been observed in the TM
and TK directions, connected by a ring (cf. Chapter 2.1). There, the orientation of domains in
I'K direction was explained by a reduction of the lattice mismatch from 8.9% in TM direction to
—5.1% in TK direction.? In the same way, the occurrence of these two orientations of hBN domains
on Pt(111) [84, 185] can be understood. However, this explanation is not convincing for Cu(111)
because such a rotation of the domains by 30° increases the lattice mismatch to —13.1%. Instead, the
origin of the domain orientation may have kinetic reasons and occur during the growth process.

This aspect will be discussed in further detail in section 5.3.
The satellite structure in the diffraction pattern

The satellite structure may have two different origins. Due to a buckling of the hBN layer, a super-
structure is present on the surface that causes additional spots in LEED as it has been observed,
e.g., for hBN/Pt(111) [84] or hBN/Ir(111) [82]. A second reason for additional spots in LEED is
multiple scattering (cf. Chapter 3.1). Indeed, a combination of both is possible as well. First, the
contribution of multiple scattering will be discussed.

The definition of the lattice mismatch m given in Chapter 2.1 refers to the distance between lattice lines {10} and
{0k}, respectively, which corresponds to the vector of the unit cell of the metal substrate a,et,). For rotated domains of

hBN, a lattice mismatch can be considered for other lattice lines {hk} so thatm = 1 — apgn/ “ﬁlfetal .



5.2. The Structure of hBN on Cu(111)

(] (d) Voo - (e)

] o
1 (00) » A g (f)
100000 B 2 M
3 8 10}
] ] £ Cu(10)
) ] 05} ;
8 4 . : . . . saltellltes .| ) / R
8 10000 _ 02 0.1 00 01 02 40 80 120
> 3 energy (eV)
® ]
c
‘.q_)‘ o
£ 1000
100 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

()

Figure 5.3: For figure caption, see next page.
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Figure 5.3: a) SPA-LEED pattern of hBN/Cu(111). The ring of intensity is caused by the azimuthal
disorder of the orientations of the hBN domains. The LEED pattern was recorded with an electron
energy of 70 eV at 110 K. The lines around the specular spot and the first order Cu spots are caused
by multiple scattering. b) Simulation of a). The hBN ring is represented in black. Red and green
refer to the symmetry inequivalent Cu spot and the hBN rings that originate from them due to
multiple scattering. c¢) Zoom-in on the specular spot with the satellite structure around it. The
lines correspond to the arcs of the hBN ring in a) in TM direction. The star-pattern is formed by
two triangles, the intensities of the lines forming these two triangles differ. d) Zoom-in on the Cu
first order spot marked in a) with the satellite structure around it. e) The specular spot with the
satellite structure as in c), overlaid with the simulation in b). The different intensities of the two
triangles stem from the different intensities of the parental Cu first order spots. f) Line scan along
the blue line in a), crossing the specular spot (00), a Cu first order spot Cu(10), the hBN ring R,
and several lines of the satellite structures and their intersections. The left inset shows a zoom-
in on the specular spot, the profile is fitted with five Pseudo-Voigt functions. The colors refer to
the parental Cu spots of the satellite lines. The line scans were measured at 110 K with an electron
energy of 70.3 eV and converted to the k-scale and deskewed using Eq. (5.2). The right inset shows
that the intensity ratio of two satellite lines (I{ /15, red) behaves as a function of electron energy in

the same manner as the intensity ratio of the respective parental Cu spots (12, /18, black). LEED
patterns were previously shown in Ref. [59].

Figure 5.3b shows a simulation of the LEED pattern. The hBN ring is represented in black, the
symmetry inequivalent first order Cu spots are differentiated by color (red and green). Electrons
that are scattered at the Cu(111) surface and the hBN layer can be observed in LEED as rings that
are centered around the Cu spots. These rings are represented in the figure by the colors of their
respective parental Cu spots. The zoom-in on the specular spot (Figure 5.3c) shows the formation
of a star-like satellite pattern around it which is composed of two triangles of different intensities.

The comparison of the LEED pattern with the simulated satellite structure in Figure 5.3e shows
not only that the arrangement of lines fits well (the lines around the specular spot correspond to
the arcs of the original hBN ring in TM direction), but also that the different intensities of the lines
are related to the intensities of the different parental Cu spots. These differences in intensities
of the satellite lines can be seen more clearly in line scans across the specular spot (see inset in
Figure 5.3f). The satellite structure around the Cu spots (Figure 5.3d) can be explained in the same
manner as those around the specular spot. Here, multiple scattering of higher orders has to be
taken into account (for details, see Appendix A.1).

To prove the multiple scattering, the intensities of the lines of the satellite structure around the
specular spot Is in relation to the intensities of the respective parental Cu spots Ic, as a function
of the electron energy were investigated using line scans as shown in Figure 5.3f. The ratios I£' /I
and Iéu / ICBu (inset in Figure 5.3f) show that the intensities of the lines of the satellite structure are

linked to the intensities of the Cu spots which proves the multiple scattering.

For the determination of a possible contribution from a buckling of the hBN layer to the satellite
structure, the contribution by multiple scattering has to be eliminated. This can be achieved at
low electron energies. Then the Cu first order spots contribute no longer to the LEED pattern (cf.
Figure 3.1). Horn-von Hoegen et al. [186] have investigated the buckling of Ge films on Si(111)
using the kinetic approximation for LEED. A detailed description of a similar approach for the
analysis of LEED measurements at low energies to determine the buckling of the hBN layer is
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given in Appendix B. This analysis delivers an estimation for the buckling of the hBN layer of
(0.42 4+ 0.05) A. This amounts to 13 % of the vertical distance between hBN and Cu(111) surface.

The hBN lattice

Further details about the structure of hBN/Cu(111) can be gained from line scans across the LEED
pattern. Figure 5.3f shows a scan along the blue line in Figure 5.3a. This scan allows the determi-
nation of the lattice constant of the hBN layer. However, the LEED pattern (and thus the line scan)
is skewed. For an exact analysis, the measured line scans do not only need to be converted from a
voltage-scale to a E”-scale, but they also need to be deskewed. The distortion of the LEED pattern
is assumed to be described by a polynomial of second order as

EH =50 Ux+ 57" U)Z( , (5.1)

with Uy as the x-axis of the line profile as measured (in Volts) and sy, s; as instrument-, energy-,
and direction-specific parameters. From the discussion of the multiple scattering it is known that
the distance between the specular spot and the satellite line is the same as between a Cu(10) spot
and the hBN ring. Thus, the peak positions on the voltage scale of the Cu(10) spot Uc, the hBN
ring Uy, in TM direction, and the satellite line Us in the same direction (cf. Figure 5.3f) can be used
in Eq. (5.1) to describe the reciprocal lattice constant of the Cu(111) surface a,, [76]:

so-uh+51-Uﬁ—so-us—s1-U§:so-llc—i—sl-llé:aéu . (5.2)

From Eq. (5.2), sp and s; can be calculated and used to deskew and convert the line scans which
results in Figure 5.3f. The lattice constants of hBN on Cu(111) at 100 K and at 300 K are given in Ta-
ble 5.1. They deviate from the lattice constants in the bulk crystal at the respective temperatures by
only 0.35% and 0.19% [77], respectively, and both agree with the lattice constant of the free stand-
ing hBN layer within 0.5% [60]. A comparison of the hBN lattice constants on Cu(111) with those
in the bulk at the respective temperatures (cf. Table 5.1) shows, that the surface has an influence
on the structure of the hBN. The thermal expansion coefficient of hBN is negative between 70 and
300 K [77]. Thus, the lattice constant in the bulk decreases going from 100 K to 300 K. On Cu(111),
on the other hand, the hBN lattice constant increases, thus following the thermal expansion of the
substrate.

Due to the mismatch and the azimuthal rotation of the hBN domains on the Cu(111) lattice, Moiré

patterns form. Their lattice constants L can be calculated as

1 2 2
L:aCu-(1+(1_m)2—1_m-cos¢) , (5.3)
wherein ¢ is the rotational angle of the hBN domains [175]. They are given in Table 5.1 as well and
are in good agreement with the sizes of the Moiré pattern of 5—14 nm measured by Joshi et al. in
STM [174]. Here, the large impact even minute rotations of domains have on the size of the Moiré
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Table 5.1: Lattice constants angN for hBN on Cu(111) at different sample temperatures Ts. appyn
follows from the experimentally determined lattice mismatch m and the lattice constant ac, of
the Cu(111) surface. acy is calculated from the lattice constant of Cu(111) at 25°C (2.556 A) and
its thermal expansion coefficient 16.7 x 10~ K1 [76]. For comparison, the lattice constant of an
hBN layer in the bulk aﬁgﬁ is given [77]. Using Eq. (5.3), the range of Moiré lattice constants L for
azimuthal orientations of the hBN domains ¢ between 0° and 2.2° is calculated.

Ts Acy m ARBN aPuk [77) L

300K | 2556 A (22402)% (2.500 + 0.004) A 250468 A 5.7 —11.3 nm
100K | 2548 A (20+0.1)% (2497 £0.003) A 250583 A 5.8 —12.5nm
6K | 2544A 1.8%[174] 2.498 A 250579 A 5.9 —13.9nm

lattice becomes clear. This can also be seen in the structure model in Figures 5.4a and b. There, the
Moiré unit cells for ¢ = 0° and 2.2° are shown. By this small rotation, the lattice constant of the

Moiré structure is reduced from 50 hBN lattice constants to 23.

5.2.2 The vertical structure

The vertical structure of the hBN layer was investigated in XSW experiments. XP spectra showed
only one single line for both nitrogen and boron at binding energies of (397.97 & 0.03) eV and
(190.35 £ 0.01) eV, respectively. This is in good agreement with the binding energies of both ele-
ments in hBN layers on Cu surfaces [93, 187]. The results of the XSW experiments are summarized
in Table 5.2. The vertical distances from the Cu(111) surface amount to dc(B) = (3.25 = 0.02) A and
dc(N) = (3.22 & 0.03) A. These distances refer to the extended Bragg planes. However, the relax-
ation of the top-most Cu layer is 0.02 A inwards for the clean surface [188]. After the adsorption
of a weakly bonded adsorbate, the relaxation is proposed to be also small so that the extended
Bragg planes are assumed to have the same distances with an error of 4 0.02 A which is within
the error margins of the vertical distance between hBN and Cu surface. Figure 5.4d shows a side-
view model of hBN/Cu(111). The mean height of the hBN layer of (3.24 4 0.03) A, which almost
matches the interlayer distance in the hBN bulk of 3.33 A [77], exceeds even the sum of the vdW

radii of adsorbate and substrate.

Since only one species for both boron and nitrogen was observed in XPS, the hBN layer could
be considered flat. However, the XSW results actually include one prominent indication for a
variation in the vertical distances of boron and nitrogen from the substrate: the coherent fractions.
For a flat, unbuckled layer, Fc = 1 would have been expected for both atoms. Instead, the coherent
fractions are 0.57 &+ 0.02 for boron and 0.80 £ 0.04 for nitrogen. A periodic buckling of the hBN
sheet is expected to result in an equal reduction of Fc for both atoms. Yet, Fc of boron is smaller
by 0.23 than Fc of nitrogen. This is unexpected for a 2DM with strong lateral bonds. First, this
difference will be considered. Then, the lowering of Fc(N) from 1 to 0.80 will be discussed.

There are several possible explanations for the difference in coherent fractions of boron and ni-
trogen. (i) There is an actual variation in the vertical position of the boron atoms and/or a split
position. (ii) The spatial distribution of the 1s orbital is larger for boron than nitrogen which leads
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(a)

hBN

surface

Figure 5.4: Structure models of hBN/Cu(111). a) Lateral structure of an hBN domain aligned with
the Cu(111) substrate. 50 x 50 BN unit cells are required for a complete Moiré cell with a lattice
constant of 11.3 nm at 300 K. b) Lateral structure of an hBN domain rotated by 2.2° relative to the
Cu(111) substrate. Only 23 x 23 BN unit cells are required for a complete Moiré cell, resulting in
a lattice constant of 5.7 nm at 300 K. c) Zoom-in of the area of the hBN domain in a) (marked in
green). The first nitrogen atom (blue) of the hBN layer is positioned on top of a Cu atom. In the
first 9 hBN unit cells, the nitrogen atoms remain on on-top positions (indicated by green arrows).
After that, the positions of the nitrogen atoms shift towards hollow sites. d) Vertical structure of
hBN/Cu(111) as a side-view along the [112] direction. Black lines indicate the (extended) Bragg
planes of Cu(111) and the mean height of the hBN layer. The full spheres correspond to covalent
radii of boron and nitrogen [104] and the metallic radius of copper [103]. Dotted spheres indicate
vdW radii [101]. All radii used in this thesis are summarized in Table G.3 in Appendix G.

to a wider spread of the vertical distance of the boron atom from the Cu(111) surface on different
lateral positions. (iii) There are disordered BN fragments with excess boron compared to nitrogen.

A large variation in the vertical distance of only the boron atoms (explanation (i)) seems unlikely
in light of the strong lateral interaction within the hBN layer. For example, a 50 : 50 split position
which reduces the coherent fraction by 0.23 would result in vertical positions of + 0.27 A (12%)
(see Appendix A.1) removed from the mean height of the hBN layer and thus from the neighbor-
ing N atoms. Factors (ii) and (iii), on the other hand, appear more reasonable. The 1s orbital of
boron has a larger spatial distribution than the 1s orbital of nitrogen. However, this difference
cannot alone account for the large difference in Fc of 0.23 (Appendix A.1). Thus, explanation (ii)
may only partially cause this difference. Accordingly, explanation (iii) must also play a role.

The presence of a boron-rich defect species of BN on the surface may be caused by occasional
breaking of borazine rings, either upon adsorption on the surface or during storage in the borazine
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source®. Atomic nitrogen desorbs after recombination to Ny from the Cu(111) surface already at
620—770 K [189] which explains the depletion of nitrogen from the defect species. Yet, it is unclear
why this boron-rich defect species was not observed in XPS (see Figure 3 in Appendix A.1).

Now, the reduction of Fc from 1 (for the flat layer) to 0.80 will be discussed. Again, there are
several possible explanations: (i) surface defects lead to a (vertical) distortion of the hBN layer,
(ii) a variation in the heights of differently azimuthally oriented, flat hBN domains, and (iii) a
buckling of the hBN layer.

(ad i) The distortion of the Moiré patterns at the domain boundaries found in STM [174] may
also indicate a vertical distortion of the hBN layer in these regions. However, the sharpness of
the Cu spots, the hBN ring, and the satellite lines in LEED images (Figure 5.3) indicate a high
structural quality of the hBN layer that was investigated in the present thesis. From line profiles,
domain widths of the Cu(111) surface and the hBN layer were determined to be 450 A and 200 A,
respectively. Thus, domain boundaries or other defects are not considered to be abundant enough
to distort the layer enough for the coherent fraction to be reduced by 0.2.

(ad ii) Due to the weak interfacial interactions, a broad minimum in the interfacial interaction
energy can be expected which may lead to small differences in vertical distance of the different
hBN domains from the surface. However, in DFT calculations of the vertical interfacial distances
and interaction energies of hBN/Cu(111) [190] no such variations were found. The calculated
mean heights of hBN domains aligned with the substrate and of hBN domains rotated by 30°
differed by 0.16 A. The resulting reduction of Fc is estimated to be 0.12 which is not enough
to account for the measured coherent fraction on its own. Furthermore, rotated hBN domains
constitute a minority as estimated from the intensity distribution in the hBN ring (see above).

(ad iii) The buckling of the hBN layer presented in this thesis was estimated by measuring line
profiles of the diffraction spots recorded in SPA-LEED (see Appendix B for details). The results
suggest a buckling of (0.42 + 0.05) A. It is estimated that Fc is reduced to 0.66 due to a sinosoidal
buckling with this amplitude while a split position with this height difference would lead to an
Fc of only 0.33.

The results regarding the vertical structure of hBN/Cu(111) will now be compared to a study con-
ducted in parallel to this thesis by Schwarz et al. [190]. These results are also included in Table 5.2
for comparison. Qualitatively, these results are mostly in agreement with the results of the present
thesis.

From the coherent fractions, the authors determined a peak-to-peak corrugation of the hBN layer
on Cu(111) of 0.6 A (thus, an amplitude of 0.3 A). In addition, they used non-contact atomic force mi-
croscopy (nc-AFM) to investigate the surface and found a peak-to-peak amplitude of 0.40 A (thus,
an amplitude of 0.20 A).* However, since these amplitudes are smaller than the covalent radii of
both nitrogen and boron [104] and spread out over a lateral scale of nanometers (the diagonal of
the Moiré unit cell which crosses both moiron and wire amounts to 19.57 nm and 9.87 nm for

3For information on the decomposition of borazine in storage, see Chapter 5.3.1.
“4The authors have closely examined the influence of electrostatic forces on the tip and the resulting height profiles.
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Table 5.2: XSW results for hBN on Cu(111). The binding energies of the 1s levels Eg, coherent
fractions Fc, and coherent positions Pc of boron and nitrogen are given. The vertical distances
from the Cu(111) surface dc were calculated according to Eq. 3.14. For details on the evaluation,
see Appendix A.1. The results from Ref. [190] for the majority and minority species ByNy and
ByetNget are included for comparison. Additionally, the amplitude of the buckling of the hBN
layer as determined by SPA-LEED (for B and N) and by nc-AFM (for By and Ny) [190] are given.

Eg Fe Pc dc amplitude

N  (397.97 £0.03) eV 0.80 £0.04 0.54+0.01 (3.2240.03) A
B (190.35+0.01)eV 057 +0.02 0.56+001 (325+0.02)A (0.42+0.05)A

No 398.0 eV 071+£002 0.62+002 (3.37+0.04) A

By 190.4 eV 0.65+0.03 0.63+0.02 (3.39+0.04) A 0.20 A
Naef 398.5 eV 0.40 +0.03 0.58 +0.03 (3.30 = 0.06) A

Baef 191.0 eV 0.34+£0.07 0.56=+0.04 (3.26+0.09) A

¢ = 0° and 2.2°, respectively), Schwarz et al. considered neighboring atoms to be, in effect, co-
planar and saw this long-scale buckling as the reason that the values of the coherent fractions are
below 1. Thus, the buckling of the hBN layer was considered locally negligible and only able to
reduce Fc on the large scale. The same argument holds even for an amplitude of 0.42 A, which
was found in the present thesis, so that the same conclusion can be drawn.

A similar situation as for hBN/Cu(111) investigated in the present thesis has been found for the
weakly interacting graphene/Ir(111) interface [191]. There, only one carbon species was observed
in XPS with a mean vertical distance of the graphene layer from the Ir(111) surface of 3.38 A, which
is close to the interlayer distance in graphite. Yet, a peak-to-peak corrugation of 0.35 A was found
in a combined XSW and DFT study. For the strongly interacting interfaces graphene /Ru(111) [192]
and hBN/Ir(111) [82], on the other hand, the findings were significantly different. Two different
species were found in XPS in either case, with minimum vertical heights of the respective 2DMs of
2.17 A and 2.20 A and peak-to-peak amplitudes of 1.47 A and 1.50 A(thus, amplitudes of ~1.25 A).

Despite the similarities in the results of the two studies on hBN/Cu(111), there are also some
significant differences.

1) The mean vertical distance found by Schwarz et al. amounts to 3.38 A. The difference to the
distance found in the present work of 3.24 A exceeds the error margins.

2) Schwarz et al. found a second species of BN in XP spectra which was considered to be a minority
phase. This species was not observed in the present investigation.

The shift in binding energy between Schwarz’s majority and minority phases is comparable to
that between the two different areas of the strongly buckled hBN /Ir(111) [82], yet their height dif-
ference on Cu(111) is much smaller than that found for the buckled hBN layer on Ir(111) (0.1 Ain-
stead of 1.5 A). Thus, the authors excluded a similarly strongly buckled hBN layer on Cu(111) and
rather interpreted this second (defect) species as BN polymers with a B-N ratio deviating from
1:1. This corresponds to explanation (iii) for the observed difference between the coherent frac-
tions of boron and nitrogen in the present thesis. However, it remains unclear why Schwarz et
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al. observed the defect species in XPS while this was not the case for the hBN layers investigated
here. These differences may be related to differences in preparation conditions or sample quality
in the two studies. This may also be the reason for the significant difference in the mean vertical
distance found by the two groups.

In conclusion, the hBN layer is located at a large vertical distance from the Cu(111) surface of
(3.24 + 0.03) A. The buckling of the hBN layer amounts to (0.42 + 0.05) A which, in comparison to
the interfacial distance and the lateral scale of the buckling, is small. Accordingly, the hBN layer
is considered locally flat, however, the buckling on the large scale of the Moiré unit cell reduces
the coherent fractions determined in XSW experiments. An additional reduction of the coherent
fractions can be caused by different vertical distances of domains with different azimuthal ori-
entations. The difference of coherent fractions between boron and nitrogen is explained by the
different spatial distributions of the 1s orbitals and the presence of a boron-rich defect species of
BN on the surface.

5.3 The Growth of hBN on Cu(111)

One open question that remains is why the hBN domains adopt the different azimuthal orien-
tations that were found for hBN/Cu(111). The clearly preferred orientation of the domains is
along the TM direction, followed by the TK direction. Additionally, a small quantity of domains
is randomly distributed in their azimuthal orientations. This cannot be explained by a match-
ing of the hBN lattice with the Cu(111) surface. Instead, the determination of the orientations
of the domains may already occur during the growth process. Accordingly, incomplete layers of
hBN/Cu(111) were investigated with SPA-LEED.

Furthermore, the growth of hBN on Cu(111) will be investigated since the growth of hBN on any
metal surface is not well studied, yet. Especially the presumably catalytic process in which the
borazine molecules decompose to form the hBN layer, is not understood. To shed light on this,
TPD experiments of borazine on Cu(111) were used to determine the adsorption energy which
may constitute a first step in the understanding of the growth of hBN layers.

5.3.1 Incomplete layers of hBN/Cu(111)

The growth model proposed by Felter et al. [183] already explains why the preferred orientations
of the hBN domains are separated by 120°. But the ring in LEED shows a sixfold symmetry. How
can this be understood?

DEFT calculations [179] have shown, that on Cu(111), the preferential adsorption site of the nitro-
gen atoms of hBN is on-top of the Cu atoms. Boron preferably adsorbs on fcc sites, however the
energetic difference to hep sites is negligible small. The same preferences has been found for other
surfaces (Ni(111) [78, 79,179, 193], Ir(111) [82], Rh(111) [179]). With these two preferred adsorption
sites of NiopBec and NiopBhep, two equivalent domains can form which are azimuthally rotated by
60° relative to each other. For the commensurate hBN/Ni(111) interface, this was shown in STM
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experiments where triangular domains with these two different orientations were observed [80].
Yet, since hBN on Cu(111) is not commensurate, both boron and nitrogen atoms occupy all ad-
sorption sites inside the Moiré unit cell, as shown in Figure 1 of Ref. [177]. Nevertheless, since this
preferential alignment with the Cu(111) surface was observed in LEED in the present study, too, it
is reasonable to assume, that the same growth mechanism governs the orientation of the domains
here. As Felter et al. have shown, domain nuclei form on surface terraces and their orientation
determines the orientation of the whole domain [183]. Figure 5.4c shows that the shift in adsorp-
tion sites due to the lattice mismatch happens only gradually. For the first nine hBN unit cells, the
nitrogen atoms clearly occupy the on-top adsorption sites. This equals an area of ~500 A2, enough
to anchor the hBN domain in a preferred orientation, which will not change during the growth

process.

To conclude, the preferential orientation of the hBN domains on Cu(111) in TM direction is caused
by the adsorption of the hBN nuclei on the preferred adsorption sites NiopBtec 0r NiopBhep, which
separates them azimuthally by 60°. This is followed by a dendritic growth of the domains in three
main directions, separated by 120°. The vast majority of hBN domains form like this, as shown in
LEEM [183] and LEED.

The two types of domains (NopBgec and NiopBhep) cannot coalesce, which was shown by the de-
fect lines at the boundaries of these two kinds of domains of hBN/Ni(111) [80]. But also for the
incommensurate structure hBN/Cu(111) it is very unlikely that two domains meet and perfectly
coalesce, as this would require very specific adsorption sites of the atoms at the domain edges. In
fact, the dendritic growth, leading to triangular island, predestines the surface for the formation of
defects in the hBN layer, leaving bare patches of Cu(111). These get filled by new, small domains
of hBN. Since the occupation of preferential adsorption sites is hindered by the neighboring hBN
domains, an azimuthal alignment at the Cu(111) surface is not possible for these domains and
they become azimuthally disordered and lead to the continuous ring in the LEED pattern. This
has been shown by a combination of LEEM and #LEED measurements by Felter et al. [183].

As pointed out in Chapter 5.2.1, the LEED intensity of the ring (and thus the distribution of do-
main orientations), even with exception of the TM direction, is not homogeneous. There is a small
preference in the T'K direction, corresponding to an azimuthal rotation of the hBN domains by 30°
relative to the aligned domains. For simplicity, these domains will now be referred to as R30°-
domains. The LEEM measurements [183] showed that from the beginning of the domain growth,
there is no change in the orientation of the domains. Thus, it is very likely that the orientation of
the domains is determined in the moment of the formation of the nucleus rather then caused by a
diffusion and rotation of hBN domains after the formation of the nucleus. Once an R30°-nucleus
has formed, the growth in the six preferred directions occurs the same way as was described in
Chapter 5.1 for aligned domains, because the dehydrogenation limited aggregation is only driven
by the intrinsic properties of hBN [183]. The remaining question is why the R30°-nuclei form. A
rotated domain has an increased lattice mismatch m compared to the aligned domains (see Chap-
ter 5.2.1) so that the occupation of preferential adsorption sites is not possible. However, this may
explain the wider azimuthal spread of the R30°-domains (6.1°) compared to the aligned domains.
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The weakened interactions between hBN and Cu(111) due to the deviation from the preferred
adsorption sites allows for a wider range in the azimuthal rotations of the nuclei.

Furthermore, the preference of R30°-domains is not connected to a filling of Cu(111) areas left bare
during the growth of aligned hBN domains. Figure 5.5a shows the LEED pattern of hBN/Cu(111)
that was prepared with a third of the borazine dose that was commonly used for a full monolayer.
There is no continuous ring, only the arcs in the TM and T'K directions are present. This means
that the R30°-domains appear earlier in the growth process than the randomly oriented domains.

Figure 5.5b shows a LEED pattern of hBN/Cu(111) that was prepared in the same way as the
surface of Figure 5.3a. Yet, it is strikingly different. There is only intensity in T'K direction with a
wide azimuthal spread of &+ 21°. The domains are only 50% of the size of the domains that yield
Figure 5.3a (which was derived from the FWHM of the ring in the radial direction) and the high
background indicates disorder on the surface. The preparation that yielded the LEED pattern in
Figure 5.5b was the last in a series of experiments, all identically conducted over the course of
four weeks, but that yielded hBN layers which very gradually decreased in quality. The LEED
patterns changed from resembling Figure 5.3a for a complete monolayer, over patterns as shown
in Figure 5.5a for an incomplete layer, finally arriving at Figure 5.5b. Presumably, the borazine—H,
ratio had continuously decreased over this time.> With the same dose of gas let into the chamber
but a decreased borazine percentage in this gaseous phase, the hBN coverage decreased until, at
the lowest coverage, only R30°-domains grew.

Figure 5.5: SPA-LEED patterns of incomplete layers of hBN on Cu(111). a) The hBN ring is not
continuous, intensity is only present in TM and in TK direction (where the ring intensity is the
highest for a full monolayer). The satellite structures are weak in intensity, but present. b) The
only intensity on the hBN ring is observed in TK direction. The well-known satellite structures are
absent. Between the specular spot and the first order Cu spots are long, curved lines of intensity
due to multiple scattering. They correspond to the arcs of the ring in I'K direction. The LEED
patterns were recorded with an electron energy of 70 eV at 110 K.

5 At the time of these experiments, the author of this thesis was not yet aware of the decomposition of borazine to
BN polymers and H; even at low temperatures. Thus, the composition of the borazine gas was not regularly checked
via QMS so that the gaseous phase probably contained large amounts of H, which increased over time.
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This means that at the very beginning of the hBN growth, R30°-domains form before the aligned
domains form. Since the full monolayer is predominantly composed of aligned domains, some-
thing has to change during the growth process so that the preferred domain formation switches
from R30° to aligned. A possible explanation is that R30°-domains nucleate at surface defects. A
saturation of defects at low coverages would then inhibit further formation of more R30°-domains
and allow the formation of aligned domains on Cu terraces. The attachment to defects may also
inhibit the growth of the R30°-nucleus in at least one direction, leading to a smaller size of the
R30°-domains. Note, that Felter et al. did not observe any preference of R30°-domains over any
other azimuthal orientation which is indicated by the higher intensity of the hBN ring in the LEED
pattern in that direction. However, this is likely correlated with the smaller illuminated surface
area of yLEED compared to SPA-LEED [183].

On the basis of the described results, the growth model of hBN/Cu(111) by Felter et al. [183] can
be expanded. A summary of the proposed growth process is depicted in Figure 5.6.

Cu(111) surface R30 domains aligned domains random domains
° ° o« o £ =

Figure 5.6: Schematic overview of the different hBN domains on the Cu(111) surface (top row)
during the growth process of hBN with the corresponding LEED patterns (bottom row). The
mirror planes of the clean Cu(111) surface (a) are indicated in the top left corners of the pictures in
the upper row. During borazine deposition, the first h BN nuclei form at defects, e.g. at step edges,
which grow to become R3(0°-domains (yellow), leading to intensity in the I'K direction in the
LEED pattern (b). After saturation of the defects, nuclei form on terraces with the B and N atoms
occupying their preferred adsorption sites. This starts the formation of aligned domains (green)
and the appearance of LEED spots in TM direction (c). When the surface is almost completely
covered, randomly oriented domains (red) begin to form in the gaps between the larger hBN
domains and the hBN ring in the LEED pattern appears (d).

When the hot Cu(111) surface (Figure 5.6a) is exposed to borazine, first R30°-nuclei form at surface
defects. Following the dendritic growth model by Felter et al. [183], they increase in size (yellow
domains in Figure 5.6b). However, their growth is hindered in (at least) one direction due to the
attachment to the surface defects. Furthermore, the large lattice mismatch of —13.2% leads to a
wide spread in the azimuthal orientation of the domains of 6.1°. After the saturation of the surface
defects, nuclei form on the terraces. Due to the possibility of occupying their preferred adsorption
sites, the nuclei anchor to the Cu(111) surface so that aligned domains form (green domains in
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Figure 5.6c, due to the rather weak interfacial interactions an azimuthal spread of 4.4° remains).
Since the aligned domains can grow freely in all directions, they grow to the largest sizes of all h BN
domains. However, they are not able to coalesce. When the surface is almost completely filled with
aligned and R30°-domains, nuclei form in the remaining gaps where the preferred adsorption sites
cannot be occupied. This results in the random distribution of orientations of the new domains
(red domains in Figure 5.6d). They constitute the minority and remain of the smallest size because
they form only when the monolayer is already almost completely closed. The formation of these
nuclei is the least probable due to the very weak interaction strength between the Cu(111) surface
and the borazine molecule.

5.3.2 Borazine adsorption on Cu(111)

Desorption spectra of borazine

While the growth model presented in the previous section explains the steps in which the different
kinds of hBN domains form on the Cu(111) surface, it is yet unclear how and why the hBN nuclei
form and why the R30°-nuclei form before the aligned. To gain insight into these questions, the

adsorption of the precursory borazine molecule on the Cu(111) surface was investigated.
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Figure 5.7: TPD spectra of borazine on Cu(111) (m/z = 80). The molecules were deposited at a
sample temperature of 100 K and the sample was heated with a rate of 1 Ks~!. The initial borazine
coverages are between (.08 and 4.3 ML. Two peaks can be clearly distinguished at 143 Kand 170 K
and are assigned to the multilayer and monolayer desorption, respectively. The inset shows that
at temperatures between 190 and 240 K desorption from surface defects occurs which amounts to
~10% of the monolayer. Spectra are smoothed.
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Figure 5.7 shows TPD spectra of 0.08—4.3 ML borazine on Cu(111). The borazine was deposited at
a sample temperature of 100 K and was completely desorbed at a temperature of 250 K. This is the
first indication of the very weak bond between borazine and Cu(111). The complete desorption
of borazine has been verified via SPA-LEED where the LEED pattern of the clean Cu(111) surface
was observed after the desorption experiments.

Two peaks can be clearly distinguished at ~143 K and ~170 K which are assigned to multilayer and
monolayer desorption, respectively, as will be discussed below. Additionally, at temperatures of
190—240 K, a very broad peak of very low intensity can be observed. This signal has previously
been assigned to borazine desorption from defects on the Cu(111) surface [194].

Desorption of borazine multilayers from Cu(111)

The determination of the desorption energy Ejes of borazine on Cu(111) will first be approached
via the multilayer peak at 143 K. Using a Menzel-Schlichting plot [195] (an Arrhenius plot on an
inverted reciprocal temperature scale), ETU!l of the multilayers can be gained from a leading edge
analysis of the spectra of 3.5 and 4.3 ML. This is shown in Figure 5.8a. The fits of the leading
edges result in Eg;‘;lﬁ = (0.60 + 0.01) eV for 3.5 ML and Eg‘e‘;“i = (0.53 + 0.01) eV for 4.3 ML. This
discrepancy of more than 10% between the two experimental values will be addressed below. For
comparison, the sublimation enthalpy of borazine is 0.60 eV [196].
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Figure 5.8: a) Menzel-Schlichting plot of 4.3 ML (blue) and 3.5 ML (red) borazine on Cu(111)
(B =1 Ks™!). The leading edges are fitted linearly (black). From the slopes of the fits, the des-
orption energies of the borazine multilayer Egg;lﬁ were determined as (0.53 & 0.01) eV for 4.3 ML
and (0.60 &+ 0.01) eV for 3.5 ML, respectively. b) Calculated TPD spectra for zeroth order desorp-
tion for 4.3 ML with ET! = 0.53 eV (top, blue) and for 3.5 ML with ET% = 0.60 eV (bottom,
red). Experimental data points are shown for comparison (black). The calculated spectra are
fitted to the experimental data by the leading edges which delivers a pre-exponential factor of

17 articles2 20 articles 2 .
(6.0 = 0.4) - 107 EEZ=" for 43 ML and (1.95 + 0.10) - 102 EE"=52" for 3.5 ML, respectively.

The spectra were divided by the peak maxima; the peak maxima correspond to 0.34 MLs~! (blue)
and 0.22 MLs™! (red).

The pre-exponential factor vy of the Polanyi-Wigner equation (Eq. 3.10) can be determined by cal-
culating the TPD spectra using the values for EfUi gained from the Menzel-Schlichting plots
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and comparing them to the experimental spectra as shown in Figure 5.8b. For this, the pro-
gram Octave [197] with a self-written script by the work group Organische Filme of Prof. M.
Sokolowski from the University of Bonn based on the integration of Eq. (3.10) [198] was used.
For the computation, the number of molecules in a full monolayer was used which was calcu-
lated with an estimation of the molecular density on the surface (see Table 5.3). This was obtained
from LEED pattern of borazine on the Cu(111) surface which will be shown below. The pre-
exponential factors used to calculate the TPD spectra of 3.5 and 4.3 ML shown in Figure 5.8b are

icles2 icles 2
v = (1.95 & 0.10) - 10%° partclfrlles and (6.0 + 0.4) - 1017 P2HAes” ospectively. The large difference

S s cm

of three orders of magnitude is a result of the discrapency between ETU!t! for the two layers. This

will be discussed below.
Borazine monolayers on Cu(111)

The high-temperature peak at ~170 K is symmetrical and eventually saturates when the borazine
coverage is increased. Thus, this peak is assigned to the monolayer desorption. Note that the
multilayer peak starts to grow before the monolayer peak is saturated. This indicates a Stranski-
Krastanov growth of the borazine molecules (islands on a wetting layer) which, again, points to
a weak interaction between the molecules and the Cu(111) surface. Accordingly, the coverages
given here are nominal thicknesses based on the estimation of the molecular density on the sur-
face obtained from LEED and shown below.

The maxima of the monolayer peaks shift to lower temperatures with increasing coverage. This
shift can be an indication for either second order desorption or repulsive lateral interactions be-
tween the molecules in the monolayer [129]. A second order desorption would entail a recombi-
nation step before the molecule desorbs. This is rather unlikely. Breaking the hydrogen bonds of
borazine to form hBN requires a temperature ~1000 K so that a breaking up of the molecule at only
100 K is not possible. Instead, the shift of the peak indicates repulsive lateral interactions between

the borazine molecules in the monolayer.

Similarly, repulsive lateral interactions have been found for benzene on Ag(111) in TPD experi-
ments where a shift of the monolayer peak to lower temperatures with increasing coverage was
observed [199], too. Further similarities can be found in the structures of these systems. Figure 5.9
shows LEED patterns of two different preparations of -2 ML borazine on Cu(111). (Observing a
LEED pattern at lower coverages (~1 ML) was not possible.) In both cases, there is a high back-
ground which indicates some disorder on the surface. In Figure 5.9b, the LEED signals are even
smeared out to such a high degree that the identification of individual spots is impossible which
points to very small, azimuthally disordered domains of borazine. However, the distance of the
specular spot to the ring of intensity is the same as the distance to the more distinguishable spots
in Figure 5.9a. A simulation of the LEED pattern (shown in Figure 5.9¢) reveals that the first or-
der LEED spots are extinct. The lattice constant of the hexagonal unit cell was determined as
(14.9 + 0.8) A. Due to the very broad spots, the margin of error is rather large. The LEED pat-
tern in Figure 5.9a shows some similarity to that of benzene on Ag(111) [200] and also to that of
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Figure 5.9: a) SPA-LEED pattern of 2 ML borazine on Cu(111). The LEED spots are very broad
and not easily distinguishable which indicates small domains of borazine. The pattern has a
hexagonal symmetry and resembles the LEED patterns of benzene on Ag(111) [200] and cyclo-
hexane on Pt(111) [201]. b) LEED pattern of a different preparation of -2 ML borazine on Cu(111).
The LEED spots are azimuthally smeared out completely so that individual spots cannot be iden-
tified at all. This points to very weak adsorbate-substrate interactions. The high background in
both patterns speaks for a high amount of disorder on the surface. c) The LEED pattern from a)
overlaid with a simulation. Different colors refer to different rotational domains. The first order
LEED spots are extinct. d) Structure model for the unit cell of borazine on Cu(111), based on the
structure model for cyclohexane on Pt(111) by Firment at al. [201]. The structural parameters are
given in Table 5.3. Dotted lines indicate hydrogen bonds. For details, see text. The LEED patterns
were recorded with an electron energy of 30 eV at 100 K.
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cyclohexane on Pt(111) [201] which display hexagonal patterns of doublets of beams. Table 5.3
summarizes the structural parameters of these two systems in comparison to borazine/Cu(111)°.

Table 5.3: Structural parameters of benzene/Ag(111) [200], cyclohexane/Pt(111) [201], and bo-
razine/Cu(111). c; is the vector of the hexagonal surface unit cell, A is the area of the unit cell,
and N is the number of molecules per unit cell. The footprint f of the molecules and their packing
densities on the surfaces p are given. For the calculation of f, see Figure G.1 in Appendix G. Tjps
is the temperature at which LEED patterns could be observed.

| o A f N 0 Tobs

benzene/Ag(111) | 13.2A 1509 A% 39.280A% 4 0.027A2 <125K  [200]
cyclohexane/Pt(111) | 127 A 139.7 A2 42545A%2 4 0.029A~2 140-200K [201]
borazine/Cu(111) | 142 A 1754 A2 40636 A2 4 0.023 A2 100 K

The comparison in Table 5.3 shows that these three molecules that share a similar footprint (for
the calculation, see Figure G.1 in Appendix G) order on (111) metal surfaces in unit cells of sim-
ilar sizes. For both, benzene/Ag(111) and cyclohexane/Pt(111), structure models of flat lying
molecules with 4 molecules per unit cell were proposed [199, 200]. Borazine and benzene are
isostructural and isoelectronic and on their respective surfaces, their monolayer desorption peaks
are found at similar temperatures around 170—180 K [199]. Thus, the same model of flat lying
molecules will be assumed here for borazine/Cu(111). The corresponding structure model is de-
picted in Figure 5.9d. In this structure model, pairs of borazine molecules can form hydrogen
bonds between nitrogen atoms and hydrogen atoms which are bonded to boron atoms. Two of
the pairs can be arranged in the unit cell so that an interaction between boron atoms and hydrogen

atoms bonded to nitrogen atoms becomes possible.

This results in almost identical packing densities in all three systems in Table 5.3. Another com-
mon behavior of benzene/Ag(111) and borazine/Cu(111) is that the LEED patterns could only
be observed at low temperatures.” After heating of the sample to 125 and 115 K, respectively,
the LEED spots irreversibly vanished, pointing to a rearrangement of the molecules from an or-
dered layer to disorder. However, for both systems, distinct multi- and monolayer peaks were
observed in TPD at temperatures above 125 and 115 K, respectively. Thus, a dewetting and forma-
tion of clusters most likely does not occur. Instead, the formation of an unordered phase akin to

an amorphous crystal can be imagined.

®For the monolayer of benzene/Ag(111), two different LEED patterns were observed depending on the preparation
conditions. The parameters given here refer to the preparation at low dosage (-1 L) and low temperature (100 K).

"The authors [200] did not present the LEED patterns for the monolayer of benzene/Ag(111), only described it.
The LEED patterns for the multilayers, however, were shown and are similarly blurry as the LEED pattern of ~2 ML
borazine/Cu(111) in Figure 5.9a.
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Figure 5.10: Monolayer desorption peaks of borazine for coverages of 1.5—4.3 ML. At these cov-
erages, the monolayer desorption peak is saturated and the monolayer is complete. The molecules
were deposited at a sample temperature of 100 K and the sample was heated with a rate of 1 Ks™!.
Black points are the measured data, solid lines are calculated monolayer first order desorption
peaks for the respective coverages, calculated with vy = 1-10'3 s~1. The resulting desorption
energies EJ0"C are given. The calculated peaks are fitted to the experimental data by the lead-
ing edges. The desorption from surface defects at 190—240 K changes the trailing edge of the
monolayer desorption peak. The spectra were divided by the peak maxima; the peak maxima
correspond to 0.4 MLs™!.

For the determination of the adsorption energy of the monolayer of borazine on Cu(111), the
strong similarity to benzene/Ag(111) is utilized. The monolayer peaks are calculated and com-
pared to the experimental spectra using the pre-exponential factor of vp = 1- 1013 s~1 of ben-
zene/Ag(111) [199]. Figure 5.10 shows calculated monolayer spectra in comparison to the mea-
sured spectra for coverages of 1.5—4.3 ML for which the monolayer peak is saturated and is con-
stantly positioned at 170 K. The calculated spectra are fitted to the leading edges of the experimen-
tal spectra since the desorption peak from molecules at defects at higher temperatures changes the
trailing edges of the peaks. The desorption energy of the borazine monolayer gained from these
calculations amounts to E32" = (0.495 £ 0.005) eV.

This desorption energy is smaller than the desorption energy of the multilayer which is surprising
since the monolayer desorption occurs at a higher temperature. Nevertheless, the same behavior
has been observed for benzene/Ag(111) as well. Table 5.4 summarizes the desorption energies of
these two systems. First of all, the desorption energies of the monolayers are smaller than that of
the multilayers in both systems. The difference amounts to 12% for benzene/Ag(111) and 6.6%
for borazine/Cu(111) (compared to Egg;lﬁ = 0.53 eV, for Eg;‘;lﬁ = 0.60 eV, the difference is 18%).
This decrease in E4es can be attributed to the repulsive lateral interactions between the molecules
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in the monolayer discussed above [199]. Furthermore, Eg;‘;lﬁ of benzene/Ag(111) deviates from
the sublimation energy AHg,, of benzene by 10%. This matches well with the desorption energy
determined for 4.3 ML borazine/Cu(111) of 0.53 eV which deviates from the sublimation energy
of the molecule by 12% (Eg‘e‘glti =0.60 eV for 3.5 ML is in perfect agreement with AHg).

From the similarities between benzene/Ag(111) and borazine/Cu(111) which have been pointed
out above, the conclusion of very similar interactions in the multilayers of these two systems
can be drawn. The observations for the respective monolayers point to very weak interactions
between these and the respective metal surfaces. Thus, an influence of the substrates on the second
and higher molecular layers can be assumed to be even weaker so that the comparison between
benzene multilayers and multilayers of the benzene-analogous borazine is legitimate. Based on
this comparison, a decision can be made regarding the two different results for the desorption
energy of borazine multilayers on Cu(111) presented above. Assuming that the similarity between
the two system also holds in regard to the desorption energy of multilayers, ETU! = 0.53 eV is
determined for borazine/Cu(111), rather than the value of 0.60 eV determined for 3.5 ML. 8

Table 5.4: Desorption energies of benzene on Ag(111) [199] and of borazine on Cu(111) for the
monolayer EJ" and the multilayer Egg;l“. The pre-exponential factors vy and the sublimation

enthalpies of the respective molecules AHg,y, are included.

\ borazine/Cu(111) benzene/Ag(111)

Emult (0.53 % 0.01) eV 0.42 eV [199]
vo (multi) | (6 £ 1) - 1017 parides? —

Egare (0.495 + 0.005) eV 0.37 eV [199]
o (mono) 1-1018 51 1-1018 571

AHqy, 0.60 eV [196] 0.46 eV [202]

Borazine molecules at surface defects desorb at 190—240 K. For a rough estimation of their des-
orption energy Eggi, a similar approach as for the complete monolayer was employed. A TPD
spectrum was calculated using vp = 1- 1013 571 and Eg4es was changed so that the position of the
desorption peak could be reproduced. This delivers ESf = 0.59 eV as a very rough estimate due to
the significant broadness of the experimental desorption peak. This broadness may be explained
by the different kinds of surface defects that act as adsorption sites for the borazine molecules
and/or by the different characters of bonds formed between the molecules and these defects.

These findings may be compared to literature about borazine on other substrates. On Au(111) [203],
the multilayer desorption peak was observed at 140 K which agrees well with the peak position
of 143 K on Cu(111). The monolayer desorption peak was found at higher temperatures com-
pared to Cu(111). With increasing coverage, it shifted from 243 K to 206 K, pointing to the same
repulsive lateral interactions as observed in the present work. EZ2" was determined to be 0.52 eV
(assuming vy = 1-10'3 s~!) which reflects the higher desorption temperature for the monolayer
on Au(111) compared to Cu(111). High resolution electron energy loss spectroscopy has shown that on

8 A calculated multilayer desorption peak with Eggsﬂﬁ =053and vy = 5-107 571 agrees well with the experimental
spectrum for 3.5 ML. Thus, the large difference between values for vy (multi) presented above is resolved as well.
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Au(111), too, the borazine molecules lie flat on the surface.

The behavior of borazine on Rh(111) [204] and Pt(111) [203] is very different from that on Cu(111)
and Au(111) [203]. On these two surfaces, multilayer desorption was observed at 176 K (in agree-
ment with the noble metal surfaces) and 150 K, respectively. A monolayer desorption, however,
was not observed. Instead, the borazine molecules were dehydrogenated between 300 and 400 K
and at higher temperatures (600 K) hBN lattices formed. This process shows the much stronger
interactions between the borazine molecule and the transition metal surfaces compared to the

noble metal surfaces with a complete 4 shell as it has also been found for hBN [55].
Borazine adsorption and growth of hBN

The formation of hBN on any metal surface requires elevated temperatures. This process can
be viewed as an activated adsorption [129] where borazine molecules adsorb on the surface in a
physisorbed precursor state and have to overcome an activation barrier AEA in order to contribute
to the growth of the hBN layer. Figure 5.11 shows an energy diagram for activated desorption.
The temperature dependent sticking factor plays an important role in the growth process of hBN®.
On the one hand an elevated temperature is required for the hBN growth, but on the other hand,

an elevated temperature causes increased desorption of the borazine molecules.

The value of the desorption energy gained from the TPD experiments presented above can be
used to access AEA. Using the desorption energy for borazine monolayers on Cu(111), AEA can be
estimated via the sticking factor s at the sample temperature Ts of 1070 K, the growth temperature
of hBN. s is the ratio of the rate constants for the adsorption of molecules from the precursor
state k,q and the sum of the rate constants of all processes, in the current case of adsorption and
desorption:

AEA —Eges
Kaa  Kaa _ e bR (5.4)
kad + kdes kdes

S =

For the growth of hBN on Cu(111), a high borazine dose D of 2000 L is required. The resulting im-
pingement density of molecules is much higher than the molecular density of a closed monolayer.
Accordingly, s < 1 which will be shown below, and thus follows that kg < kges.

The sticking factor can also be expressed as the amount of molecules that stick on the surface Nstick
as the fraction of all molecules that hit the surface per time unit Nit:

Mg _ 4
s = — = = .
Ny 7

(5.5)

A1 is the number of molecules per surface area. Since one hBN unit cell contains one BN unit,
the number of BN units Npy will be considered for simplicity so that A™1 = a2, cos(60°), with
appN as the lattice constant of the hBN layer, as it was used previously in this chapter. When the

9Here, the term sticking factor refers to the transition from precursor state of the borazine molecule on the surface to
the hBN layer. For the transition of the molecule from gas phase to precursor state, a sticking factor of 1 can be assumed
due to the low sample temperature and the small borazine dose of 1.8 L necessary to achieve monolayer coverage.
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Figure 5.11: One-dimensional representation of the energy diagram of the activated adsorption
of borazine molecules. The precursor state of borazine on the surface and the hBN layer formed
after dissociation of the borazine molecules are represented as energy wells. They are separated
by the activation barrier AE5. At an elevated temperature, borazine molecules can either cross this
activation barrier and form hBN or desorb from the surface which requires the desorption energy
Eges- As per [129].

BN units instead of the complete borazine molecule are considered, the collision rate Z needs to
reflect this, too. Thus, a factor 3 is included because a borazine molecule contains 3 BN units:

3p
7 = , 5.6
v2mmkgTg (5.6)

where T is the temperature of the borazine gas. Thus follows

3D
It = ———— 5.7
\/ZﬂkaTG ( )

and

\/ZﬂkaT

- 3Daz s\ cos(60°)

s =2256-1072, (5.8)
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with a borazine dose D = pt =2000 L at a temperature Tg = 298 K.
Now, using Eq. 5.4, the barrier for the activated adsorption of borazine on the Cu(111) surface AEx
at Ts = 1070 K can be calculated as

AEx = Eges — kgTsIn(s) = 1.06 & 0.01eV . (5.9)

Following the model for the hBN growth by Felter et al. [183] (see Chapter 5.1), AEA corresponds
to the dissociation energies of the B—H and N—H bonds in the borazine molecule. Auwirter et
al. [184] calculated these bond energies to be 4.72 eV and 5.38 eV, respectively. These values refer
to the molecule in the gas phase and not on a metal surface. There, the energy required to break

these bonds is reduced, presumably because the metal activates the chemical bonds.

The model of the activated adsorption of borazine on the metal surfaces for the formation of hBN
explains why the desorption of borazine molecules in the monolayer was not observed in TPD on
either Rh(111) or Pt(111) [203, 204]. Eq. 5.4 shows that the term AEx — Egeq is the deciding factor
for the sticking factor. The borazine molecule in the precursor state on the surface can be assumed
to be similarly weakly bound on Rh(111) and Pt(111) as on Cu(111). Thus, the activation barrier
needs to be considered.

If AEp > Eges, s increases with increasing temperature according to Eq. 5.4, i.e. the formation of
hBN is more favored with respect to the desorption of the borazine molecule. On Rh(111) and
Pt(111), the desorption of the borazine monolayer was not observed and instead, the hBN layer
was formed [203, 204]. This points to a smaller activation barrier AE4 for the formation of hBN on
Rh(111) and Pt(111) compared to Cu(111).

A similar conclusion can be drawn for the activation barriers of borazine molecules adsorbed
at defects or on terraces on the Cu(111) surface. According to the growth model introduced in
Chapter 5.3.1, first, hBN nuclei form at Cu defects which grow into R30°-domains. After the
saturation of the defects, aligned domains grow from hBN nuclei which form on Cu(111) terraces.
Thus, the activation energy for the formation of hBN nuclei from molecules adsorbed at defects
must be smaller than that for molecules adsorbed on terraces.

In summary, the desorption of borazine molecules adsorbed on the Cu(111) surface in multilayers,
monolayers and at surface defects can be clearly distinguished in TPD spectra. Their desorption
energies were determined to be (0.53 £ 0.01) eV, (0.495 + 0.005) eV, and (0.59 £ 0.01) eV, respec-
tively. The smaller desorption energy for borazine monolayers compared to that of multilayers
is explained by repulsive lateral interactions in the monolayer. The larger desorption energy of
molecules at surface defects leads to a preference of the formation of hBN nuclei at surface defects
over those on Cu(111) terraces that are aligned with with the metal substrate.

5.4 Conclusion

The interface of hBN/Cu(111) can be considered to be of a physisorptive nature, which is revealed

by several structural parameters. hBN/Cu(111) is incommensurate despite only a small lattice
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mismatch which leads to a lattice constant of (2.500 + 0.004) A which is similar to that of the bulk
material and the free standing hBN layer. The azimuthal orientations of the hBN domains on
the Cu(111) surface are widely distributed and their vertical distance to the top-most Cu layer of
(3.24 + 0.03) A exceeds the sum of the vdW radii of adsorbate and substrate. The influence of the
Cu(111) surface on the hBN layer is reflected only in the thermal expansion of the hBN following
that of the substrate, the preferential orientation of domains in alignment with the metal surface,
and a small buckling of the layer. The buckling of (0.42 + 0.05) A can be considered small on the
scale of the Moiré pattern and the hBN layer can be viewed as locally flat. The LEED pattern of
hBN/Cu(111) can be explained by a combined effect of this minute buckling of the hBN layer and

multiple scattering effects.

The azimuthal orientations of the domains are determined during the growth process. Based on
SPA-LEED and TPD experiments, the growth model for hBN/Cu(111) by Felter et al. [183] was
expanded. The growth process of hBN begins with the formation of domains rotated by 30° rel-
ative to the Cu(111) surface, whose orientation may be influenced by surface defects. At surface
defects, the desorption energy of borazine molecules is higher and the activation barrier for the
formation of hBN is lower compared to borazine molecules adsorbed on Cu(111) terraces. After
the saturation of surface defects, hBN domains form on Cu(111) terraces where their orientation is
determined by the preferential adsorption sites NiopBgec OF NiopBhep Of the nuclei. These domains,
which grow in alignment with the Cu(111) surface, make up the majority of hBN domains. The
desorption energy of borazine on terraces amounts to (0.495 + 0.005) eV with repulsive lateral in-
teractions between the molecules. In the last step of the growth process, hBN domains of random
orientation fill the gaps between the large, aligned domains.
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6 Electronically decoupled PTCDA on
hBN/Cu(111)

In this chapter, the decoupling of PTCDA from the Cu(111) surface by a single layer of hBN will
be discussed based on the lateral structure of PTCDA monolayers, the vertical structure of the
adsorption complex PTCDA /hBN/Cu(111), and the electronic structure of PTCDA which was in-
vestigated using PES methods. These results have been published in Appendix A.2. The results
of the SPA-LEED investigations of the lateral structure will be discussed in detail here and com-
pared to the structure of other PTCDA films on metal substrates. Furthermore, the influence of
the quality of the hBN layer on the PTCDA layer will be reported. The results on the vertical and
electronic structure of PTCDA on hBN/Cu(111) will be summarized more briefly.

6.1 Literature Overview

The adsorption of PTCDA on Cu(111) leads to a CT from metal to molecule which shifts the former
LUMO below the Fermi energy [46]. The CT is presumably the reason for the vertical distortion
of the molecule [47, 56] which was already described in Chapter 2.2 and illustrated in Figure 2.5.
The PTCDA molecule displays a boat-shape as both the anhydritic and the carboxylic oxygen
atoms are shifted upwards and are located above the perylene backbone of the molecule. STM
experiments showed that on Cu(111), PTCDA grows in a layer-by-layer mode for the first few
layers before nanocrystals begin to form [205]. The formation of nanocrystals has also been shown
in desorption experiments [206], beginning in the fifth layer. In TPD spectra, the desorption of the
second PTCDA layer was clearly distinguishable from that of the multilayer. Additionally, at
higher temperatures, the desorption of nanocrystals was observed. A desorption of the first layer
which is directly adsorbed to the Cu(111) surface, was not found. This is due to the chemisorptive
bond between PTCDA and the metal surface [46] which does not allow the desorption of intact

molecules.

Two lateral structures with herringbone arrangements of PTCDA on Cu(111) were observed by
Bauer (a- and B-phase) [57] and by Wagner et al. (structures 1" and "2’) [207], respectively. While
Bauer’s B-phase and Wagner’s structure 2" exhibit distinct similarities, the xa-phase and the struc-
ture "1” were not found in the respective other study. This may be ascribed to differences in sub-
strate quality and preparation conditions, or to the different methods employed (SPA-LEED vs.
STM). A detailed comparison of the results of the two studies can be found in Appendix A.3 and
in Ref. [57]. In the scope of the work presented here, the results by Bauer were reproduced, and
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thus act as a reference point. The structural details of the a- and B-phases of PTCDA on Cu(111)
can be found in Table 6.1.

In Chapter 2.3, the trapping of organic molecules in the pores of metal-supported hBN layers was
introduced. The same was reported for some molecules on hBN/Cu(111). For example, a trapping
of adsorbed molecules in areas of low local work function (corresponding to the moirons'!) was
observed for the deposition of small amounts of tetracyanoquinodimethane (TCNQ) and free-base
porphine (2H-P) [208]. But this is not the only scenario which was observed. Quaterphenylene
dicarbonitrile (QDC) does not get trapped on hBN/Cu(111) and instead forms self-assembled
molecular domains [209]. For the aforementioned molecules, a trapping has only been observed
at larger coverages. This difference has been assigned to an effect of presence or lack of inter-
molecular interactions [11]. When these are strong, self-assembly can occur; if the variation of
the molecule-substrate interaction is relevant and its length scale is of the order of the size of
the molecules, individual molecules get trapped in the moirons. For domains of 2H-P [208] and
QDC [209] at higher coverages, a shift of the positions of the frontier orbitals depending on the
adsorption sites of the molecules has been observed which is an effect of the electronic superstruc-
ture of hBN/Cu(111) [174].

Concerning PTCDA, a trapping of molecules has been observed on hBN/Rh(111) [125]. After
deposition of submonolayer coverages of PTCDA at 300 K, the molecules preferably adsorbed in
pores with three preferred orientations, following the symmetry of the substrate. These molecules
can function as nuclei for tiny domains with many defects. Annealing above 370 K leads to the
formation of highly ordered, densely packed domains with a herringbone arrangement of the
molecules. A similar structure has been observed for PTCDA /hBN/Pt(111) [125], however, this
structure formed immediately after deposition at 300 K. Additional annealing extended these do-
mains and reduced defects.

On hBN/Rh(110), [124] a long-range ordered herringbone structure of PTCDA which is commen-
surate to the hBN layer was observed after deposition at room temperature. An influence of the
stripe-like Moiré superstructure of hBN on Rh(110) on the molecular structure was not found.
The apparent height of the PTCDA molecules above the hBN layer measured in STM was slightly
higher than 3 A.

In contrast to these herringbone arrangements of PTCDA on hBN, a T-shape arrangement of the
molecules in a quadratic unit cell was found on exfoliated hBN on Si/SiO; [126]. Here, PTCDA
was deposited at room temperature from an ethanolic solution.

In summary, PTCDA and the Cu(111) surface form a chemisorptive bond which strongly influ-
ences the structure of the molecule. For some molecules, an hBN layer was able to structurally
decouple these from an underlying Cu(111) surface which depended on the strength of inter-
molecular compared to the interfacial interactions. PTCDA on hBN layers has been shown to still
be influenced by the underlying metal, however, this was the case for more reactive transition
metal substrates.

Lor pores, see Chapter 5.1
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6.2 The impact of an hBN layer on the lateral structure of the
PTCDA/Cu(111) interface

For a deposition of submonolayer coverages of PTCDA on hBN/Cu(111) at sample tempera-
tures between 260—300 K, no trapping of molecules was observed in STM experiments. In-
stead, ordered domains with a herringbone arrangement formed (cf. Figure 1 in Appendix A.2).
For detailed structural analysis from the submonolayer- to the multilayer-regime of PTCDA on
hBN/Cu(111), SPA-LEED experiments were conducted.

6.2.1 The lateral structure

A LEED pattern of PTCDA on hBN/Cu(111) is shown in Figure 6.1a. The sharp spots of the
Cu(111) substrate, the hBN ring, and the satellite structures of the hBN layer are clearly visible.
The LEED pattern is assigned to a PTCDA coverage of <1 MLZ2. Between the hBN ring and the
specular spot, there are several more rings of intensity. The rings of the highest intensities are
found at a distance of 0.6—0.9 A from the specular spot. These rings stem from the first PTCDA
layer on hBN/Cu(111). Similar to the hBN ring, these rings show a modulation in intensity along
the rings.

a) | b)

1A" 0.3A"

Figure 6.1: LEED patterns of the first layer of PTCDA on hBN/Cu(111). a) Overview LEED
pattern measured with an electron energy of 70.7 eV at a sample temperature of 110 K. The Cu
spots and the hBN ring are clearly visible. Modulated rings of intensity between the specular spot
and the hBN ring are caused by the PICDA layer. b) Zoomed-in LEED pattern measured with
an electron energy of 60 eV at a sample temperature of 140 K. Three rings of intensity with radii
between 0.6 and 0.9 A show different patterns of modulation in their intensities. The LEED pattern
was recorded for a different preparation of PTCDA on hBN/Cu(111) than a).

2 An exact determination of the coverages for the LEED pattern shown in Figures 6.1a, b, and 6.2a via TPD was not
possible for these experiments because TPD was not available at the UHV chamber used for recording these LEED
patterns. The coverages given are based on the high intensities of the substrate spots and the extinction of certain
PTCDA diffraction spots. This is explained in detail in the main text of Chapter 6.2.1 and is corroborated by other
experiments that combined LEED and TPD.
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Table 6.1: Overview of the PTCDA lattice parameters in the (102) planes of the two bulk con-

figurations « and B and on different substrates. The vectors of the unit cells b; and by, the angle
7 between the two, and the areas of the unit cells A are given. ¢ is the enclosed angle between
the vector by and the substrate lattice vector @;. p is the packing density of the molecules. Addi-
tionally, the superstructure matrices M are given. The matrix for PTCDA/hBN/Cu(111) refers to
the Cu(111) surface at 100 K, the matrix for PTCDA /hBN/Rh(100) refers to the hBN layer with a
periodicity of 2.51 A [210]. The matrices given for PTCDA/Ag(111) and PTCDA /hBN/Rh(110)
are not those reported in Refs. [99] and [124], respectively, but have been set up according to the
rules given in [211].

Bulk () [97]

Bulk (B) [97]

b1 (A) 11.96 12.45
by (A) 19.91 19.30
7(°) 90 90
A (A?) 238.12 240.3
o (A~2) 8.4 %1073 8.3 x 1073
Ag(111) [99] Cu(111) () [57] Cu(111) (B) [57]
by (A) 12.61 124+ 02 11.8 £ 0.2
by (A) 18.96 195+ 0.3 19.9 +£0.5
7(°) 89.0 90.0 £+ 0.9 90.0 + 1.3
A (A?) 238.7 242 +7 235 + 10
o (A2) 8.4 %1073 8.3 x 1073 8.5 x 1073
¢(°) 7.6 25407 103 +£1.0
" ( 3 -2 ) ( 498(9) 0.25(7) ) ( 501(8) 0.95(9) )
6 7 4.06(11) 8.79(15) 3.03(15) 8.82(20)
hBN/Cu(111) hBN/Rh(110) [124] hBN/Pt(111) [125]
by (A) 12.07 £ 0.3 13.3 12.81
by (A) 19.33 + 0.9 20.57 20.84
7(°) 90(3) 91.3 90.2
A (A?) 233(2) 273.6 266.96
o (A2 8.6 x 1073 73 %1073 7.5 %1073
¢(°) 9+1 74.3 n.d.
M 5.12(5)  0.9(1) 9 7 .
3.0(3) 8.64(9) 2 —4
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Figure 6.2: LEED patterns of a) 2 £ 0.5 ML PTCDA/hBN/Cu(111), recorded at a sample tem-
perature of 110 K with an electron energy of 30.4 eV, b) 1.55 ML PTCDA/Cu(111), recorded at
a sample temperature of 100 K with an electron energy of 78 eV, and c¢) 1 ML PTCDA /Ag(111),
taken from Ref. [50], recorded at a sample temperature of 300 K with an electron energy of 20 eV.
The LEED pattern of PTCDA /Cu(111) corresponds to what was reported in Ref. [57]. In all cases,
the characteristic double triangle arrangement of spots are marked with red or white boxes and
the LEED patterns are overlaid with the corresponding simulations. Different symbols refer to
symmetry inequivalent domains. Red and green symbols in b) refer to the a- and B-phases of
PTCDA /Cu(111). The intensities of the spots in the LEED pattern of PTCDA/hBN/Cu(111) in a)
are azimuthally smeared out as opposed to the sharp spots in b) and c). d)-f) Zoom-ins on the
double triangles in a)-c). On hBN/Cu(111) (d) and Ag(111) (f), it is formed by two triangles made
up of six spots. On Cu(111) (e), five spots form two corner-connected triangles.

The modulation of intensity can be seen more clearly in Figure 6.1b which shows a zoom-in on
the PTCDA rings of highest intensity. (Note that this LEED pattern was recorded for a different
preparation of PTCDA on hBN/Cu(111).) The modulation is caused by an azimuthal smearing of
the PTCDA diffraction spots. At the positions of the spots, a maximum in intensity remains. As
for hBN/Cu(111) (cf. Chapter 5.2.1), the presence of rings in the LEED pattern indicates azimuthal
disorder of the PTCDA domains. This can either be an indication for very weak interfacial inter-
actions so that there is no influence of the substrate on the azimuthal orientation of the PTCDA
domains or a consequence of the azimuthal disorder of the hBN domains which would cause
azimuthal broadening although the PTCDA domains grew epitaxially on hBN/Cu(111).

For different preparations of PTCDA on hBN/Cu(111), different LEED patterns were measured.
All of them showed the discussed rings, however, their shapes ranged from complete homogene-

ity in the intensities, to a modulation as shown in Figure 6.1b, to distinct spots with only a small
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amount of intensity remaining on the rings (see Figure 6.2a). The much more homogeneous az-
imuthal distribution of the PTCDA intensity compared to that of the hBN shows that the az-
imuthal broadening of the PTCDA intensity is due to a rotation of the PTCDA domains relative to
the hBN layer. This indicates very weak interfacial interactions between PTCDA and hBN. The az-
imuthal order that was occasionally observed has to be related to a change in adsorbate-substrate
interactions and, thus, may be related to the quality of the hBN layer. This correlation will be
discussed in detail in Chapter 6.2.2.

A LEED pattern of 2 £+ 0.5 ML PTCDA with more distinct PTCDA spots is shown in Figure 6.2a.
Such a LEED pattern allowed the determination of the structure of the PTCDA monolayer on
hBN/Cu(111). The structure was analyzed in an iterative process of deskewing the LEED pattern
and simulating the spot positions, using the programs Image] [212] with a Plug-In written by N.
Rohbohm [213] and Spotplotter [214]. The resulting simulation of the LEED pattern is overlayed on
Figure 6.2a and the derived structural parameters are given in Table 6.1.> Apart from the degree
of modulation of the ring intensities, there is a second important difference between the LEED
patterns of different preparations of PTCDA /hBN/Cu(111). In Figure 6.1b, the first order spots
{h0} and {0k} are systematically extinct, while in Figure 6.2a, these spots are clearly visible. Both,
the extinction and the presence of these spots, have been observed for different modulations of
the ring intensities. Thus, the extinction is not related to this. Instead, the extinction is related to

the PTCDA coverage as will be discussed in the next section.
PTCDA on hBN/Cu(111) compared to metallic substrates

The spot pattern of PTCDA /hBN/Cu(111) shows an obvious similarity to PTCDA films on metal
surfaces [49, 57, 99]. For comparison, LEED patterns of 1.55 ML of PTCDA/Cu(111) (which are
in agreement with those given in Ref. [57]) and 1 ML PTCDA/Ag(111) (taken from Ref. [50])
are shown in Figures 6.2b and c (including an overlay of the simulated LEED patterns) and the
corresponding structural parameters are included in Table 6.1. The two different phases of PTCDA
on Cu(111) (« and p) are indicated in red and green in Figure 6.2b.

The most prominent difference between the three LEED patterns is the azimuthal smearing of
the spot intensities for PTCDA /hBN/Cu(111). The arrangement of the spots, on the other hand,
is rather similar for all three substrates. The characteristic LEED feature of PTCDA layers in a
herringbone arrangement is marked in the patterns by red or white boxes and will be referred to as
double triangle. Figures 6.2d—f show zoom-ins on these respective double triangles. On Ag(111) [50,
99] (and on Au(111) [49]), this feature is made up of six diffraction spots, arranged in two adjacent
triangles. On Cu(111) [57], two of these spots overlap, so that the double triangle is effectively
formed by only five spots and the two triangles are connected by one corner. On hBN/Cu(111),
the double triangle consists of two triangles, formed by six spots, as is the case for PTCDA /Ag(111).
Thus, PTCDA /hBN/Cu(111) can unambiguously be distinguished from PTCDA /Cu(111).

3Table 6.1 includes a matrix for PTCDA /hBN/Cu(111) referring to the Cu(111) surface at 100 K. The matrix referring
522(5)  0.9(1)

to the hBN layer at 100 K is
3.1(3) 8.81(9)
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On Cu(111), the same extinction of the first order spots {10} and {kO} was observed for 1 ML of
PTCDA as for PTCDA on hBN/Cu(111). For both systems, these first order spots were present
for the second layer of PTCDA (in agreement with the findings presented in Ref. [57]). The ex-
tinction is an effect of the glide planes in the p2gg space group of the PTCDA herringbone struc-
ture. Strictly, the glide planes are only present if the substrate surfaces are not taken into account
for the PTCDA monolayer. This is possible due to the large discrepancy in periodicity of the
PTCDA layer and the substrate [57] to a certain extend. However, this is not the case with an
additional second PTCDA layer, which is shifted laterally with respect to the first layer [97]. Then,
the symmetry is lifted and the glide planes vanish because of the second PTCDA layer. Thus,
the LEED patterns of two PTCDA layers on hBN/Cu(111) and on Cu(111) contain the first order
PTCDA spots, as seen in Figures 6.2a and b. The change in symmetry upon adsorption of a sec-
ond PTCDA layer confirms the layer-by-layer growth mode for the first two layers that was found
previously for PTCDA /Cu(111) [57] and shows that the same is true for at least the first two layers
of PTCDA /hBN/Cu(111).

Note that the same extinction was observed for 1 ML PTCDA/Au(111) [49] but not for 1 ML
PTCDA/Ag(111) [50]. This is caused by the deviation of the angle 7y between the two lattice
vectors of the PTCDA structure from 90° on Ag(111). Thus, already in the monolayer, the p2gg
symmetry is broken and the first order spots are not extinct.

In the following, the structures of the PTCDA films presented in Figure 6.2 will be compared to
the PTCDA bulk modifications and the influence of the different substrates on the lattices of the
films will be discussed. All PTCDA structures on the three substrates hBN/Cu(111), Cu(111) [57],
and Ag(111) [99] show a strong resemblence to the PTCDA structures in the two bulk modifica-
tions [97], with a deviation in the unit cell areas of not more than 7%. The smallest deviation
between the bulk and a PTCDA monolayer is that of PTCDA/Ag(111) (the unit cell areas differ
by only 0.24% for the a-modification and —0.67% for the B-modification). The ratio of the two
lattice vectors by and b, shows that PTCDA / Ag(111) rather resembles the f-modification than the
a-modification (with deviations by 4.48% and 10.45%, respectively). To achieve the commensu-
rate structure of PTCDA /Ag(111), lattice mismatches between the f-modification and the Ag(111)
surface of -1.8% and 1.2% in the two directions are overcome by stretching and compressing the
two vectors accordingly.

On Cu(111), the a-phase corresponds to the f-modification in the bulk and, vice versa, the B-phase
resembles the a-modification, in both the area of the unit cell and the lengths of the lattice vectors.
Both phases exhibit a point-on-line (pol) coincidence with the Cu(111) surface. Although the indi-
vidual lattice mismatches between the PTCDA bulk modifications and the respective phases on
the Cu(111) surface in either direction is smaller than the lattice mismatch between PTCDA in
the f-modification and on Ag(111) (0.1—-1.4% in both phases on Cu(111)), the deviation in the unit
cell areas is larger (—1.3% for the B-phase and 7.0% for the a-phase) and no true commensurability
was found for PTCDA /Cu(111).

A direct comparison of PTCDA /hBN/Cu(111) with the two bulk modification shows, that there
is resemblance to both of them. The unit cell areas deviate by —2.15% (to the a-modification) and
—3.04% (to the p-modification), the ratios of the lattice vectors differ by 3.80% and —3.31%, respec-
tively. Each of the lattice vectors of PTCDA/hBN/Cu(111) agrees with one of the vectors of the
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bulk modifications within 1%. The structure is incommensurate and the domains show azimuthal
disorder.

These observations reflect the interaction strength at the PTCDA /substrate interfaces. The pol-
coincidence between PTCDA and Cu(111) instead of true commensurability despite a smaller
lattice mismatch than PTCDA/Ag(111), which is commensurate, show the weaker interactions
for PTCDA/Cu(111). The stronger interaction between PTCDA and Ag(111) allows a sufficient
stretching /compressing of the PTCDA lattice which leads to the commensurate structure. This
agrees with the larger interfacial distance for PTCDA /Cu(111) compared to PTCDA /Ag(111) [56,
100].

The interaction strength between PTCDA and hBN/Cu(111) seems to be even smaller due to
the incommensurate structure and the azimuthal disorder which is indicated by the rings in the
LEED patterns. Accordingly, a weaker CT (if any) and a larger interfacial distance compared to
PTCDA /Cu(111) and PTCDA/Ag(111) can be expected.

Remarkably, the structural parameters that were extracted from a PTCDA/hBN/Cu(111) struc-
ture with exceptionally high azimuthal order strongly resembles the f-phase of PTCDA /Cu(111),
with a difference in the area of the unit cells of only 0.85% and almost the same orientation relative
to the Cu(111) lattice (£ 1°). The preferential azimuthal orientations point to increased interfacial
interactions and the structural resemblance to PTCDA /Cu(111) indicate that this interfacial inter-
action involves the Cu(111) substrate. This would require defects in the hBN layer which reveal
the bare Cu(111) surface where these interactions then are possible. A LEED pattern with a higher
azimuthal order, as in Figure 6.2a, thus indicates the presence of more defects in the hBN layer
than a LEED pattern with more homogeneity of the rings (cf. Figure 6.1b). Consequently, as men-
tioned before, the quality of the hBN layer plays a decisive role here. This will be discussed further
in Chapter 6.2.2.

PTCDA on hBN/Cu(111) compared to other hBN-substrates

Now, PTCDA films on metal-supported hBN layers will be discussed. The structures of PTCDA
on hBN/Rh(110) [124] and hBN/Pt(111) [125] differ much more from the structures of the bulk
modifications compared to hBN/Cu(111) (see Table 6.1). The areas of the unit cells are much larger
than those in the bulk modifications (by 11—15%) which results in a significantly smaller density
of molecules on the surfaces. On hBN/Rh(110), a commensurate structure was found which is
achieved by a stretching of the lattice vectors b; and bo. While the angle ¢ between the PTCDA
lattice and the substrate lattice is very large compared to the other angles ¢ given in Table 6.1 at
74.3°, the angle between the PTCDA lattice and the Moiré superstructure of hBN/Rh(110) (which
is made up of stripes) is only 1.9°. Thus, the strong electronic corrugation of the hBN/Rh(110)
substrate may be the reason for this PTCDA structure that so significantly deviates from those
that have been discussed before. Accordingly, a much stronger interfacial interaction can be as-
sumed here. On hBN/Pt(111), similar interactions may be in effect since the corrugation of hBN
on Pt(111) [84] and its influence in the electronic structure of PTCDA [125] have been observed.
However, the azimuthal orientation of the PTCDA structure, and thus the superstructure matrix
were not determined for this interface.
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These observations proof the expectation that weak interactions at the hBN/metal interface also
facilitate the decoupling of the organic molecule on top of the hBN layer. On Pt(111) and Rh(110),
where the hBN layer is strongly modulated by the metal [84, 124], the PTCDA structure shows a
strong influence of the substrate. Contrastingly, on hBN/Cu(111), where the interfacial interac-
tions are weak and the hBN layer is mostly flat, the PTCDA structure is bulk-like and shows no
epitaxial relationship to the substrate.

Despite the stronger interfacial interaction between PTCDA and the substrates hBN/Pt(111) and
hBN/Rh(110), the domains formed by molecules are still in a herringbone arrangement, equiva-
lent to the situation on the hBN/Cu(111) substrate. Contrastingly, on hBN/SiO, [126], the PTCDA
molecules are arranged in a T-shape, leading to a quadratic unit cell, as it was observed on
NaCl/Ag(100) [111] (Q-phase, cf. Chapter 2.2). On NaCl, the Q-phase is commensurate and forms
due to attractive interactions between the molecules and the adsorbate. It remains unclear why
a T-shaped arrangement is found on hBN/SiO,. The interaction between the PTCDA molecules
and the hBN layer itself are, in principle, expected to be at least similar on SiO; and Cu(111) as no
significant periodic corrugation (topographical or electronic) occurs on either substrate (the exfo-
liated hBN layer was deposited on SiO») so that the bulk-like herringbone arrangement of PTCDA
can be expected. A possible explanation for the formation of the Q-phase may lie in the prepa-
ration conditions. PTCDA was not deposited on hBN/SiO, via vapor deposition but from an
ethanolic solution which was dried in Nj stream [126]. The growth of PTCDA domains from the
liquid phase is most likely influenced by the solvent molecules and different kinetic mechanisms
may be present, which then leads to the formation of the Q-phase.

6.2.2 The importance of the hBN quality

Now, the influence of the quality of the hBN layer on the structure of an adsorbed PTCDA layer
will be discussed. The LEED pattern of PTCDA /hBN/Cu(111) in Figure 6.2a shows PTCDA spots
which are exceptionally not smeared out and thus supported the structural analysis. This pattern
could not be reliably reproduced. Instead, patterns as the ones shown in Figures 6.1b and 6.3a were
often observed. A correlation to a change in the preparation conditions of the PTCDA layer or the
coverage could not be found. The discernible difference for the different kinds of LEED patterns
was, however, the quality of the hBN layer. For an easy comparison, Figure 6.3 comprises a LEED
pattern with homogeneous PTCDA diffraction rings (a) and the LEED pattern of azimuthally
oriented domains that was previously shown in Figure 6.2a (b). Figures 6.3c and d show the
LEED patterns of the respective hBN layers before PTCDA deposition. Both show the hBN ring
of the azimuthally disordered hBN domains, with a preferential orientation in M direction and
the satellite structures around the specular spot and the Cu first order spots. In both patterns, the
rings are sharp, however, while the ring in Figure 6.3c is continuous, the ring in Figure 6.3d only
shows intensity in the TM and TK directions (gaps in ring intensity are exemplary indicated by
green arrows). Furthermore, the satellite structures, while present in Figure 6.3d, too, are not as
pronounced and clear as in Figure 6.3c because the lines that form these structures are shorter.
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Figure 6.3: LEED patterns of PTCDA/hBN/Cu(111) (a and b) and of the respective hBN/Cu(111)
surfaces before PTCDA deposition (c and d), recorded at a sample temperature of 110—160 K with
electron energies of 31 £+ 0.5 eV (a and b) and 70.6 eV (c and d). a) The intensities of the diffraction
rings of PTCDA are homogeneous and indicate complete azimuthal disorder of the PTCDA do-
mains. b) Same LEED pattern as in Figure 6.2a. The maxima of intensity on the diffraction rings
of PTCDA show the preferential orientation of the domains. c) The diffraction ring of the hBN
layer is continuous, with maxima in the intensity in TM and TK direction. The satellite structures
are comprised of sharp long lines. d) The diffraction ring of the hBN layer shows intensity only in
I'M and I'K direction. Two gaps in the ring are exemplary indicated by green arrows. The satellite
structures are less pronounced as the lines that form these structures are short compared to c).
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In Chapter 5.3, the intensity of the ring between the TM and the I'K direction was attributed to
small hBN domains that fill the gaps where larger, aligned domains could not coalesce. Due to the
inability of the atoms of these small domains to occupy their preferred adsorption sites (at least in
parts of the hBN domain) the interaction between these domains and the Cu(111) surface is even
weaker which leads to the azimuthal disorder of these small domains. The absence of intensity of
the hBN ring in the indicated directions thus means, that these small domains are not present on
the surface and the gaps between larger hBN domains are not filled. There are small patches of
the bare Cu(111) surface left.

In the previous section (Chapter 6.2.1), the stronger interaction of PTCDA with the Cu(111) surface
as opposed to the hBN/Cu(111) surface has been discussed in relation to the lateral structures of
the PTCDA layers. It can also be derived from TPD experiments. While the thermal desorption
of intact PTCDA molecules in the first layer was not observed on Cu(111) [206], on hBN/Cu(111)
the first PTCDA layer desorbs completely at 550—570 K (cf. Appendix A.2 and Ref. [169]). The
complete thermal desorption of PTCDA from hBN/Cu(111) was confirmed in LEED, where the
same LEED pattern of hBN/Cu(111) was observed before the deposition and after the desorption
of PTCDA. For the deposition of PTCDA molecules on an incomplete layer of hBN on Cu(111), a
LEED pattern as the one shown in Figure 6.2b of PTCDA /Cu(111) was observed. This is explained
as follows. At a sample temperature of 300 K during PTCDA deposition, the molecules have
enough energy for diffusion on the surface since ordered PTCDA structures form. Consequently,
on the incomplete hBN layer, the molecules diffuse from hBN domains to bare Cu(111) areas
where the interaction energy is stronger, and they form the a- and p-phases of PTCDA /Cu(111).

Now, a surface where the Cu is almost completely covered like the hBN/Cu(111) surface of Fig-
ure 6.3d is considered. The gaps between the large hBN domains are filled, but smaller bare Cu
patches remain [173]. The PTCDA molecules will diffuse to these small bare patches and pin
to the metal. The pinning then determines the azimuthal orientation of the PTCDA domains.
This model explains why the angles ¢ of the -phase of PTCDA /Cu(111) and of the azimuthally
oriented PTCDA /hBN/Cu(111) agree so well (10.3 &+ 1.0° and 9 =+ 1°, respectively). However,
the oriented domains of PTCDA that produce the LEED pattern shown in Figure 6.3b are in fact
PTCDA domains on hBN/Cu(111) and not PTCDA domains that grow on uncovered Cu(111) ar-
eas. This conclusion can be derived from the difference in the double triangle patterns (shown in
Figure 6.2) as discussed in Chapter 6.2.1. Thus, while the PTCDA domains pin to the Cu(111)
surface at defects in the hBN layer, they continue to grow onto the hBN which determines their
lateral structure. For a completely closed hBN layer, on the other hand, no pinning of the PTCDA
domains can occur. In this case, the domains are azimuthally completely disordered (as seen in
Figure 6.3a). Intrinsically, there is no preferred orientation of PTCDA domains on hBN/Cu(111),

confirming the weak interfacial interactions.
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6.3 PTCDA decoupled from the Cu(111) surface by a layer of hBN

The weak interfacial interactions between PTCDA and hBN/Cu(111) are further confirmed by
the vertical structure of the molecule that was measured in XSW experiments and its electronic
structure as determined from PES experiments. These investigations were published (see Ap-
pendix A.2) but are not the main focus of this thesis. Thus, only the results are summarized
briefly here.

The vertical structure of PTCDA on hBN/Cu(111) is shown in Figure 6.4a. The vertical distance
between PTCDA and hBN is at (3.37 + 0.03) A even larger than the distance at the hBN/Cu(111)
interface of 3.24 A. Both oxygen species are bend downwards toward the surface so that the
molecule resembles the situation on Ag(100) and Ag(110) [47] in distortion motif. However, the
largest downwards shift (of the carboxylic oxygen atoms) amounts to only 0.08 A, which corre-
sponds to only 2.4% of the vertical distance. Figure 6.4b puts these values in a broader context.
Here, the adsorption heights for the chemically discernible species in the PTCDA molecule are
given for several substrates as vdW corrected heights. The corrected heights show a clear trend
as a function of both the work function of the substrates and the adsorption energy E,qs of the
PTCDA molecule on these surfaces. The work function of hBN/Cu(111) was determined in a UPS
experiment to be 0.5 eV smaller than that of Cu(111) and amounts to a value of 4.44 eV *.

Eagqs of PTCDA on hBN/Cu(111) was determined via TPD experiments (see Appendix A.2) as
(2.10 £ 0.09) eV. This is even less than E,45 of the physisorbed molecule on the Au(111) surface
of (2.5 + 0.1) eV [215]. Figure 6.4b shows that the PTCDA/hBN/Cu(111) interface constitutes
an extreme case regarding the vertical distance of the molecule from the surface. The corrected
heights of the carbon atoms in the perylene backbone and both oxygen species equal the sum of
the vdW radii of the involved atoms. Only the functional carbon atoms are positioned at a slightly
smaller distance which can be attributed to the downwards pull of the oxygen atoms. Thus, while
the molecule is not fully planar, the minute distortion of 0.08 A can be explained by attractive
local vdW interactions and/or electrostatic interactions between the partially negatively charged
oxygen atoms with mirror charges in the Cu substrate. The latter would indicate a transparency
of the hBN layer for such interactions. In light of the equivalence of the vertical distances and the
exact sum of the vdW radii, this seems rather unlikely. Furthermore, XSW experiments showed
that the adsorption of PTCDA molecules on hBN/Cu(111) has no influence on the vertical height
of the hBN layer itself, again indicating weak interactions.

PES experiments show a stronger resemblance between PTCDA in the PTCDA bulk and PTCDA
on hBN/Cu(111) compared to PTCDA on metal surfaces. The differential shift of the electronic
states in the Cls XPS spectrum of the first layer of PTCDA on hBN/Cu(111) is the same (within
the error) as that of the PTCDA multilayer on Ag(100) [57] while the PTCDA monolayers on ei-
ther Ag(100) [47] or Cu(100) [102] display a significantly different shift of the electronic states (for

“The reduction of the work function agrees qualitatively with the findings by Joshi et al. [174], however they find
work functions of 3.8 eV in the moirons and 4.1 eV in wire regions. This discrepancy may be related to the same effect
of small difference in sample preparation that causes the different finding in XSW experiments (see Chapter 5.2) or
to the different methods used to measure the work functions (STM vs. UPS). The work function of the bare Cu(111)
surface of 4.94 eV is taken from Ref. [174].
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Figure 6.4: a) Side view model of PTCDA /hBN/Cu(111) along the short and long molecular axes.
The vertical distances between the layers are given. The vertical distortion of the PTCDA molecule
is enlarged by a factor of 4 for better visibility. The functional groups show a minute downward
bend toward the surface relative to the perylene backbone. The vdW radii of the N and B atoms
are indicated, the covalent radii of PTCDA are drawn at 75% for clarity. b) Adsorption heights
of the chemically discernible species in the PTCDA molecules on different substrates, determined
in XSW [45, 47, 56, 100, 102]. The adsorption heights are corrected (i.e. reduced) by the vdW
radii of the respective substrate atoms (for hBN, the radius of boron is used, which is larger and
positioned higher than nitrogen), and they are shown as a function of the adsorption energy E,4s
of the PICDA molecule on these surfaces. Data marked by "a" and "b" are taken from Refs. [47]
and [215], respectively. Data marked by * was not available and horizontal data point positions are
qualitatively placed according to the work function trend of the substrates [102]. For substrates,
where the functional and perylene carbon atoms were not analyzed individually, averaged val-
ues are given as hollow data points. Guide lines for the eyes are included, dashed lines indicate
incomplete data sets. Dashed horizontal lines indicate the vdW radii of sp? hybridized carbon
and oxygen atoms. All radii used in this thesis and the results of the XSW experiments and the
resulting values for the vertical distances are summarized in Tables G.3 and G.2 in Appendix G.
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details, see Figure 2 in Appendix A.2). This indicates that the electronic structure of PTCDA is
unaltered on hBN/Cu(111) due to the lack of strong interactions with the substrate. Additionally,
the UP spectra of both the monolayer and the bilayer of PTCDA on hBN/Cu(111) show no dif-
ferential shifts of the orbital energies compared to the gas phase spectrum [216]. No indications
for a CT from metal to molecule as it is the case for PTCDA /Cu(111) [46] were found. Finally,
no reduction of the work function of hBN/Cu(111) upon PTCDA adsorption could be detected.
Commonly, a reduction of the work function upon PTCDA adsorption on metals is found as a
result of the push-back effect [46]. Here, the metallic states that spill into the vacuum are pushed
back because of the interaction with the molecule. The absence of a change in work function for
PTCDA/hBN/Cu(111) points to the low probability density of Cu states above the hBN layer,
as this layer already pushes the states back and separates the metallic and molecular states. In
summary, these findings show that no static CT between the molecule and the metal substrate

occurs.

6.4 Conclusion

In a series of complementary experiments, the structural and electronic decoupling of PTCDA
from the Cu(111) surface by a singe layer of hBN was decidedly shown. The arguments for this
decoupling are the following:

I. The lateral structure of the PTCDA domains is incommensurate and strongly resembles the
structures of the bulk modifications. No sign of influence of the hBN/Cu(111) substrate can
be found. This includes the azimuthal orientation of PTCDA domains. On a defect free hBN
layer, the orientations of the domains are homogeneously distributed.

II. No trapping of molecules in the moirons of the hBN/Cu(111) substrate was observed.

III. The molecules from the first layer of PTCDA desorb completely and intact. The adsorption
energy of the first layer amounts to only (2.10 &= 0.09) eV.

IV. The vertical distance of the PTCDA molecule from the hBN layer amounts to (3.37 £ 0.03) A,
which constitutes an extreme case. The vdW corrected heights of the atoms in the PTCDA
molecule even exceed that of the physisorbed PTCDA /Au(111) which is in accordance with
the low adsorption energy.

V. The molecule remains essentially flat on the surface. The minute downwards shift of the
oxygen atoms of 0.08 A is a result of attractive local vdW interactions as the adsorption
heights of both oxygen and carbon amount to the sum of the vdW radii of the involved

atoms.
VI. No indications for a static CT between PTCDA and the substrate was found in UPS.

VII. In XPS, a resemblance between PTCDA /hBN/Cu(111) and PTCDA multilayers was found,
whereas the spectra of PTCDA monolayers on metals differ significantly.
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VIII. Upon PTCDA adsorption, no change in work function of the hBN/Cu(111) substrate as a
result of the push-back effect was observed which points to the absence of spilled-out Cu
states at the PTCDA /hBN interface.

While the evidence for the decoupling of the PTCDA molecule from the metal is exhaustive,
the completeness of the hBN layer is essential. If defects are present in the hBN layer, PTCDA
molecules are able to pin to the bare Cu(111) surface at those defects. This leads to a preferential
orientation of the PTCDA domains. Presumably, the direct contact between molecule and metal

also has an impact on the electronic structure of the molecule.
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7 The optical properties of PTCDA on
hBN/Cu(111)

The optical properties of PTCDA on hBN/Cu(111) were investigated using FL and Raman spec-
troscopy. The goal of these investigations was to find out whether a single layer of hBN suffices to
decouple the molecules from the metal substrate so that FL from the molecules can be observed
and to determine the changes of the optical properties of PTCDA compared to other substrates.
For this, the optical properties of PTCDA /Cu(111) have been investigated, too, since a compar-
ison between the two allows to draw direct conclusions about the ability of hBN to decouple
molecules from the metal substrate. Most results have been published in Appendix A.3. They will
be summarized here briefly and supplemented with a more in-depth comparison with published
literature regarding both, the FL and the Raman modes.

7.1 Literature Overview

Schneider et al. investigated the photoluminescence of the a- and B-phase of thick PTCDA layers
(30 monolayers) on Ag(111) [44]. For both phases, the pure electronic 0-0 transition (in accordance
with the terminology by Leonhard et al. [217] called “Y”) was found at 16,000 cm~!. Several vi-
bronic modes summarized into one broad effective mode are located at 800 - 1,200 cm ! below the
Y mode. A third, low energy emission occurs between 13,500 and 14,000 cm ! and is associated
with excimer emission and thus termed “E” [44].

Stallberg et al. [58] found qualitatively equivalent results for 18 ML PTCDA on Ag(111) with Y
located at 15,040 cm~! and E at 13,746 cm L. The same positions of Y and E were found for a
PTCDA multilayer (9 ML) on Au(111) [58]. At coverages smaller than 9 ML on Ag(111) and 4 ML
on Au(111) neither Y nor E were observed. However, in the second PTCDA layer on either metal
surface a mode denoted as “M” at 16,980 cm~! and 17,304 cm ™!, respectively, was observed which
persisted also at higher coverages, then coexisting with the Y and E modes. M was assigned to
luminescence from PTCDA molecules without interlayer coupling (called “monomers” by Stall-
berg et al. [58]) which refers to PTCDA molecules in layers that are neighboring other PTCDA
molecules on one side and the vacuum on the other side. On Ag(111), 1,373 cm ™! below M an
additional mode (“My;,”) appears and was assigned to the vibrational progression of M. The first
PTCDA layer on either metal shows no luminescence because it is quenched due to the direct
contact of the molecules to the metal [23, 44, 58].

On Au(111), Stallberg et al. were not able to observe My, as it was superposed by Raman bands

that were present even in the submonolayer regime. This was attributed to surface enhancement
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of the Raman modes on Au(111) [58]. The Raman shifts of PTCDA on a metal surface was the focus
of the work by Schneider and Wagner [218, 219]. There, the Raman modes of PTCDA /Ag(111)
were investigated regarding their dependence on film thickness and preparation temperature.
Thick films of PTCDA have been extensively studied in regard to their Raman shifts [220-222].
These results for high coverages, as well as for PTCDA single crystals [223] will be used as a
reference for the results presented in the present work.

Vibronic modes that can be probed in Raman spectroscopy are also accessible via FL spectroscopy.
While they could not be resolved in FL spectra of PTCDA on metal substrates [58], they have been
observed for PTCDA adsorbed on dielectric films, namely on thin films of KCI and NaCl (mea-
sured at 20 K). The 0-0 transition of PTCDA monomers on KCl was found at 20,000 cm ™! [53, 224]
and on NaCl at 19,680 cm ! [52]. Thus, the adsorption on these substrates leads to a red-shift of the
spectrum in regard to the PTCDA molecule in a He droplet (0-0 transition at 20,988 cm ™! [225]).
Both spectra show similar and well resolved vibronic modes which (i) points to identical excitation
and relaxation channels and (ii) can be attributed to similar bonding situations of the molecules to
the respective surfaces [165]. DFT calculations showed that the spectral red-shift of the adsorbed
molecules partially (30—40%) stems from the arch-shaped distortion of the molecule discussed in
Chapter 2.2 [113].

For complete monolayers on KCl and NaCl, the spectra are shifted even further to lower energies
(to 19,600 cm~! on KC1 [53] and to 19,380 cm ! and 19,120 cm~! on NaCl in the Q-phase and HB*-
phase, respectively [52]). The red-shift from monomer to monolayer can be attributed to exciton
band formation and to non-resonant intermolecular interactions [53]. Additionally, the signals
become broader so that the vibronic modes are less well resolved which is a result of finite size
effects of the molecular domains [53]. The resolution of the vibronic modes on KCI, however, is
much better than on NaCl which may be attributed to a higher order of the molecules, due to
specific adsorption sites [224].

The FL of PTCDA on thin films of KCIl and NaCl will be compared with the FL of PTCDA on
a single layer of hBN. Furthermore, the efficiency of hBN for decoupling the molecule from the
metal surface will be judged compared to these alkali halides.

7.2 Optical spectra of PTCDA on hBN/Cu(111) and Cu(111)

The optical spectra of PTCDA/hBN/Cu(111) and PTCDA /Cu(111) are qualitatively very similar
(see Figure 2 in Appendix A.3). They can be divided into three regions:

1) sharp Raman lines are observed between 18,600 and 21,000 cm~! (see section 7.3),
2) FL from ordered PTCDA is observed between 18,000 and 18,600 cm ™! (see section 7.4), and
3) defect luminescence of the Cu substrate as one very broad peak at 16,000—18,000 cm L,

The first reason why the broad peak at 16,000—18,000 cm ! was assigned to surface defects is the
strong dependency of its intensity on the sample position (see Figure 7.1b). This can be explained
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by a difference in the local defect density on the Cu(111) surface. Furthermore, the energy of this
luminescence agrees with the photoluminescence that has been measured for Cu nanoparticles at
15,380—17,240 cm ! [226]. Due to this similarity, it is reasonable to assume that the surface defects
that cause the luminescence are protrusions of the Cu surface, which are comparable to nanopar-
ticles adsorbed on the surface. This interpretation of the defect luminescence compliments the
observations made in regard to the Raman lines of PTCDA which will be presented below.

7.3 Raman Modes of PTCDA on hBN/Cu(111) and Cu(111)

Raman modes of PTCDA were observed on both, hBN/Cu(111) and Cu(111), at energies be-
tween 18,600 and 21,000 cm 1. The positions of the Raman modes of PTCDA /hBN/Cu(111) are
shown in Figure 7.1a and Figure 3 of Appendix A.3 where the positions of the Raman lines of
PTCDA /Cu(111) are shown, too. Their exact positions are summarized in Table 7.1. The Raman
modes have typically a FWHM of 17 cm~! which is larger than the instrumental FWHM of the
spectrometer. The ability to observe the Raman modes even at small coverages is explained by the
SERS effect (cf. Chapter 3.2.2).

7.3.1 Raman Enhancement on hBN/Cu(111) and Cu(111)

The SERS effect at Cu protrusions

As explained in Chapter 3.2.2, the SERS effect on metal surfaces is the result of localized surface
plasmon polaritons (SPPs) that are trapped in crevices between surface defects (protrusions) [147].
The local E field, which is caused by the localized SPPs, causes an enhancement of the Raman sig-
nal by a factor of 10° - 10°. This effect is strong enough to even have an effect on molecules on
an hBN layer. Thus, the Raman signal originates only from molecules that are localized in the
vicinity of protrusions ("hot-spots") on the Cu(111) surface. This means that at sample positions
with a high density of defects, a higher intensity of the Raman lines can be expected. Figure 7.1
shows that this is indeed the case. Figure 7.1a shows a portion of the Raman region of the spec-
trum (19,985—20,585 cmfl) and Figure 7.1b shows the defect luminescence (14,000—21,000 cmfl),
both signals are shown for two different sample positions. At the position where the defect lu-
minescence is high (i.e. where the density of defects is high), the Raman signal is enhanced by a
factor of -7.

A further indication for the presence of these Raman hot-spots on the surfaces is the apparent
necessity for the ability of the molecules to migrate to these. In the first PTCDA layer on Cu(111),
Raman modes were never observed after deposition at a temperature of 20 K. After deposition at
300 K, they could be observed, and on hBN/Cu(111), they were found even at low temperatures.
At present, this is interpreted as follows: A certain mobility of the molecule on the surface is
required to allow the molecules to move to the Raman hot-spots and, consequently, for Raman
lines to be observed. This mobility is obtained on the Cu(111) surface by elevated temperatures
and on the hBN/Cu(111) surface by the weak physisorptive bond between PTCDA and hBN.
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Figure 7.1: a) Raman modes of 0.80 ML PTCDA on hBN/Cu(111), recorded at two different sam-
ple positions. The Raman shifts of the modes are listed in Table 7.1. b) Defect luminescence of the
clean hBN /Cu(111) surface before deposition of 0.80 ML PTCDA, recorded at two different sam-
ple positions. Red and blue spectra were measured at the sample positions, respectively. Spectra
were measured at 20 K using graings with a) 1200 and b) 300 grooves per mm.

Surface Plasmon Polaritons on flat metal surfaces

Stallberg et al. [58] have interpreted their observation of Raman lines of PTCDA /Au(111) differ-
ently. They considered the energy of the SPPs on a flat metal surface. They argued that the SPP on
the Au(111) surface with an energy of ESAIPP = 2.5 eV could resonantly interact with the incident
light, which had an energy of 2.37 eV while such a resonance was not possible for the Ag(111)

surface with Eg‘I;O’P = 3.7 eV and an energy of 2.43 eV of the incident light.

For comparison, the SPP of Cu(111) can be derived from the surface loss function [227] which is
calculated as

1 €2

—Im(e™) = m , (7.1)
using the dielectric functions € given in Ref. [228]. This results in EEIBP = 2.3 eV. The difference to the
energy of the incident light of 2.698 eV is intermediate between the energy differences of incident
light and SPP reported for the Ag(111) and Au(111) surfaces by Stallberg et al. [58]. However,
the enhancement of the local E field by SPPs requires surface defects that break the translational
symmetry on the surface [229]. Hence, the SERS effect is usually observed on rough surfaces [145].
Thus, regardless of the resonance between SPPs and incident light, an interpretation of the Raman
enhancement without taking surface defects into account appears to be incomplete.

hBN as a SERS substrate

Not only noble metal surfaces exhibit a SERS effect. hBN itself has gained some interest as a
SERS substrate [230]. Ling et al. [231] have shown that a chemical mechanism of the SERS effect
may come into play for molecules on an hBN layer. They argued that the polar character of the
B—N bond acts as a dipole parallel to the surface. In molecules that are adsorbed flat on the hBN a
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dipole will thus be induced which effects the polarizability of the molecule similar to an interfacial
CT.

However, to attribute the observation of the PTCDA Raman lines here to this effect would be
inaccurate. First of all, the interactions between PTCDA and hBN have been shown to be very
weak (see Chapter 6). Thus, an induced dipole in the PTCDA molecule that is strong enough to
have such a significant impact on its polarizability seems unlikely. More importantly, the SERS
effect has also been observed on the bare Cu(111) surface. Here, the SERS effect is obviously
caused by the metal substrate. To dismiss this contribution of the electromagnetic mechanism for
the much weaker chemical mechanism for hBN/Cu(111) is unreasonable. However, there may be
some contribution from the hBN layer to the SERS effect. This cannot be further discerned here.

7.3.2 PTCDA Raman modes - A comparison to literature

Now, the positions of the Raman lines of PTCDA on hBN/Cu(111) and Cu(111) will be discussed
in detail and compared to PTCDA in other systems (see Table 7.1). Here, only the PTCDA layers
prepared at 300 K will be considered which constitute "the final state" of these systems. For tem-
perature induced changes of the Raman lines of PTCDA /hBN/Cu(111) and PTCDA /Cu(111), see
section 2.2.2 of Appendix A.3.

For an easier overview of the shifts of the Raman lines, their positions are visualized in Figure 7.2.
First, only the modes A—J will be in focus (for the labeling, see Figure 7.1a). There is a system-
atic shift to smaller energies by -7 cm~! for PTCDA /hBN/Cu(111) compared to PTCDA /Cu(111).
Meanwhile, the Raman modes of PTCDA /Cu(111) agree well with those of PTCDA /Ag(111) [219]
within 0.3%. This difference between the substrate hBN/Cu(111) versus the metallic substrates
Cu(111) and Ag(111) may be explained by the different bond between them and the PTCDA
molecules (physisorptive vs. chemisorptive, see Chapters 2.2 and 6.3). Possibly, the CT from metal
to molecule on Cu(111) and Ag(111) [46] makes the intermolecular bonds harder which results in
an increase of the energies of the vibrational modes.

A validation of this assumption can be gained from a comparison with Raman modes measured
for thin films [220, 221] and single crystals of PTCDA [223]. The structural and electronic inves-
tigations (see Chapter 6) have shown that PTCDA on hBN/Cu(111) rather behaves like PTCDA
in multilayers or in the bulk. Thus, the same behavior can be expected for the vibrational modes.
However, an unambiguous result cannot be received here. For energies <1,570 cm~ !, the Ra-
man shifts of PTCDA/hBN/Cu(111) are in good agreement with the shifts for the single crystal
or the thin films, comparable to the similarity between Cu(111) and Ag(111). At Raman shifts
>1,570 cm ™!, however, the modes of PTCDA /hBN/Cu(111) are positioned consistently at smaller
energies while the modes of PTCDA /Cu(111) are now virtually identical with the modes of the
single crystal.

Noteworthy here are the Raman modes of the single crystal at 1,375.4 and 1,383.6 cm™!. These
are separate Raman modes of two internal molecular vibrations and are not the result of a Davy-
dov splitting [223]. The high energy mode has been observed in thin films [220, 221], on Ag(111)
(at 1,385 cm 1) [219], and on the Cu(111) surface (at 1,386.0 cm~!). The lower energy mode, on
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Figure 7.2: Energetic positions of Raman modes of PTCDA on hBN/Cu(111), on Cu(111), on
Ag(111) [219], in thin films on Au(111) [220], in thin films on H-passivated Si(111) [221], in single
crystals [223], and on KCI/Ag(100) [114]. The data for hBN/Cu(111), Cu(111), and KCIl/Ag(100)
were measured in FL experiments. For values, see lable 7.1. For easier comparison, the posi-
tions of the Raman modes in single crystals are extended over the entire image in dashed gray
lines. For the RB modes (~1,300 cm~!) on hBN/Cu(111), Cu(111), and Ag(111), the Raman shifts
of multilayers are given as longer lines, those of the monolayers are represented by shorter lines.

the other hand, matches the Raman mode B observed for PTCDA /hBN/Cu(111) at 1,377.5 cm™!.
These energetic positions of Raman modes in the different systems relative to each other are not
understood, yet.

To find further indications that PTCDA /hBN/Cu(111) behaves like PTCDA multilayers, the ring
breathing (RB) mode of the central carbon ring of the PTCDA molecule will be discussed. This
is the only mode that shows a significant energetic shift between mono- and multilayers and the
largest shift between monolayers on hBN/Cu(111), Cu(111), and Ag(111) [219]. The substrate
dependent shift is attributed to a change in bonding motif. The energy of the RB mode de-
creases when the shape of the molecule changes from the boat-shape on Cu(111) [56], over the
flat molecule on hBN/Cu(111) and the saddle shape on Ag(111) [100], to the arch-like shape on
KCl [232].

The RB modes of the multilayers are expected to have the same energy as a result of the iden-
tical interactions between the multilayers. Indeed, they have all been observed at 1,309 cm— L.
However, the RB modes of thin films [220, 221] and single crystals [223] are found at lower en-
ergies of 1,302—1,305 cm~!. This discrepancy is not understood. For the two metallic substrates
it might be feasible to assume that some influence of the substrates remains even in higher lay-
ers. But for hBN/Cu(111), this can be excluded as already the first layer exhibits characteristics



Table 7.1: Raman shifts (in cm~!) of PTCDA on hBN/Cu(111), Cu(111), and Ag(111) [219], of thin films of PTCDA on Au(111) [220] and H-passivated
5i(111) [221], of PTCDA single crystals [223], and of PTCDA on KCI/Ag(100) [114]. Data marked with 1) was measured in FL experiments. The sample
temperatures during preparation of the PTCDA films Tg, the sample temperatures during measurement Ty, the wavelength of the exiting laser Aex,
and the PTCDA coverages 8 are given. PTCDA/hBN/Cu(111) was deposited at 20 K and subsequently annealed at Ts = 300 K. The positions of
the Raman modes A—] are independent of the coverage on hBN/Cu(111) and are given as averages over 8 data sets (error margins are the standard
deviation). The position of the ring breathing (RB) mode is given for mono- and multilayers if possible (refers to the averaged value of 5.10 and
8.20 ML on hBN/Cu(111), to 2.55 ML on Cu(111), and to 60 ML on Ag(111)). For the single crystal, the upper Davydov components are listed. The
split between the Davydov components is < 2.5 cm™! [223]. The absolute errors of the Raman shifts in the literature are not known.

Mode  hBN/Cu(111)!) Cu(111)) Ag(111)[219] Au(111)[220] H-Si(111) [221] single crystal [223]  KCIY [114]
Ts 300K 300 K 400K 300 K 300 K na. 6—20 K
n 20K 20K 20K 300 K 300 K 300 K 6—20 K
ex 458 nm 458 nm 514 nm 488 nm 488 nm 488 nm 458 nm
0 0.05—0.80 ML  1.00 ML 1ML 30 nm >100 nm na. 0.02—1.00% ML
RB (mono) 1301.2 +1.7 1312.9 1298 n.a. n.a. n.a. 1288
RB (multi)  1309.8 + 3.1 1309.5 1309 1305 1304.8 1302.3 n.a.
A 1339.2 + 1.2 1346.5 1342 1345 1337.4 1335.0 1332
B 13775+ 1.5 1386.0 1385 1382 1381.3 1375.4/1383.6 1368
C 1447.4 + 1.7 1454.6 1457 1453 1452.1 1451.0 1446
D 1529.4 + 0.7 — — — 1544.9 — 1523
E 1567.9 + 2.5 1574.0 1574 1574 1571.6 1570.6 1564
F 1582.3 + 2.0 1589.6 1595 1591 1590.4 1589.1 1584
G 1607.3 + 2.0 1616.2 1620 1620 1616.2 1615.0 —
H 1673.3 + 2.4 — — — — — -
I 1758.0 + 1.7 1764.3 — - — — -
] 1796.2 + 2.2 — — 1780 1773.7 1783.0 —

(I11)nD pue (I11)nD/NEGY U0 VAD.Ld FO SOPON uewey "¢/
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of the multilayer as explained in Chapter 6. Remarkably, it is the RB mode of the PTCDA mono-
layer on hBN /Cu(111) that is identical to the RB mode of the single crystal. This actually matches
the expectations that resulted from the investigation of the structural and electronic properties of
PTCDA /hBN/Cu(111) that showed so many similarities to the bulk. A possible influence may be
a difference in stacking motif in the multilayers and in the thin films (¢- and B-modifications).

Figure 7.2 illustrates that most of the Raman modes measured for thin films [220, 221] and on
the metallic substrates [219] are shifted to higher energies compared to single crystals [223] while
the same Raman modes measured on hBN/Cu(111) and KCl/Ag(100) [114] are shifted to lower
energies. This observation cannot be explained, yet. However, it may point to an influence of the
polar bonds within the substrate. KCl is an ionic material, the B—N bonds are dipols because of
the difference in electronegativities of boron and nitrogen. An interaction of the PTCDA molecule
with theses dipols in the surface may cause a slight change in polarizability of the molecules which
leads to the observed shifts.

7.3.3 The Raman mode of hBN

Along with the many Raman lines of PTCDA, the appearance of the characteristic Raman line of
hBN at a shift of 1,370 cm~! was expected. This line has been observed for exfoliated hBN on
Si0,/Si [233], for hBN grown from ammonia borane on Cu foils and transferred to SiC [187], and
for hBN grown by molecular beam epitaxy on Ni foils [74] and Pt foils [73]. However, this Raman
line was systematically not observed here. The reason is unclear. It may however be connected
to the preparation recipe of depositing borazine molecules under vacuum on a hot metal surface
which was not done in the studies listed above.

7.4 Fluorescence of PTCDA on hBN/Cu(111) and Cu(111)

In both investigated systems, PTCDA/hBN/Cu(111) and PTCDA/Cu(111), different FL peaks
were observed. Their origins will be briefly summarized here and are illustrated in Figure 7.3a
and b. For details on the reasoning for these assignments, see Appendix A.3.

On Cu(111), FL of the first monolayer is never observed. As expected according to the findings
for other metal substrates like Ag(111) [23, 58] and Au(111) [58], the FL from the first layer of
PTCDA on Cu(111) is completely quenched. This quenching is understood to be the result of the
chemisorptive bond between PTCDA and the Cu(111) surface [46] (see Chapter 2.2). However,
this interfacial PTCDA layer (gray in Figure 7.3b) decouples the PTCDA molecules in the higher
layers from the metal substrate, just as the hBN layer (blue in Figure 7.3a) does. The PTCDA that
adsorbs on these interfacial layers is the first layer in either system that is not in direct contact
with the metal substrate. It acts as a separating layer (pink) between the interfacial layer and the
higher, physisorbed PTCDA layers (red). In both systems, hBN/Cu(111) and Cu(111), a peak FLA
is observed from the separating layer and a peak FLc from the physisorbed layers (FL spectra
shown in Figure 7.3c). Only on hBN/Cu(111), a third peak FLg was observed from the separating
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layer. The occurrence of these peaks depends not only on the PTCDA coverage but also on the
preparation temperature. Table 7.2 gives an overview of the peak positions and the conditions
under which they were observed.

0) Raman shift (cm™)
3800 3600 3400 3200
a) FLC 120 PRI R SRS W RN S SN NS SRS N
1 2.55 ML PTCDA/CU(111) R
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Figure 7.3: Schematic representation of a) 2 ML PTCDA on hBN/Cu(111) and b) 3 ML PTCDA
on Cu(111). FL signals that were observed from the respective layers are included as arrows. The
interfacial hBN (blue) and PTCDA (gray) layers decouple the fluorescing PICDA layers from the
Cu(111) surface. The FL from the first PICDA layer on Cu(111) (gray) is completely quenched due
to the chemisorptive bond to the metal surface. FL5 and FL¢ originate from the separating (pink)
and physisorbed (red) PTCDA layers, respectively, on either substrate. FLp stems from the sep-
arating PTCDA layer on hBN/Cu(111). c) Fluorescence spectra of 2.55 ML PTCDA /Cu(111) (red
spectrum, prepared by deposition at 300 K) and 1.55 ML PTCDA /hBN/Cu(111) (blue spectrum,
prepared by deposition at 20 K and subsequent annealing at 300 K). The spectra are smoothed
(lines) and vertically shifted, original data are shown as dots. Spectra of the clean substrates were
subtracted as background. All spectra were measured at 20 K using a grating of the spectrometer
with 600 grooves per millimeter. Raman lines are labeled "R" and highlighted in green. FL peaks
FL4, FLg, and FL¢ are highlighted in yellow, pink, and red, respectively. FLg was observed only
on hBN/Cu(111), not on Cu(111).

The interpretation for the presence of the FL peaks FL4, FLg, and FL¢ in the spectra of PTCDA on
hBN/Cu(111) and Cu(111) is as follows.

FL4 is observed on both, Cu(111) and hBN/Cu(111), from the second and first layer, respectively
(the separating layers). It was deduced that it stems from molecules that are located at
surface defects. These defects are different from the hot-spots that cause the SERS effect
that were described in section 7.3. It is assumed that the defects here, that are present on
Cu(111) and hBN/Cu(111), are atoms of another species, like carbon, that segregated from
the substrate, because segregation has been observed for the Cu(111) crystal used in these
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Table 7.2: Energetic positions of the FL peaks of PICDA on hBN/Cu(111) and on Cu(111), the
coverages 0 for which the respective FL peaks were observed, and the preparation temperatures
needed to observe these peaks. Upper limits for the life times of the excited states 15 derived from
the FWHM of the peaks are included.

0 FL, FLg FLc

~18,450 cm ™! ~18,300 cm ! ~18,150 cm~!
s (44 +£03)-107%s (1.7 £01)-107%s (1.6 & 0.1)- 1075

hBN/Cu(111) <1ML > 200 K > 280 K —

>1 ML >20K > 200 K > 200 K

<1 ML — — —
Cu(11l)  1-2ML 300 K — —
>2 ML 300 K — 300 K

FLg

FLc

experiments (cf. Appendix D). These segregations locally prevented the growth of hBN
so that the same kind of defects can be present on Cu(111) and hBN/Cu(111). Peak FLa
shows a temperature dependent increase of intensity and a saturation which agrees with
the diffusion of molecules to the defects and the saturation of the adsorption sites at these
defects.

is FL from ordered PTCDA domains on hBN/Cu(111). It can be observed for mono- and
multilayers and is absent for PTCDA /Cu(111). FLg can only be observed at elevated tem-
peratures and after the saturation of FLy which implies that this FL. component is related
to the formation of ordered domains by diffusion of molecules after the adsorption sites at
defects responsible for FL, are saturated.

is present on Cu(111) and on hBN/Cu(111). On the former, it appears in the third layer and
higher, for the latter in the second layer and higher. Thus, FL¢ is assigned to FL from ordered
PTCDA in higher, physisorbed layers. It is different from the well-known FL from PTCDA
multilayers [44] which was observed at 15,950 cm ! on hBN/Cu(111) and at 16,100 cm~! on
Cu(111) (Y line).

While the observation of FL of PTCDA on hBN/Cu(111) at coverages as small as 0.1 ML shows
that a single layer of hBN is able to suppress the CT between PTCDA and Cu(111), the intensities
of the FL peaks remain very low. For a full monolayer, the intensities are smaller by a factor of
-10* compared to PTCDA on KCl/Ag(100) [164]. Furthermore, the FL peaks are very broad. This

is taken as an indication of a very small life time of the excited state 7. Since LEED experiments

showed high order in the PTCDA layers, the width of the peaks is assumed to be life time lim-
ited [135]. The life times 75 as obtained per Eq. (3.9) are included in Table 7.2. From these, the
quantum yield 7 can be calculated according to Eq. (3.8) using the life time of the FL of isolated
PTCDA molecules of 5.5 ns [234] as the natural life time T;:



7.4. Fluorescence of PTCDA on hBN/Cu(111) and Cu(111) 83

5 17-107Ms
% 55-107s

=31-10"°. (7.2)

This small value for the quantum yield shows that the FL must be strongly reduced, which was
observed in the experiments. Since the FL is so small, the limiting factor of the life time of the
excited state is supposed to be the CT process. Since the life times of the excited state found for
PTCDA on hBN/Cu(111) of 1.7 — 4.4 - 10~'* s are almost identical to the life time of an electron
hole [21, 22] it is now clear why the CT was not observed in photoemission spectra (see Chapter 6.3
and Appendix A.2) although the FL experiments show that a CT does occur. For comparison,
FL experiments of PTCDA/KCI yielded life times of the excited state of ~0.35 ns [164] which,
according to Eq. (7.2), corresponds to a quantum yield of 0.06. This is larger by a factor of 2 - 10°
compared to the quantum yield of PTCDA/hBN/Cu(111). This demonstrates how much more
efficient the decoupling by a KCl film is compared to an hBN layer.

Due to the small 7 of PTCDA on hBN/Cu(111) another molecule was considered for a possi-
bly larger #: DBP is a Lander-type molecule and thus intrinsically adsorbs with a larger vertical
distance between substrate and perylene backbone of the molecule which can improve their de-
coupling. Indeed, the intensity of the 0-0 transition of DBP/hBN/Cu(111) was higher than that
of PTCDA /hBN/Cu(111) by a factor of 4 and the vibronic peaks of DBP were resolved. Details
about the molecule and FL spectra of DBP/hBN/Cu(111) are shown in Appendix C.

7.4.1 Fluorescence of PTCDA on different substrates

As introduced in section 7.1, the FL of PTCDA has been investigated on several different substrates
in other studies before. For an easy comparison, the energies of the 0-0 transitions of PTCDA on
these substrates are summarized in Figure 7.4. On the basis of these data, several different aspects
about the systems in focus in the present work can be discussed:

1) the energetic shift between isolated molecules at surface defects and molecules in ordered
domains on hBN/Cu(111) which is observed in the spectrum as FL4 and FL3,

2) the influence of other hBN substrates on the 0-0 transition of PTCDA,
3) the change of the FL of PTCDA on different noble metal substrates,

4) the difference between hBN, noble metals, and alkali halide films as substrates for PTCDA

in FL experiments.

The FL spectra of PTCDA molecules in the different circumstances listed above can be influenced
by three factors: lateral interactions between molecules in domains, the distortion motif of the
molecule on the surface, and the interaction strength between molecules and the underlying sur-
face.

On KCl/Ag(100) [53] and NaCl/Ag(100) [52], isolated molecules were prepared by depositing
<1% of a monolayer at low temperatures. On these substrates, the 0-0 transitions were red-shifted
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Figure 7.4: Overview on the energies of the 0-0 transitions of PTCDA on different substrates as
found in the present work and as reported in literature. Data taken from Refs. [58] (a), [126] (b),
[125] (c), [53] (d), [52] (e), [225] (f). For Ag(111), hBN/Rh(111), NaCl, and KClI different coverages
of PTCDA were investigated that resulted in a shift of the 0-0 transition. These are indicated by
blocks.

by 400 cm~! compared to the ordered brickwall structure on KCl and by 300 cm~! and 560 cm !
compared to the ordered Q- and HB-phases on NaCl (see light green and light blue bars in Fig-
ure 7.4). DFT calculations showed that 60—70% of the red-shift is caused by the change in lateral
interactions between isolated molecules and domains [113]. The second contribution is a change
in distortion motive of the PTCDA molecules when they change from isolated to aggregated. On
KCI and Na(l, isolated molecules are strongly bent in an arch-shape [114]. When the molecules
can interact laterally by forming a domain, an uplifting of the anhydride groups can be expected
as it is also the case when an isolated molecule interacts with a step edge [114].

Isolated molecules and ordered layers

On hBN/Cu(111), isolated PTCDA molecules are those adsorbed at defects and whose FL can be
observed already at a coverage of only 0.01 ML and a preparation temperature of 200 K. Their
FL peak FLj is red-shifted by 150 cm~! compared to FLg from ordered domains. The PTCDA
molecule on hBN/Cu(111) is hardly distorted at all and the lateral interactions in the monolayer
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are strong enough to determine the structure. Thus, a red-shift due to lateral interactions rather
then a distortion of the molecule seems reasonable.

Forker et al. [125] have investigated the absorbance of PTCDA on hBN/Rh(111). At low cov-
erages, the molecules are trapped in the pores of the buckled hBN layer while at higher cover-
ages, the molecules form an ordered herringbone structure. Between these coverages, the 0-0
transition undergoes a red-shift by 223 cm~! which is indicated in Figure 7.4. These trapped
molecules can be considered as isolated molecules. The red-shifts of PTCDA of hBN/Cu(111) and
on hBN/Rh(111) agree well. The larger red-shift of PTCDA/hBN/Rh(111) is interpreted as an
indication for a stronger distortion of the PTCDA molecule. The vertical structure and distortion
of PTCDA on hBN/Rh(111) has not been investigated. However, the trapping of the molecules as
shown in STM [125] demonstrates, that the interfacial interactions are much stronger here com-
pared to hBN/Cu(111) so that a stronger molecular distortion can be expected. This explains the
larger red-shift on hBN/Rh(111) which is still smaller than the red-shift of the strongly distorted
molecule on the alkali halides.

Here, it should be emphasized that FL5 of PTCDA on hBN/Cu(111) does not stem from trapped
molecules in moirons of the hBN/Cu(111) substrate [174]. Most importantly, FL4 is also observed
for PTCDA /Cu(111) which excludes PTCDA trapped in moirons as the origin. But secondly, STM
experiments have shown that there is no preferential occupation of moirons of hBN/Cu(111) for
PTCDA molecules at all (see Appendix A.2).

The influence of the substrates

Figure 7.4 shows that the energy of the 0-0 transition of PTCDA in the monolayer decreases in
the order of the substrates hBN/Rh(111) (19,200 cm 1), hBN /Pt(111) (18,700 cm '), hBN/Cu(111)
(18,300 cm™!), and hBN/SiO, (18,060 cm~1!). As in the previous section, intermolecular inter-
actions and the molecular distortion will be discussed as possible explanations for the observed
red-shifts.

On hBN/SiO,, the PTCDA molecules order in a quadratic phase, similar as on NaCl which may
be due to the preparation from an ethanolic solution instead of a preparation by CVD [126]. On
the other three substrates (hnBN/Rh(111), hBN/Pt(111), and hBN/Cu(111)), the PTCDA molecules
order in herringbone patterns [125]. This difference in lateral structure is not expected to be the
cause for the observed shifts. On NaCl/Ag(100), both a quadratic and a herringbone structure
have been observed for PTCDA [111]. The HB*-phase is red-shifted by 300 cm~! compared to the
Q-phase [52] (cf. Figure 7.4). On the hBN-substrates, on the other hand, the quadratic structure is
red-shifted with respect to the herringbone phase so that the molecular interactions do not seem
to be the deciding factor for the different red-shifts on the hBN substrates.

Forker et al. [125] have discussed the different polarizabilities of the substrates as the cause for the
spectral shift between PTCDA/hBN/Rh(111) and PTCDA/hBN/Pt(111). They concluded that,
while the different polarizabilities are actually expected to cause a spectral shift, these expected

shifts are much smaller (by ~75%) than those that were observed.
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Interestingly, the observed changes in the 0-0 transition energy correlate with the interaction
strengths between the hBN layer and the respective supportive materials. On Rh(111), hBN forms
a strongly corrugated nanomesh due to strong interfacial interactions [75, 83]. The hBN layer on
Pt(111) shows a weaker but significant corrugation [84, 85]. The interactions at the hBN/Cu(111)
interface have been shown to be very weak in Chapter 5. hBN/SiO, was prepared by depositing
exfoliated hBN [126] which can be expected to show the weakest interactions of all of these sys-
tems. This points to the molecular distortion as the deciding factor on the spectral shifts. A strong
molecular distortion is caused by strong interfacial interactions between molecule and substrate.
Such strong interactions can be expected for PTCDA on hBN/Rh(111) and on hBN/Pt(111) as in-
dicated by the trapping of molecules in the pores [125]. The interfacial interactions for PTCDA on
hBN/Cu(111) have been shown to be very weak (Chapter 6).

A similar interpretation may apply to the FL spectra of PTCDA on the (111) surfaces of the three
noble metals where the peak positions of the FL are red-shifted in the order Cu(111), Au(111),
Ag(111). Here, the PTCDA molecules in the second layer have to be considered since FL! from
the first layer is quenched [58]. The interactions between PTCDA and the metal surfaces is strong
enough to still influence the second molecular layer (the separating layer). However, since the
distortion motifs and lateral interactions in the second layers have not been investigated as thor-
oughly as those of the first monolayers, concrete deductions regarding the specific influences of
the noble metal substrates on the FL of PTCDA can not yet be drawn.

Figure 7.4 shows that a red-shift occurs with changing substrate families from noble metals, to
hBN substrates, to alkali halides. While there is some overlap of these groups in the spectral po-
sitions of the 0-0 transitions of the adsorbed PTCDA layers, this trend can be clearly discerned.
The significant trend here are the dipols in the substrates parallel to the surface. On the metal
surfaces, the first PTCDA layer has to be considered as the substrate. While the anhydride groups
carry partial negative and the perylene backbone partial positive charges, the electronic modu-
lation of the substrate can be categorized as very weak since the electrons are delocalized over
the whole molecule. In the hBN layer, the B—N bonds are clearly characterized as dipols due to
the different electronegativities of the atoms, and the alkali halides are ionic materials with full
charges alternating in their lattices. The electronic structures of the substrates influence the struc-
ture of the adsorbed PTCDA molecules as demonstrated by the strong distortion of the molecule
due to interactions between the positively charged alkali cations and the anhydritic groups of the
molecules which are partially negatively charged [113] (see Chapter 2.2). This influence extends
to the energies of the electronic states of the molecule and, thus, results in the observed spectral
shifts.

7.4.2 Absorbance of PTCDA/hBN/Cu(111)

All FL spectra of PTCDA in the present work were measured using a laser with an exciting wave-
length of Aex =458 nm. Additionally, attempts were made to record FL spectra with Aex =497 —-507

1The FL of PTCDA /Cu(111) refers here to FL¢ from ordered domains.
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and 532 nm. However, these experiments yielded only Raman lines but no FL. This was surpris-
ing, since these wavelengths were used to record FL and FLE (fluorescence excitation) spectra of
PTCDA on KCl/Ag(100) and NaCl/Ag(100) [164, 235]. It was expected that the absorbance of
PTCDA/hBN/Cu(111) was similar to these systems. Figure 7.5a shows FL (black) and FLE (red)
spectra of 1% ML PTCDA/KCl/Ag(100) [224]. Here, the laser line at 458 nm clearly coincides
with a peak in the absorbance.
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Figure 7.5: a) FL (black) and FLE (red) spectra of 1% ML PTCDA/KCl/Ag(100). Taken from
Ref. [224]. b) FL spectrum of 0.60 ML PTCDA/hBN/Cu(111) (green). For an estimation of the
absorbance, the FLE spectrum from a) is shifted to the position of the FLp peak (red). The positions
of the laser lines at 532 nm and 458 nm are indicated by black lines, the positions of the laser lines
at 497—507 nm are represented in gray.

The absorbance of PTCDA /hBN/Cu(111) was not measured. For an estimation, the FLE spec-
trum of PTCDA/KCl/Ag(100) was shifted to the position of FLg of PTCDA /hBN/Cu(111) (see
Figure 7.5b). This estimation assumes no significant Stokes shift of the absorbance as is the case
for PTCDA on KCl1/Ag(100) [224] and no change in absorbance structure. Remarkably, the laser
lines at 497 —507 nm and at 532 nm coincide with absorption peaks while the laser line at 458 nm,
which is the only one that yielded any FL of PTCDA on hBN/Cu(111), does not.

Since the Raman lines of PTCDA/hBN/Cu(111) showed that the vibrational modes remain the
same as it has been observed in other systems (cf. section 7.3.2), the absorbance structure can
be assumed to remain more or less the same for PTCDA on different substrates. Instead, it is
likely that a Stokes shift occurs. The absence of or very small Stokes shifts of PTCDA on both
KC1/Ag(100) [224] and NaCl/Ag(100) [52], respectively, have been assigned to the absence of
trapped excitons like excimers or CT excitons [165]. The unexpected absorption behavior might
indicate the presence of such trapped excitons in PTCDA /hBN/Cu(111).
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7.5 Conclusion

A single layer of hBN is able to decouple PTCDA from an underlying Cu(111) surface so that
FL from the first molecular layer can be observed. Here, FL from molecules adsorbed at surface
defects (at ~18,450 cm~!) and in ordered domains (at ~18,300 cm~!) can be distinguished. Fur-
thermore, another FL signal from the second layer and higher was observed at ~18,150 cm™!. The
efficiency of the decoupling, however, is small. The FL intensity is low compared to that of PTCDA
molecules on alkali halide films and the life time of the excited state is small ((1.6 — 4.4) - 10~ 14 g),
resulting in a low quantum yield.

The energy of the 0-0 transition of PTCDA on different substrates was discussed. Several trends
were identified that linked the interaction strength at the PTCDA /substrate interface to the en-
ergetic shift of the transition. For the hBN substrates in particular, the comparison showed that
the remaining interaction strength between the PTCDA molecules and the underlying metal sub-

strates influences the fluorescence of the molecule.

Beside the FL, Raman lines of PTCDA on hBN/Cu(111) could be observed. Their occurance was
explained by the SERS effect caused by protrusions on the Cu(111) surface because Raman lines
were also observed for PTCDA/Cu(111). The Raman lines of PTCDA /hBN/Cu(111) show simi-
larities to thin films and single crystals of PTCDA in many regards. But in several aspects, like the

Raman shifts at higher energies, differences are observed.
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The aim of the present thesis was to show whether a single layer of the two-dimensional material
hexagonal boron nitride (hBN) is able to decouple an organic molecule from an underlying metal
surface so that an electronic excitation of the molecule is preserved. To demonstrate this, the
fluorescence (FL) of PTCDA was investigated on an hBN/Cu(111) substrate. Cu(111) was chosen
as the metallic substrate because the interactions at the hBN/Cu(111) interface were expected
to be weak and the interfacial distance to be large. Both aspects were expected to increase the
decoupling at this interface. PTCDA is a model molecule whose properties on various surfaces
have been studied extensively. Consequently, it was chosen for the present problem as well. In
particular the comparison to PTCDA /Cu(111) is of interest to determine the changes of this system
caused by an hBN layer. FL spectroscopy allowed the observation of interfacial coupling of the
excited state of the molecule even to a low degree, so that a charge-transfer that cannot be detected
by photoemission methods due to the small life times of the excited states involved, could be
observed.

This overarching question was tackled in three steps which will be summarized now.

1) The expected very weak interfacial interactions of h BN /Cu(111) were demonstrated in spot-
profile analysis low energy electron diffraction (SPA-LEED) and normal incidence x-ray
standing waves (XSW) experiments. The hBN layer is incommensurate to the Cu(111) sur-
face despite a very small lattice mismatch and the domains are disordered in their azimuthal
orientation. The vertical interfacial distance of (3.24 & 0.03) A exceeds the sum of the vdW
radii of the involved atoms. A buckling of the hBN layer with an amplitude of (0.42 + 0.05) A
was found in SPA-LEED. This buckling is small compared to the interfacial distance and

stretches over a lateral distance of several nm so that the hBN layer can be seen as locally
flat.

The azimuthal orientations of the hBN domains are determined during the growth process
which can be separated into three steps. The formation of hBN nuclei begins at surface de-
fects where the desorption energy of the borazine molecules is the highest. These nuclei have
an azimuthal orientation of 30° relative to the Cu(111) surface with a wide azimuthal distri-
bution. After saturation of the surface defects, nuclei form on the Cu(111) terraces. They are
aligned with the surface because they occupy the preferred adsorption sites NiopBpep and
NiopBfee- The domains that grow from these nuclei cover the majority of the surface. hBN
domains that fill the gaps between larger domains which cannot coalesce grow during the
last step. Their azimuthal orientation is random and they constitute the minority of hBN do-
mains on the surface. The desorption energy of the borazine monolayer on Cu(111) terraces
is only (0.495 £ 0.005) eV.
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2)

PTCDA on hBN/Cu(111) forms an incommensurate structure with p2gg symmetry, shows
high azimuthal disorder in the orientation of the domains, and grows layer-by-layer for at
least the first two layers. The structure shows high similarity to PTCDA in the bulk and
points to considerably weaker interfacial interactions compared to either PTCDA on the
metal surfaces Cu(111) and Ag(111), or on hBN/Pt(111) and hBN/Rh(110). The structural
analysis is possible with LEED patterns that show a smaller degree of azimuthal disorder
which is related to the hBN quality. Namely, on not completely closed hBN layers, PTCDA
domains are pinned to small patches of bare Cu(111) surface from where they grow onto
the hBN layer. This leads to PTCDA domains whose orientation agrees with that of PTCDA
domains in the B-phase on Cu(111).

The vertical distance at the PTCDA /hBN interface is very large at (3.37 & 0.03) A and the
molecule is essentially flat. The distances measured for the different atoms in the molecule
match the sum of the vdW radii of the atoms involved. The adsorption energy of PTCDA
on hBN/Cu(111) amounts to only (2.10 & 0.09) eV. In UPS experiments, no indications for a
static charge-transfer at the interface or a change in work function upon PTCDA adsorption
were found. XPS experiments showed that the energies of the 1s orbitals of the carbon atoms
in the PTCDA molecule on hBN/Cu(111) show more similarity to PTCDA multilayers than
to PTCDA adsorbed on metal surfaces.

Due to the surface enhanced Raman scattering (SERS) effect caused by protrusions on the
Cu(111) surface, Raman lines of PTCDA could be observed on Cu(111) and on hBN/Cu(111).
The Raman shifts of PTCDA/hBN/Cu(111) show some significant similarities to those ob-
served for thin films of PTCDA or single crystals of PTCDA which reveals that the substrate
hBN/Cu(111) has little influence on the PTCDA layer and agrees with the expectation of a
physisorbed system.

Measuring FL from PTCDA /hBN/Cu(111) was possible even from the first monolayer which
is not the case for PTCDA /Cu(111). Three different FL peaks were observed at ~18,450 cm ™!,
~18,300 cm !, and ~18,150 cm 1. They were assigned to FL from isolated molecules adsorbed
at surface defects, likely ad-atoms of another species like carbon, from molecules in ordered
domains in the first layer, and from molecules in higher layers, respectively.

While the hBN layer is able to suppress the charge-transfer, the FL intensities are low, the
vibrational peaks could not be observed, the life time of the excited states in the PTCDA
monolayer were estimated to be only (1.6 — 4.4) - 10~* 5, and the quantum yield amounts
to only 3.1 - 107°. Thus, the efficiency of the decoupling by an hBN layer is very limited.

In conclusion, a single layer of hBN cannot be deemed sufficient to decouple PTCDA molecules

from an underlying Cu(111) surface to prevent the quenching of an electronic excitation. While

the charge-transfer at the interface is reduced, it is still significant enough to drastically reduce

fluorescence intensities and quantum yields.

However, hBN as a decoupling layer does not need to be dismissed in general because the decou-

pling of another molecule, the Lander-type molecule DBP, yielded a much higher FL intensity, life

time, and quantum yield than PTCDA. This can be attributed to an additional decoupling due to
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the increased vertical distance between the perylene backbone of the chromophore and the hBN
layer caused by the peripheral phenyl groups of the molecule.

In future work, similar systems with even more increased separation of the electronic states of the
molecule and the metal should be in focus. The adsorption complex DBP/hBN/Cu(111) has not
yet been investigated regarding its structural properties or a more in-depth analysis of its fluores-
cence. Furthermore, the use of a different metallic substrate with even more reduced interactions
with the hBN layer, like Ag(111), may be of interest.

Finally, a further development of the growth model of hBN on surfaces is necessary. If the process
is understood, the preparation of bilayer hBN may become possible which would significantly
increase the ability of the material to decouple molecules and metals.
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ABSTRACT: The hexagonal boron nitride (hBN) monolayer on the Cu(111) surface has recently been
considered an example of an extremely weak hBN/metal interaction, as indicated, e.g,, from the presence of
an only electronic Moiré-like superstructure that was observed in scanning tunneling microscopy images.
From these results, a large bonding distance of the hBN sheet to the topmost Cu layer can be envisaged
but has not been proven so far. We report a structural analysis of the hBN/Cu(111) interface based on
high resolution low energy electron diffraction and normal incidence X-ray standing wave experiments. We
find that both the boron and nitrogen atoms are located at very large vertical distances of d = 3.25 = 0.02
A and dy = 3.22 + 0.03 A with respect to the nominal position of the topmost Cu(111) layer. Significant
vertical buckling and lateral distortions of the hBN layer can be excluded. These results demonstrate that
the hBN monolayer on the Cu(111) surface is indeed well described by a rigid and geometrically well

separated sheet.

1. INTRODUCTION

Monolayers of hexagonal boron nitride (hBN) are often
considered as a wide-band-gap analogue to graphene. Such
monolayers are chemically robust and are of interest as
ultrathin insulating interlayers for thin film devices.' On many
metal surfaces, a monolayer of hBN can be grown in a self-
terminating catalytic process by dissociation of borazine
[(HBNH);] that is dosed onto the hot metal surface. The
elemental type of the surface has a significant influence on the
rate constant of the dissociation and also on the morphology of
the resulting hBN layers. The general trend is that low
reactivity of the catalytic process and more “flat” and weakly
bonded hBN layers are found on the surfaces of coinage metals,
eg, Cu(111),” Ag(111),’ and Ag(100),* whereas higher
reactivity and corrugated (buckled) hBN films are characteristic
for d-metal surfaces, e.g, Ni(111)° or Ir(111),° ranging to
structures considered as “nanomeshes”, e.g, on Rh(111).”°
Considering applications, Cu is an interesting substrate for hBN
growth because free-standing hBN monolayers can be prepared
by catalytic growth of a hBN monolayer on Cu foils that are
subsequently etched away.'” A very weak bonding of the hBN
monolayer to the Cu surface is possibly an important aspect in
this procedure; in addition, this weak bonding may be attractive
for an electronic decoupling of molecular adsorbates on top of
the hBN layer from the Cu states.'' Here we report on the
lateral geometric structure and a quantitative determination of
the vertical bonding distance of the hBN monolayer with
respect to the Cu(111) surface.

v ACS Publications © 2017 American Chemical Society
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The properties of catalytically grown hBN monolayers on the
Cu(111) surface have been studied experimentally by several
groups.”'> Most relevant in the context of the present work are
the results of Joshi et al.” who performed detailed scanning
tunneling microscopy (STM) investigations. Due to the small
lattice misfit of the hBN monolayer to the Cu(111) surface
lattice, Moiré patterns are seen in the STM images. From the
appearance of these at high bias voltages (>3 V), Joshi et al.>
derived that they result from an electronic contrast and not
from a geometric vertical height modulation (buckling) of the
hBN layer.

The hBN/Cu(111) interface was also investigated several
times by density functional theory (DFT). An important
structural parameter is evidently the hBN/Cu(111) interfacial
bonding distance, given by the vertical distances of the B and N
atoms with respect to the topmost Cu layer. Remarkably,
different authors obtained values spread over a significant range,
which partially reflects differences of the specific DFT
methodologies used. For instance, for the bonding distance of
N at Cu on-top positions, values between 2.65 + 0.03" and
3341 + 0.007 A" were reported. Other authors reported
interfacial bonding distances also falling into this interval.">~'®
One reason for the broad spread of obtained values is that small
variations in the empirical corrections to the DFT accounting
for the van der Waals interactions lead to large changes in the
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interfacial bonding distances. This is presumably a consequence
of the very weak interfacial chemical bonding which makes the
van der Waals bonding rather decisive for the interfacial
distance.

The hBN/Cu(111) interfacial bonding distance has not been
determined experimentally so far, and thus, we do not have a
conclusive understanding of the hBN/Cu(111) interface, yet.
The purpose of the reported investigation was to fill this gap.
We performed an analysis of the vertical positions of the N and
B atoms versus the Cu(111) surface by the normal incidence X-
ray standing wave technique (NIXSW). In addition, we report
data from high resolution low energy diffraction (LEED).
These show very pronounced satellite structures close to the
diffraction spots of the Cu substrate. As we will demonstrate,
these satellites have to be interpreted by multiple electron
scattering processes. We can exclude a significant structural
vertical buckling of the hBN layer related to the Moiré structure
which results from the incommensurability of the hBN layer
and the Cu(111) surface. From the LEED data, we also derive
information on the azimuthal orientation of the hBN domains
versus the Cu surface. We discuss these findings in the frame of
a weak interfacial bonding leading to local variations in the
bonding heights and orientations of individual hBN domains.

2. EXPERIMENTAL SECTION

The sample preparation and all experiments were carried out
under ultrahigh vacuum. Our home chamber had a base
pressure of 3 X 107'* mbar. It was equipped with a low energy
electron diffraction (LEED) instrument specially designed for
performing spot profile analysis (SPA-LEED).'” For a high
precision calibration of the kj-axis, we used the tabulated
temperature dependent Cu lattice constant.”* In addition, the
recorded data were corrected numerically for nonlinearities in
the kj-axis to second order. The criterion was that the
respective distances of hBN satellites to the specular (0,0) spot
or to the first order spots of the Cu(111) surface were identical.
This criterion is based on the origin of the satellites from
multiple electron scattering that we describe below.

The Cu single crystal sample was mounted on a manipulator
which allowed cooling by liquid nitrogen to 100 K and heating
of the sample by a tungsten filament and electron bombard-
ment to 1150 K. The Cu(111) crystal was prepared by repeated
30 min cycles of sputtering with Ar ions (1000 eV, 7 yA) and
subsequent annealing at 1070 K for 30 min. The structural
quality and chemical purity of the so prepared Cu(111) surface
was checked by LEED and X-ray photoelectron spectroscopy
(XPS).

Borazine [(HBNH);] was purchased from Katchem. It was
filled into a small glass tube under an Ar atmosphere that was
attached to a leak valve. The Ar was pumped away during
several cycles while the borazine was frozen by liquid nitrogen.
The borazine was then continuously held at about —4 °C in
order to minimize thermal degradation. The hBN layers were
prepared by dosing 2000 L of borazine via the background at a
pressure of 1.5 X 107 mbar, while the Cu crystal was kept at a
temperature of 1070—1120 K. Typically, the preparation was
finished by closing the leak valve and subsequent cooling down
of the sample by about 1 K s™'. An ion gauge was used to
measure the dosage of the borazine. Using a quadrupole mass
spectrometer, the fraction pattern of the borazine was found to
be identical to that published in ref 21.

Normal incidence X-ray standing wave (NIXSW) measure-
ments were performed at the Diamond light source (beamline

109). For details of the NIXSW method, we refer to ref 22.
Hard/soft X-ray photoelectron spectroscopy (XPS)>** and
angular resolved photoelectron spectroscopy (ARPES)** were
used to check the quality of the hBN layer by comparison with
published data. XPS spectra recorded on the clean Cu(111)
sample did not show indications for surface contaminants (e.g.,
carbon or sulfur). LEED images of the hBN layer taken at the
synchrotron were in good agreement with those taken in our
home lab. NIXSW data were recorded at 300 K. We measured
photoelectrons of the N 1s and B 1s levels for the (111)
reflection of the Cu substrate while scanning the photon energy
around the Bragg energy of 2.972 keV. A defocused X-ray beam
was used in order to minimize possible radiation damage (300
um X 300 pm spot size). Data collection on one sample spot
took about 40 min; no significant sample degradation by the X-
ray beam was observed during this time. The axis of the
electron analyzer was perpendicular to the direction of the
incident X-ray beam and in the direction of the polarization.
The crystal was tilted by 2° toward the analyzer, yielding a
Bragg angle 05 of 88°. The photoelectrons were detected in the
plane of the incident and reflected X-ray beam and within a
wide range of angles & with respect to the analyzer axis of & =
0—25°. This corresponds to emission angles with respect to the
surface ranging from 2 to 27° (see inset of Figure S, below).
Because of the wide-range angle detection of the photo-
electrons, angle dependent corrections for nondipolar emission
have to be included in the evaluation of the data.*® For this
purpose, the photoelectrons were recorded in angular resolved
mode, and analyzed separately for 10 narrow angular slices of
2.5° width (see Table S1) . The respective yields were analyzed
using the appropriate nondipolar correction parameters which
were calculated for the angles & at the centers of the respective
slices. The correction parameters were obtained as described in
the Supporting Information and are tabulated in Table S1
there. The fits of the yield curves for extracting the coherent
positions (p.) and coherent fractions (f.) were performed by
the program Torricelli.*® Overall, yield curves for B 1s and N 1s
levels were analyzed for eight different sample spots. Averaging
the extracted p. and f. values was done by using an error
processing routine similar to the one reported in ref 27.

3. RESULTS

3.1. LEED Data. Figure la shows a LEED pattern of a
complete monolayer hBN on the Cu(111) surface. It is
consistent with that reported by Roth et al;** however, due to
the higher resolution, we see additional interesting details that
we describe in the following. A sharp ring of intensity runs
around the six first order Cu diffraction spots (see Figure 1a).
The ring radius kj is by 2.2% larger than the reciprocal lattice
vectors of the Cu(111) surface (at 300 K). The ring stems from
the superposition of first order diffraction spots of hexagonal
hBN domains which have different azimuthal orientations with
respect to the Cu(111) surface. The lattice constant of the hBN
layer is thus smaller than that of the Cu(111) surface. From the
full width at half-maximum (fwhm) of the intensity profile of
the ring in the radial direction, we can estimate that the hBN
domains have a lateral extension of at least 200 A. For a
complete hBN monolayer, we observe that narrow angular
sections of the ring located close to the first order Cu spots
(TM direction) gain pronounced intensity. We name these
sections “arcs” in the following. Thus, for the complete hBN
monolayer, most of the hBN domains are azimuthally aligned
to the Cu substrate within a small azimuthal angular range of ¢
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Figure 1. SPA-LEED patterns, schematic representations, and line
profile of a hBN layer on Cu(111). (a) Overview. (b) Zoom-in of the
central (0,0) spot which is surrounded by six arcs due to multiple
electron scattering from the hBN layer and the Cu(111) substrate. (c)
Schematic representation of the multiple scattering effects. The black
ring represents the primary scattering signal from the hBN domains
that is centered on the (0,0) spot. The dashed red and green circles
represent intensities related to scattering from the hBN layer in
combination with scattering from one of the six first order Cu(111)
spots. The two sets of symmetry inequivalent Cu spots are marked by
red and green. (d) LEED pattern from panel b superimposed with the
schematic representation from panel c. (e) SPA-LEED scan along the
green arc marked by (I) in panel d. The four maxima stem from the
four intersection points with other arcs. The profile was fitted with
four Gaussian functions for the intersection points plus a pseudo-Voigt
function for the intensity distribution of the green arc along the scan
direction. This function reflects the azimuthal distribution of the hBN
domains and exhibits a fwhm of 4.4°. The blue curve represents the
envelope. The origin of the k; axis was positioned to the center of the
scan. These patterns were recorded at an electron energy of 70.7 eV
and a sample temperature of 105 K.

around the I'M direction (¢ = 0° denoting the 'M direction).
A detailed profile analysis, which we will describe below, reveals
that the intensity profile along the arcs has a fwhm of Agp= 4.4°.
We note that Ag is independent of the preparation conditions.
Even very prolonged annealing or variations in the temperature
of the Cu substrate during the borazine dosing (1050 and 1120
K) do not cause changes in Ag.

The ring around the first order Cu spots was also observed
for incomplete monolayers of hBN (~50% of the dosage
required for a complete layer). There it is also not uniform but
more pronounced in the TK direction (different from the
situation for complete layers, where only little intensity is found

in the K direction). This indicates that, for incomplete
monolayers, there is a larger fraction of domains rotated by 30°
with respect to the preferred orientation of the domains in the
completed layer. Tentatively, we can distinguish three different
types of domains: aligned domains (within a small angular
spread around the ¢ = 0°/T'M direction), 30°-rotated domains
(with a preferential orientation in the I'K direction), and
domains that are homogeneously distributed in the azimuthal
orientation leading to intensity that is continuously distributed
along the ring in LEED. Judging from the LEED intensities, the
aligned domains constitute the majority phase for complete
monolayers; the respective LEED spots comprise about 90% of
the total intensity.

From the ring radius (13|‘|BN), we determine a lattice constant
of the hBN layer of 2.497 + 0.003 A at 100 K and of 2.500 +
0.004 A at 300 K. These values of the lattice constant are thus
by about 0.35 and 0.19% smaller than those of the hBN bulk
lattice constant at the respective temperatures.”® As said, the
lattice constant of the hBN layer (a;y) is smaller than the in-
plane lattice constant ac, = 2.556 A (300 K) of the Cu(111)
surface.”® The lattice misfit m of the hBN layer to the Cu(111)
surface (m = 1 — aypy/dac,) amounts to 2.0 + 0.1 and 2.2 +
0.2% at 100 and 300 K, respectively. This is compatible with the
value reported by Joshi et al.,” who found a lattice misfit of 1.8%
at 6 K from STM data. The lattice constant of a free-standin%
hBN monolayer was reported to be 2.488 + 0.016 A at 300 K,”
which agrees with our value within 0.012 A. Thus, the lateral
structure of the hBN monolayer appears to not be significantly
influenced by the underlying Cu substrate (<5%).

In the following, we consider the aligned domains. Because
of the slightly different lattice constants of the hBN domains
and the Cu(111) surface, a hexagonal Moiré structure results.
Its lattice constant L can be calculated for a respective hBN
domain from its individual rotation angle ¢ and the misfit m to
the Cu(111) lattice according to the following formula:

L=[1+1-m™2-2(1-m" cos(p)] ™ %a,
Here we obtain values of L ranging from 5.7 to 11.4 nm for
rotation angles ¢ ranging from 0 to 2.2° (at a misfit of 2.2% at
300 K). These values are in good agreement with values in the
interval 5—14 nm which were observed by Joshi et al.> for the
Moiré lattice constant of the electronic corrugation.

We now consider the prominent satellite features in the
LEED pattern which are observed around the Cu spots. For
instance, around the specular (0,0) spot, we see a highly
symmetric star-like diffraction pattern (Figure 1b). Similar
features can be seen near the first order Cu spots (see Figure
la). The important question is whether these features result
from a vertical buckling of the hBN layer resulting from the
periodic change of the lateral positions of the B and N atoms
with respect to the interfacial Cu atoms as described by the
Moiré lattice? Or, do we have to explain them by multiple
electron scattering effects between a “flat” hBN layer and the
Cu(111) surface related to the electron diffraction? Even a
combination of both effects may be possible. The first case
would point to a vertically buckled hBN layer (similar to
situations seen for hBN on other metal surfaces, e.g., Ir(111));°
the second case would agree with the result from Joshi et al. of
a structurally flat hBN layer. The answer is nontrivial, because
in both cases scattered intensity is expected at k; space
positions which correspond to combinations of the recigrocal
lattice vectors of the hBN layer and the Cu(111) surface.”® This
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problem of unraveling vertical buckling of a Moiré lattice from
multiple electron scattering effects has been encountered in
other similar situations before.>’ The ambiguity is a
consequence of the fact that the diffraction pattern of a
Moiré lattice is obtained by a convolution of the respective
diffraction patterns of the overlayer (here the hBN layer) and
the substrate (here the Cu(111) surface). The same
convolution is, however, generated when, due to multiple
scattering, subsequent scattering processes at the hBN layer and
the Cu(111) surface contribute. In both cases, the diffraction
spots correspond to reciprocal lattice vectors that are given by
combinations of reciprocal lattice vectors of the hBN overlayer
and the substrate.

We note that lateral relaxations (in contrast to vertical
buckling), sometimes also termed as static distortion waves,”® of
the hBN lattice with the periodicity of the Moiré lattice could
also explain these additional satellites. However, we suppose
that lateral relaxations in the hBN layer are only very small.
This conclusion is based on the fact that there are strong
covalent sp>type bonds within the hBN layer but only very
weak bonds between the hBN layer and the Cu(111) surface.
The latter aspect is supported by the large vertical interfacial
bonding distance which we will report below.

Before we further expand on the question of the origin of the
satellite features, we demonstrate how they can be understood
in principle. For this purpose, we have illustrated the intensity
contributions from waves scattered by the first order reciprocal
lattice vectors of the Cu(111) surface in combination with
scattering contributions by the first order reciprocal lattice
vector of the hBN layer. These are depicted as red and green
circles with radii Ki*™ in Figure 1c and d. The radii are centered
on the respective LEED spots. The two colors mark the two
symmetry inequivalent groups of first order LEED spots of the
Cu(111) surface. Figure 1d shows how the star-like pattern
around the specular (0,0) spot is composed by the super-
position of six arcs belonging to circles centered on the six first
order Cu spots. Due to the limited width of the azimuthal
distribution of the hBN domains, the intensity is only present
on small sections of the indicated circles (“arcs”). Figure le
shows a line scan along an arc. The two maxima and two
shoulders of this scan correspond to the four intersection
points with four other arcs (see Figure 1d). The broad intensity
distribution along the arc directly monitors the azimuthal
distribution of the hBN domains. We fitted this distribution by
a pseudo-Voigt function (~40% Lorentzian contribution) with
a fwhm of Ag = 4.4°. Fully analogous interpretations apply to
the diffraction features close to the first order Cu spots (Figure
1a). For an illustration, we refer to Figure S1 in the Supporting
Information. They can be explained by arcs due to scattering by
the hBN layer that are centered on second and third order
spots of the Cu(111) surface.

We now come back to the origin of these satellite features.
We first demonstrate that multiple scattering is relevant and
explains the satellites. For this purpose, we consider the
intensities of the satellite features in relation to those of the
contributing (parental) Cu spots. The six first order Cu spots
split into two interdigitated groups of three spots (marked by
red and green color in Figure 1c) with inequivalent intensities.
This is a consequence of the 3-fold symmetry of the Cu(111)
surface in combination with scattering contributions from
deeper Cu layers. This effect is characteristic for LEED images
of all fcc(111) surfaces. The intensity ratio between these two
groups changes with electron energy due to the energy

dependence of the multiple scattering effects.”> We found
that the intensities of the respective arcs are proportional to
those of the contributing Cu spot. This can be seen from the
scans taken across the specular (0,0) spot shown in Figure 2.

intensity ratio
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Figure 2. SPA-LEED scans along the dashed black line (II) in Figure
1d for varying electron energies. Each scan is centered on the (0,0)
spot and normalized by the peak intensity of the (0,0) spot. In
addition, it crosses arcs caused by scattering at the hBN layer (cf.
Figure 1d). This leads to four satellites which are marked by the same
colors as used in Figure 1d. The central (0,0) spot and the four hBN
related satellites have been fitted by pseudo-Voigt functions for the
determination of the integrated intensities. The blue curve is the
respective envelope of the fitted peaks. The scans are vertically shifted
for clarity. The sample temperature was between 120 and 160 K. The
inset shows the variation of the intensity ratios of the two satellites
closest to the (0,0) spot (A and B) and of the corresponding parental
first order spots of the Cu(111) surface (cf. Figure lc) with the
electron energy. The good agreement of the ratios with electron
energy indicates that the hBN satellites originate from multiple
scattering of the electrons at the Cu(111) surface and the hBN layer.

The scans are not symmetric, because the intensities on the red
and green colored arcs that contribute to the scan differ. In
order to evaluate the intensities quantitatively, we have fitted all
scans for different energies by a sum of pseudo-Voigt functions.
In particular, we have evaluated the integrated intensities (Iz,I,)
of the two innermost peaks on the left and right of the central
(0,0) spot in Figure 2. These are marked by A and B. They
correspond to intersection points of a green and a red arc with
the scan direction, respectively (cf. Figure 1d). Importantly, the
ratio Ip/I, agrees with that of the two groups of the related first
order Cu spots (La/Igeen)- The latter intensities were read
from energy dependent LEED patterns, corresponding to that
shown in Figure 1. The computed ratios are displayed as a
function of the electron energy in the inset of Figure 2. We find
a good agreement of the two ratios which holds for different
electron energies, although the ratios themselves vary. We thus
deduce that the intensity ratio of the first order Cu spots
determines the ratio of intensities of the respective hBN arcs.
This is a strong indication that the satellites result from two
subsequent scattering processes: one occurring at the Cu
surface and one within the hBN layer.
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We also consider the alternative that the intensity of the
satellites is a consequence of the vertical buckling of the hBN
layer. In this case, the scattering from the buckled hBN layer is
described as a single scattering process related to the lateral
wavelength of the Moire lattice. The two innermost satellites
on both sides of the central (0,0) spot (see Figure 2) would be
interpreted as the first order diffraction spots of the Moiré
lattice. (No second order spots would be expected for a purely
sinusoidal buckling.) Intensity variations related to the Cu spots
would not be expected, because a scattering process at the Cu
surface cannot contribute to the small scattering vectors given
by the relative positons of the inner satellites with respect to the
(0,0) spot (ie, ky = 0.064 A).

A situation of this kind was considered in detail by Horn-von
Hoegen et al. for Ge films on the Si(111) surface.”” Here the
intensity of the satellites is calculated in the kinematic
approximation for LEED which neglects multiple scattering
effects. For the most simple situation of a sinusoidal buckling,
one finds that the relative intensity of the satellites with respect
to that of the (0,0) spot scales with the square of the
momentum transfer k, perpendicular to the surface: Is/I(oq) =
A/4k2> Hereby, A denotes the amplitude of the surface
buckling; k, can be calculated directly from the electron
energy. The above equation is valid in the limit of small k,
values or, equivalently, at small electron energies.*® Evidently, it
fails to describe our profiles, since it would predict these to be
symmetric with respect to the central (0,0) spot, which is not
the case (see Figure 2). Nevertheless, we can use the relative
intensities evaluated form our profiles to give an upper estimate
for the buckling amplitude. This estimation neglects the role of
multiple electron scattering and assigns the satellite intensity
entirely to the vertical buckling. In order to come closest to the
range of validity of the above equation, we evaluated our LEED
scan taken at the lowest electron energy (54 eV) (Figure 2).
From the fitted peak areas, we estimated the ratio of the
integrated intensities of the first order satellites with respect to
the intensity of the (0,0) spot at Ig/I(q0) & 5%. According to the
above equation, this corresponds to a buckling amplitude A of
0.05S A. Because of the neglect of the multiple electron
scattering contributions, we consider this value as an upper
limit of A.

3.2. XPS Results. Parts a and b of Figure 3 display soft and
hard X-ray photoemission spectra of the N 1s and B 1s levels
measured at low and high photon energies, respectively. The
binding energies determined from the soft X-ray spectra are
397.97 + 0.03 eV for the N 1s level and 190.35 + 0.01 eV for
the B 1s level. These values are both in good agreement with
results reported in the literature for hBN films grown on copper
foil®*** as well as on Cu(100), Cu(110), and Cu(111),
respectively,®> whereby the deviation of the binding energies is
of 0.5 eV at most. Both peaks exhibit the same profile with a
small asymmetry due to a smooth tail on the high binding
energy side.

From both types of XPS spectra, we can identify only one
chemical component of N and B. This is in contrast to the
situation described for hBN on Ir(111),° where different
chemical components are seen. In particular, comparing the
spectra that were measured when the photon energy was
scanned across the Bragg energy did not reveal any significant
changes in the spectral shape due to the varying intensity
contributions of possible different chemical species of N or B
located at different vertical positions. This is again in contrast to
the situation for hBN on Ir(111).° For the determination of the
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Figure 3. Normalized soft and hard XPS spectra of the B 1s and N 1s
level, centered at the respective maxima of the peaks. (a) Soft XPS
spectra measured at photon energies of S00 eV (N 1s) and 290 eV (B
1s), respectively. The absolute positions of the maxima (soft XPS) are
at binding energies of 397.97 & 0.15 eV (N 1s) and 190.35 + 0.15 eV
(B 1s). The inset shows a zoom-in on the satellite peaks on the high
binding energy side. (b) XPS spectra measured at a photon energy of
2.962 keV, ie., 10 eV below the Bragg energy. The full curves are
splines serving as guide lines for the eye. Both spectra exhibit a fwhm
of 0.85 eV and are slightly asymmetric with a broader half width on the
high binding energy side. The black lines indicate a respective fitted
linear background which was subtracted when the integrated intensity
was determined for the NIXSW analysis.

photoelectron yields, it was thus sufficient to subtract a linear
background from the N 1s and B 1s spectra and to integrate the
peak area (see Figure 3b).

We include some comments on the satellite structures of the
peaks seen in soft X-ray photoemission spectra which are
displayed in the inset in Figure 3a. The spectrum for N 1s
contains three satellites (S1—S3) located at higher binding
energies that are shifted by 3.1, 8.8, and 15.0 eV with respect to
the main peak. The spectrum of B 1s shows only one
prominent satellite at 9.7 eV and a band of intensity between
this peak and the main peak. We suppose that these satellites
result from interband excitations between occupied and
unoccupied states of the hBN layer. The existence of the
satellite S2 (8.8 eV) has been previously discussed for hBN/
Ni(111) by Preobrajenski et al.” The authors stated that this
feature is indicative for the hBN energy gap (5.5 eV), which is
reflected in the onset of the satellite.

3.3. NIXSW Results. Figure 4 shows representative
photoelectron yield curves of the B 1s and N 1s signal, and
the reflectivity as a function of the photon energy for the slice
of emission angles a between 20.0 and 22.5°. In addition, the
corresponding fits according to the NIXSW theory are shown
as solid lines. The fits describe the experimental curves well for
the slice underlying the data of Figure 4 and for all other slices
of emission angles. The similar shapes of the yield curves for B
and N immediately indicate similar coherent positions for both
types of atoms.

Figure S shows the variations of the coherent fractions f, and
positions p. as a function of the emission angle a. We observe
variations (trends) of f. and p. as a function of a. This is
surprising, because for a flat layer one expects constant values,
independent of a. If the nondipolar (ND) correction
parameters which depend on « (see Table S1 in the Supporting
Information) are not included in the analysis at all, we find even
larger variations of f. and p.. In particular, the f, values vary
more strongly and come out with too large unphysical values
(e.g, 1.1-1.25 for N 1s). The variations and also the impact of
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Figure 4. Reflectivity of the Cu(111) surface (red/bottom),
photoelectron yields of the B 1s photoemission signal (green/middle),
and N 1s photoemission signal (blue/top) as a function of the photon
energy relative to the Bragg energy. The here displayed photoemission
data were recorded for emission angles between a = 20.0 and 22.5°.
The points are the experimental values; the lines are fits according to
theory. The error bars represent the statistical error of the
photoemission yield data. The spectra are shifted vertically by an
offset of 3 for clarity. The inset shows the relevant quadrant of the
Argand diagram plotted with the £, and p, values for all evaluated data
sets. The Argand diagram presents the f, and p, values in the complex
plane by the complex number f, exp(i27p./dcyi11))-
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Figure S. Coherent fractions f. (a) and positions p, (b) obtained for
the N 1s and B 1Is signals as a function of the emission angle a (see
inset). Nondipolar correction parameters depending on @ were
included in the fit. The plotted values are the mean values calculated
for each angle a from eight data sets for the N 1s and B 1s signals. The
dashed lines represent average values computed from all values
measured for a > 10°.

the ND corrections are much smaller for the p. than for the f,
values. The latter is typical: ND corrections have a smaller
effect on the fitted p. values, and the uncertainties in the ND
parameters thus cause only small systematic errors. The fact
that some variations persist here, although ND correction

parameters have been included in the evaluation, may indicate
that there are angular dependent details in the experiment that
are not sufficiently described by the NIXSW theory, yet.
However, the details of this aspect go beyond the scope of this
work and have to be left to future investigations. We further
find that the coherent fractions of the B 1s signal are
systematically by about 25% smaller than those of the N 1s
signal (see Figure Sb). This is remarkable and will be discussed
further below.

The averaged f. and p. values are summarized in Table 1.
Because of the above-noted variation of f, and p, we have

Table 1. Coherent Fractions f, and Positions p, for the N 1s
and B 1s Photoelectron Signals Obtained after Averaging
over the Angular Dependent f, and p, Values and the
Independent Data Sets”

N Is B Is
f. 0.80 + 0.04 0.57 + 0.02
Pe 0.54 + 0.01 0.56 + 0.01
d. (A) 322 + 0.03 325 + 0.02

“The vertical distances d. to the top-most Cu(111) plane were
calculated as d. = d§l1)(1 + p,), whereby d(§}}) = 2.087 A is the lattice
constant at 300 K.*°

computed the averaged values of f, and p. only from data
measured at emission angles a above 10°. The reasoning
behind this is that in this range the variations of the p_ values
are small (<2%), and in addition, systematic errors are reduced
due to the much higher counting rates that are recorded at
these larger emission angles. These average values are indicated
in Figure S by the horizontal lines.

From the coherent positions, the vertical distances d. from
the plane of the topmost Cu (111) layer are comguted asd. =
diiy(1 + p.), whereby we use d(j};) = 2.087 A.*° We obtain
d.(N) = 322 + 0.03 A and d.(B) = 3.25 + 0.02 A. Here we
assume that the topmost Cu layer is at the position of the
topmost extended (111) Bragg plane (which serves as the
reference plane for NIXSW results). The clean Cu(111) surface
is nearly bulk terminated, because only a very small relaxation
of the surface layer of —0.7 to —0.8%, corresponding to an
inward shift of 0.02 A, was found.>**’ Considering the weak
bonding of the hBN to the Cu surface, a significant relaxation
from the Bragg plane is thus unlikely, and the assumption made
above that the d. values from the NIXSW analysis can be
interpreted as vertical distances from the topmost Cu(111)
layer is justified. The averaged vertical height of the B atoms is
by Ady/y = d.(B) — d.(N) = 0.03 A larger compared to that of
the N atoms. Although Adg)y is of the order of the error bars of
the d. values, we suppose that this vertical height difference is
real, because this difference is found systematically for all p.
values taken at different emission angles & (see Figure Sb).

4. DISCUSSION

4.1. Vertical Bonding Height. Figure 6 shows a structure
model based on our results. From the large vertical bonding
distances of the N and B atoms with respect to the Cu surface,
it can be concluded that interactions between both the N and B
atoms and the Cu(111) surface are weak. This is also indicated
by the nonoverlapping van der Waals (vdW) spheres shown in
Figure 6. It is instructive to compare the averaged bonding
height (d. = (d(N) + d.(B))/2 = 324 A) with that of the
perylene core of the planar molecule 3,4,9,10-perylenetetra-
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Figure 6. Hardsphere model of the hBN/Cu(111) interface (side view
along the [112] direction). The radii of the full spheres correspond to
the covalent radii 7%, = 0.84 A and 7Y, = 0.71 A*” and the metallic
radius r$Y, = 1.28 A,* respectively. In addition, the van der Waals
spheres of the B, N, and Cu are indicated by the dotted spheres. The
respective radii are 2y, = 1.65 A, = 146 A, and r&y = 1.40 A%
The vertical height of the B atoms is by 0.03 A above that of the N
atoms. The full line indicates the average vertical position d, of the B
and N atoms of 3.24 A above the topmost Cu(111) layer.

carboxylic acid dianhydride (PTCDA), which has been
measured by NIXSW on different surfaces. We consider the
perylene core as a model for a planar flake of a 7 conjugated
material. PTCDA is chemically bonded on the Cu(111) surface.
The vertical bonding height of the perylene core was
determined at 2.66 A”” which is much smaller than d, for
hBN on Cu(111). PTCDA on the Au(111) surface is weakly
bonded. There, the perylene core is at a height of 3.27 A.>® This
height exceeds that of hBN on Cu(111) by only 0.03 A.
Considering the significantly larger size of the vdW radius of Au
compared to that of Cu (1.66 A/1.40 A*), the bonding height
of hBN on Cu(111) thus has to be considered as large, and the
bond is identified as weak and likely physisorptive. The
assumption made above that lateral relaxations within the hBN
layer are absent appears thus retrospectively verified.

Farwick zum Hagen et al.° reported the bonding distance for
a hBN layer on the Ir(111) surface. They found a strongly
buckled hBN layer with chemisorbed valleys at a distance of
2.22 A embedded in a flat physisorbed plane at 3.72 A distance.
This latter value exceeds the value reported here for hBN on
Cu(111) considerably (by 0.48 A). This is presumably due to
compressive stress in the hBN layer on Ir(111) which results
from the strong bonding to the Ir(111) surface in the valleys.
This causes a displacement of the hBN areas in between these
valleys vertically away from the surface, leading to the large
bonding height of 3.72 A.

4.2. Azimuthal Orientation. One of the most interesting
questions arising from our structural results is, what determines
the azimuthal orientation of the hBN layer versus the Cu(111)
surface? Before we expand on this aspect, we compare our
results to those reported in the literature for hBN layers on
other (111) metal surfaces. For hBN on Ag(111) (misfit 15%),”
the bonding is likely even weaker than that for hBN/Cu,
because the azimuthal orientation of the hBN domains is
arbitrary and yields a uniform ring in the LEED pattern. Some
similarity of hBN/Cu(111) exists for hBN on Pt(111) (misfit
11%),** for which a similar LEED pattern with arc-type
elongated hBN spots was reported. Interestingly, on Pt(111),
exchange of the borazine by B-trichloroborazine leads to
additional hBN domains rotated by 30° with respect to those of
the majority phase.”” On Pd(111), a minority phase rotated by
30° is also observed for hBN layers prepared from borazine.*'
These results are similar to our finding of 30° rotated domains
at low coverages. Other examples of hBN on (111) metal

surfaces differ considerably from the present situation on
Cu(111), because stronger chemical interactions between the
metal and the hBN sheet induce a periodic structural
modulation. This leads to Moiré lattices with identical lattice
points; in other words, the hBN lattice is commensurate to the
lattice of the metal surface in higher order. This case is
encountered, e.g, on Ir(111),° Ru(001),** and Rh(111).® The
respective LEED patterns show distinct Moiré spots around the
first order spots in all cases. On Ni(111), the situation is
exceptional because the small lattice misfit causes a
commensurate structure.”’ In all of these examples, the
azimuthal orientation of the hBN layer is a consequence of
the energy gain related to the coincidence of lattice points of
the hBN layer and the underlying metal surface.

For hBN on Cu(111), the situation is significantly different.
The unit cell of the hBN layer is incommensurate with respect
to that of the Cu(111) surface. This also includes the absence
of any coincidence of lattice points in reciprocal space, which
would yield an interfacial energy gain (i.e., if the structure was
of the point-on-line or line-on-line type).** Such coincidence,
indeed, explains the azimuthal orientation of many epitaxial
layers of organic molecules on metal surface with super-
structures that are not commensurate to the underlying metal
surface.’® Thus, from the lateral structure of the hBN layer
alone, an energetically favorable azimuthal orientation—as seen
on Cu(1ll)—cannot be explained. We note that for
incommensurate layers of rare gas atoms on metal surfaces
lateral relaxations of the gas atoms from their ideal positions
have been identified as a mechanism of interfacial energy gain
and azimuthal orientation.”* However, for the hBN domains on
Cu(111), we consider this as not appropriate, because weak
forces across the interface are counteracted by much stronger
lateral forces within the hBN layer related to the covalent
intralayer bonding. Therefore, we alternatively interpret the
azimuthal orientation as a consequence of the growth
mechanism and the related kinetics of the hBN domains.

We suggest that the orientation of the hBN domains is
selected when the domains are still very small, and due to the
small misfit, all N and B atoms can be located very close to their
favorable adsorption sites on the Cu surface. This way, a few
favorable orientations are selected. Felter et al. have recently
observed the growth of the hBN domain on Cu(111) by low
energy electron microscopy.*’ These data indeed indicate that
the orientation of the domains is maintained from the
beginning of their nucleation up to the point of domain
coalescence and formation of a completed hBN layer. This is in
agreement with our own (unpublished) STM data which show
individual separated domains of hBN for incomplete layers.
This scenario thus supports the described picture of kinetically,
but not energetically, determined domain orientations. It is
further consistent with our observation that there exists some
probability for the growth of by 30° rotated domains. The
growth of these possibly starts at some specific surface defects
different from the growth of domains in the 0° orientation. In
this regard, the growth of hBN layers differs considerably from
that of epitaxial layers of organic molecules, because for the
latter the intralayer bonds are reversible, and an optimization of
the orientation under energetic aspects remains possible at later
stages of the domain growth. Differently, for the hBN domains,
the intralayer bonds are covalent and nonreversible. Because a
concerted rotation of complete domains is kinetically
impossible, the domain orientation that is realized in the
nucleation process is maintained during later growth stages.
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4.3. Coherent Fractions. We finally comment on the
coherent fractions f. of the N 1s and B 1s signals (see Table 1).
The coherent fractions principally bear information on the
vertical distribution of the atoms, and thus potentially also on a
possible buckling of the hBN layer. For an unbuckled ideally
flat layer, we expect f, of 1.0 of both the N and B atoms.
Buckling on any length scale would lead to values below 1.0,
whereby an increase in the buckling amplitude lowers the
coherent fractions.”> This correlation was used, e.g, for a
quantitative determination of the buckling amplitude of
graphene layers on Ir(111), using the “egg box model”.** The
name of this model refers to the fact that the buckling yields a
layer with a structure similar to that of an egg box. Because
other effects, e.g., signal contributions in the NIXSW yield
curves from a second chemically not separated species, may also
lower the f, this approach gives only an upper limit for the
buckling amplitude. However, unprecise ND correction
parameters can also lead to systematic errors of f. Our own
experiments indicate that f, values are typically overestimated
and, therefore, the derived buckling amplitudes can be
underestimated. As noted, this is different from the situation
for the coherent positions that are commonly quite robust with
respect to small variations in the ND corrections. For the f, of
the Cu 2p signal of the substrate, we found a value of about
1.0S, which is thus 5% above the physically reasonable limit of
1.0. A reasonable limit for a downward correction of the
measured f, of the hBN layer for accounting for the systematic
errors related to the ND corrections should thus be given by
5%.

We find that the coherent fraction of the B 1s signal (f.(B) =
0.57) is by about 25% smaller than that of the N Is signal
(f.(N) = 0.80) (see Figure S). This is unexpected, because a
layer of hBN, either flat or buckled, should yield identical f.
values of B and N. Presumably, there exists a mechanism—or a
combination of different mechanisms—that specifically reduces
the f. of B. We discuss three possibilities: (i) There are
additional disordered residual fragments which contain more B
than N on the surface which are not resolved as separated peaks
in the photoelectron spectra and which contribute additionally
by a coherent or incoherent signal. (i) The spatial distribution
of the s orbital of B is larger compared to that of N and thus
yields intrinsically a reduced respective f. value. (iii) The B
atoms undergo stronger static and/or dynamic displacements
from their average height. This could also include a split vertical
position of the B atoms above and below their average height.
We estimate that a vertical displacement of 50% of the B atoms
below and S0% above the average height by 0.27 A produces a
reduction of the coherent fraction from 0.80 (f.(N)) to the
value 0.57 (£.(B)). At present, we cannot decide further on
these possibilities on the basis of our experimental data, and in
the following, we thus limit our discussion to the coherent
fraction of the N atoms.

From the egg box model,* using f.(N) = 0.80, we estimate a
buckling amplitude A of 0.35 A (peak-to-peak corrugation 0.70
A).>” This value is definitely not compatible with our analysis of
the LEED data, which gave an upper limit of 0.05 A for A. It is
also incompatible with the STM results of Joshi et al.” Thus, the
fact that the f. of N is significantly below 1.0 has to be explained
differently here. We suppose that the hBN layer is not
significantly buckled but that there exists some variation in the
vertical bonding heights when passing from one hBN domain
to the other. Assuming a Gaussian distribution of the vertical
bonding height of different domains, we calculate from f.(N) =

23971

0.80 a fwhm Az = 0.50 A of this distribution (see formula C.7
in ref. 27). We suppose that this variation of the vertical
bonding distance is a consequence of the weak interfacial
interaction leading to a broad minimum in the interfacial
interaction energy. This broad minimum in the interaction
potential is also found in the DFT calculations, e.g., in ref 15.
One may envisage that the variation in the bonding height (Az)
of individual domains is correlated with the spread (Ag) in the
azimuthal orientation of the hBN domains. For example, a
stronger deviation of the domain from the TM direction could
be related to a larger bonding height. Possibly surface defects
also play a role here. These could be steps of the Cu(111)
surface which are overgrown by the hBN layer. This aspect
indicates that the structural quality of the clean Cu(111) at the
start of the growth is relevant for the hBN layer properties.

5. CONCLUSIONS

We found that the catalytically grown hBN monolayer on the
Cu(111) surface exhibits a very large vertical bonding distance
(d. = 3.24 + 0.03 A) to the underlying Cu(111) surface. The
difference between the N and B atoms is marginal; the B atoms
are displaced by 0.03 A farther into the vacuum. We find no
indications for a significant vertical buckling of the hBN layer
resulting from the misfit of the hBN lattice to the underlying
Cu(111) surface and the related formation of a Moiré lattice.
The characteristic satellites observed in high resolution LEED
patterns can be interpreted by multiple scattering of the
electrons. There are indications that the vertical bonding
distances of different hBN domains scatter around the average
value d,, possibly in conjunction with a spread in the azimuthal
orientations. All of these results speak for a very weak hBN/
Cu(111) interaction and motivate the model of a rigid hBN
layer on top of the Cu surface.
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1. Additional information concerning the nondipolar corrections

The nondipolar (ND) correction parameters were calculated using the program Torricelli.*

We note that the corrections for nonnormal incidence of the X-ray beam which were included
into the Torricelli program very recently were not used in our evaluation.? According to our

experience, the effect on the present results would be within their error limits.

The ND contributions cause that, for the used experimental geometry, the reflected X-ray
wave contributes stronger to the photoelectron yield than the incident X-ray wave. As a con-

sequence, the photoelectron yield function Y is modified and is given by:®
Y =1+S.R+2|S |VRf, cos(¢—2mp, +'¥).

HereS,,|S,|, and W are the ND correction parameters. These parameters can be written as

functions of the two independent correction parameters QandA :

5, -1+Q
1-Q

- J1+Q*tan?(A)

1-Q

i

¥ =arctan(Qtan(A)).
The values of Qand A can be calculated:

Q= gcos(ep),

A=8d—8p.

Here v is one of the angular distribution parameters given in ref. *, which amount to yy;s =
1.10527 and yp,s = 1.17698. The angle 8,, corresponds to the angle between the direction of
the incident wave and the direction of the emitted electrons. 6, and &, denote the partial
phase shifts of the asymptotic p and d waves. The values for 8, and &,, were calculated by use
of the NIST Electron Elastic-Scattering Cross-Section Database® and amount to 0,(N1s) =
0.87501, 64(N1s) = 0.63863, 6,(B1s) = 0.65998 and §,(N1s) = 0.49623. These values

can be considered as constant within the small photon energy intervals and were calculated at
S2
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the Bragg energy. We calculated: Ay;s = —0.23638, Agys = —0.16959. Values calculated

for Q, Sk, |1S;], and W are summarized in Table S1.

Table S1: Values used for the nondipolar correction parameters Q, Sg, |S;|, and ¥ as a func-

tion of the emission angle o for both N1s and B1s levels.

N1s Bls
angular slice
®min - Glmax Q Sk |Sil k4 Q Sk Syl k4
)

0-25 0.00804 1.01620 1.00810 -0.00194 0.00856  1.01727 1.00863 -0.00141
25-5.0 0.02410 1.04938 1.02471 -0.00580 0.02566  1.05267 1.02635 -0.00424
50-75 0.04011 1.08357 1.04183 -0.00966 0.04271  1.08924 1.04464 -0.00706
7.5-10.0 0.05605 1.11875 1.05947 -0.01350 0.05968  1.12694 1.06352 -0.00986

10.0-125 0.07188 1.15488 1.07760 -0.01731 0.07654  1.16577 1.08297 -0.01265

12.5-15.0 0.08757 1.19195 1.09622 -0.02109 0.09325  1.20569 1.10297 -0.01541

15.0-17.5 0.10310 1.22989 1.11529 -0.02483 0.10978  1.24665 1.12351 -0.01814

17.5-20.0 0.11843 1.26867 1.13480 -0.02852 0.12611  1.28862 1.14456 -0.02083

20.0-225 0.13353 1.30822 1.15471 -0.03215 0.14219  1.33154 1.16609 -0.02349

22.5-25.0 0.14838 1.34847 1.17498 -0.03573 0.15801  1.37533 1.18807 -0.0261

S3
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2. Additional LEED patterns

Figure caption see next page. Figure S1
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Figure S1: SPA-LEED patterns and schematic representations of the first order Cu spots and
the satellite structure of the hBN layer on Cu(111). (a) and (b): Zoom-in LEED patterns of
two symmetry inequivalent first order Cu (11) and (10) spots surrounded by arcs due to mul-
tiple electron scattering from the hBN layer and the Cu(111) substrate. (c) and (d): Overview
of a schematic representation of the multiple scattering effects. The black ring represents the
primary scattering signal from the hBN domains that is centered on the (0,0) spot. The dashed
rings of different colors represent intensities related to first order scattering from the hBN
layer in combination with scattering from Cu(111) spots of different orders: first order
(red/green), second order (violet), and third order (orange). The solid green and blue circles
(in (d)) represent intensities related to second order scattering from the hBN layer in combina-
tion with scattering from symmetry inequivalent first order Cu(111) spots. (e) and (f): Zoom-
in LEED patterns from (a) and (b) superimposed with the schematic representation from pan-
els (c) and (d) in order to illustrate the composition of the pattern by the different multiple

scattering contributions. The sample temperature was 105 K, the electron energy 70.7 eV.

(1) Torricelli is an XSW Data Analysis and Simulation Program Written by G.Mercurio and
F.C. Bocquet. Copies can be obtained from f.bocquet@fz-juelich.de.

(2) van Straaten, G.; Franke, M.; Bocquet, F. C.; Tautz, F. S.; Kumpf, C. Non-Dipolar Effects
in Photoelectron-Based Normal Incidence X-Ray Standing Wave Experiments. J. Electron.
Spectrosc. Relat. Phenom. 2017, in press.

(3) Vartanyants, 1. A.; Zegenhagen, J. Photoelectric Scattering from an X-Ray Interference
Field. Solid State Commun. 1999, 113, 299-320.

(4) Trzhaskovskaya, M. B.; Nefedov, V. I.; Yarzhemsky, V. G. Photoelectron Angular
Distribution Parameters for Elements Z=1 to Z=54 in the Photoelectron Energy Range 100-
5000 eV. At. Data Nucl. Data Tables 2001, 77, 97-159.

(5) Jablonski, A.; Salvat, F.; Powell, C. J. Nist Electron Electron Elastic-Scattering Cross-
Section Database, Version 3.2, Srd 64, National Institute of Standards and Technology,
Gaithersburg, MD: 2010.
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The adsorption geometry, the electronic properties, and the adsorption energy of the prototype organic
molecule 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) on a monolayer of hexagonal boron nitride
(hBN) grown on the Cu(111) surface were determined experimentally. The perylene core is at a large height of
3.37 A and only a minute downward displacement of the functional anhydride groups (0.07 A) occurs, yielding
adsorption heights that agree with the sum of the involved van der Waals radii. Thus, already a single hBN layer
leads to a decoupled (physisorbed) molecule, contrary to the situation on the bare Cu(111) surface.

DOI: 10.1103/PhysRevB.99.121404

Wide band gap two-dimensional materials (2DMs) [1,2],
as, for instance, hexagonal boron nitride (hBN), are of interest
as interfacial layers for separating the electronic states of
adjacent conducting or semiconducting materials [3]. The
appeal of hBN is given by the possibility to grow hBN
mono- and multilayers [4] on many metallic substrates by
chemical vapor deposition of borazine [5-7]. The hBN layer
of monoatomic thickness is particularly interesting as it rep-
resents the ultimate case of a thin interfacial barrier. In short,
the hBN monolayer constitutes a 7 bonded honeycomb net
with alternating boron and nitrogen atoms [8]. It is known that
multilayer sheets of hBN constitute a good electrical insulator
with a wide band gap [9]. But how do these properties scale
down to the single hBN monolayer and how well does this still
separate the electronic states located at its two interfaces? This
aspect appears to be important for the understanding and opti-
mization of electronic thin film devices based on monoatomic
hBN layers or similar other 2DMs in general. Obviously, an
experimental clarification requires monitoring the electronic
properties on the hBN layer at the microscopic level. One
approach is to use the adsorption of an organic molecule
as a probe. Investigations of this kind have been made by
comparing the submolecular contrast in scanning tunneling
microscopy (STM) images to that expected for the unper-
turbed molecular orbitals [10,11]. Here, we go further and
measure the electronic and structural response of an organic
molecule on an hBN/metal surface. Furthermore, we quantify
the remaining interfacial bonding by the adsorption energy.

The Cu(111) surface lends itself to this purpose because,
for building devices, hBN layers are commonly grown on
Cu foils [12,13]. In a preceding experiment we have already
determined the distance of the hBN layer to the underlying
topmost Cu(111) layer [14]. The large value of 3.24 A exceeds
the sum of the van der Waals (vdW) radii of the interfacial
atoms  significantly [(yV 4+ r2d%) =2.86 A and (W +
réﬁw) = 3.05 A] and identifies the bonding between the hBN
layer and the Cu(111) surface as very weak. The analysis also

2469-9950/2019/99(12)/121404(6)

121404-1

revealed no signs of a vertical long-range modulation of the
hBN layer caused by its misfit to the Cu(111) surface [14].
We therefore consider it as perfectly flat in the following. As
a consequence of the large interfacial hBN/Cu(111) distance
and its band gap of 5-6 eV [15], the probability density of
metal states should be strongly reduced at the hBN/vacuum
interface. In conclusion, a molecule placed onto this surface
should show negligible features for electronic and structural
modifications due to interactions of molecular and metallic
states, and thus its properties should be very close to those ex-
pected for a physisorbed molecule. However, quantitative in-
formation is desirable here, not at least because recent obser-
vations point in different directions: On the one hand, an elec-
tronic corrugation due to the misfit to the Cu(111) substrate is
present on the hBN/Cu(111) surface [16] and reveals itself by
a template effect on the adsorption of molecules [11,17-19].
Furthermore, a “catalytic transparency” of hBN on Cu(111)
has been stated [20,21], which indicates a “leaking” of the
metal states through the hBN that enables borazine disso-
ciation on a closed hBN layer. On the other hand, STM
images show small perturbations of the molecular states on
the hBN/Cu(111) surface indicating efficient decoupling [17].

We use the semiconductor model molecule 3,4,9,10-
perylene tetracarboxylic dianhydride [PTCDA, cf. Fig. 1(d)]
in order to take advantage of the fact that the structural
and electronic details of adsorbed PTCDA molecules have
been documented for a wide range of different metal sur-
faces [22-25]. The height of the perylene core above the
surface is dependent on the substrate due to varying strengths
in bonding and interactions with metallic states, as seen by
the energetic shifts of the PTCDA valence orbitals [26-29].
In addition, characteristic vertical displacements of the func-
tional anhydride groups out of the molecular plane of the
otherwise planar molecule occur. The pattern and size of these
structural distortions bear information about the bonding of
the molecule to the surface. For example, on the bare Cu(111)
surface, the distortion of the anhydride groups encompasses

©2019 American Physical Society



A.2 Quantitative analysis of the electronic decoupling of an organic semiconductor molecule 1

at a metal interface by a monolayer of hexagonal boron nitride

CHRISTINE BRULKE et al.

PHYSICAL REVIEW B 99, 121404(R) (2019)

FIG. 1. (a) Overview LEED pattern of one monolayer PTCDA
on hBN/Cu(111) with superimposed calculated spot positions and
reciprocal unit cell (green). Different colors refer to six symmetry
equivalent domains. The pattern was recorded at an electron energy
of 30.4 eV and a sample temperature 7' of 110 K. (b) Zoom-in
of the detail marked in (a). (c¢) STM image of PTCDA molecules
on hBN/Cu(111) arranged in a herringbone pattern. The image
was recorded at Upi,s = +1.5 V and 7 = 500 pA at 7 = 300 K. (d)
Corresponding hard-sphere model of the unit cell. The covalent atom
radii in the molecules are drawn at 75% of their sizes for clarity. The
envelope of the vdW spheres and the unit cell of the PTCDA lattice
(red) are indicated.

a vertical shift of the central O atom (O,,,) by 0.23 A with
respect to the perylene core in the direction away from the
surface, while the carboxylic O atoms (Ocyp) and the func-
tional C atoms (Cyypnct) stay approximately at the height of the
perylene core (Cpery1). [See Fig. 1(d) for the nomenclature.]
This indicates a chemical interaction that is dominantly lo-
cated on the perylene core [25]. Here, we use these effects as
a delicate probe to test the coupling of leaking Cu states at the
hBN/vacuum interface with molecular orbitals.

Figure 1 comprises structural data on a PTCDA mono-
layer adsorbed on the hBN/Cu(111) heterostructure. The low-
energy electron diffraction (LEED) image reveals the for-
mation of ordered domains. The PTCDA lattice is found
to be incommensurate with respect to the hBN lattice. The
lattice parameters can be identified from the spot positions
in the LEED image with high precision, as it was done, e.g.,
for PTCDA on the Ag(111) surface before [30]. They were
determined with an accuracy of 0.5% and agree within 3%
with those of PTCDA layers in the 8 modification of the
bulk crystal [31]. The achieved fit of calculated and measured
LEED spot positions is shown in the zoom-in displayed in
Fig. 1(b). Notably, the spots are not sharp, but smeared out
azimuthally. This is due to the imperfect azimuthal order
of the hBN domains [14] that is imprinted on the PTCDA
layer. The STM image [Fig. 1(c)] gives further insight into

@ | (b) | PTCDAMBN/CU(111)
PTCDA/gonolayer — hBN/Cu(111) i—"HbMO—‘l"
on hBN} u(1:l1) ;—iHOMO
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Binding Energy (eV) Binding Energy (eV)

FIG. 2. (a) XPS data for the C 1s level of PTCDA on different
surfaces. Contributions from the different C atoms have been fitted
and are indicated by different colors; red: different C atoms of the
perylene core; blue: functional carbon atoms; dashed: respective
satellites; dashed gray: nonassigned satellites. For details of the
assignment, see Ref. [23] [Ag(100) spectra taken from Refs. [23,34];
Cu(100) spectrum taken from Ref. [24]]. (b) UPS data of the bare
hBN/Cu(111) interface (black curve), and the PTCDA monolayer
and bilayer on hBN/Cu(111) (red curves). The spectra are angle
integrated over an emission angle between 8° and 25°, and were
normalized by the height of the Fermi edge. A zoom of the Fermi
edge is shown. Spectra were measured using He Il radiation in 45°
incidence. For comparison, a gas phase spectrum of PTCDA is shown
(blue curve, taken from Ref. [35]; the spectrum was aligned at the
HOMO position).

the structure: There are two molecules per unit cell forming
the well-known herringbone arrangement stabilized by hy-
drogen bonds [Fig. 1(d)] that is seen for PTCDA on many
surfaces [32]. But STM also reveals a high density of domain
boundaries involving the azimuthal rotation of individual
or groups of molecules. STM imaging was only successful
for tunneling into unoccupied states and the obtained sub-
molecular contrast resembles the lowest unoccupied orbital
(LUMO) [33]. The observed incommensurate structure and
the bulklike lateral packing point to a very weak interaction of
PTCDA with hBN, leading to an only small lateral corrugation
of the interaction potential. However, the possibility to draw
a tunnel current from the PTCDA layer indicates that some,
at least very weak, coupling to metallic states must still exist
here.

Figure 2(a) displays C 1s x-ray photoelectron spectroscopy
(XPS) data taken for PTCDA on hBN/Cu(111) in comparison
to spectra for a multilayer and for PTCDA monolayers on the
bare Cu(100) and Ag(100) surfaces. The important observa-
tion from these spectra concerns the energetic shift of the peak
related to the four Cgy,ee atoms with respect to the position
of the main peak stemming from the 20 central Cpey; atoms.
While on hBN and for the PTCDA multilayers the Cyynet peak
is located at a binding energy 4 eV below the Cpy; peak, it is
shifted by 1.5 eV towards the latter on the metal surfaces. This
differential shift marks the chemical bonding of the PTCDA
to the metal surfaces and has been discussed in detail [26].
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Concurrently, the very good agreement of PTCDA/hBN and
the multilayer spectra identifies the bonding situation on hBN
as similar to that between PTCDA multilayers.

Commonly, the coupling of PTCDA to metallic states leads
to shifts in the frontier orbitals [26,27]. A significant down-
ward shift of the LUMO to or even below the Fermi energy
and small upward shifts of the HOMO (highest occupied
orbital) and the “HOMO-1 band” (which consists of four
individual orbitals [36]) are typical [26]. Quite differently, at
the hBN/Cu(111) surface, the energetic distances between the
frontier orbitals are not altered with respect to those seen for
gas phase spectra. This is illustrated by the ultraviolet pho-
toemission spectra (UPS) displayed in Fig. 2(b). The binding
energies and partially also the relative intensities of the well-
resolved HOMO and the unresolved groups of lower-lying
orbitals of the gas phase spectrum [35] are well reproduced
in both the spectra of a PTCDA mono- and bilayer on hBN.
On bare Cu(111), the LUMO is filled due to hybridization
with Cu states and found at a binding energy of 0.8 eV [27].
In contrast, for hBN/Cu(111), we see a continuous intensity
related to metal states (Egjg < 2 eV) with no indications
for a contribution of a former LUMO which excludes any
charge transfer from the metal to the molecule. Work-function
changes derived from the cutoffs in UPS data compliment
the finding of an absent metal-molecule coupling: A negative
change of the work function (A® = —0.5 eV) upon depo-
sition of the hBN layer on the Cu(111) surface shows that
hBN suppresses the spill-out of the Cu states. Upon PTCDA
deposition on hBN/Cu(111), we find no significant further
reduction of the work function (—0.05eV < A® < (0eV)
caused by a possible pushback of the metallic states, which
is typically encountered for PTCDA adsorption on metal sur-
faces [27]. This is compatible with a low probability density
of Cu states at the PTCDA/hBN interface. In summary, we
deduce the following: A PTCDA monolayer on hBN displays
the structural and electronic signatures which are expected for
a physisorbed molecule. Thus, the final question is whether
this conclusion can be corroborated by the structural parame-
ters of the adsorption complex.

To this end, we have determined the vertical heights of
chemically and thus electron spectroscopically discernible
atoms with respect to the hBN layer by the normal inci-
dence x-ray standing wave (NIXSW) technique [40]. The
data analysis was performed by the program TORRICELLI [41]
and included necessary nondipolar corrections (cf. Ref. [14]).
Table I summarizes the results. The underlying electron yield
curves, respective fits, and the corresponding Argand diagram
are shown in Fig. 3. The vertical position of the hBN layer
covered by PTCDA was also determined in this experiment
by NIXSW in the same manner as reported earlier for the bare
hBN/Cu(111) heterostructure [14]. The obtained positions
were identical within the error in both experiments, which
means that PTCDA does not change the height of hBN. The
theoretical fits to the experimental NIXSW curves of PTCDA
are good, and the coherent fractions, which are between 0.60
and (.85, are in agreement with our expectation based on
results from other similar NIXSW experiments [22-25].

For the perylene core we find a vertical height of
d"™N(Cperyt) = 3.37 A above the hBN layer. This is the
largest adsorption height which has been reported so far for

TABLE I. Coherent fractions f; (describing the height distribu-
tion) and coherent positions p. of four chemically inequivalent atoms
of the PTCDA molecule and derived respective vertical distances
d®" and d"™N with respect to the topmost Cu(111) and hBN layer,
respectively. dC" and di®N were calculated as dC* = (n + p) - d(jy),
and d"™BN =4 — @"N, with n =3, d(Cl‘}“ =2.087 A [37], and
d"N = 3.24(3) A [14]. n = 3 is derived because other values give
unreasonable distances.

fe Pe dc (&) d'™N (A)
Ocarb 0.59(1) 0.128(3) 6.528(6) 3.29(3)
O.nh 0.64(2) 0.135(4) 6.543(8) 3.30(3)
Crunct 0.83(5) 0.137(9) 6.547(19) 3.31(4)
Cpenyl 0.85(2) 0.169(3) 6.614(6) 3.37(3)

the perylene core of PTCDA on any surface [22-25,42].
This distance is well fitted by the sum of the vdW spheres
of B and C (ryV = 1.65 A, r{V = 1.75 A [39]). We refer
to B, and not to N, to describe the hBN surface, because
B exhibits a slightly larger vdW radius and because B is

(@) 10— : : » (b)
PTCDA/hBN/Cu(111) 0.2
s-m
kel = & A
o
> 610
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£
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d(ﬁ:w) o Cu
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FIG. 3. (a) Electron yield curves from NIXSW data (angle inte-
grated) for Ocu, Ounns Crunct> and Cperyr (vertically shifted). Photon
energies are given relative to the Bragg energy of Cu(l11). (b)
Argand diagram showing the results of all data sets and the respective
averaged values (heavy symbols). Shaded areas mark the envelope of
the error bars of the data sets. The O 1s/C 1s level was evaluated on
five/four different positions on the sample. Note that the coherent
position of the Cpery signal is by ~0.03 larger than those of the
other three species, which are about the same. (c) Side views of
PTCDA/hBN/Cu(111) along the short and long molecular axes. The
vertical distances within the PTCDA molecule are enlarged by a
factor of 4 and the covalent radii of PTCDA are drawn at 75% of
their sizes in order to better show the very small downwards bending
of the terminal anhydride groups. For the hBN layer the vdW spheres
are indicated.
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FIG. 4. Adsorption heights of chemically discernible groups in
PTCDA on various surfaces as determined by NIXSW [22-25]
corrected (i.e., reduced) by the vdW radii of the respective surface
atoms vs the adsorption energies E,q, (data marked by “a” and “b”
taken from Ref. [23] and Ref. [38], respectively). For Cu(100) and
Cu(111) (marked by *) E,qs values are not available and horizontal
data point positions are only qualitatively placed according to the
work-function trend [24]. The data illustrate the trend of the bonding
height from stronger chemisorptive bonding (left) to weak physisorp-
tive bonding (right). The vdW radii were taken from Ref. [39]:
PV =172 A, RV = 1.40 A, r{3 = 1.66 A. For the hBN sub-
strate the boron radius was used, because it is larger (ry®™ = 1.65
A; %W = 1.46 A) and because B is located by 0.03 A higher than
N [14]. For Ag(111), Cu(111), and Au(111), the positions of Cpery
and Cg,p Were not analyzed individually. Thus, averaged values for
all C atoms (Cpery1 + Chunet) are shown there. For the Au(111) surface
the position of the O atoms could not be determined for experimental
reasons [22]. The lines linking the data points are guides for the eye.
Dashed lines indicate incomplete data. The horizontal dashed lines
mark the vdW radii of carbon and oxygen. The value 2™V = 1.75
A is valid for sp? hybridized carbon in perylene, in the direction
perpendicular to the molecular plane [39]. The value r§V = 1.65
A is the average of 1.6 and 1.7 A, the range covering the generally
found radii for sp? hybridized oxygen parallel to its double-bond
axis [39].

positioned by 0.03 A higher than N [14]. The agreement
with the vdW radii also holds true within error for the atoms
in the terminal anhydride groups (Ocab> Oanns Crunct). We
have illustrated this in Fig. 4. There we have also included
available data for PTCDA on different metal surfaces for
comparison. The bonding heights are given as corrected
bonding heights, meaning that we have subtracted the vdW
radii of the respective surface atoms. The corrected bonding
heights can thus be directly compared to the vdW radii of

the respective atoms of PTCDA. We have ordered the metal
surfaces from left to right with increasing work functions,
which marks to some degree the trend of decreasing strength
of the chemisorptive interaction [24]. This order is further
justified by the adsorption energies (E,q4s) given on the x
axis where they are available. For the present system we have
determined E,4s from the desorption energy that was measured
by thermal desorption spectroscopy [43—46] as described in
the Supplemental Material (SM) [47]. For estimating the
contribution of the intermolecular interactions to E,qs we used
data available for the PTCDA/Ag(100) system [48,49].

The situation on hBN falls on an extreme. For comparison,
on the Au(111) surface, for which the bonding is considered
physisorptive, a height of the perylene core of 3.27 A was
obtained [22]. The large bonding height of the perylene core
on hBN/Cu(111) is remarkable and identifies the interaction
of the PTCDA molecule with this surface as extremely weak.
It is mirrored by a decrease of E,qs to a small value of
2.10£0.09 eV which is by 0.4 eV smaller than that on
Au(111) (see SM for details). Indeed, the only indication for
the presence of the interface imprinted on the structure of
the PTCDA molecule is a very minute downward shift of the
peripheral anhydride groups including both types of oxygen
atoms Ocahy, Oann and the functional carbon atoms Cpype.
The averaged downward shift with respect to the perylene
core amounts to 0.07 A (the largest downward shift is that
of Oy by 0.08 A). The molecule is thus not fully planar.
However, we interpret this not as a consequence of a chemical
interaction. Instead, it must be due to the attractive local
vdW interactions of the O atoms with the surface, and/or an
electrostatic interaction of the partially negatively charged O
atoms with image charges in the Cu substrate. Apparently, the
Ctunct atoms follow the oxygen atoms in their move.

In conclusion, the hBN layer suppresses the Cu wave
functions at the hBN/vacuum interface, such that adsorption
has little influence on structural and electronic, i.e., the ground
state, properties of PTCDA. It remains to be proven in how
far this is also true for excited state properties, e.g., lifetimes
of electronic excitations. In hindsight the template effect of
hBN/Cu(111) on molecular adsorption noted at the beginning
must be due to a very small local variation of the adsorption
energy that is compatible with a physisorptive bonding.

Note added. Recently, we became aware of two pub-
lications that are interesting in the context of the present
work. A similar study of a molecule on hBN/Cu(111) was
reported [50]; for PTCDA adsorbed on hBN multilayers an
adsorption energy of 2.46 eV and a vertical distance of 3.1
A were found from calculations by density functional the-
ory [51].
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THERMAL DESORPTION SPECTRA OF PTCDA
ON HBN/CU(111)

Fig. 1(a) gives an overview on a series of temperature
programmed desorption (TPD) spectra of PTCDA films
of different thicknesses. We monitored the desorption
rate (—%%) at the mass-to-charge ratio m/z = 392 amu,
using a quadrupole mass spectrometer equipped with
a Feulner cup [1]. The spectra show two peaks: a
high temperature peak which saturates and which cor-
responds to the first PTCDA layer adsorbed directly on
the hBN/Cu(111) surface, called monolayer in the fol-
lowing, and a non-saturating peak at lower temperatures
corresponding to further layers on top of the monolayer,
called multilayers in the following. The integrated areas
under the TPD spectra resemble the total quantities of
desorbing molecules. We find that these numbers are pro-
portional to the deposited amounts of molecules which
we determined by integrating the flux from the deposi-
tion source over time. This revealed that the sticking
coefficient is constant and that PTCDA desorbs intact
and completely from the hBN/Cu(111) surface. This sit-
uation thus differs from that found on the more reactive
metal surfaces, e.g. Ag(111) [2] or Ag(100) [3], where the
stronger bonding to the surface causes the disintegration
of the PTCDA molecules upon heating. In the follow-
ing, the coverages (¢) or film thicknesses are calibrated
in numbers of monolayers (ML).

The multilayer peak shows a zero-order desorption be-
havior with a common leading edge of spectra belonging
to different film thicknesses and a sharp declining edge.
Such a zero-order desorption is typical for multilayer
films and corresponds to desorption from a non-depleting
reservoir of molecules. Quantitatively, the spectra are de-
scribed by the Polanyi- Wigner equation:

do FEdes
—— =k 0" - 1
= k07 e () 1)
where m denotes the order (here m = 0), k,, the

pre-exponential factor (attempt frequency), and kg the
Boltzmann constant. We used a 20 ML spectrum of
good statistics to determine the desorption energy ERU!

of the multilayers by fitting its leading edge (after sub-
traction of the background on the low temperature side)

by eq. (1). The fit is shown in Fig. 1(b) and yields
E(’i‘é‘;“ = 2.13 = 0.05 eV. This is in good agreement
with the value of 2.20 4+ 0.20 eV determined by Wag-
ner et al. from multilayer desorption spectra of PTCDA
on Cu(111) [4]. For the pre-eponential factor k,, we ob-
tained a value of (3 4 1) x 10! s~! which is again in
good agreement with Wagner’s value (4 x 10 s71) [4].

DESORPTION ENERGY OF PTCDA ON
HBN/CU(111)

The monolayer desorption peak (Fig. 1(a)) also shows
zero-order desorption characteristics with a common
leading edge for varying coverages below one monolayer.
We explain this desorption behavior by desorption from
a two dimensional gas phase which coexists with a con-
densed phase of PTCDA islands on the surface. The des-
orption hence involves two consecutive steps: transition
of a molecule from an island into the two dimensional gas
phase on the surface and desorption from this gas phase
into the vacuum. The islands constitute a reservoir that
feeds the gas phase and grants its constant density. This
makes the desorption rate independent from the cover-
age and a zero-order desorption kinetics is obtained for
the leading edge of the monolayer desorption peak [6].
However, compared to the multilayer desorption peak,
the maximum of the monolayer peak is rounded. This
is understandable because, at the end of the monolayer
desorption process, the islands have vanished and the
density of the gas phase is not maintained further which
leads to a crossover to a first-order desorption process.

For the determination of the desorption energy of the
monolayer E}.0"° we evaluated the monolayer desorption
peaks according to a zero-order desorption kinetics. How-
ever, due to the smaller statistics and the above noted
rounding of the peak, the monolayer peaks do not per-
mit to perform reliable fits to their leading edges as it
was possible for the multilayer peaks. Thus, we used a
more robust method for the evaluation. It is motivated
by the procedure used for the analysis of TPD spectra
of PTCDA on Cu(111) by Wagner et al. [4] and is based
on the reasonable assumption that the prefactors k,, of
the multilayer and monolayer desorption are identical.
This presumes that the microscopic desorption processes



A.2 Quantitative analysis of the electronic decoupling of an organic semiconductor molecule

117
at a metal interface by a monolayer of hexagonal boron nitride
2
monolayer, i.e. for —d Oputi/dt(T1) = —d Omono/d t(T3),
| multilayer  (a) the following equation holds:
010 semL J/
"0 —2.0ML
| 15ML Epui_ prone @)
Y 1.3 ML monolayer T
g 0.9 ML 4 ! 2
X 0.05- . . . .
5 Fig. 2 illustrates how we determined pairs of tempera-
g tures 77 and T, from the spectra. Hereby, the desorp-
§ tion rate was chosen at a level that ensures that the
a rounding of the monolayer peak does not play a role
0.00+ for the shape of its leading edge. Using eq. (2) and
T T Emult — 213 eV we calculate BT = T, /Ty x 2.13 eV
450 500 550 600 s ono es
and obtain E3"° = 2.30 = 0.07 eV. We note that an
Temperature (K) hypothetic inequality of the prefactors of the mono- and
Reciprocal Temperature (K™) multilayer desorption by one order of magnitude would
mono
00022 00021 00020 00019 00018  0.0017 change the deduced value of Ede; by only ~ 0.1 eV.
! ! ! ! ! ! This makes our analysis and conclusions robust.
o 20 ML PTCDA/hBN/Cu(111) (b)
2 10° 4 .
= - PTCDA/hBN/Cu(111)
g , s — 0107 —28mL
x 103 kY "® —1.0ML
c Y -
il ° =
= s =
S 1074 R, L
2 e e & 0.054
[a] IS c : :
AL S | .
3| o, o o8 ! !
05 - ; 5 . NI
450 500 550 600 3 i i
Temperature (K) e 0.004 . '
FIG. 1. (a) TPD spectra of PTCDA for different initial cover- 450 500 T, 550 T, 600
ages given in number of monolayers (ML). The high tempera- Temperature (K)

ture peak corresponds to the first layer (monolayer) adsorbed
directly on the hBN/Cu(111) surface. The low temperature

peak stems from the desorption of the further layers, i.e.those

from the second one onward. The heating rate was 1 Ks™1.

(b) Arrhenius plot of the leading desorption edge of a TPD
spectrum of 20 ML (reversed 1/T axis, Menzel-Schlichting
plot [5]) with fitted desorption rate according to eq. (1).

of the individual molecules into the gas phase are alike in
both situations. The desorption proceeds either from a
two-dimensional gas phase on the hBN/Cu(111) surface
(monolayer desorption) or from a two-dimensional gas
phase on top of completed PTCDA layers (multilayer des-
orption). Because of the weak bonding of the molecule
to both surfaces (a result derived from the data below
and those of the main paper) and the planar adsorption
geometry of the molecule on both surfaces we can ex-
pect that the partition functions of both the initial and
the transition state (Zinitial and Zians) are comparable
for the two desorption processes. Thus identical prefac-
tors (km X Zirans/Zinitial  [4]) are plausible. Under this
premise, eq. (1) implies that for two temperatures Tjand
T» which yield equal desorption rates of the multi- and

FIG. 2. Determination of the desorption energy of the mono-
layer from its leading edge. The horizontal line marks two
temperatures Tiand 7> where the desorption rates of the
multi- and the monolayer are identical.

ADSORPTION ENERGIES OF PTCDA ON
HBN/CU(111) AND ON DIFFERENT METAL
SURFACES

For the interpretation of vertical bonding distances of
PTCDA molecules in ordered layers on different surfaces
which are given in the main paper the adsorption energy
Fgs in the limit of a complete layer is the appropriate
quantity. It describes the energy per molecule that is
required for lifting the entire (rigid) adsorbate layer ver-
tically from the surface into the vacuum.

We describe how we derive E,qs from the experimental
Eges value of PTCDA on hBN/Cu(111). We note ahead
that we assume that the desorption from the surface pro-
ceeds without a significant activation barrier. This is
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TABLE I. Adsorption energies (Faas) of PTCDA for ordered
monolayers on different surfaces.

surface Eaas (V) reference
hBN/Cu(111) 2.10 4 0.09 this work
Au(111) 2.50 £ 0.10 8]
Ag(111) 3.65 [9]
Ag(100) 419 [9]
Ag(110) 4.40 9]

plausible for a weakly bonded molecule as in our case
and is also indicated by the absence of an activated ad-
sorption that would lead to a sticking factor below one.
As a consequence, the desorption energies are equivalent
to the adsorption energies of the reversed process. In our
case, the experimental value of Fq.s describes the desorp-
tion energy of an individual molecule out of a completed
layer (island) into the vacuum. Therefore Eges exceeds
E.qs by the energy that is needed to break the attractive
bonds of the molecule to its nearest neighbor molecules.
Here, we have attractive hydrogen bond-like intermolec-
ular interactions between the terminal anhydride groups
and the hydrogen terminated sides of the perylene cores
of neighboring molecules (see Fig. 1(d) of the main pa-
per). Evidently, the value of Fqes measured in the zero-
coverage limit would better resemble E,qs. However, its
direct determination from the TPD spectra is beyond the
statistical significance of our data.

Hence, we use an alternative approach to estimate F,qs
from Eg4es based on knowledge about the interaction en-
ergies (Exn) between nearest neighbor molecules in the
layer. This comes from an experiment on the ordered
structure of PTCDA on the Ag(100) surface [7]. There
we determined the interaction energy Enn for a pair of
molecules from the decay of PTCDA islands into the sur-
rounding two dimensional gas phase by time. We ob-
tained Exn = 102 4+ 10 meV. This implies a total inter-
action energy of a molecule with its four nearest neighbor
molecules of 4 X Exn/2 =204 £+ 20 meV. Transferring
this value to the PTCDA layer on hBN/Cu(111) requires
some caution: First off all, the stronger chemisorptive
bonding of PTCDA to the Ag(100) surface alters the elec-
tronic and geometric structure of the molecule and con-
sequently the intermolecular interactions. And secondly,
the intermolecular arrangement differs slightly for the
two systems. PTCDA on Ag(100) forms a commensurate
quadratic structure [7], whereas on hBN/Cu(111), the
intermolecular arrangement corresponds to that within
PTCDA crystals (see the main paper). However, as the
intermolecular interaction energy amounts to only about
10% of the desorption energy, we can conclude that the
difference between the two systems will cause an only
small systematic error of the value of F,qs. Hence, we de-
duce Eaqs = ETM° — (0.20440.020) eV = 2.10+0.09 eV.

des

Tab. I compares values of FE,qs for PTCDA on
hBN/Cu(111) and on other surfaces. The values for
the three canonical Ag surface were determined by den-
sity functional theory, because experimental values are
not available [9]. The value for the adsorption energy
of PTCDA on Au(111) refers to an isolated molecule.
It was determined from a lift-off experiment performed
on PTCDA molecules using an atomic force microscope
(AFM) [8]. Strictly speaking, this value is not identi-
cal to the considered E,4s of a molecule as a part of a
complete layer. However, for a weakly bonded system,
as PTCDA/Au(111), we expect the impact of the inter-
molecular bonding on the molecule substrate interaction
to be small, and therefore the adsorption energy of an
isolated molecule to be very similar to that of a molecule
integrated in a complete layer. This justifies to include
the given value measured by AFM into our comparison.
We note that this similarity is, however, not granted for
stronger chemisorptive interfacial bonding. Tab. I lists
the values of the adsorption energies we used to compile
Fig. 4 of the main paper. As noted, no data of this kind
was available for PTCDA on the Cu(111) or Cu(100) sur-
face.
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We investigated the ability of a single layer of hexagonal boron nitride (hBN) to decouple the excited state of the organic molecule

3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) from the supporting Cu(111) surface by Raman and fluorescence (FL)

spectroscopy. The Raman fingerprint-type spectrum of PTCDA served as a monitor for the presence of molecules on the surface.
Several broad and weak FL lines between 18,150 and 18,450 cm™! can be detected, already from the first monolayer onward. In
contrast, FL. from PTCDA on a bare Cu(111) surface is present only from the second PTCDA layer onward. Hence, a single layer
of hBN decouples PTCDA from the metal substrate to an extent that a weak radiative FL decay of the optical excitation can occur.

The different FL lines can be ascribed to different environments of the adsorption sites, namely molecules adsorbed at surface

defects, in large ordered domains, and located in the second layer.

Introduction

In recent years, two-dimensional materials (2DMs) have been
established as a highly interesting field of studies, both in
regard to their fundamental physical properties as well as their
potential for technical applications [1]. Specifically, the use of
2DMs in layered heterostructures has been promoted [2,3].
Here, one challenge lies in the understanding of not only the
processes in the individual materials, but also of those that
occur at the interfaces between layers of different materials.

Advantageously, some 2DMs can be grown directly on metal
substrates by chemical vapor deposition [2]. This is, for exam-
ple, exploited when a 2DM interfacial layer is inserted between
the metallic electrode and a functional organic layer of an
organic electronic device, such as an organic light emitting
diode [3]. The purpose of the interfacial layer is to achieve a
separation or “decoupling” of the two adjacent layers. Here, the
term decoupling refers to the spatial separation of the electronic
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states of the molecules and those of the underlying metal, which
leads to unperturbed molecular properties [4]. A scientifically
relevant question is to which extent decoupling of the organic
molecules from a metal electrode is achieved when a 2DM layer
in the limit of a single interfacial layer, for example, a mono-
layer of hexagonal boron nitride (hBN), is used.

Such a decoupling is achieved when the wave functions of the
metal are spatially separated from those of the molecule leading
to a reduced overlap. The overlap of molecular and metallic
wave functions has, in particular, an impact on excited molecu-
lar states. For fluorescent molecules, this is observed as a
strongly reduced quantum yield of the fluorescence (FL) due to
non-radiant decay processes via the metal states. This phenome-
non is generally referred to as “quenching” [5]. When the
decoupling is not efficient, a fast and non-radiative decay of the
excitation of the molecule via the metallic states prevails.
Therefore, the probing of the FL of a molecule located at the
outer surface of a 2DM layer grown on a metal characterizes the
degree of electronic coupling of the molecular and metallic
states.

For completeness, we note that quenching of an electronic exci-
tation of a molecule in the first layers on a metal surface can be
the result of interfacial charge transfer (CT) [5] or of energy
transfer [6]. Here, CT is in our focus since energy transfer, al-
though additionally present, varies less abruptly on the scale of
single layers [7]. A simple energy diagram of the CT process of
a fluorescent molecule across interfaces is depicted in Figure 1.
As an example, we use the sample system of this work, namely,
3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) on a
layer of hBN on Cu(111). Here, we consider an S excitation
which involves mainly a HOMO/LUMO (highest occupied and

a) b)

T~10"s
< ]

S,/LUMO

®

So/HOMO
PTCDA

Cu
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lowest unoccupied molecular orbital) electronic excitation.
Rapid CT leads to a delocalization of the excited electron from
the LUMO into unoccupied metallic states and/or a filling of the
HOMO by an electron from the metal. We note that the HOMO
and LUMO for the chemisorbed molecule differ from those of
the gas phase molecule. Thus, the LUMO that is drawn in
Figure la is not identical to the LUMO in the gas phase. For a
second molecular layer, even without significant overlap of the
wave functions of metal and molecule, quenching is also
possible, because the CT may occur from the second layer to
the metal via states in the first layer [5].

In principle, the hybridization of molecular and metallic states
and the dynamical CT in the excited state can be probed by pho-
toemission spectroscopy (PES). In particular, core hole clock
spectroscopy has been used to measure the time constant of
dynamical CT in the valence band states as a function of the
lifetime of the core hole, which is typically of the order of
10714 [8,9]. However, this technique is insensitive to a CT
process of a considerably longer time constant. A technique for
detecting CT processes with a longer time constant is FL spec-
troscopy, in which the CT process competes with the radiative
fluorescent decay of the excitation. It constitutes an alternative
and non-radiative decay channel for the excited state. Typically,
the FL lifetime of the excited state Sy is of the order of ca.
1072 s [5). Hence, a CT process with a time constant that is not
significantly larger will reduce the FL yield (see Figure 1).
Thus, even a very small overlap of states becomes evident in the
experiment as it causes a reduction of the FL yield (i.e.,
quenching). The degree of quenching may vary and, hence, lead
to different branching ratios between the radiative and non-
radiative channels. In order to obtain high FL yields of mole-
cules on metallic substrates, thin interfacial films of consider-

) A S,/LUMO
Trad
hv
© v
| |
1 S,/HOMO
Cu hBN PTCDA

Figure 1: (a) Schematic diagram of the radiative and non-radiative decay processes of an optical excitation of a PTCDA molecule at the interface to a
Cu surface via charge transfer. Metallic and molecular electronic states are indicated in brown and red, respectively. The radiative decay of the excita-
tion (gray arrow) is quenched. (b) A decoupling layer of hBN (green) suppresses the overlap of the Cu and PTCDA wave functions. This reduces the
charge transfer such that the excitation decays under emission of a photon (green arrow).
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able thickness (5—10 monolayers) of alkali halides have been
used in our lab [10]. In contrast, experiments on the light emis-
sion from molecules induced by scanning tunneling microsco-
py (STM-LE) required thin alkali halide films of two mono-
layers thickness in order to support tunneling [11-13].

A single layer or films of hBN are attractive for decoupling a
molecule from an underlying metal substrate as hBN exhibits a
wide bandgap of 5.9 eV [14]. Perspectively, it could also
provide a substrate for STM-LE experiments. Furthermore, it is
of interest due to its mechanical [15], chemical [16], and ther-
mal [17] stability, the easy synthesis of hBN monolayers on Cu
foils for usage in devices [18], and, finally, the wide structural
variety of hBN monolayers depending on the underlying metal
substrate [19].

To investigate the decoupling of an organic molecule from a
metal substrate by a monolayer of hBN we chose PTCDA and
the Cu(111) surface. PTCDA serves as a planar model mole-
cule for investigations of organic layers on surfaces [20-23].
Monolayers of hBN on Cu(111) have been investigated by
several groups and are, hence, rather well understood [24-29].
In particular, we found that hBN on Cu(111) forms a flat layer
at a relatively large vertical distance from the Cu(111) top layer
of 3.24 A using an X-ray standing-waves analysis [30]. This
large distance is, in principle, in agreement with the results re-
ported independently by Schwarz and co-workers [31]. Large
distances of the molecule with respect to the hBN and the metal
interface are expected to be beneficial for the decoupling
because the metal wave functions decrease exponentially into

the vacuum.

We have previously shown that the bonding situation between
PTCDA and hBN/Cu(111) is weak and physisorptive [32] as
opposed to the chemisorptive bond between PTCDA and
Cu(111) [33]. Ultraviolet photoelectron spectroscopy (UPS) ex-
periments showed that on the Cu(111) surface the chemical
bonding leads to a filling of the LUMO [33]. In contrast, on
hBN/Cu(111), the differential energies of the PTCDA orbitals
remain unaltered in comparison to those of PTCDA in the gas
phase, which points to a more physisorptive bonding to the
hBN/Cu(111) surface [32]. The HOMO of PTCDA is found at
ca. 2.6 eV [32]. Hence, we can expect that both the LUMO and
the HOMO are placed within the bandgap of hBN, as indicated
in Figure 1b. This is in agreement with the findings by
Martinez-Galera et al. for PTCDA/hBN/Rh(110) [34]. From
scanning tunneling spectroscopy (STS) experiments, the authors
concluded that the coupling is only weak. They deduced further
that the CT (in the ground state) between molecule and sub-
strate, if present at all, is small. These differences between
PTCDA/hBN/Cu(111) and PTCDA/Cu(111) are also mirrored

Beilstein J. Nanotechnol. 2020, 11, 1663—1684.

by their vertical molecular structures. The hybridization of the
electronic states of PTCDA and Cu leads to a distortion of the
molecule where the oxygen atoms are pushed away from the
substrate and out of the molecular plane [35]. On hBN/Cu(111),
the molecule remains essentially flat and at a very large vertical
distance from the hBN layer of 3.37 A [32]. In contrast, on
Cu(111) the vertical distance of the perylene core from the
Cu(111) surface is only 2.66 A [35]. This again points to a
difference in the bonding character on the two surfaces.

Several studies have probed the influence of the adsorption on
metal-supported hBN layers on the electronic structure of large
organic molecules, namely their frontier orbitals, by PES [36]
or STS [37,38]. However, to the best of our knowledge, there
have been no studies on the FL of monolayers of molecules on
metal-supported hBN layers, yet. Kerfoot et al. [22] studied the
FL of PTCDA and perylene-3,4,9,10-tetracarboxylic-3,4,9,10-
diimide (PTCDI) on an exfoliated hBN monolayer that was
transferred onto SiO,. Forker et al. [23] investigated the optical
absorption properties of PTCDA on hBN/Rh(111) and hBN/
Pt(111).

Here, we report a direct comparison of FL spectra of PTCDA/
hBN/Cu(111) and PTCDA/Cu(111), which allows for a relative
determination of the efficiency of the hBN layer to decouple the
excited states of PTCDA from Cu(l111). For PTCDA on
Ag(111) and Au(111) [39], it has been shown that FL can only
be observed from the second and third molecular layer onward.
The excitation of the first layers is completely quenched by the
metal substrates as described above. In UPS experiments, a
partial filling of the LUMO of PTCDA was found on Ag(111),
but not on Au(111) [33]. Thus, the quenching on Ag(111) is
directly understood by the static charge transfer seen in UPS.
The quenching on Au(111), not as evident from UPS, demon-
strates the sensitivity of FL spectroscopy to an overlap of wave
functions of excited states. Accordingly, the same behavior as
on Ag(111) can be expected on Cu(111), where a filling of the
LUMO has been found, too [33]. In addition, for multilayer
PTCDA films we can compare the first, interfacial PTCDA
layer with a hBN layer regarding their abilities to decouple the
next PTCDA layer from the Cu(111) substrate.

In this contribution, we will discuss Raman modes and several
different FL lines of PTCDA that were observed on both hBN/
Cu(111) and Cu(111). For an effective comparison, the struc-
tures and the growth modes of the PTCDA layers are relevant.
Details of the structural investigation of the two surfaces, in-
cluding low-energy electron diffraction (LEED) patterns, are
given in Appendix A. Since the interpretation of the optical data
requires this knowledge, we summarize some details ahead
here. PTCDA forms ordered structures and follows a layer-by-
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layer growth for at least the first three layers on Cu(111) and the
first two layers on hBN/Cu(111). We are able to distinguish
PTCDA/hBN/Cu(111) from PTCDA/Cu(111), as well as the
monolayer and multilayers of PTCDA on Cu(111) and hBN/
Cu(111) by differences in the respective LEED patterns.

Experimental

All experiments were carried out in an ultrahigh-vacuum
chamber with a base pressure of 2.3 x 10719 mbar. The Cu(111)
sample could be heated up to 1100 K via a tungsten filament
and electron bombardment and cooled down to 20 K by using
liquid helium.

The hBN layer was grown by dosing the precursor borazine
[(HBNH)3] into the chamber while the sample was held at
1010 K. Borazine was purchased from Katchem spol. s r. o.,
Czech Republic (http://www.katchem.cz). It was kept in a glass

tube connected to the chamber via a dosing valve at constantly
=5 °C. Prior to the hBN preparation, it was cleaned by three
cycles of freezing the liquid borazine using liquid N, and
pumping away the gas phase above the frozen borazine. The
composition of the gas phase in the borazine source was moni-
tored by a quadrupole mass spectrometer (QMS). It was consid-
ered suitable for hBN preparation when the signals for H
(a product of the decomposition of borazine that is known to
occur even when stored at low temperatures, m/z 2) and
borazine (m/z 80) showed a ratio of approximately 1:1.

The clean Cu(111) surface was prepared by consecutive steps of
sputtering for 30 min with Ar* ions (1000 eV, 4 pA) and
annealing at 1010 K for 30 min. After the last sputtering cycle,
the Cu(111) sample was heated to 1010 K and ca. 2000 L
borazine were dosed (1.5 x 107 mbar via the background for
30 min) onto the sample held at 1010 K. After stopping the
borazine dosing, the sample was cooled down with 1 K-s™1. The
structural quality of the bare Cu(111) surface, the hBN layers,
and the PTCDA layers was checked by LEED. We used a SPA-
LEED instrument as described in [30]. An additional annealing
step between the last sputter cycle and the borazine deposition
was omitted here in order to prevent segregation of chemical
impurities from the Cu bulk to the surface, which we otherwise
occasionally observed as additional LEED spots. The criteria
for a good hBN layer were a sharp continuous ring of intensity
with a radius that is 2% larger than the distance of the first-
order Cu spots from the specular spot and the appearance of a
clear star-like pattern of satellites around the specular spot
caused by multiple electron scattering as reported in [30].

PTCDA was evaporated from a glass crucible. The molecular
flux was also monitored by the QMS at m/z 392, which corre-
sponds to the mass of the non-fractured PTCDA molecule. The
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flux was typically one monolayer per minute. During deposi-
tion, the sample was held at a constant temperature. PTCDA
layers on Cu(111) were prepared by keeping the sample at a
temperature of either 20 or 300 K during deposition. PTCDA
layers on hBN/Cu(111) were prepared by deposition at a sam-
ple temperature of 20 K and subsequent annealing. The sample
was annealed in iterative steps of heating, holding at a constant
temperature for 3 min, and cooling down again to 20 K for a
measurement. The annealing temperatures were in the range of
100-400 K and are specified below. In the following, one
monolayer (ML) of PTCDA refers to a single layer of close-
packed, flat-lying PTCDA molecules. After every experiment,
the exact coverage was determined by a thermally programmed
desorption (TPD) experiment with a margin of error of
+0.05 ML. The calibration for PTCDA/hBN/Cu(111) was
derived from the TPD data shown in [32]. Since the packing
densities of PTCDA on hBN/Cu(111) and on Cu(111) are
within a few percent of each other (see Appendix A), this cali-
bration is also valid for PTCDA/Cu(111) within the noted
margin of error.

For the optical experiments, the sample was transferred into a
glass tube, standing out from the end of the chamber. In the
glass tube, the sample was illuminated by a focused laser beam
at an incident angle of approximately 45° with respect to the
surface normal. The diameter of the laser spot on the sample
was about 0.5 mm. The fluorescence and Raman scattered light
from the sample was collected and parallelized by an achro-
matic lens and focused by a second achromatic lens onto the
entrance slit of the spectrometer. The spectrometer (Acton,
Spectra Pro 23001, f = 0.3 m) was operated with three different
gratings (300, 600, and 1200 grooves per millimeter, yielding a
resolution of 48, 24, and 12 cm™!, respectively). It was
equipped with a nitrogen-cooled CCD camera, operated at
—110 °C. In order to block external stray light from entering the
spectrometer, the glass tube, the lenses and the entrance slit of
the spectrometer were enclosed by a black box. If not specified
otherwise, we used an optically pumped cw semiconductor laser
(Coherent Sapphire LP UBB CDRH) with a wavelength of
458 nm (photon energy of 2.698 eV or 21,816 cm™!) and
P =50 mW. To block the laser light from entering the spec-
trometer, a long-pass filter (cut-off at 475 nm) was positioned in
front of the entrance slit of the spectrometer. All spectra were
recorded at a sample temperature of 20 K with an exposure time
of 2 s, 50 accumulations, and a slit width of the spectrometer of

0.1 mm.

Results and Discussion

1 Overview of the spectra
Figure 2 shows overview spectra of 1.55 ML PTCDA on
Cu(111) (red spectrum) and 0.50 ML PTCDA on hBN/Cu(111)
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(blue spectrum). PTCDA on Cu(111) was deposited at a sam-
ple temperature of 300 K and the LEED pattern confirmed the
formation of a second layer (see Appendix A). PTCDA on
hBN/Cu(111) was deposited at a sample temperature of 20 K
and subsequently annealed at 300 K. The FL spectrum shown
here is identical to the FL spectrum of PTCDA deposited at a
sample temperature of 300 K, which showed the LEED pattern
in Figure 8b (see below in Appendix A), revealing an ordered
structure. Hence, we conclude that the blue FL spectrum shown
in Figure 2, which is, as it will become clear, relevant for the
comparison with PTCDA/Cu(111), also stems from an ordered
PTCDA layer on hBN/Cu(111).

Raman shift (cm™)
7000 6000 5000 4000 3000 2000 1000

200

1 1.55 ML PTCDA/
1 cu(111)

100 - 0.50 ML PTCDA/
| hBN/Cu(111)

_ i

1 bare Cu(111) I I I

intensity (cps)

0 L e

15000 16000 17000 18000 19000 20000 21000

wavenumbers (cm™)

Figure 2: Overview spectra of 1.55 ML PTCDA on Cu(111) (red), of
0.50 ML PTCDA on hBN/Cu(111) (blue), and of the clean Cu(111) sur-
face (black). For preparation details, see text. We distinguish three
regions I, Il, and Ill. The sharp lines marked in green are Raman
modes (region Ill). The features marked in yellow are assigned to fluo-
rescence (region Il). The broadest feature on the low-energy side is
due to defect luminescence of the Cu substrate (region I). All spectra
were measured at 20 K using a grating with 300 grooves per
millimeter. The spectra are shifted vertically for clarity.

For the discussion of the spectra, we consider three regions
(I-III). At first glance, two of these regions appear qualitatively
rather equal for both substrates: On the low-energy side below
18,000 cm™! (region I) a broad luminescence can be observed
and on the high-energy side above 18,600 cm™! (region III),
there is a set of sharp peaks. However, the two spectra differ
significantly between 18,000 and 18,600 cm™! (region II) due to
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broad FL peaks (highlighted in yellow) present for hBN/
Cu(111), but absent for PTCDA/Cu(111).

We tentatively assign the broad peak in region I to a radiative
decay of interband transitions from the Cu substrate, as it can
also be observed on the clean substrates (Cu(111) and hBN/
Cu(111)) before PTCDA deposition when all other features are
absent (see Figure 2, black spectrum). An enhancement of
radiative interband transitions has been reported for Cu nano-
particles [40]. We thus speculate that surface defects (protru-
sions) play a role here. This is in agreement with our observa-
tion that the intensity of this “defect luminescence” in region I
depends on the exact position of the spot of the excitation light
on the sample. It will not be in the focus of this work. The sharp
peaks in region III are identified as Raman lines from PTCDA
(highlighted in green). The Raman lines were additionally iden-
tified by using a dye laser with tunable wavelength [20]
(497-507 nm). These peaks shift according to the wavelength of
the laser (see Appendix B). Notably, some Raman peaks are
superposed in the region of the defect luminescence of the
Cu(111) surface (region I), too.

2 Raman modes

First, we will discuss the Raman lines. The peaks in the spec-
trum between 21,000 and 18,600 cm™! in Figure 2 exhibit
Raman shifts that correspond to the energies of the vibrational
modes of PTCDA adsorbed on surfaces observed before
[41,42]. The vibronic modes of PTCDA that can be observed in
Raman spectroscopy are Ag, Blg, Bzg, and ng modes, with the
most prominent modes being Ay modes between 1,250 and
1,650 cm™! [41-43]. The spectral positions of most of these
modes are about constant for PTCDA adsorbed on different
substrates [41] or for different film thicknesses [42]. An inter-
esting exception was observed for PTCDA on Ag(111) [42] for
the breathing mode of the central carbon ring at ca. 1,300 cm™'.
In the following, we will refer to it as ring breathing (RB)
mode. On Ag(111), two different adsorption states of PTCDA
were observed. Both states are bonded chemisorptively to the
surface [44]. The RB mode of PTCDA deposited at a low tem-
perature (LT) of 180 K exhibits a Raman shift of 1,310 em L
This is higher in energy by 13 cm™! compared to the Raman
shift (1,297 cm™!) for the RB mode of a layer at room tempera-
ture (RT) [42]. The special role of this RB mode will be dis-
cussed in further detail below.

2.1 Surface-enhanced Raman scattering

The fact that the Raman modes of a small quantity of mole-
cules can be observed here at all is attributed to surface-en-
hanced Raman scattering (SERS) [45]. This effect is most com-
monly observed on rough surfaces of noble metals [45] or at
metal nanostructures [46], and it is utilized in surface-enhanced
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Raman spectroscopy [47]. There are two explanations for it,
namely, a chemical mechanism and an electromagnetic mecha-
nism, which is thought to be the dominant contribution to the
enhancement. The chemical mechanism is related to the specif-
ic chemical surface bonding of the investigated system. At its
heart, a CT between the molecule and the substrate occurs due
to the chemisorptive bonding, which leads to a change in the
polarizability of the molecule and thus to an enhancement of the
Raman signal. It is also possible that electronic excitations of
the adsorbed molecule allow for a resonance Raman effect,
which causes an additional enhancement [46]. According to the
electromagnetic mechanism, on a rough surface, surface
plasmon polaritons (SPPs) can also be excited by the incident
light. The surface plasmons are located in the vicinity of sur-
face defects, such as protrusions. The field enhancement at
these defects leads to an enhancement of the Raman scattering
[48]. Subsequently, the scattered light can be enhanced in the
same manner. The electromagnetic mechanism may be respon-
sible for an enhancement of the signal by a factor of 10°-10°
[48]. The contribution of the chemical mechanism is generally
much smaller, causing an enhancement by a factor of not more
than 10%-103 [46].

Recently, hBN has gained interest as a SERS substrate [49]. In
a comparative study on 2DMs on SiO; it was shown that hBN
had an enhancement effect on the Raman modes of adsorbed
copper phthalocyanine molecules [50]. The effect was ex-
plained by the polar character of the B-N bonds, which in-
duced a dipole in the adsorbed molecule. The resulting interfa-
cial dipole—dipole interactions are thought to have a similar
effect on the polarizability of the adsorbed molecule as a CT.

Regarding the Raman enhancement effect of a noble metal sur-
face, we mention a recent study by Stallberg et al. [39], which
investigated optical spectra of PTCDA on Ag(111) and
Au(111). They found Raman modes of PTCDA on the Au(111)
surface, but not on the Ag(111) surface. This observation was
discussed in view of the different energies of the SPPs of the
two surfaces. Stallberg et al. used photon energies of 2.37 eV on
Au(111) and 2.43 eV on Ag(111) and concluded that only the
SPP of Au(111) located at Eépup = 2.5 eV can resonantly
interact with the incident light, leading to an enhancement of
the Raman modes. The SPP on the Ag(111) surface has an
energy of Eéfp = 3.7 eV. Hence, a resonance was considered
less probable, yielding no enhancement of Raman modes. This
model should evidently encompass that the coupling to the
SPPs requires a rough surface or local protrusions on the sur-
face due to defects that break the translational symmetry. For
comparison, we note that the energy of the SPP of Cu(111),
which is calculated from the condition —Im(sfl) =g,/ (812 + 8%)
[51] using the dielectric functions given in [52], is obtained at a

Beilstein J. Nanotechnol. 2020, 11, 1663—1684.

value of Egﬁ’P = 2.3 eV. Our excitation energy was 2.698 eV.
From our experiment we have indeed evidence that SERS is
related to surface defects. This will be discussed in Section 2.3.

2.2 Raman modes of PTCDA on hBN/Cu(111)

and Cu(111)

Figure 3a and Figure 3b show region III of the spectra of
PTCDA on hBN/Cu(111) and Cu(111) for Raman shifts of
1,240 to 1,660 cm™! in detail. All Raman shifts are also
summarized in Table 1. Some values are given as averages for
different coverages as no trends as a function of the coverage
were found (see caption). First, we discuss spectra of PTCDA
on hBN/Cu(111) and Cu(111), which were both stable
under annealing at 300 K (cf. Figure 3a) and, hence, represent
the final state. Kinetic effects do not play a role here. In
Section 2.2.2, we focus on temperature-dependent effects (cf.
Figure 3b).

2.2.1 The final state — 300 K spectra: Figure 3a shows Raman
modes of PTCDA/hBN/Cu(111) after deposition at 20 K and
subsequent annealing at 300 K (blue), and of PTCDA/Cu(111)
after deposition at 300 K (red). The positions of the Raman
modes of 1 ML PTCDA/Ag(111) measured by Schneider and
Wagner [42,53], which was deposited at a sample temperature
of 400 K, are indicated by green vertical bars for comparison. It
is apparent from Figure 3a that the modes of PTCDA/hBN/
Cu(111) are systematically shifted to smaller energies by about
7 cm™! compared to PTCDA/Cu(111). In contrast, the modes of
PTCDA/Ag(111) [53] agree well with the modes of PTCDA/
Cu(111) within 0.3%. An exception is the RB mode. This mode
will be discussed separately below. The shift of the other modes
to higher vibrational energies seen in comparison of hBN/
Cu(111) and the metal surfaces Cu(111) and Ag(111) can be
linked to the different bonding of PTCDA to the surfaces. In
UPS experiments [33], a chemisorptive interaction of the metal
surfaces with the PTCDA molecule was found, leading to a
(partial) filling of the former LUMO on Ag(111) and Cu(111).
On PTCDA/hBN/Cu(111), no such chemisorptive bonding was
observed in UPS [32]. We suppose that the energy of the vibra-
tional modes recorded here are influenced by molecule—sub-
strate interactions. The chemisorptive bond to the metal surface
makes the intermolecular bonds harder, which causes the
respective vibrational modes to increase in energy. For Raman
shifts below 1,500 cm™, this interpretation is also supported by
the closer agreement of the Raman modes on hBN/Cu(111)
with those measured for PTCDA single crystals [55] (see
Table 1). However, for modes above 1,570 cm"', the situation
is reversed and not yet understood.

As mentioned before, the significance of the RB mode has been
reported for PTCDA/Ag(111) [53]. The energy of this mode in-
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Figure 3: Zoom-in on the high-energy region (lll) of the spectra. (a) 0.80 ML PTCDA/hBN/Cu(111) after deposition at 20 K and subsequent annealing
at 300 K (blue) and 1.00 ML PTCDA/Cu(111) after deposition at 300 K (red). The positions of the Raman modes of 1 ML PTCDA/Ag(111) [53] are in-
dicated in green. (b) 0.50 ML PTCDA/hBN/Cu(111) after deposition at 20 K (orange) and after subsequent annealing at 300 K (blue). All spectra were

measured at 20 K using a grating with 1200 grooves per millimeter. Labels of the peaks refer to Table 1, the peaks H-K are not shown here.

Table 1: Raman shifts (in cm~") of PTCDA on hBN/Cu(111) and Cu(111), prepared at sample temperatures Ts (for details on the preparation, see
text). Data were measured at 20 K. The values for PTCDA/hBN/Cu(111) are averaged for different film thicknesses (eight datasets with coverages

be-

tween 0.05 and 0.80 ML for both 20 and 300 K). The error margins given are the standard deviation. The values for PTCDA/Cu(111) refer to cover-
ages of 1.20 ML for Tg = 20 K and 1.00 ML for Tg = 300 K. For comparison, the Raman shifts of 1 ML PTCDA/Ag(111) measured by Schneider et al.
[53], the vibrational energies of PTCDA/KCI/Ag(100) measured by Paulheim et al. in FL experiments [54], and the Raman shifts of the PTCDA single
crystal measured by Tenne et al. [55] are listed. The ring breathing (RB) mode of the central carbon ring of PTCDA is the only mode that changes as a
function of film thickness. The values for the RB mode of multilayers (RBmyti) refer to 5.10 ML and 8.20 ML PTCDA/hBN/Cu(111) (averaged values),

3.44 ML PTCDA/Cu(111) for Tg = 20 K, 2.55 ML PTCDA/Cu(111) for T = 300 K, and 60 ML PTCDA/Ag(111) [53]. The modes of PTCDA/Cu(111)
with Tg = 20 K are intrinsically very small and often not observed. Those modes are listed as “n.o.”.

mode hBN/Cu(111) hBN/Cu(111) Cu(111) Cu(111) Ag(111) [53] KCI [54] PTCDA single crystal [55]2
Ts 20 K 300 K 20K 300 K 400 K <20 K

RBmono 1296.7+1.6 1301.2+1.7 1304.0 1312.9 1298 1288 —

RBmutti 1301.8+3.8 1309.8+3.1 1300.0 1309.5 1309 — 1302.3

A 1339.4+15 1339.2+1.2 n.o. 1346.5 1342 1332 1335.0

B 1378.0+1.0 13775+15 1383.8 1386.0 1385 1368 1375.4/1383.6

C 14478+ 15 14474+1.7 n.o. 1454.6 1457 1446 1451.0

D 1522.4+21 1529.4+0.7 n.o. n.o. — 1523 —

E 15666 +1.9 1567.9+25 15714 1574.0 1574 1564 1570.6

F 1582.7+3.7 1582.3+2.0 n.o. 1589.6 1595 1584 1589.1

G 1606.7+1.7 1607.3+2.0 n.o. 1616.2 1620 — 1615.0

H 1674.3+0.7 1673.3+2.4 n.o. n.o. — — —

| 1757.8+1.8 1758.0+1.7 n.o. 1764.3 — — —

J 1795.0+1.3 1796.2+2.2 n.o. n.o. — — 1783.0

K 1820.4+1.2 18259+1.3 n.o. 1833.7 — — —

20nly the upper Davydov components are listed.
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creases for PTCDA on different substrates, going from KCl
films on Ag(100) (1,288 cm™!, derived from FL spectra) [54],
to Ag(111) (1,298 cm™!) [53], hBN/Cu(111) (1,301 cm™!,
derived from FL spectra), and Cu(111) (1,313 cm™!, derived
from FL spectra), contrary to the other modes. This trend
neither conforms with the strength of the (chemisorptive) bond
to the substrate surface [33], nor with the bonding distance, or
the amount of molecular distortion [32,35,56,57]. However, in
some way it reflects the change in the distortion motif of the
PTCDA molecule. On KCI/Ag(100), the PTCDA molecule is
bend like an arch with all of the oxygen atoms pulled towards
the surface [57]. On Ag(111), the molecule is saddle-shaped
with only the carboxylic oxygen atoms pulled downwards out
of the molecular plane towards the surface [56]. On Cu(111),
the opposite is found. The oxygen atoms are pushed away from
the surface, upwards out of the molecular plane, leading to a
boat shape [35]. On hBN/Cu(111), the PTCDA molecule is
nearly undistorted and hence planar [32]. It was surmised that
the PTCDA molecule is bonded to the Ag(111) surface (and the
KCI surface [57]) via the carboxylic oxygen atoms, while on
Cu(111), the bonding proceeds primarily via the perylene core
[58]. We hence suggest that the bonding via the perylene core
on Cu(111) leads to a reduced flexibility of the intramolecular
bonds of the core (including the central carbon ring), which
causes the higher Raman shift of the RB mode. The flat,
saddle-, and arch-like shapes of the molecule on hBN/Cu(111),
Ag(111), and KCI/Ag(100) lead to smaller Raman shifts of the
RB mode of 12 cm’l, 15 cm’l, and 25 cm’l, respectively. The
special sensitivity of the RB mode to the interfacial bonding
was also seen in high-resolution electron loss spectra [59].

We also compare with PTCDA multilayers. The Raman shifts
of the multilayers was found at similar energies on all three sub-
strates, that is, at 1,309.8 cm™! for multilayers of PTCDA/hBN/
Cu(111), at 1,309.5 cm™! for 2.55 ML PTCDA/Cu(111), and at
1,309 cm™! for 60 ML PTCDA/Ag(111) [53]. This is in agree-
ment with an identical interaction between the PTCDA multi-
layers as it is expected. The energy of the RB mode for the
multilayers is between that of the monolayer on hBN/Cu(111)
(1,301.2 cm™!) and the monolayer on Cu(111) (1,312.9 cm™).
Actually, it is rather close to the value seen on Cu(111) within
3 cm™! (see Table 1). This may indicate that intermolecular
interactions between adjacent layers in a multilayer also have a
significant impact on the vibrational properties and cannot be
neglected. We note that these values are slightly larger than
those measured for PTCDA single crystals [55] or thick films
[43].

2.2.2 Temperature induced changes in the Raman spectra:
The unique behavior of the RB mode can also be seen in its
dependency on the preparation temperature both for PTCDA/
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hBN/Cu(111) and PTCDA/Cu(111). We compare spectra re-
corded directly after deposition at 20 K with those after
annealing at 300 K (on hBN/Cu(111)) (Figure 3b) or with those
after deposition at 300 K (on Cu(111)) (spectra not shown). For
PTCDA deposited onto Cu(111) at 20 K, no Raman peaks could
be observed at all in the sub-monolayer regime, and even for
multilayers, the intensities of the Raman modes did not exceed
two counts per second. (These are the modes given in Table 1.)
At higher temperatures, the RB mode shifts to higher energies
by 4 and 9 cm™! for PTCDA on hBN/Cu(111) and Cu(111), re-
spectively; the other modes remain unchanged (+0.4%, cf.
Table 1).

This reflects the situation of PTCDA/Ag(111) [42] where the
only significant temperature-dependent shift (by 10 cm™!) was
also observed for the RB mode. In that study, the shift of the
RB mode was originally attributed to be of chemical origin due
to different bonding to the Ag(111) substrate present only in the
monolayer but not for the multilayers. However, this interpreta-
tion appears less possible for the monolayers considered here.
Hence, we recall a later study [56] that revealed the existence of
a chemisorbed LT state of the monolayer in which the PTCDA
molecule is positioned at a similar distance (+5%, regarding the
perylene core) from the surface as the RT state but is signifi-
cantly more distorted than the RT state (maximum height differ-
ence of atoms of 0.31 A compared to 0.20 A) [56]. In addition,
the LT state is present as a disordered phase, while the RT state
forms highly ordered domains [44]. This is accompanied by a
change in the valence band structure as seen, for example, in
UPS [44]. Thus, instead of a multilayer/monolayer effect, the
above described differences in the Raman shifts may also be
caused by the intermolecular interactions and a modification in
the interfacial bonding in the ordered domains of the RT state,
which form upon annealing at room temperature. We propose
that, in particular, the effect of intermolecular interactions is
also relevant for the monolayer of PTCDA on hBN/Cu(111),
whereas on Cu(111) concomitant changes in the interfacial
bonding may play a role, too. The increased temperature in-
duces the formation of ordered domains (observed in LEED).
The intermolecular interactions in the domains then cause a
change in the structure and charge distribution within the mole-
cule. This in turn increases the vibrational energies, in particu-

lar of the RB mode located on the perylene core.

2.3 The role of surface defects for SERS

For both PTCDA/hBN/Cu(111) and PTCDA/Cu(111), the
overall intensities of the Raman modes are of the same order,
which implies that both surfaces cause a similar degree of
Raman enhancement. However, we refrain from making a state-
ment about the SERS effectiveness of hBN on Cu(111) for the
following reason: In our experiments, the Raman intensities on
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either hBN/Cu(111) or Cu(111) were both found to be highly
dependent on the exact position of the incident laser beam on
the sample (varying by a factor of up to ca. 7). This indicates
that the specific local surface quality, for example, the surface
roughness at the spot where the Raman scattering occurred,
influences the intensity of the Raman modes. Hence, we cannot
draw quantitative conclusions here. Nevertheless, we gain some
insight into this aspect from an experiment we conducted at low
temperatures, which we describe in the following.

As mentioned in the previous section, in the sub-monolayer
regime of PTCDA/Cu(111) deposited at 20 K no Raman peaks
could be observed at all, and even for multilayers their intensi-
ties were very small (spectra not shown). For PTCDA on hBN/
Cu(111) the situation is drastically different. Figure 3b shows
the Raman modes of PTCDA (0.50 ML) after deposition at
20 K (orange) and after subsequent annealing at 300 K (blue).
For both preparations, the Raman modes are clearly present and
of a similar intensity.

We discuss two possible explanations for these different kinds
of behavior after deposition at 20 K: (i) The dipole—dipole inter-
action between hBN and PTCDA enhances the Raman signal.
In this process, the underlying copper would not be involved
[50]. (i) The Raman modes of PTCDA are strongly enhanced at
specific adsorption sites, which we refer to as “hot spots”. On
Cu(111), the molecules can reach these hot spots only by tem-
perature-induced diffusion. Whereas, after deposition at 20 K,
the molecules stay statistically distributed on the surface, and
only a small fraction is located at these sites where the SERS
effect occurs. On hBN/Cu(111), the significantly smaller inter-
action between PTCDA and the hBN surface compared to
Cu(111) and a consequently smaller corrugation of the bonding
potential lead to a much higher mobility, which allows for a
diffusion to the hot spots even at low temperatures of 20 K.

We propose the second interpretation to be relevant. Our argu-
ments are the following: Firstly, we have shown in a previous
work [32] that the interaction between PTCDA and hBN/
Cu(111) is of a physisorptive nature, which makes a strong
SERS effect due to dipole—dipole interactions at the interface
[50] unlikely. Secondly, the strong dependence of the Raman
intensity on the sample position (see above) conforms with the
interpretation of a SERS effect related to local hot spots. How-
ever, the details of the related adsorption sites remains unclear.

Since the SERS effect is primarily observed on rough/nano-
structured rather than on flat metal surfaces [45], the SERS
effect is expected to be larger for molecules located in prox-
imity to surface defects. Thus, at surface positions with a higher
defect density, the Raman intensities are expected to be higher.
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The relevance of the defect density in the present case is corrob-
orated by our observation that at positions where the Raman in-
tensity was high, the defect luminescence of the substrate (see
region I in Figure 2) was also higher. In a theoretical study,
Garcia-Vidal and Pendry investigated the enhancement due to
the SERS effect as a function of the roughness on a surface
[48]. They found that on an inhomogeneously rough surface,
the Raman spectrum is dominated by the enhanced signals from
molecules located at features that exhibit a maximum in rough-
ness. We can support this interpretation by results from a
previous experiment. We observed by light microscopy that
Ag(100) samples that had been prepared in a similar manner as
the Cu(111) surface used here and that yielded a high-quality
LEED pattern indicating the presence of long-range ordered and
large, defect-free terraces, actually show variations in their sur-
face morphology on a micrometer scale [60]. We propose that
the defect-rich regions exhibit a large step density due to impu-
rities and/or grain boundaries. Consequently, we assume that
the hot spots are related to an inhomogeneous mesoscopic
roughness of the Cu(111) surface, which is remnant after sput-
tering and annealing.

In conclusion, the Raman lines of PTCDA/hBN/Cu(111) and
PTCDA/Cu(111) observed between 18,600 and 21,000 cm™!
are in accordance with the characteristic fingerprint of the mole-
cule. They can be used as a monitor for its presence on the sur-
faces. Coverages cannot be determined quantitatively from the
intensities of the Raman modes, since these depend on the sam-
ple positions, which we assign to a correlation with the local
roughness due to structural defects of the surface. Note that we
systematically did not observe the characteristic Raman line of
hBN at approximately 1,370 cm™! that was observed for hBN
on SiO,/Si [61], on Cu foils [62], and on other metal foils
[63,64] for our samples of hBN/Cu(111). This is an obvious
discrepancy, which we cannot explain based on our current
data. It may, however, be related to the specific interface be-
tween hBN and the single crystalline Cu substrate.

3 Fluorescence

3.1 PTCDA/hBN/Cu(111)

We turn to the FL, which can be observed in region II of
Figure 2, between 18,000 and 18,600 cm~!. We note ahead that
we did not observe vibronic bands related to the FL peaks as it
is the case, for example, for PTCDA on KCI [65].

First, we consider which experimental conditions led to the ob-
servation of FL peaks. Figure 4a shows a zoom-in on region II
of the spectrum of 0.60 ML PTCDA on hBN/Cu(111) as
deposited at a sample temperature of 20 K, and after a series of
subsequent annealing steps at temperatures between 100 and
400 K. The peak on the high-energy side of the spectrum
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(marked in green and labeled “R”) is a Raman mode. This mode
has also been observed for PTCDA/Ag(111) [53]. Furthermore,
its change in intensity as a function of the annealing tempera-
ture agreed with that of other Raman modes. The behavior of
the two other peaks depicted in Figure 4a (marked in yellow
and pink) was quantitatively different. We assign these peaks to
the FL of PTCDA molecules and will refer to them as FL (at
ca. 18,450 cm™1) and FLg (at ca. 18,300 cm™!). Both peaks
appear after annealing at temperatures above ca. 200 K (FL,)
and ca. 280 K (FLp).

We take this finding as an indication that the FL of PTCDA on
hBN/Cu(111) depends on the structural order of the molecules
on the surface that is established by annealing. We explain the
existence of two FL peaks by the presence of two structurally
different “phases” of PTCDA. Since all optical measurements
were carried out at a sample temperature of 20 K, the tempera-
ture-induced structural ordering upon annealing that led to the
FL peaks is irreversible. The broad FL peaks are superimposed
with several sharp Raman lines, which lead to modulations of
the peaks. There are two important differences between the FL
and FLp peaks: FLyp is significantly broader than FLA (by a
factor of ca. three, which we will discuss in detail in the Section
Final Discussion). In addition, the intensity of FL, saturates,
while that of FLg does not. Notably, the intensity of FL satu-
rates upon annealing at 280 K, which is the temperature that is
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required for FLg to be observed at all. This behavior was found
for layers within a range of sub-monolayer coverages (between
0.10 and 0.80 ML).

For further insight, we refer to a temperature-dependent series
of spectra at a higher coverage of 1.55 ML PTCDA on hBN/
Cu(111), shown in Figure 4b. We observe the same Raman line
as for the 0.60 ML spectrum, as well as FL5 and FLg. Howev-
er, there are a few important differences compared to the spec-
tra in Figure 4a: (i) FLA can be observed in the spectrum imme-
diately after deposition at 20 K; (ii) FLg appears in the spec-
trum already after annealing at 200 K (not at 280 K); and (iii)
additional FL intensity at lower energies (ca. 18,150 cm™1)
appears, which we assign to a third peak FLc. The appearance
of FL at low temperatures leads us to the conclusion that the
attributed “phase A” of PTCDA/hBN/Cu(111) forms directly at
higher coverages, while at lower coverages its formation
requires annealing. Hence, we assign FL to PTCDA mole-
cules at surface defects. In a sub-monolayer, the molecules can
reach these defects via diffusion, which has to be temperature-
induced. For a higher coverage, the sites at defects are already
populated during the deposition, even at low temperatures. A
saturation of the sites at defects leads to the observed intensity
saturation of the corresponding FL peak. We note in this
context that the surface defects connected to FL are not iden-
tical to the hot spots mentioned above, which support the SERS

b) Raman shift (cm™)
3800 3600 3400 3200

—— 300K 1.55 ML PTCDA/
—— 200K hBN/Cu(111)
——100K A

— 20K

intensity (cps)

30

18000 18200 18400 18600

wavenumbers (cm™)

Figure 4: Fluorescence spectra of (a) 0.60 ML PTCDA and (b) 1.55 ML PTCDA on hBN/Cu(111) as deposited at 20 K (black) and subsequently
annealed at different temperatures. Raman modes are highlighted in green, FL peaks FLa, FLg, and FL¢ are highlighted in yellow, pink, and red, re-
spectively. The spectrum of the clean surface was subtracted as a background. Spectra are smoothed (lines, original data as dots). All spectra were

measured at 20 K using a grating with 600 grooves per millimeter.
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effect, as we will discuss below. After the saturation of the
defects, the temperature-induced formation of a second
“phase B” occurs leading to the peak FLpg.

We also observed the FLg peak on hBN/Cu(111) after deposi-
tion at 300 K for coverages of 1-3 ML. For all these experi-
ments, we observed the LEED pattern that is characteristic of
ordered domains of PTCDA/hBN/Cu(111) (see Appendix A).
Thus, we conclude that FLg stems from these ordered PTCDA
domains in the first layer on hBN. The formation of ordered
domains is not possible at a sample temperature of 20 K during
deposition. It requires a certain threshold temperature (ca.
280 K). This explains why FLg can only be observed after
annealing or deposition at or above this temperature.

The energetic difference between FL, and FLg amounts to ca.
150 cm™!. We compare this to the energetic shift reported by
Forker et al. who investigated PTCDA on hBN/Rh(111) [23].
They found that PTCDA molecules on hBN/Rh(111) are
trapped in the pores of the hBN superstructure, which leads to
isolated monomers on the surface. Annealing leads to the for-
mation of ordered domains and a redshift of the spectrum by
223 em™! (27.6 meV) [23]. The molecules trapped in pores on
hBN/Rh(111) can be compared with isolated molecules located
at defects on hBN/Cu(111). However, please note that we do
not consider trapped PTCDA molecules but isolated molecules
to be the origin of FL,. This will be discussed in further detail
in Section 3.3 in relation with further information from FL ex-
periments. An energetic shift of the same order has also been
observed for the FL of isolated molecules and that of ordered
domains of PTCDA on NaCl [10]. Here, two different struc-
tures of ordered domains of PTCDA were observed (a herring-
bone and a quadratic structure) the So/S; transitions of which
are redshifted relative to the isolated molecules by 560 cm™!
and 300 cm™!, respectively.

For a comparison of FLg of PTCDA domains on hBN/Cu(111)
at 18,300 cm™!, we refer to optical data taken for ordered mono-
layers of PTCDA on a monolayer of hBN grown on other sub-
strates. The respective values are given in Table 2. Note that
only PTCDA/hBN/SiO, was investigated by FL spectroscopy

Beilstein J. Nanotechnol. 2020, 11, 1663—1684.

while for PTCDA/hBN/Pt(111) and PTCDA/hBN/Rh(111)
absorption spectra were measured. We cannot explain the
differences of the Sp/S; transition energies, yet. However, we
observe a trend of higher transition energies from hBN/SiO, to
hBN/Cu(111) to hBN/Pt(111) to hBN/Rh(111). This is the
direction of increasing interactions between the hBN layer and
the supporting metal substrate, as indicated by the increasing
amplitude of the buckling of the hBN layers [30,66]. We note
that Forker et al. [23] could exclude a dominant role of the
dielectric properties of the metal substrates for the transition
energies.

The peak FL( (cf. Figure 4b) shows the same behavior as FLg
at a coverage of 1.55 ML. It is as broad as FLp and appears
after annealing at 200 K. However, it is not present at a cover-
age of 0.60 ML. Thus, it does not stem from PTCDA directly
adsorbed on hBN, but from ordered PTCDA domains in a
second layer. However, this is different from the FL emission
(Y), which is present in bulk-like PTCDA layers and was re-
ported, for example, in [67]. Indeed, we observed the broad Y
line and its vibronic progression Y’ for higher coverages of
4-5 ML at 15,950 and 14,700 cm™!, respectively. This is
in agreement with the line positions measured in [67] within
50 cm™! and 300 cm™!, respectively.

In summary, for PTCDA/hBN/Cu(111) three FL peaks can be
observed. FL4 (ca. 18,450 cm™!) is present in the first layer and
stems from molecules at surface defects. To enable the mole-
cules to reach these defects, a temperature-induced diffusion is
necessary at sub-monolayer coverage. FLg (ca. 18,300 cm™!)
stems from ordered domains in the first PTCDA layer. It
can only form under deposition at a sample temperature
above ca. 280 K, or after annealing at this temperature. FL¢
(ca. 18,150 cm™!) is assigned to the FL from ordered PTCDA
domains in the second or higher layers.

3.2 Comparison with PTCDA/Cu(111)

Figure 5a shows the FL spectra of PTCDA/hBN/Cu(111), pre-
pared by deposition at 20 K and subsequent annealing at 300 K
and of PTCDA/Cu(111), prepared by deposition at 300 K, both
with varying coverages. We will list the important observations

Table 2: Spectral positions of the Sp/S4 transition of PTCDA domains in the first monolayer on hBN on SiO5 [22], Cu(111), Pt(111) [23], and Rh(111)
[23]. PTCDA on hBN/SiO2 and on hBN/Cu(111) were investigated using FL spectroscopy. The results for PTCDA on hBN/Pt(111) and hBN/Rh(111)

were gained in absorption experiments.

hBN/SIO, [22] hBN/Cu(111)
2.234 eV 2.26 eV
18,060 cm™" 18,300 cm™"

hBN/Pt(111) [23] hBN/Rh(111) [23]

2.31eV
18,700 cm™"

2.38 eV
19,200 cm™!
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for these spectra: (i) There is no fluorescence at all for a full
monolayer of PTCDA on bare Cu(111) while on hBN/Cu(111)
FL can be observed for a coverage as low as 0.10 ML. (ii) In the

a)

intensity (cps)

b)

Raman shift (cm'1)
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second monolayer of PTCDA on bare Cu(111), an FL peak
appears at 18,450 cm™!, which corresponds to FLy. (iii) In the
third PTCDA layer on Cu(l11), there is an FL peak at

Raman shift (cm'1)
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Figure 5: (a) Fluorescence spectra of PTCDA on hBN/Cu(111) (left, blue spectra, prepared by deposition at 20 K and subsequent annealing at 300 K)
and PTCDA/Cu(111) (right, red spectra, prepared by deposition at 300 K). Raman intensities are highlighted in green; FL peaks FLa, FLg, and FLg
are highlighted in yellow, pink, and red, respectively. There is no FL from ordered domains in the first or second layers of PTCDA/Cu(111), but from
the first layer of PTCDA/hBN/Cu(111). Spectra are smoothed (lines) and vertically shifted (original data as dots). Spectra of the clean substrates were
subtracted as background. All spectra were measured at 20 K using a grating with 600 grooves per millimeter. (b) Schematic representations of 2 ML
PTCDA/hBN/Cu(111) and (c) 3 ML PTCDA/Cu(111) and the FL signals observed from these layers. The FL from the first PTCDA layer on Cu is
quenched (gray). The interfacial hBN layer (blue) and the interfacial chemisorbed PTCDA layer (gray) decouple the fluorescing molecules from the
metal. Defect-mediated FL (FLa) is emitted from the separating PTCDA layer (pink) in both cases, FL¢ originates from the physisorbed PTCDA layer
(red). Only for PTCDA/hBN/Cu(111) FL occurs from PTCDA domains in the separating layer (FLg). For details on the different PTCDA layers, see

text.
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18,150 cm™!, which is the position of FLc observed for
1.55 ML PTCDA/hBN/Cu(111). (iv) FLg is not observed at all
for PTCDA/Cu(111). The absence of FLg on Cu(111) is under-
stood as we have assigned it to PTCDA domains on hBN/
Cu(111). The other three observations have to be explained.

Ad (i): The absence of any FL of 1.00 ML PTCDA on Cu(111)
confirms the complete quenching of the molecular excitation in
the first layer on a metal surface as has previously been ob-
served for the Ag(111) [5,39] and the Au(111) [39] surfaces. Ad
(ii): For PTCDA/Cu(111), a sufficient decoupling to allow
some FL is achieved for the second layer (1.55 ML). Thus, FL 5
can be observed, which we assigned to FL from molecules at
defects on the hBN/Cu(111) surface. It is remarkable that the
PTCDA molecules have to interact with defects in order to fluo-
resce, and that the same kind of FL can be observed on both
substrates. For PTCDA on Cu(111), as on hBN/Cu(111), a tem-
perature-induced process is necessary to observe FLA as
PTCDA on Cu deposited at 20 K shows no FL at all (not
shown). Only for PTCDA deposited at 300 K on Cu(111), we
can observe the spectra shown in Figure 5. As stated in the
previous section, we assume a temperature-induced diffusion
process to surface defects where the PTCDA molecules are then
able to fluoresce. The nature of these defects will be discussed
in the next Section 3.3. Ad (iii): From our LEED experiments
(see Appendix A) we know that PTCDA on Cu(111) grows
layer-by-layer in the first three layers. Thus, we can assign the
peak FL, which appears in the third layer, to FL from ordered
PTCDA domains adsorbed on top of two completed PTCDA
layers. As we will discuss now, this is in accordance with the
observation of FL¢ from the second layer of PTCDA/hBN/
Cu(111). We summarize our observations with the schematic
layer models that are given in Figure 5b,c. In both cases an
interfacial layer that is adsorbed on the Cu(111) surface exists.
This layer decouples PTCDA molecules in higher layers, which
leads to FL from these layers. The interfacial layer is either a
layer of hBN or a monolayer of chemisorbed PTCDA. The next
layer in both cases is formed by ordered PTCDA domains that
show FLj, likely from molecules at defects. In the case of
PTCDA on hBN/Cu(111), an additional FLg from ordered
domains is present. We call this first PTCDA layer a separating
layer. In the TPD spectrum of PTCDA/hBN/Cu(111), the de-
sorption peak of the separating layer can be distinguished from
that of the multilayers (however, no separated peak for the
second layer is observed) [32]. On Cu(111), the first (interfa-
cial) layer does not desorb at all, and in the TPD spectrum, the
second (separating) layer is also distinct from the multilayers
[68]. The multilayers (both on hBN/Cu(111) and Cu(111)) are
likely physisorbed and include the layers from the second and
third layer onward. The ordered PTCDA domains in these
layers are the origin of FL(.
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Our findings are in accord with the conclusions by Stallberg et
al. who measured photoluminescence spectra of PTCDA on
Ag(111) and Au(111) [39]. From coverages of 1.8 ML on
Ag(111) and 2.2 ML on Au(111) onward they observed FL
peaks at 17,000 cm™! and 17,300 cm™! (denoted by M in [39]).
These were assigned to PTCDA layers separated from the metal
substrate by the first interfacial PTCDA layer. This M line was
distinct from that of the bulk-like FL emission from thick films,
which was found at 15,000 cm™! (Y line) and 13,700 cm™!
(E line). The M line was observed even for multilayers,
co-existing with the bulk emission. Similarly, for PTCDA/
Cu(111), we observed the Y line and its vibronic progression Y’
of the multilayer FL for a coverage of 4.60 ML at 16,100 cm™!
and 14,750 cm™!, respectively, while FL, and FL¢ were still
present (not shown). The Y line was assigned to the 0-0 transi-
tion of the PTCDA bulk phase [67]. Thus, the co-existence of
the Y line and FL and FL¢ is consistent with the formation of
bulk-like clusters at a coverage of 4.60 ML. Likewise, on hBN/
Cu(111), we observed the Y and Y’ lines for coverages from
about 4-5 ML onward (see Section 3.1) in parallel with FLx,
FLg, and FL(. This confirms, in accordance with our LEED
data, that at least two complete layers of PTCDA form on both
surfaces under the given preparation conditions.

3.3 FL at defect positions

As stated above, we assign FLA to molecules adsorbed at sur-
face defects. Since FL can be observed for PTCDA/hBN/
Cu(111) and PTCDA/Cu(111), we assume the same kind of
defects has to be present on both surfaces. We propose that
these defects are different to the metallic “hot spots” supporting
SERS because FL 4 is shifted in energy, which is less expected
for coupling to metallic protrusions. An alternative origin of
these defects could be the presence of carbon containing species
due to segregation from the Cu bulk. Although this interpreta-
tion is speculative, we give some background in order to aid
subsequent research. When the Cu(111) crystal was annealed at
a temperature above 1050 K and for a period of time longer
than 30 min, we observed an additional superstructure in LEED.
Although we cannot identify these segregations unambiguously,
we assume carbon segregation as carbon is known to form
highly ordered nanostructures on Cu(111) [69]. Indeed, we
adjusted our preparation by reducing the temperature to 1010 K
during borazine deposition and omitting the annealing step
under vacuum before borazine deposition to avoid this segrega-
tion (see Experimental section). However, we cannot exclude a
small and randomly distributed residual amount of segregated
carbon species since these would be invisible in LEED. We
indeed found that samples showing segregated carbon in LEED
do not allow for the formation of the hBN layer. Presumably,
due to the extended carbon coverage, there is not enough bare
Cu surface left for supporting the catalytic growth of hBN. Ac-
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cordingly, on a surface with a small amount of carbon, growth
defects in the hBN layer at positions where carbon is present
may be expected. Thus, we consider carbon species in direct
contact with the bare Cu that lead to similar or even identical
defects on both surfaces (hBN/Cu(111) and bare Cu(111)),
which, in turn, promote identical FL signals of PTCDA mole-
cules. Note that these carbon-related defects are different from
the defects that cause the SERS effect. The hot spots that lead to
an enhancement of Raman signals are caused by structural
defects of the Cu crystal, such as surface roughness, and not by
a different chemical species.

Besides FL4, no further FL can be observed for 1.55 ML
PTCDA/Cu(111) despite the fact that the LEED pattern shows
well-resolved spots of ordered domains. The absence of FL
from these ordered domains indicates that a single PTCDA
monolayer on Cu(111) cannot decouple PTCDA in the second
layer from the metal surface sufficiently enough for FL to
occur. Thus, the observation of only FL, for a coverage of
1.55 ML leads to the conclusion that the defects at which the
fluorescing molecules are adsorbed also have a decoupling
effect. This corroborates our deduction that the defects cannot
be Cu ad-atoms.

We would like to reiterate that we exclude the possibility that
the FLp of PTCDA on hBN/Cu(111) stems from molecules
trapped in the “moirons” of the hBN layer [24]. Studies on
hBN/Cu(111) have shown a trapping of large organic mole-
cules in the moirons of the electronic superstructure of hBN/
Cu(111) at low molecular coverages [38]. At larger coverages,
the entire surface was found to be homogeneously filled with
molecules. Yet, they still showed site-dependent alterations in
their electronic structure, namely a shift of the molecular fron-
tier orbitals [38]. However, we propose that the situation of
PTCDA on hBN/Cu(111) is different. First of all, as stated
above, FL, is also observed for PTCDA on Cu(111), which
clearly excludes trapped PTCDA molecules on hBN as a
possible origin for FL . Furthermore, our own STM investiga-
tions showed no signs of a preferential occupation of the
moirons on the hBN/Cu(111) surface by PTCDA [32]. Also,
holes in the hBN layer that would allow for a direct contact be-
tween the molecules and the bare Cu(111) surface can be
excluded as the origin for FL 5 because the FL. of PTCDA mole-
cules in direct contact with the metal would be fully quenched.

4 Final discussion

We found that two layers of PTCDA are necessary to decouple
PTCDA molecules from the Cu(111) surface in order to observe
FL from ordered domains in the third layer. The same effect can
be achieved by only one single layer of hBN. On hBN/Cu(111),
two FL components (FL and FLp) are present for the first
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PTCDA layer, while a third one (FL¢) can only be observed
from the second layer onward. On Cu(111), the FL from the
first PTCDA layer is completely quenched. FL and FL( are
observed only from the second and third layer onward, respec-
tively. FL4 is assigned to a defect-related FL, while both FLg
and FL( are assigned to ordered PTCDA domains. We can
exclude bulk-like crystallites on top of the monolayer as the
origin of the FLg and FL¢ peaks by the following arguments:
(i) The LEED patterns of PTCDA on hBN/Cu(111) and on
Cu(111) identity the formation of long-range ordered structures
in the second layer. (ii) LEED investigations (see Appendix A)
and TPD experiments [32,68] show that PTCDA/Cu(111) and
PTCDA/hBN/Cu(111) form at least three or two complete
layers, respectively. (iii) The spectral positions of FLg and FL¢
are unambiguously distinct from the Y and Y’ peaks of the FL
of the PTCDA bulk.

We return to the question of CT across the hBN layer posed in
the Introduction section. Our results indicate that the hBN layer
is able to suppress the CT such that FL is observed. However,
this suppression is not complete because the FL intensity is very
low. In comparison to the FL. of PTCDA observed on thin KCl
films, we reckon that the FL on hBN/Cu(111) is smaller
by a factor of ca. 104 [70]. However, hBN should not be
dismissed as a decoupling layer altogether. In an analogue
experiment, we measured the FL spectrum of 5,10,15,20-
tetraphenylbisbenz[5,6]indeno[1,2,3-¢d:1°,2°,3’-Im]perylene
(DBP) on hBN/Cu(111) (not shown). (For the chemical formula
and optical properties of DBP, refer to the work by Rouillé et al.
[71].) Here, we observed FL at sub-monolayer coverage [72].
The FL intensity was larger by a factor of ca. 102 compared to
the FL intensity of PTCDA on hBN/Cu(111). This can be ex-
plained by the fact that DBP is a lander-type molecule. It exhib-
its four peripheral phenyl groups, which function as spacers be-
tween the molecular backbone and the surface [71]. This
presumably, in addition to the hBN layer and a weak interac-
tion, supports the suppression of the CT process and allows for
a higher FL intensity.

We further discuss the widths of the FL peaks on Cu(111) and
hBN/Cu(111) in some detail. The large width of the FL peaks
may partly be caused by disorder in the molecular domains or
by a very small lifetime of the excited state. Since our LEED
experiments showed the formation of ordered PTCDA domains,
we assume that the main contribution for the line broadening is
due to a reduced FL lifetime, Tgp, and that contributions from
disorder and dephasing can be neglected [73,74]. Thus, the
value of Tg, measured from the full width at half maximum
(FWHM) of the FL peaks on the frequency scale according to
FWHM = 1/2ntgg yields a lower limit for the lifetime of the
excited states. Because of the small FL yield we can assign Tgf,

1676



A.3 The influence of an interfacial hBN layer on the fluorescence of an organic molecule

135

in good order to the time constant of the CT process. Hence, T
gives quantitative information about the efficiency of the decou-
pling from the metal interface. Figure 6 representatively shows
region II of the optical spectra of 0.60 ML PTCDA/hBN/
Cu(111) and 2.55 ML PTCDA/Cu(111). Both spectra show
FLA and FL from ordered domains as either FLg or FL(, re-
spectively. The FL peaks and the Raman modes were fitted with
sets of Lorentzians. The widths and positions of the narrower
Raman lines were fixed during the fits. The fits were thus robust
concerning the determination of the FWHM of the FL peaks.
The lifetimes derived from these fits are given in Table 3. All of
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Figure 6: Fluorescence spectra of 0.60 ML PTCDA/hBN/Cu(111)
(blue, bottom) and 2.55 ML PTCDA/Cu(111) (red, top). Original data
(dots) are smoothed and shifted vertically. Both spectra were fitted
using Lorentzian functions for the FL peaks (orange lines) and the
most important Raman modes (green lines). Cumulative fits shown in
black. Spectra of the clean substrates were subtracted as a back-
ground (cf. Figure 5). All spectra were measured at 20 K using a
grating with 600 grooves per millimeter.
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them are of a similar size and of the order of 10”14 s. Thus, we
can understand why we did not observe final-state effects in the
photoemission spectra (i.e., UPS) of PTCDA/hBN/Cu(111) due
to CT across the interface, that is, the signature of uncoupled
molecules [32], albeit the FL experiments demonstrate that
some coupling to the underlying Cu(111) surface is present. The
reason is that the time constant of this coupling is only of the
same order as the time constant of the photoemission process.
Therefore, it has only a small or negligible impact on the spec-
tra. These small lifetimes are in agreement with the findings by
Stallberg et al. [39], who showed that the lifetimes of the
excited states of PTCDA in the second layer on Ag(111) and in
the third layer on Au(111) are smaller than an upper value of
4 x 10712 5, which was given by the time resolution for their ex-
periment. The small lifetimes also explain why the FL intensi-
ties were so low with respect to those measured, for example,
for an ordered monolayer of PTCDA/KC1/Ag(100) [65].

Both the small FL intensities and the short lifetime of the
excited state of PTCDA on hBN/Cu(111) show that, at least for
this molecule, a single hBN layer is not sufficient to completely
decouple the electronic states of the molecule and the metal.
While the static CT related to the interfacial bonding is
suppressed, as demonstrated by UPS [32], it is still significant
for the excited state. A similar observation has been made for
tetracene molecules on thin insulating layers of AlO, on
NizAl(111) [75]. Here, too, the luminescence was found to be
quenched despite the large bandgap of AlO, (6.5 eV) and the
weak interactions at the interface due to a CT between overlap-
ping 7 orbitals and the electronic states of the metal.

Conclusion

We have measured the fluorescence of PTCDA on hBN/
Cu(111) and Cu(111) to determine the efficiency of the elec-
tronic decoupling of PTCDA from the Cu substrate by a single
hBN layer. The observation of Raman lines served as a monitor
for the presence of PTCDA on the surface. In addition, LEED
patterns show the formation of ordered structures and a layer-
by-layer growth for at least the first two layers on hBN/Cu(111)
and the first three layers on Cu(111).

Table 3: Spectral positions of the FL peaks observed for PTCDA/hBN/Cu(111) and PTCDA/Cu(111), the species the FL peaks originate from, the
FWHM of the FL peaks, and the lifetimes Tr_ of the respective excited states. Defect FL and physisorbed PTCDA apply for both PTCDA/hBN/Cu(111)

and PTCDA/Cu(111).

FLa
FL peak position 18,450 cm™"
assignment defect related FL
FWHM (120 + 10) cm™"
TEL (4.4+03)x 107145

FLg FLc
18,300 cm™! 18,150 cm™!
PTCDA/hBN physisorbed PTCDA

(330 + 15) cm™!
(1.6+0.1) x 10-14s

(320 + 16) cm™"
(1.7+0.1) x 10145
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The intensities of the Raman lines do not scale with the cover-
age, neither on hBN/Cu(111), nor on Cu(111). This clearly
shows that additional aspects of the sample system, likely
defects of the Cu substrate, play a role. We summarize the
underlying mechanisms under the SERS effect. The small but
discernibly different chemical shifts of Raman modes on the
two surfaces are explained by the molecule—substrate interac-
tions and specific bonding geometries of the molecule to the
surface.

On both substrates, a broad fluorescence at ca. 18,450 cm™! can
be observed, which is identified as FL from molecules inter-
acting with surface defects. This can be observed both for the
first PTCDA layer on hBN/Cu(111) and the second layer of
PTCDA on Cu(111). FL from the first PTCDA layer on
Cu(111) is not observed. In contrast, the first PTCDA layer on
hBN/Cu(111) already shows a weak FL from ordered domains
at ca. 18,300 cm™!.

On bare Cu(111), two interfacial layers of PTCDA are required
to achieve an equivalent decoupling of the third layer as one
layer of hBN on Cu(111) for the first PTCDA layer. The third
layer on Cu(111) shows FL at ca. 18,150 cm™!. This FL can be
also observed in the second PTCDA layer on hBN/Cu(111) and
is attributed in both cases to domains of physisorbed PTCDA on
a separating PTCDA layer that forms on either the hBN layer or
the first chemisorbed interfacial PTCDA monolayer on
Cu(111).

While the charge transfer between PTCDA molecules and metal
is sufficiently suppressed by a single hBN layer such that a
weak fluorescence is observed, this suppression is limited. We
estimate a lifetime of the excited state of ca. 10~14 s, which
explains the very small fluorescence intensities. As a result, we
find that a single layer of hBN on Cu(111) is able to decouple
PTCDA molecules from the metal surface in so far as to prevent
a total quenching of the fluorescence of the first molecular
layer. However, a competing non-radiative channel for the
decay of the excited state of the molecule remains as some
charge transfer with a time constant of 10714 s71 is still
possible. Thus, while a single layer of hBN provides a more
efficient decoupling of a PTCDA layer from the Cu(111) sur-

face than the first PTCDA layer itself, its efficiency is limited.

Appendix A: Structural Investigations

Here, we present the structural investigations of monolayer
PTCDA on hBN/Cu(111) and Cu(111) by LEED.

The structure of PTCDA/Cu(111)

We begin with a summary of earlier reported results. At RT,
PTCDA on the Cu(111) surface follows a layer-by-layer growth
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mode for the first three layers [76]. The obtained films remain
unchanged under annealing at 530 K. From the fourth layer
onward, the formation of nanocrystals begins. In TPD spectra,
the desorption of the multilayer can be distinguished from the
desorption of the second layer [68]. A desorption of the first
layer was not observed due to a chemisorptive bonding to the
Cu(111) surface. An STM study on the PTCDA monolayer on
Cu(111) was published by Wagner et al. [77]. The authors re-
ported two co-existing PTCDA phases, both displaying the
characteristic herringbone arrangement, one commensurate, the

other commensurate only in higher order.

In our experiments, PTCDA layers on Cu(111) were always
grown at a sample temperature of 300 K. Experiments con-
ducted in two different UHV chambers with different deposi-
tion rates resulted in identical LEED patterns. All LEED mea-
surements were performed at 100 K.

Figure 7a shows the LEED pattern of a complete monolayer
PTCDA/Cu(111) with sharp diffraction spots. The spots marked
in dark red are explained by one single phase (). Additionally,
a second phase (B, marked in green in Figure 7) is present. From
the relative spot intensities, the a phase is considered as the
majority phase. The monolayer LEED pattern is fully explained
by the a and B phases with no systematic differences between
the LEED pattern and the simulation. There are systematic
extinctions of all {#0} and {0k} spots for which & and k are
odd. This points to the presence of glide planes in both phases.
The structural parameters, which can be determined from the
LEED pattern with small margins of error (ca. 5%), are given in
Table 4. The first columns of the superstructure matrices of the
o phase and the f phase exhibit elements that are integer
numbers (within the margins of error). This means that both
phases exhibit on-line-coincidence (OLC) [78] with the
Cu(111) surface.

Both phases (a and f) exhibit a rectangular unit cell and belong
to the p2gg space group. The differences between the two are
the azimuthal orientations of the unit cell vectors relative to the
Cu(111) surface vectors and the packing densities. The unit cell
of the a phase is more closely aligned with the Cu surface
vector a; (2.5°) compared to the f phase (10.3°). Furthermore,
the molecules in the B phase are slightly more densely packed
than in the o phase (Ay = 103% X A, cf. Table 4).

The most prominent feature of the LEED pattern is the charac-
teristic arrangement of spots forming a “double triangle”
(marked by a red box in Figure 7a). This is well known for the
rectangular unit cell of PTCDA molecules forming the typical
herringbone motif [80,81] that can also be found in the (102)
plane of the bulk material [82]. In contrast to other coinage
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Figure 7: LEED pattern of (a) 1 ML PTCDA/Cu(111) and (b) 1.55 ML PTCDA/Cu(111) deposited at 300 K. On the left-hand side, the LEED patterns
are superimposed with the corresponding simulations. Different colors refer to different PTCDA phases (dark red: o phase, green: B phase) and differ-
ent symbols refer to different symmetry equivalent domains of a specific phase. The LEED patterns differ in the diffraction spots {h0} and {0k} for
which h and k are odd. They are present in (b), but extinct in (a). The red box in (a) highlights the characteristic double-triangle arrangement of spots
of the herringbone structure of PTCDA on surfaces. The LEED patterns were recorded at an electron energy of 77.6 eV and at a sample temperature

of 100 K.

Table 4: Structural results of PTCDA/Cu(111) according to the structure model proposed by Wagner et al. [77] (phase ‘1’ and ‘2’) and as determined
from our LEED experiments (a phase and B phase) and of PTCDA/hBN/Cu(111). The vectors of the unit cells, by and by, the angle B between the
two, and the areas of the unit cells, A, are given. ¢ is the enclosed angle between the vector by and the substrate lattice vector, ay. p is the packing
density of the molecules. Additionally, the superstructure matrices, M, are given. The matrix for PTCDA/hBN/Cu(111) refers to the Cu(111) surface at
100 K. We note that the parameters of phase ‘1’ and ‘2" are derived from the (higher-order) commensurate structure models given in [77] and slightly
deviate from the experimental STM results (within error margins). The error for B is the experimental error of the STM data. The matrices given for
phase ‘1" and ‘2’ differ from those reported by Wagner et al. [77] because they refer to a symmetry-equivalent domain according to the rules given in

[79.

by (A)
b (A)
B(°)
A (A2
¢ (°)

o (molecules A-2)

Cu(111) - phase ‘1’ [77]

)

Cu(111) - o phase

12.4(2)
19.5(3)

90.0(9)

242(7)

2.5(7)

8.26 x 103
4.98(9) 0.25(7)
[4.06(11) 8.79(15))

Cu(111) - phase 2’ [77]

13.4(1)
22.0(1)
92(5)
295(3)

11

6.78 x 1073

575 1.25
3.40 9.80
Cu(111) - B phase

11.8(2)
19.9(5)
90.0(13)
235(10)
10.3(10)
8.51 x 103

5.018) 0.95(9)
[3.03(15) &82(20)]

hBN/Cu(111)

12.07(3)

19.33(9)

90(3)

233(2)

9(1)

8.85x 103
5.12(5) 0.9(1)
[ 3.0(3) 8.64(9))
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metal substrates, however, where two separate triangles
consisting of six diffraction spots are observed [80,83]. Here,
the {11} and {20} spots coincide, leading to two triangles that
are characteristically corner-connected by one spot.

The PTCDA B phase on Cu(111) found in LEED bears signifi-
cant similarity to the structure ‘2’ proposed by Wagner and
co-workers [77]. Using the same rules for the matrix notations
[79] for all structures shows that the matrix elements of struc-
ture ‘2’ and of the B phase found in our work differ only slightly
(only one entry differs by more than 13%). The orientations of
the unit cell vector by with respect to the substrate is identical
for both structures within +1.6° (cf. Table 4). Hence, we
propose that the f phase possibly corresponds to structure ‘2’ by
Wagner, although a difference in the size of the unit cell
remains. Structure ‘1’ given by Wagner, however, was not ob-
served in our LEED experiments and differs from our a phase.
Furthermore, the packing densities found for the a phase and
the B phase agree well (within 2.5%) with those of the
(102) planes of the PTCDA bulk phases (8.40 x 1073 and
8.32 x 1073 molecules A2, respectively [82]), while the densi-
ties in structures ‘1’ and ‘2’ differ more significantly from these
(by 14% and 21%). These differences may possibly be due to a
difference in the substrate quality or preparation conditions in
the two studies.

We now turn to PTCDA coverages above 1 ML. Both mono-
layer phases of PTCDA on Cu(111) (a and f) exist in parallel
from the (sub-)monolayer to the multilayer regime. Additional
deposition of PTCDA up to a coverage of 3 ML leads to addi-
tional weak spots in the LEED pattern (see Figure 7b). They can
also be explained by the two PTCDA phases identified above.
The spots that appear at distances of 0.3-0.6 A~! from the spec-
ular spot correspond to {40} and {0k} spots of the o phase and
the B phase for which £ and k are odd and which were extinct
before. No spot shifts as a function of the coverage were found.
This may have two reasons. Either the molecules form only a
single wetting layer on which additional molecules form clus-
ters, or the higher layers adapt the same structure as the first
layer without mismatch. Two observations point to the latter
case: The intensity of the adsorbate diffraction spots increases
with coverage while the relative intensity of the specular spot
decreases. In addition, the {10} and {01} spots become
detectable, which means that the glide planes of the adsorbate
structure vanish. The glide lines in the space group p2gg of the
PTCDA unit cell only exist if the underlying Cu(111) surface is
not taken into account. For the first monolayer, this may be the
case because the small periodicity of the Cu atoms compared to
the PTCDA periodicity is not “felt” by the electrons scattered
by a single PTCDA layer. For a second PTCDA layer, however,
the periodicities in this layer and in the underlying monolayer

Beilstein J. Nanotechnol. 2020, 11, 1663—1684.

are identical. Both layers are shifted laterally against each other
[82], which breaks the glide plane symmetry. Thus, the LEED
data indicate the growth of at least two or even more complete
layers of PTCDA on Cu(111). This is in accordance with the
results reported in [68,76].

In summary, our LEED investigations show that PTCDA on
Cu(111) forms two co-existing phases, both of them displaying
on-line-coincidence to the surface with a herringbone arrange-
ment of the molecules. Both are observed from the (sub-)mono-
layer regime to at least the beginning of the growth of the third
layer. The adsorbate forms at least two complete layers before
clusters form.

PTCDA on hBN/Cu(111)

Figure 8 shows LEED patterns of PTCDA/hBN/Cu(111) at a
coverage of 2 £ 0.5 ML (Figure 8a,c) and 0.8 £ 0.2 ML
(Figure 8b). All structures were grown at a sample temperature
of 260 K and a deposition rate of 1 ML/min. They were ob-
served in two different UHV chambers. LEED measurements
were performed at 110 K. Note that the LEED pattern in
Figure 8a has previously been published in [32]. In that study,
we attributed this LEED pattern to a pure monolayer of PTCDA
on hBN/Cu(111). Further analysis now leads us to the conclu-
sion that the LEED pattern stems from a slightly higher cover-
age. This will be discussed in further detail below. Nonetheless,
our findings presented in [32] still hold.

Commonly, two kinds of LEED patterns were observed for
PTCDA/hBN/Cu(111) and were found from the sub-monolayer
to the multilayer regime. The observable pattern, and thus the
PTCDA structure that formed, did not depend on the PTCDA
coverage, but rather on the quality of the hBN layer. The
azimuthally smeared out intensity in Figure 8b,c (which was
most commonly observed) points to an azimuthal disorder of
the PTCDA domains on hBN/Cu(111), both in the first and in
higher layers. In some cases, LEED patterns such as that given
in Figure 8a were observed, which shows spots that are excep-
tionally not smeared out azimuthally. The radii of the rings in
Figure 8b,c match the distances of the spots from the specular
spot in Figure 8a.

We attribute the higher azimuthal order, which manifests in the
more discrete spots, to a lower-quality hBN layer with defects
or uncovered areas of Cu(111). Both may allow a pinning of
PTCDA molecules to the Cu(111) surface. These molecules
function as growth nuclei for PTCDA domains and determine
the azimuthal orientation of these domains. Evidence for this
interpretation is given by the fact that the orientation of the
PTCDA domains on hBN/Cu(111) is in agreement with the ori-
entation of PTCDA domains in the  phase on Cu(111) (within

1680



A.3 The influence of an interfacial hBN layer on the fluorescence of an organic molecule 139

Beilstein J. Nanotechnol. 2020, 11, 1663—1684.

: a) b) B

! 024"

0.2A

Figure 8: LEED pattern of PTCDA layers on hBN/Cu(111). (a) LEED pattern of 2 + 0.5 ML PTCDA/hBN/Cu(111). The intensities of the LEED spots
are azimuthally smeared out. The maxima in the ring intensities indicate the presence of azimuthally ordered domains. The left half of the LEED
pattern is superimposed with the corresponding simulation. Different symbols refer to different symmetrically equivalent domains. This is the same
LEED pattern as the one shown in [32], which we originally interpreted as a monolayer. More detailed analysis shows now that the second PTCDA
layer has started to form (see main text). The red box highlights the characteristic double-triangle arrangement of spots of the herringbone structure of
PTCDA on surfaces. The green ring marks a {10} diffraction spot. (b) LEED pattern of 0.8 + 0.2 ML PTCDA/hBN/Cu(111). The LEED intensity is ho-
mogeneously distributed in rings around the specular spot. The radii of the rings match the distances of the spots in (a) from the specular spot. The
green ring marks the same position as in (a). However, the rings corresponding to spot positions of {h0} and {Ok} for which h or k are odd are extinct.
(c) LEED pattern of 2 + 0.5 ML PTCDA/hBN/Cu(111). The LEED intensity is homogeneously distributed in rings around the specular spot as in (b). At
this higher coverage, the first-order PTCDA spots are no longer extinct. At the position of the green circle, a faint homogeneous ring can hence be ob-

served. All LEED patterns were recorded at an electron energy of 31 £ 1 eV and at a sample temperature of 110 K.

the error margins, cf. Table 4). The comparison to PTCDA/
Cu(111) shows that the § phase has a higher structural resem-
blance with PTCDA/hBN/Cu(111) than the majority o phase,
not only with regard to the orientation, but also to the size of the
unit cell (with a deviation of 0.85% of the areas of the unit cells
of PTCDA/hBN/Cu(111) and the B phase).

However, in general, PTCDA domains on hBN/Cu(111) have
no intrinsically preferred orientation. In Figure 8b and
Figure 8c, near the specular spot, a star-like pattern caused by
multiple scattering of electrons on hBN/Cu(111) [30] can be ob-
served. Its sharpness points to the high quality of the hBN layer
that leads to the homogeneous distribution of the azimuthal ori-
entation of the PTCDA domains.

The discrete spots in Figure 8a support the determination of the
structural parameters (cf. Table 4). The similarity of this LEED
pattern to those of other PTCDA structures on surfaces is
obvious. This includes the double-triangle arrangement of spots
(marked by a red box), which makes the structural difference of
PTCDA on Cu(111) and on hBN/Cu(111) apparent. Here, the
double triangle is formed by six spots leading to two separated
triangles. (On Cu(111), these are connected at their corners.)
The structure is incommensurate to the hBN layer, and also to
the underlying Cu(111) surface. This is in accordance with a
weak corrugation of the PTCDA/hBN interaction potential. The

LEED pattern points to an arrangement of the molecules in the
herringbone motif, as on Cu(111) [77] and other substrates
[80,83]. This was also seen in STM measurements [32].

A comparison between the LEED pattern of the first PTCDA
layer on hBN/Cu(111) (Figure 8b) with those of higher PTCDA
layers (Figure 8a,c) shows that the diffraction spots {#0} and
{Ok} for which % or k are odd are extinct for the monolayer, but
appear in the second layer. In Figure 8a, a discrete {10} spot is
marked by a green circle. In Figure 8c, a line of a continuous
ring that corresponds to the {10} spots of PTCDA is seen in the
same circle. In Figure 8b, however, there is no intensity at this
position in the LEED pattern. The same discussion on the
extinction as for PTCDA/Cu(111) applies here (see Section
“The structure of PTCDA/Cu(111)”). Furthermore, the distance
of the diffraction spots from the specular spot does not change
with increasing coverage. This indicates the same layer-by-layer
growth mode of PTCDA on both Cu(111) and hBN/Cu(111).

In summary, monolayers of PTCDA/Cu(111) and PTCDA/
hBN/Cu(111), despite their structural similarity, can be distin-
guished by their LEED patterns on the basis of two crucial fea-
tures. On Cu(111), the “double triangle” is formed by five
spots, making it a corner-connected double triangle, while on
hBN/Cu(111) six spots form two distinct triangles. Further-
more, the azimuthal smearing of the spots of PTCDA on hBN/
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Cu(111) is specific. Additionally, LEED allows the identifica-
tion of a second PTCDA layer on Cu(111) and hBN/Cu(111)
due to the appearance of additional spots, which are absent in
the monolayers for symmetry reasons.

Appendix B: Additional optical spectra
Here, additional optical spectra that were referred to in the main
text are shown. As mentioned in Section 3.1, the Raman lines in
region III of the optical spectra were identified using a dye laser
with a tunable wavelength. The Raman lines shift according to
the wavelength of the laser. Figure 9 shows spectra recorded
with wavelengths between 497 and 507 nm as a function of the
Raman shift. Here, all Raman peaks stay at the same energies as
expected. Notably, the intensities of the Raman modes change
as a function of wavelength. The highest intensities are ob-
served for 458 nm, exceeding the intensities for 502.66 nm (the
highest in Figure 9) by a factor of seven.

497.42 nm

502.66 nm

intensity (cps)

10 +
504.39 nm

5 4
| 507.03 nm
2000 1500 1000

Raman shift (cm™)

Figure 9: Raman modes of 0.90 ML PTCDA on hBN/Cu(111),
measured with a dye laser with tunable wavelength (497-507 nm).
Data are smoothed and shifted vertically after subtraction of a back-
ground. All spectra were measured at 20 K using a grating with
1200 grooves per millimeter.

In Section 3.1, we stated that PTCDA deposited on hBN/
Cu(111) at a sample temperature of 300 K leads to the same FL.
as PTCDA deposited at 20 K and subsequently annealed at
300 K. Figure 10 shows spectra from PTCDA/hBN/Cu(111)
prepared according to either recipe. In both cases, FLA and FLg
are present.
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Figure 10: FL spectra of 0.50 ML PTCDA on hBN/Cu(111), deposited

at 20 K and subsequently annealed at 300 K (blue, c.f Figure 2) and

1.00 ML PTCDA on hBN/Cu(111), deposited at 300 K (green). Data

are smoothed and shifted vertically after subtraction of a background.
All spectra were measured at 20 K using a grating with 600 grooves

per millimeter.
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B The Buckling of hBN on Cu(111) investigated
by SPA-LEED

In Chapter 5.2.1, the possible origins of the satellite structure in the LEED pattern of hBN/Cu(111)
were identified to be either a long-range buckling of the hBN layer or multiple scattering. It
has already been shown that multiple scattering is indeed a contributing factor to the satellite
structure (see Appendix A.1). However, the presence of multiple scattering does not exclude the
presence of a buckling of the hBN layer which would cause a portion of the intensity of the satellite
structure observed in LEED. Here, additional SPA-LEED experiments performed at low energies
are described that were used to investigate the possible contribution of a buckling of the hBN layer
to the satellite structure.

B.1 Theoretical Background

To find the energies where the contribution from multiple scattering of the first order Cu diffrac-
tion spots is eliminated from the LEED pattern, the Ewald construction is used (cf. Figure 3.1).
When the radius of the Ewald sphere is small enough (cf. Eq. (3.3)) that it no longer intersects with
the first order diffraction rods of the Cu(111) surface (with a lattice vector of ac, = 2.556 A [76]),
multiple scattering is no longer possible. This is achieved at an electron energy of Ey, = 30.8 eV
or lower. This is illustrated in Figure B.1. Here, the diffraction rods are depicted on the scale
of the Cu(111) surface with two different Ewald spheres corresponding to electron energies of
37.1 eV and 30.8 eV. At the lower energy the Ewald sphere no longer intersects with the first order
diffraction rods so that a multiple scattering process is impossible.

B.1.1 Simple kinematic approximation

For the determination of the corrugation of the hBN layer via SPA-LEED, some approximations
have to be applied. The model used here is based on the work by Horn-von Hoegen et al. [186]
who investigated the buckling of a thick film (18 ML) of Ge on Si(111). For a flat layer, the intensity
I of the diffraction spots is proportional to the square modulus of the structure form factor F:

2
1N|1:|2:

(B.1)

eiﬁfn
»

In a simple kinematic approximation, the model of a sinosoidal buckling is employed (see Fig-
ure B.2). Accordingly, F can be described as
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Figure B.1: First order diffraction rods of the Cu(111) surface with Ewald spheres for electron
energies of 37.1 eV (gray) and 30.8 eV (black). The Ewald sphere for the higher energy intersects
with the diffraction rods. This results not only in the appearance of the respective spots in the
LEED pattern but also allows multiple scattering processes to occur. For the lower energy, where
the Ewald sphere no longer intersects with the diffraction rods, neither is possible.

F(E) = Zei(kx, kz) (n-angn;, A-sin(27r""hBN ) , (B.2)

with appy as the lattice constant of the adsorbed hBN layer, A as the amplitude of its buckling, and
A as the lattice constant of the buckling of the layer. This model assumes that scattering occurs
solely due to the adsorbed layer (i.e. hBN) and that the underlying Cu bulk does not play a role.
This approach of modeling the sample by a single layer was legitimate for Horn-von Hoegen who
investigated thick films (18 ML) [186]. Here, however, the neglect of the underlying substrate
poses a problem that will be discussed further below.

2A

A

I i — > X

Figure B.2: Model of a sinosoidal buckling of atoms in one dimension, as employed for the kine-
matic approximation of the electron diffraction, here. A is the amplitude of the buckling, A is the
lattice constant of the buckled superstructure.

A first estimation of the buckling from LEED measurements at higher energies (see Appendix A.1)
delivered an upper limit for the amplitude of 0.05 A. At such a small buckling k, - A < 1 holds
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(e.g., at Exin =30eV, k, - A =0.28). Thus, by approximating the z-component with a Taylor series,
Eq. (B.2) delivers

F(R) = Y elbmamn . (14 ik, - A - sin(zn”'”%) +..) (B.3)
n

F(R) = ¥ elkenansn Y7 gikcrmaen k. A . gin(27r7 - 2hBNY B4

CEY > (L BN (B4

The first term in Eq. (B.4) describes the flat hBN layer since it is equivalent to Eq. (B.1) without the
vertical component. The second term describes the buckling and, using the lattice vector of the

buckled superstructure G} = 2%, can be expressed as
— kZZ'A . Zeikx‘”‘“hBN . (eizwn'"‘ﬂhBN —_ e—izwn'"'ﬂhBN) (B.5)
n
— _kZZ.A . Zei(kX"‘G'/x\)‘”‘“hBN — e ilkx=G})m-appN (B.6)
n

From Eq. (B.6) it becomes clear that
(i) spots from the buckled superstructure are only expected at positions H - @* 4 G} and
H - ad*— Gy, withH € Zand

(ii) the intensities of the superstructures spots are proportional to (kzz'A )2

Conclusion (i) agrees with the LEED patterns observed for hBN/Cu(111) where satellite structures
are found around the specular spot and the Cu first order spots. Conclusion (ii) shows the rela-
tionship of the degree of buckling of the hBN layer with its amplitude A and the intensities of the
spots from this buckled superstructure, i.e. the intensities of the lines of the satellite structures.

B.1.2 Determination of the LEED intensities of the buckled superstructure

As explained in the previous section, the LEED intensities of the spots of the buckled superstruc-
ture can be used to determine its buckling. In order to measure these intensities, line profiles
across the (00) spot and the surrounding satellite structures (cf. inset in Figure B.5) were recorded
at electron energies of 11—-30 eV. To extract the intensities, these line profiles were fitted using
Pseudo-Voigt functions. The intensities of the satellites (Is) and of the (00) spot (Ip) were extracted
from the fits as the areas of the respective peaks. Is is the average of the areas of the functions that
were used to describe both satellites (A and B in Figure B.5) in all three high-symmetry directions.
The other two maxima (A’ and B’) do not have to be considered here, since they are merely the
cross sections of two satellite lines. For Iy, the average value of the areas of the Pseudo-Voigt func-
tions that describe the (00) spot in the three high-symmetry directions were used. The integration
of the line profiles is legitimate since the widths of the peaks were approximately constant in the
perpendicular direction.
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In the following, the intensity ratio  will be employed for the determination of A in order to
account for variations in the electron current on the sample:

Is
r=1-

B.1.3 Challenges regarding the buckling of hBN/Cu(111)

In the simple kinematic approximation, there are two significant factors that make the specific
situation of hBN/Cu(111) more complicated than that of Ge on Si(111) which was investigated by
Horn-von Hoegen et al. [186].

1. In the study by Horn-von Hoegen et al. [186], corrugated films with a thickness of 18 ML
where investigated. At this high coverage, the surface was viewed as a row of columns of
atoms that rigidly follow the same amplitude of corrugation. For hBN/Cu(111), however,
there is only a single layer of adsorbate. Consequently, the (00) spot contains a significant
contribution from the Cu bulk which cannot be neglected here.

2. The intensities of the superstructure spots are azimuthally smeared out, which is not in-
cluded in the radial line scans across the (00) spot. Thus, some amount of intensity from
the superstructure is not included when the integrated intensities of the spot profiles are
computed as described above.

The approaches to solve these two problems will be discussed in sections B.3.2 and B.3.1, respec-

tively.

B.2 Technical Adjustments

The SPA-LEED instruments used for the experiments in this thesis theoretically allow electron
energies Ey;, of 0.1—-1000 eV [236]. However, for the given set-up, measuring a LEED pattern
was only possible for energies of 20 eV or higher. To achieve LEED measurements at even lower
energies here, a bias voltage was applied to the sample to decelerate the electrons in front of the
sample surface. This was done by connecting a self-build voltage divider to the sample via the
port that is usually used to ground the sample. A circuit diagram of the voltage divider is shown
in Figure B.3a.

For measurements at energies of 11—20 eV, Ey;, was fixed at 20 eV and the bias voltage was contin-
ually increased from 0 to 9 V in steps of 1 V. To ensure that the bias voltage applied to the sample
had no unexpected impact on the spot profiles, control measurements were conducted and no
influences were found. For example, a measurement conducted with Ey;, = 25 eV delivered the

same profile as a measurement conducted with Ey;, = 30 eV and a bias voltage of 5 V.

The range of voltages that is accessible to the entrance lens of the SPA-LEED instrument Ey, is
0—110% of Eyi, set in the SPA-LEED controls [237]. Thus, by fixing Ey;, at 20 eV the voltage range
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a) b) SPA-LEED Controls

T
I | | I

BNC ports

Figure B.3: a) Circuit diagram of the self-built voltage dividers 1 and 2 used for applying a bias
voltage to the sample (1) and for externally controlling the entrance lens of the SPA-LEED instru-
ment (2). They contain a switch S, batteries B as a power source (for the voltage divider 1, two
9 V batteries were used, and for the voltage divider 2 two 30 V batteries), a potentiometer P and a
resistance R (40 kQ) in 1 and 100 kQ) in 2). Via a BNC cable the voltage dividers were connected to
the sample and the bypass device (see b)) at the output O. b) Schematic of the home-build bypass
device for the external voltage control of individual elements of the SPA-LEED instrument. The
bypass device is connected to the SPA-LEED controls and the instrument. Inside, the individual
connections are split up. The wire that connects to the entrance lens at the instrument is then con-
nected to a BNC port (red). All other wires (represented by the blue, green, and violet lines) are
directly connected to the cable that leads into the SPA-LEED controls. Thus, all controls with the
exception of the entrance lens remain directly connected to the instrument. Ej, can be controlled
via the BNC port using voltage divider 2 described in a).

for Ey, was limited and no longer allowed a sufficient adjustment that would yield a good LEED
pattern.

Consequently, the voltage setting of Ey, was decoupled from the SPA-LEED controls and operated
externally. The individual wires that connect the SPA-LEED instruments with the controls were
split up using a home-build device for this specific purpose. All wires with the exception of the
one connecting to the entrance lens were reconnected to the SPA-LEED controls via a bypass as
shown in Figure B.3b. The wire of the entrance lens was connected to a separate port where
another voltage divider was used to control E;, with voltages of 0—49 V.

B.3 The Buckling of hBN on Cu(111)

Figures B.4a and b show the (00) spot and the surrounding satellite structure measured at 23 eV
and 15 eV, respectively. As explained in section B.1, satellite lines below an energy of 30 eV cannot
stem from multiple scattering as this contribution is eliminated at this low energy. Consequently,
since they are still present, the hBN layer must have a superstructure due to a buckling that causes
these lines.

To determine the intensities of the (00) spot and the satellite lines at low energies, a series of pro-
files was measured at energies between 11 and 30 eV in the three high-symmetry directions of the
surface. One of these directions is indicated by the blue arrow in Figure B.4a. The other high sym-
metry directions are separated from this one by 120°. A set of profiles measured in the direction
of the blue arrow is shown in Figure B.5. All profiles were fitted with sets of five Pseudo-Voigt
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a) b)

0.1 R’ 0.1R"
— 23eV — 15eV

Figure B.4: Specular spot of hBN/Cu(111) measured with a) 23 eV and b) 15 eV. The satellite
structure remains clearly visible at these low energies. Thus, the remaining intensity seen here
stems from a buckling of the hBN layer. The ring on the right side of the satellite structure is an
artifact of the lenses of the SPA-LEED instrument that appeared at energies of 29 eV and below
and is not due to the bias voltage applied to the sample. The blue arrow indicates one of the three
high-symmetry directions of the Cu(111) surface. The LEED patterns were recorded at 300 K.

functions. The contributions of the satellite lines to the profiles are highlighted in orange. These
profiles are symmetrical with respect to the center, unlike the profiles measured at energies be-
tween 54 eV and 125 eV (see Figure 2 in Appendix A.1). This is in agreement with the expectation
of the elimination of the contribution from multiple scattering processes by the Cu substrate. The
unequal intensities of the satellite lines are due to the multiple scattering process as explained in
Chapter 5.2.1.

The highlighted areas in Figure B.5 clearly show that the intensity of the satellite structure de-
creases when the electron energy decreases from 30 eV to 20 eV. This is expected according to
Eq. (B.6). However, contrary to this expectation, the intensities of the satellites increase again
between 20 eV and 15 eV. Only when the energy is decreased from 15 eV to 11 eV, the intensity
decreases again.

B.3.1 Determination of A according to Horn-von Hoegen

In accordance with the approach by Horn-von Hoegen et al. [186] and Egs. (B.1) and (B.6), the
square root of the ratio r (cf. section B.1.2) was plotted as a function of k,. This plot is shown in
Figure B.6a as black data points. As already expected from the intensities of the satellite struc-
ture observed in Figure B.5, the progression of the intensity ratios shows an oscillation with a
maximum at k, = 3.96 A1 (15 eV) and a minimum around k, = 4.90 A~ (23 eV).

Due to the oscillation of the intensity ratios, only the data points measured at 15 eV and below are
taken into consideration for the determination of the buckling since the expectation of decreasing
satellite intensities with decreasing electron energy is met here. A zoom-in on these data points is
shown in Figure B.6b. Additionally, theoretical values of kZT'A for amplitudes of A =0.03 A, 0.05 A,
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Figure B.5: LEED spot profiles of hBN/Cu(111) across the specular spot and the surrounding
satellite structure (cf. Figure B.4) measured at energies of 11—30 eV. The profiles are fitted with
five Pseudo-Voigt functions each (for the specular spot, two satellite lines, and two cross sections
of satellite lines). The contribution of the satellite structure to the line profiles is highlighted in
orange. The profiles are symmetrical which is different compared to profiles measured at higher
energies (see Figure 2 in Appendix A.1) where the contribution of the multiple scattering leads to
a difference in the intensities of the different satellite lines. The inset shows the complete profile
measured at 30 eV. The different peaks caused by the satellite structure are labeled. A and B refer
to the lines, A” and B’ refer to their cross sections. The satellite structure is schematically shown
for reference. The scanning direction is indicated in blue. Going from 30 eV to lower energies,
the intensity of the satellite structure decreases until an energy of 20 eV. At lower energies, the
intensity increases again until 15 eV. Between 15 and 11 eV the intensity decreases again.
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Figure B.6: Square root of the ratio of the intensities of the satellite structure Is of hnBN/Cu(111)
and the (00) spot Iy of the LEED pattern as a function of k, for energies of a) 11-30 eV and b)
11—15 eV. Guide lines for the eye and error bars are included. Black data points refer to the
intensity ratios r as received from fits of the line profiles shown in Figure B.5, red data points refer
to r’, corrected for the azimuthal smearing of the intensities - see text for details. Solid lines in b)
show the theoretical values for kZT'A for different amplitudes of the buckling of the hBN layer. The
corrected (red) data point agree best with an amplitude of 0.17 A.
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and 0.07 A are shown as solid lines for comparison with the experimental data. The comparison
shows that the experiments give a buckling of the hBN layer of approximately (0.05 + 0.02) A.

However, as introduced in section B.1.3, the azimuthal smearing of the satellite intensities has to
be taken into account. For this, a correction factor g is used which introduces the FWHM of the
respective LEED spots in the azimuthal direction Aw. This results in a corrected intensity ratio ’:

. IS AT/US

1
g Io AZUQQ '

r=r

(B.8)

Aws can be gained from azimuthal line scans along the satellite lines as the one shown in Figure le
in Appendix A.1. ¢ amounts to 0.093. This means that the azimuthal spread reduces the intensity
of the satellites in the line profiles by a factor of ~10. Figure B.6 also shows the square root of #/
as a function of k;, as red data points. When the azimuthal smearing of the satellites is taken into
account, their intensities increase which also increases the amplitude of the buckling that results
from this analysis. With the correction it is determined to be 0.17 + 0.03 A (see Figure B.6b).

B.3.2 Applying a more elaborate layer mode for the determination of A

The model used up to now has considered a single free layer of hBN which shows the buckling
caused by an underlying Cu crystal, as shown in Figure B.2. However, the model did not take into
account the underling Cu crystal itself or the interface between the hBN layer and the substrate.
This approach greatly simplifies the complicated situation of hBN/Cu(111).

Another approach to determine the amplitude of the buckling is to fit the ratio of intensities as
a function that takes into account not only the buckling of the hBN layer (as the parameters A
and A) but also the interfacial distance d¢ and a factor s which describes the relative share of the
structure factor that stems from the hBN layer as opposed to the share from the underlying Cu
bulk (1 — s). This results in a modification of Eq. B.2 to

F(E) =8S- Zei(er kz)(n‘ahBNr dC+A’Sin(2n%)) —+ (1 — S) . Zeikx’m'aCu , (Bg)
m

n

with ac, as the lattice constant of the Cu(111) surface and m as an integer.

Figure B.7 shows the ratio r (the uncorrected intensity ratio, see Eq. B.7") as a function of k, as black
data points. Additionally, a fitted curve is shown that optimized the free parameters s, A, and dc.
g was used as a free scaling factor that rigidly shifts the fitted function vertically, as demonstrated
in Figure B.6. Using the program Octave [197] and a self-written script, which calculates the peak
intensities of the satellites, the ratio r as a function of k, was fitted in order to determine the free
parameters. The results from the fit are included in the Figure. The amplitude A determines the
relative height of the maxima of r at 15 eV and 30 eV while the factor s determines the position of

the minima. g serves as an overall adjustment parameter.

IWhen ' was fitted instead of 7, the results for s, A, and dc remained the same. Only g, the fitted scaling factor,
increased significantly by a factor of ~10 which is plausible.
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Figure B.7: The ratior of the satellite intensities Ig and the intensity of the (00) spot Iy as a function
of k, as black data points. The data points were fitted with Eq. B.9 and four free parameters s, A,
dc, and g. The fit and the results for the free parameters are shown in blue.

All reasonable fits gave an amplitude A = (0.42 £ 0.05) A. However, the free parameter ¢ here
always had a value of -3 which differs from the previously estimated value of g by a factor of
more than 30. If g is fixed at 0.093, the data points could not be fitted. This discrepancy should,
however, not be taken too serious because the absolute intensity ratio of the satellites versus the
(00) spot is subject to a number of systematic uncertainties.

Furthermore, the fit gives a result of 2.8796 A for the free parameter dc which deviates from the
value determined in XSW experiments (see Chapter 5.2.2) by 11 %. This small deviation may
compensate a phase shift between the waves scattered back from the Cu(111) surface and those
scattered back from the hBN layer. The result for s = 0.07 shows that the major contribution to
the (00) spot stems from the Cu substrate. While the fit delivers an amplitude for the buckling
of the hBN layer in the same order of magnitude as the more simplified analysis in section B.3.1
(0.17 + 0.03 A), this result is at present not so robust due to the larger number of free parameters
and the limited amount of data points.

However, the fit is able to demonstrate the origin for the oscillation of the intensity ratios which
was not expected in the model used in section B.3.1. In the fit, the oscillation is caused by the
factor s which describes the ratio of the structure factors of the hBN layer and the Cu bulk. Thus,
the oscillation of the intensities observed in Figure B.6 stems from the interference of the electrons
diffracted from the hBN layer with those diffracted at the Cu bulk.
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B.4 Conclusions

In this chapter, the buckling of an hBN layer on Cu(111) was investigated by SPA-LEED. The
observation of the satellite structure below an energy of Ey;, = 30.8 eV shows that a buckling of

the hBN layer is a contributing factor to this structure.

The ratio of the intensities of the (00) spot and the satellites at these low energies oscillates. This
oscillation is caused by the interference of electrons diffracted at the hBN layer and at the Cu
bulk, respectively. This shows that the Cu bulk significantly contributed to the LEED pattern.
However, this contribution cannot be quantified here so that the amplitude of the buckling of the
hBN layer is estimated based on a simplified kinematic model. In this estimation the amplitude
of the buckling amounts to (0.42 & 0.05) A.
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C Optical Properties of DBP on hBN/Cu(111)

It has been shown that a single layer of hBN is not suitable to fully decouple PTCDA molecules
from an underlying Cu(111) substrate. Although the observation of FL was possible, the intensi-
ties are very low and the life times of the excited states are small. However, this does not mean,
that hBN can never act as an appropriate insulator to decouple organic molecules from metal
surfaces. For this purpose, DBP can be considered.

Its molecular structure is shown in Figure C.1. The peripheral phenyl groups of the molecule lift
the perylene backbone off of the surface, increasing the distance at the hBN/molecule interface.
This is expected to further decouple the molecule, leading to higher intensity of FL signals and
a longer life time of the excited state. In the following, the FL of DBP/hBN/Cu(111)! will be
described and compared to DBP/KCl1/Ag(100) [171] and to PTCDA /hBN/Cu(111).

Figure C.1: Structural formula of DBP [238]. The peripheral phenyl groups are rotated around the
single C—C bond. On a surface, the phenyl groups act as spacers between the perylene backbone
of the molecule and the surface.

C.0.1 Fluorescence of DBP on hBN/Cu(111)

Figure C.2a shows the normalized FL spectra of 0.01% ML DBP/KCl/Ag(100) [171] (black spec-
trum). The most intense peak was assigned to the 0-0 transition, the vibrational peaks at lower
energies are well resolved. In different experiments the FL spectra of DBP/KCl/Ag(100) were
shifted or were composed of several shifted spectra. Currently, the interpretation of this obser-
vation is that the DBP molecules adsorb at different surface sites. These different environments
then result in different shifts of the FL [171]. For example, the spectrum in Figure C.2a shows a
shoulder on the high energy side of the 0-0 peak. This peak is the 0-0 transition of DBP molecules

1The FL data of DBP/hBN/Cu(111) shown in this section was obtained in collaboration with B. Wolff during the
preparation of her Master’s thesis.
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Figure C.2: a) FL spectra of 0.25 ML DBP on hBN/Cu(111) (blue) and 0.01% ML of DBP on
KCl/Ag(100) (black, taken from Ref. [171], laterally shifted for better comparison, see text for
details). The intensities are normalized for a better comparison of the spectra. The blue spectrum
was measured with Aex = 532 nmm and Pex = 10 mW for 50 seconds, using a long pass filter with
cut-off at 532 nm. DBP was deposited at 20 K and heated to 70 K for 3 seconds. The black spectrum
was measured with Aex = 496.4 nm and Pey = 21 mW for 40 seconds. DBP was deposited at 20 K.
Both spectra were measured at 20 K using gratings with 300 grooves per mm. The difference
in intensity amounts to ~40% (where DBP on KCl/Ag(100) exhibits the larger intensity). b) FL
spectrum of 0.25 ML DBP on hBN/Cu(111) (blue, same as in a) and a linear combination of three
laterally shifted spectra of DBP/KCI/Ag(100) (the same as in a, red). These agree better than the
spectra in a, which indicates that the blue spectrum of DBP/hBN/Cu(111) consists of the FL of
DBP molecules at several different adsorption sites on the surface.
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adsorbed at other sites than the majority that cause the more intense lines in the spectrum. 0-0
transitions of DBP/KCl/Ag(100) were found at 17,183 em~ !, 17,232 em ™!, and 17,340 cm ™. The
spectrum shown in Figure C.2a was shifted for a better comparison to the FL spectrum of 0.25 ML
DBP/hBN/Cu(111) also shown in Figure C.2a (blue spectrum). The actual position of the 0-0 tran-
sition in the DBP spectrum shown here is 17,183 cm~!. The 0-0 transition of DBP/hBN/Cu(111) is
positioned at 17,161 cm~!. This small shift of only 22 cm~! between the two substrates is a first in-
dication for significantly reduced interactions at both interfaces because the substrates have only
a minor influence on the 0-0 transition of the molecule. This is in contrast to the shifts observed
for PTCDA. For example, the shift between PTCDA/hBN/Cu(111) and PTCDA /KCl/Ag(100)

amounts to 1,300 cm 1.

The positions of the vibrational peaks relative to the 0-0 transition of DBP/KCl/Ag(100) and
DBP/hBN/Cu(111) are in good agreement as shown by the dashed lines in Figure C.2a. How-
ever, the relative intensities are rather different. The reason for this may be that the spectrum of
DBP/KCl/Ag(100) mainly stems from DBP molecules at one adsorption site, while the spectrum
of DBP/hBN/Cu(111) appears to be composed of contributions from molecules at several differ-
ent sites on the surface. This can be seen, again, at the peak at the high energy side of the 0-0
transition. As explained above, on KCl/Ag(100) this peak had been assigned to DBP molecules at
different adsorption sites [171]. The same peak is present on hBN/Cu(111), however, much more

intense.

To confirm the assumption that the spectrum recorded for DBP/hBN/Cu(111) contains several
spectra of different species, an attempt was made to recreate the measured spectrum by the suppo-
sition of three shifted spectra of DBP/KCl/Ag(100). This is shown in Figure C.2b (red spectrum).
Some of the vibrational peaks now match in their relative intensity to the 0-0 transition. However,
most features are still much lower in intensity than the measured spectrum. It appears that a very
broad, red-shifted spectrum contributes to the measured spectrum of DBP/hBN/Cu(111). This
broadness of the spectrum may point to disorder of the molecules on the surface.

The absolute intensities of the spectra shown in Figure C.2a amount to 355 counts per second (cps)
for DBP/KCl/Ag(100) and 206 cps for DBP/hBN/Cu(111). Taking into account the difference
in coverage, the different powers of the lasers, and the exposure times, the intensity of the 0-0
transition of DBP/KCl/Ag(100) is larger by a factor of ~2500 compared to DBP/hBN/Cu(111) and
the FWHM is smaller by a factor of ~2. On the one hand, this again demonstrates the superior
decoupling of the organic molecule by a KCl film compared to a single layer of hBN. On the other
hand, the difference between the two substrates in the FL yield is significantly smaller for DBP
than for PTCDA. In the following, the two molecules on hBN/Cu(111) will be compared in more
detail.

C.0.2 hBN for decoupling molecules: PTCDA versus DBP

Now, the FL of DBP/hBN/Cu(111) and of PTCDA/hBN/Cu(111) will be compared. Figure C.3
shows the FL spectrum of 0.25 ML DBP/hBN/Cu(111), deposited at 20 K as already shown in
Figure C.2a on an absolute intensity scale in cps (blue spectrum). The FL spectrum of 0.60 ML
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PTCDA/hBN/Cu(111) is shown for comparison (green spectrum). The peaks FLA and FLp of
PTCDA/hBN/Cu(111) are highlighted in yellow for clarity. There are two obvious differences
between the two spectra. For DBP, vibronic peaks are resolved and the intensity of the 0-0 tran-
sition is higher by a factor of 4. If the difference in the power of the lasers (10 mW for DBP and
50 mW for PTCDA) and the different coverages are taken into account, an additional factor 10 can
be considered to impact the intensities, yielding an actual difference by a factor of 40.
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Figure C.3: FL spectra of 0.25 ML DBP (blue) and 0.60 ML of PTCDA (green) hBN/Cu(111). The
blue spectrum was measured with Aex = 532 nm and Pex = 10 mW for 50 seconds, using a long
pass filter with cut-off at 532 nm. DBP was deposited at 20 K and heated to 70 K for 3 seconds.
The green spectrum was measured with Aex = 458 nm and Peyx = 50 mW for 100 seconds. PTCDA
was deposited at 20 K and annealed at 300 K for 3 minutes. Both spectra were measured at 20 K
using gratings with 300 grooves per mm. The FL of PITCDA is highlighted for clarity.

These results show that, as per the expectations expressed above, the DBP molecules are indeed
decoupled from the underlying Cu(111) substrate more efficiently than the PTCDA molecules.
Most likely, this improved decoupling is caused by the additional spacing between the perylene
backbone and the substrate due to the peripheral phenyl groups. Thus, a single layer of hBN
is indeed able to decouple certain molecules from an underlying metal substrate for FL to be
observed.
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D Segregation of impurities from the Cu(111)
crystal

For one of the Cu(111) crystals used in the experiments presented in this thesis (crystal B, see
Chapter 4.2.1), segregations of impurities from the bulk were observed in LEED. If this crystal
was heated to a temperature >1040 K and/or for a duration of more than 30 minutes (even at
1000 K), additional sharp spots of high order were observed in the LEED pattern.

Whenever these segregations occurred, the formation of an hBN layer was not possible. After
borazine deposition following the recipe for hBN growth given in Chapter 4.2, only the LEED
pattern of the impurities could be observed and there was no indication for the presence of an
hBN layer. Presumably, the area of bare Cu(111) was significantly reduced so that the catalytic
decomposition of borazine molecules was not possible.

The structure of the segregated material on the surface was not reproducible. Even under the
same annealing conditions, different LEED patters of the segregations on Cu(111) were measured.

These are shown in Figure D.1 and the preparation conditions are summarized in Table D.1.

Figure D.1: LEED patterns of the Cu(111) surface after sputtering and annealing. The preparation
conditions are given in Table D.1. The LEED patterns were measured with an electron energy of
78 £ 0.1 eV at 260—280 K.
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Table D.1: Preparation conditions for the Cu(111) surface of crystal B that yielded the LEED pat-
terns shown in Figure D.1. The surface was cleaned by ion bombardment from two angles (4 45°
relative to the surface normal) for a duration of tspytiering €ach. Then, the sample was annealed at
a temperature Typnealing for a duration of tanpealing- In preparation A, borazine deposition in order
to grow hBN was attempted immediately after annealing.

preparation tsputtering tannealing Tannealing

A 15 30 minutes 1040 K borazine deposition
at 1070 K for 30 minutes
B 5 60 minutes 1070 K

15 30 minutes 1070 K

D 15 30 minutes 1040 K
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E Attempts of the preparation of hBN on a
Ag(100) surface

As introduced in the main text of this thesis, a large distance at the interfaces in a layered system
of organic molecule/hBN/metal substrate increases the decoupling of the molecular electronic
states from the metallic states. In a theoretical study, Laskowski et al. [55] have shown that the
interactions between hBN and an Ag substrate are similarly weak as in hBN/Cu. Experimental
studies of hBN/Ag(111) [87] and hBN/Ag(100) [89] have shown that the interactions appear to be
even weaker. In both cases, the LEED patterns show a continuous ring of intensity whose radius
matches the lattice constant of hBN. The Ag surfaces do not have any influence on either the hBN
lattice constants or, unlike the Cu(111) surface, on the orientation of the hBN domains.

In an effort to find the ideal substrate for hBN to decouple PTCDA from a metal surface, attempts
were made to reproduce the results by Miiller et al. [89] and prepare an hBN layer on Ag(100). The
even weaker interactions at the hBN/Ag(100) interface were expected to result in a similar or even
larger vertical distance between the two which would enhance the ability of hBN to decouple the
molecule from the metal.

However, the attempts at preparing a single layer of hBN on Ag(100) were not successful. In the
following, the preparation conditions and the results of the failed attempts will be presented.

E.1 Experimental

The clean Ag(100) surface was prepared in two steps. First, contaminations were removed from
the sample at room temperature by ion bombardment with Ar* ions at an argon pressure via the
background of 2.1 x 107> mbar. The ions were accelerated onto the surface with 1000 eV. The
ion current on the sample amounted to 4—5 yA. The ions impacted the surface in two angles of
+/— 45° relative to the surface normal, for 10 minutes each. In a second step, the sample was
annealed at 960—1000 K for 1 hour in order to heal the roughened surface.

After preparation, the quality of the Ag(100) surface was verified via SPA-LEED. A well-prepared
surface showed sharp spots and high spot-to-background intensity ratios. The analysis of the
full-half widths of spot profiles recorded at 81 eV (corresponding to in-phase conditions for the
specular spot) showed a mean domain width of 600 A.

An hBN layer was attempted to be grown on the clean Ag(100) surface. The sample was heated up
to high temperatures and borazine was let into the chamber at high doses. Since several attempts
at the preparation were made, the exact conditions were varied. They are given in Table E.1.

Due to the lower vapor pressure of Ag compared to Cu [76] the sample temperature during hBN
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preparation was chosen to be lower than for hBN/Cu(111). When the desired dose of borazine
was reached, the valve was closed and then the sample was cooled down with a rate of 1 —2 Ks1.
If not noted otherwise, the sample was sputtered and annealed prior to dosing of the borazine.

Table E.1: Preparation conditions for the attempts at preparing a single layer of hBN on the
Ag(100) surface. The sample temperature Tg during deposition, the pressure p of borazine in the
chamber (measured against the background), and the dose D of borazine are given.

Preparation | Tg p D
1 960K 1.6 x 10 ®mbar 2880 L
2 980 K 1.5 x 1072 mbar 30510 L
3 990K 1.5 x 107> mbar 61020 L | sample was not cleaned before the new dose
4 980 K 1.5x 107> mbar 30510 L | sample was not annealed after sputtering
5 840K 1.5x 10 ®*mbar 2880 L
6 865K 1.5 x 1072 mbar 30510 L

E.2 Results

The conditions of preparation 1 were chosen so that the dose was larger compared to the prepara-
tion on Cu(111) by a factor of ~1.5 and by a factor of 2 compared to the dose used by Miiller et al.
for the preparation of hBN/Ag(100) [89]. The higher dose was chosen as a safety measure to avoid
only submonolayer coverage. However, after the preparation, only the LEED pattern of the clean
Ag(100) surface was observed. Subsequently, the dose was significantly increased (preparations 2
and 3) or the Ag(100) surface was not annealed after sputtering in order to increase the number of
reactive sites on the surface (preparation 4). In all of these attempts, only the LEED pattern of the
clean surface could be obtained.

In the next experiment (preparation 5), the sample temperature during deposition was decreased
and the initial dose of only 2880 L was chosen. It was assumed that a possible high rate of sublima-
tion of the Ag(100) surface itself might prevent the growth of the hBN layer. This, again, yielded
only the LEED pattern of the clean surface.

For preparation 6, again, a low sample temperature of 865 K was chosen and the borazine dose
was increased to 30510 L. These conditions caused some kind of reaction on the surface. Figure E.1
shows that the results from this experiment were visible even with the naked eye. A broad white
streak had appeared on the Ag crystal. In the LEED pattern (shown in Figure E.2a), which had
contained only the spots of the Ag(100) surface in the previous experiments now showed sharp,
apparently disordered spots at the edges of the pattern. Moving the sample position changed
the LEED pattern as shown in Figure E.2b. Sharp spot of different sizes cover the complete pic-
ture without exhibiting any kind of pattern. Furthermore, the specular spot has disappeared.
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Evidently, the LEED picture in Figure E.2a was measured on the edge of the broad streak, thus
showing partly the clean Ag(100) surface and partly the white material, and the LEED picture in
Figure E.2b was measured directly on the streak.

Figure E.2: LEED patterns of the Ag(100) surface after preparation 6. The LEED patterns were
measured with an electron energy of 81 eV at 290 K. Presumably, the patterns were measured a)
on the edge and b) right on top of the white streak shown in Figure E.1.

The white material that was deposited on the surface was remarkably stable. A simple preparation
cycle as described in section E.1 did not remove the white substance. Subsequently, the prepara-
tion conditions for the clean Ag(100) surface were altered. First, the sputtering parameters were
changed to 1200 eV (yielding an ion current on the sample of 7—8 yA) for 60 minutes instead of
1000 eV for 20 minutes. After 8 cycles under these condition, the white streak had mostly disap-
peared but was still visible when the sample was viewed in a certain angle. The sharp spots in the
LEED pattern remained. Then, the acceleration voltage of the Ar" ions was increased further up
to 2000 eV (with an ion current on the sample of 9—10 uA), the Ar pressure up to 5.0 x 10~° mbar,
and the sputtering time up to 3 hours. Yet, the sharp spots in LEED remained. It was not possible
to completely remove the deposited material from the Ag(100) surface.



164 Appendix E. Attempts of the preparation of hBN on a Ag(100) surface

The nature of this white material that was deposited here is unclear. Presumably, it is some kind
of BN compound. The sharp but disordered spots observed in LEED show that the streak on the
surface was made up of a large number of crystallites that were tilted and rotated with respect to
each other. This leads to the disorder in the LEED pattern despite a possibly high order within the
small crystallites.

Based on the assumption that the white material is crystalline and the observation that it is a very
stable compound, a possible candidate for this material is cubic boron nitride.

hBN is a single sheet of the layered hBN bulk material just as graphene is basically one sheet
of graphite. However, there are more carbon-analogous modifications of boron nitride, such as
nanotubes [239], wurtzitic boron nitride [240] (WBN, analogous to lonsdaleite which is known
as hexagonal diamond [241]), and cubic boron nitride (cBN) [240]. This ¢cBN has a zincblende
structure and thus corresponds to diamond. Another similarity between diamond and cBN is
their hardness. Indeed, the only material that is harder than cBN with a Vicker hardness of
5,000 kg mm~2 is diamond [240]. Thus, the formation of small crystallites of cBN on the Ag(100)
surface may explain the observations described above.
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F Borazine: Storage, handling, and cleaning

In this chapter, the handling, storage, and cleaning of borazine will be detailed. The informa-
tion given here are intended as instructions for other scientist and/or students working with this
chemical.

Borazine (BsHgN3, also known as s-Triazaborane or 1,3,5,2,4,6-Triazatriborine [242]) is an inor-
ganic compound which is isostructural and isoelectronic to benzene. It is a colorless liquid with
an aromatic smell. Unlike benzene, the borazine molecule is not a true hexagon because the bond
angles at the nitrogen and the boron atoms differ. The structural details of the borazine molecule
are shown in Figure F.1. Another significant difference to the benzene molecule are the different
electronegativities of boron and nitrogen (2.04 and 3.04 on the Pauling scale, respectively).

H
H N H
\B/ \B/
| "1.429/&
AN 122.9° \
1.03 117.1°
H/ \/é\/ \H
|1.19A
H

Figure E1: Structural formula of borazine. Three BH and three NH units alternate in a hexagonal
ring. All six B—N bonds in the ring have the same length due to the delocalization of the electrons.
The ring is not a true hexagon but has two different bond angles at the B and N atoms. Data taken
from Refs. [71, 243].

Borazine is a dangerous compound that has to be handled with care. The H- and P-phrases [244]
which pertain here are listed in Table E.1.

The borazine used for the experiments in this thesis was bought from Katchem [245]. It was
delivered in a stainless steel container under argon atmosphere equipped with two valves and
KF16 flanges to allow the handling of the liquid in a closed system in accordance with P223,
P231+P232, and P233. Borazine has been known to decompose to hydrogen and a polymeric BN
compound over time [246]. At higher temperatures, the decomposition rate increases, but has also



166 Appendix FE. Borazine: Storage, handling, and cleaning

Table F1: Hazard (H) and Precaution (P) phrases that pertain to borazine.

H225 Highly flammable liquid and vapor.

H260 In contact with water releases flammable gases which may ignite spon-
taneously.

H314 Causes severe skin burns and eye damage.
H318 Causes serious eye damage.

H335 May cause respiratory irritation.

P210 Keep away from heat, hot surface, sparks, open flames and other igni-
tion sources. - No smoking.

P211 Do not spray on an open flame or other ignition source.
P223 Do not allow contact with water.
P231 +P232 Handle under inert gas and protect from moisture.
P233 Keep container tightly closed.
P240 Ground/bond container and receiving equipment.
P241 Use explosion-proof [electrical /ventilating /lighting/.../] equipment.
P242  Use only non-sparking tools.
P243 Take precautionary measures against static discharge.
P260 Do not breathe dust/fumes/gas/mist/vapors/spray.

P280 Wear protective gloves/protective clothing/eye protection/face pro-
tection.

P301+P330+P331 IF SWALLOWED: Rinse mouth. Do NOT induce vomiting.

P303 + P361 + P353 IF ON SKIN (or hair): Take off immediately all contaminated clothing.
Rinse skin with water/shower.

P304 + P340 IF INHALED: Remove person to fresh air and keep comfortable for
breathing.

P305 +P351 + P338 IF IN EYES: rinse cautiously with water for several minutes. Remove
contact lenses if present and easy to do — continue rinsing.

P310 Immediately call a POISON CENTER or doctor/physician.

P335+P334 Brush off loose particles from skin. Immerse in cool water /wrap in wet
bandages.

P363 Wash contaminated clothing before reuse.
P403 + P235 Store in well ventilated place. Keep cool.
P405 Store locked up.
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been observed over longer periods of time even when the borazine was stored at low temperatures
(—5°C). To reduce the decomposition rate of borazine in storage, the stainless steel container was
held at —18°C.

Due to the dangerous and unstable nature of borazine, there are several requirements to the bo-
razine container from which the borazine is dosed into the UHV chamber. The borazine needs to
be kept at a low temperature constantly, there must be a possibility to remove the decomposition
products to ensure a good quality of the borazine, and there must be a way to fill the container
without the borazine getting into contact with the atmosphere (P231 + P232). For this, a borazine
doser was designed by M. Specht. The set-up is shown in Figure F.2.

Dosing
Valve

—> UHV

Valve

Peltier
Cooler

Framework

Figure F2: Schematic depiction of the borazine doser designed by M. Specht used in the present
work. A glass tube that holds the liquid borazine is attached to a T-piece with a valve. A second
valve at the T-piece allows the connection to a pump required for the filling of the doser and
the cleaning of the borazine. The borazine doser is attached to the UHV chamber via a dosing
valve at the T-piece through which the borazine dose can be controlled. A removable framework
around the glass tube holds a Peltier cooler which is used to keep the liquid borazine at a constant
temperature of —5°C.

The liquid borazine is stored in a glass tube which is connected to a T-piece by a valve. The other
two ends of the T-piece are connected to two other valves. One a is a dosing valve which connects
the borazine doser to the UHV chamber and allows precise control of the borazine dose. The
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last valve can be connected to a mobile pumping station which is required for the cleaning of the
borazine which will be described below. A plate of stainless steel at the top of the glass tube allows
the attachment of a framework that encloses the glass tube and holds a Peltier cooler. This is used
for the cooling of the borazine down to a constant temperature of —5°C which slows down the
decomposition rate.

Valve
of
Container

Borazine
Container

Valve Valve

T-piece

Pump

Glass
Tube

—/
1) pumping 2) transfering borazine

Valve of

of > Container
Container

Borazine
Container

Valve Valve

T-piece

Pump

Glass
Tube

\_/
3) letting back 4) pumping

Figure E3: Schematic depiction of the procedure to fill liquid borazine from the stainless steel
container in which it was delivered into the borazine doser shown in Figure F.2 which is attached
to the UHV chamber and functions as the borazine source for the experiments in the present work.
A closed valve is represented in red, an open valve in green. First, the T-piece and the glass tube
are pumped to remove air and water from the borazine doser. In the next step, the borazine is
transfered from the stainless steel container to the glass tube by tilting the complete set-up (the
liquid borazine is represented in light blue). In the next step, with the valve to the glass tube
closed, the set-up is tilted so as to pour any remaining borazine from the T-piece back into the
stainless steel container. Finally, all remaining borazine gas is pumped from the T-piece.

In the following, the filling of the borazine doser will be described. The procedure is schematically
depicted in Figure E3. This procedure is to be conducted in a fume cupboard to ensure safety.

The dosing valve is removed from the T-piece and instead the stainless steel container in which
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the borazine is delivered is attached. On the free valve, a rotary oil pump is connected. This valve
and the valve at the glass tube are opened (the valve at the borazine container remains closed) and
the borazine doser is pumped to remove air and water. Then the valve to the pump is closed and
the valve at the container may be opened carefully as the gas phase above the borazine will flow
into the borazine doser. By tilting the container and the borazine doser, the liquid has to be poured
from the container into the glass tube. Filling it to one third is sufficient and leaves enough space
for the cleaning procedure. When enough borazine is in the glass tube, the valve to the glass tube
has to be closed. By appropriate tilting of the whole set-up, the remaining borazine in the T-piece
should flow back into the stainless steel container. Its valve can be closed and the valve to the
pump needs to be opened carefully so that the remaining gas is removed from the T-piece. The
stainless steel container can be detached from the borazine doser and put into storage (at —18°C).
The open end for the T-piece needs to be closed for the cleaning procedure.

The cleaning procedure may be done after filling the borazine doser in the fume cupboard or with
the borazine doser attached to the chamber via the dosing valve. This is especially practical for
regular cleaning cycles since the decomposition of borazine will occur over time. This is possible
due to the removable framework which holds the Peltier cooler shown in Figure E.2.

The steps of the cleaning procedure are as follows:

1) constant pumping of the T-piece (the valve to the pump can remain open during the whole
procedure),

2) freezing of the liquid borazine by putting the glass tube in liquid nitrogen,

3) opening of the valve at the glass tube so that the gas phase above the frozen borazine can be
pumped away,

4) closing of the valve at the glass tube and careful heating so that the borazine melts,
5) repeat steps 2—4 at least twice,

6) closing of the valve to the pump and removal of the mobile pumping station from the bo-
razine doser.

The freezing of the borazine allows the pumping of the gas phase above the borazine without
removing the borazine itself and melting it induces the release of solved components from the
borazine, like molecular hydrogen. The heating of the glass tube can be done by using a heat gun
at a low-temperature setting and at some distance from the glass tube. Too quick heating has to
be avoided in oder to prevent breaking of the glass due to thermal stress. Another efficient way to
thaw the borazine is using the body heat from one’s hands.

Before an experiment with borazine, its quality should be checked using the QMS. Figure F.4
shows a mass spectrum of the gas phase above the borazine that was dosed into the UHV cham-
ber to a pressure of 1.1 x10~8 mbar against the background. Here, the ratio of hydrogen (a product
of the borazine decomposition, 7 = 2) to borazine (7 = 80) is 2.6. With such a high percentage of
hydrogen in the gas phase above the borazine, the actual dose of borazine that is admitted into
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Figure F4: Mass spectra of the gas phase above the borazine, dosed into the UHV chamber at
1.1 x 10~8 mbar against the background before (top) and after (bottom) three cleaning cycles. The
important peaks for the borazine quality are ' = 80 for the unfractured molecule and = 2 for
hydrogen, a product of borazine decomposition. Before and after the cleaning cycles, the intensity
of the borazine peak is the same. The hydrogen peak gets reduced by a factor of 9. This reduces
the hydrogen-borazine ratio from 2.6 to 0.3.

the UHV chamber is smaller than what is expected from the pressure that is reached during hBN
preparation. In the example shown in Figure F.4, the true amount of borazine is less than half of
what is expected. Thus, before dosing the gas into the chamber for the preparation of hBN, the
borazine in the doser requires cleaning. Figure F.4 also includes a mass spectrum at the same pres-
sure after three cleaning cycles as described above. The peak of the unfractured borazine molecule
at 7 = 80 has the same intensity as before the cleaning cycles. The hydrogen peak at 7* = 2, how-
ever, has significantly reduced, leaving the hydrogen-borazine ratio at only 0.3. This represents
borazine in the doser in very good condition. High quality LEED patterns of hBN/Cu(111) (sharp
ring and clear satellite structure) have already been achieved with a hydrogen-borazine ratio of

~ 1.
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G Tables

Here, values that were used in the main part of this thesis are summarized. Table G.1 lists the
lattice mismatches between different metal surfaces and hBN. The bulk lattice constants that were
used to calculate the mismatches are included. Table G.2 summarizes the XSW results for the
vertical structure of PTCDA on different metal surfaces. In Table G.3, the metallic, covalent, and

vdW radii used in this thesis are listed.

Furthermore, the approach to the calculation for the footprint of benzene, cyclohexane, and bo-
razine molecules is shown in Figure G.1. Here, the footprints of the molecules are approximated
as circles. The bond lengths used for this calculation and the resulting footprints are given in
Table G.4. Here, the borazine molecule is approximated as a perfect hexagon.

Table G.1: Lattice mismatches between metal(111) surfaces and the hBN monolayer. Bulk lattice
constants of the metals (at 25 °C) are taken from Ref. [76]. The lattice mismatches are calculated as
m = 1— apgN/Ametal, Using the lattice constant of hBN for the bulk of 2.505 A at 297.5 K [77].

metal surface bulk lattice constant surface lattice constant lattice mismatch m

Ni(111) 3.524 A 2.492 A —0.5%
Ir(111) 3.839 A 2.715 A 7.7%
Rh(111) 3.804 A 2.690 A 6.9%
Pt(111) 3.923 A 2.774 A 9.7%
Pd(111) 3.890 A 2.751 A 8.9%
Ag(111) 4.086 A 2.889 A 13.3%

Cu(111) 3.615 A 2.556 A 2.0%
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Table G.2: Vertical distances dc of the atoms in the PTCDA molecule on different noble metal
surfaces as measured by XSW. Additionally, the vdW corrected heights of the atoms d o are given.
These are the measured distances reduced by the vdW radii of the substrate atoms. For the vdW
radii, see Table G.3.

substrate  dc (C total) dc (C peryl) dc (C funct) dc (O carb) dc (O anh) Ref.
Ag(111) 2.86+0.01A 266+ 0.03A 298+ 0.08A [100]
Ag(100) 2.81+002A 2844+002A 273+001A 253+002A 278+0.02A [47]
Ag(110) 256+001A 2584+0.02A 245+011A 230+004A 2384+0.03A [47]
Cu(111) 2.66 +0.02 A 2734+ 0.06 A 289+006A [56]
Cu(100) 253+ 0.02A 244+002A 247+005A 276+0.02A [102]
Au(111) 327 4+0.02A [45]
deorr (Ctotal)  deorr (C peryl)  deorr (C funct)  deorr (O carb)  deorr (O anh)

Ag(111) 1.14 A 0.94 A 1.26 A

Ag(100) 112 A 1.01 A 0.81 A 1.06 A

Ag(110) 0.87 A 0.73 A 0.60 A 0.69 A

Cu(111) 1.26 A 133 A 149 A

Cu(100) 1.04 A 1.13 A 1.07 A 1.36 A

Au(111) 1.61 A

Table G.3: Atomic radii of different elements. Metallic radii taken from Ref. [103], covalent radii
taken from Ref. [104], vdW radii taken from Ref. [101]. The covalent radius of C is valid for spz
hybridized C atoms in perylene. The covalent radius of O is the average of 1.6 and 1.7 A, the range
covering the generally found radii for sp? hybridized O atoms parallel to the double bonded axis.

element metallic radius covalent radius vdW radius
Cu 1.28 A 1.40 A
Ag 1.44 A 1.72 A
Au 1.44 A 1.66 A
C 0.73 A 1.75 A
0 0.66 A 1.65 A
H 0.31 A 1.06 A
B 0.84 A 1.65 A
N 0.71 A 146 A
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Figure G.1: Schematic illustration of the footprints of benzene, cyclobenzene, and borazine. The
atoms X are either C, B, or N atoms. The values for the parametersa, b, and c are given in Table G.4,
for the vdW radius of hydrogen r,qw, see Table G.3. As per Ref. [194].

Table G.4: Bond lengths in the molecules benzene, cyclohexane, and borazine. a is the length
of the C—H, B—H, or N—H bonds, c is the length of the C—C or B—N bonds. The diameter of
the molecules | was calculated as! = 2-a+2-c+ 2 - ryqw, Where ryqw is the vdW radius of
hydrogen. Since the bond lengths of B—H and N—H are not identical, for borazine the sum of

these two bond lengths is used instead of 2 - a. The footprint f of the flat lying molecules was
calculatedas f = 7 -I2.

a c l f
benzene 1.084 A [247] 1.392 A [247] 12503 A 39.280 A?
cyclohexane 1.086 A [248] 1.534 A [248] 13542 A 42545 A2

borazine  1.030 A [243] (N—H) 1429A[71] 7.193A 40.636 A2
1.185 A [243] (B—H)







H List of Abbreviations

Chemical Abbreviations

2DM
2H-P
Ctunct
Cperyl
CuPc
DBP
hBN
MnPc
Oanh
Ocarb
PTCDA
QDC
TCNQ
TMDC

two-dimensional material

free-base porphine (CyoH14Ny)

functional carbon atom of the PTCDA molecule

carbon atom in the perylene backbone of the PTCDA molecule
copper phthalocyanine (Cz;H;4CuNg)
5,10,15,20-tetraphenylbisbenz[5,6]indeno[1,2,3-cd : 1/,2/,3" — Im]perylene (CesHze)
hexagonal boron nitride, here denoting the monolayer
manganese phthalocyanine (C3;H;sMnNjg)

anhydritic oxygen atom of the PTCDA molecule

carboxylic oxygen atom of the PTCDA molecule
3,4,9,10-perylene tetracarboxylic dianhydride (C4HgOg)
quaterphenylene dicarbonitrile (CosHi6N>)
tetracyanoquinodimethane (C12H4Ny)

transition metal dichalcogenites

General Abbreviations

A,B  satellite lines in the hBN/Cu(111) LEED pattern

A’, B cross sections of the satellite lines in the hBN/Cu(111) LEED pattern
B batteries

CCD charge-coupled device

CT charge-transfer

CVD chemical vapor deposition

DFT  density-functional theory

fec face-centered cubic

FL fluorescence

175
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FLE fluorescence excitation

FWHM full width at half maximum

HB herringbone

hep hexagonal close-packed

HOMO highest occupied molecular orbital
LEED low energy electron diffraction

LEEM low energy electron microscopy
LUMO lowest unoccupied molecular orbital
ML monolayer

nc-AFM non-contact atomic force microscopy
NIXSW normal incidence x-ray standing waves
O output

P potentiometer

PES photoemission spectroscopy

pol point-on-line

Q quadratic

QMS quadrupole mass spectrometer

R resistance

RB ring breathing mode of the PTCDA molecule
S switch

So electronic ground state of a molecule
S first electronic excited state of a molecule
SERS surface enhanced Raman scattering

SPA-LEED spot-profile analysis low energy electron diffraction

SpPP surface plasmon polariton

ST™M scanning tunneling microscopy

STS scanning tunneling spectroscopy

TPD temperature programmed desorption
UHV ultra-high vacuum

UPS ultraviolet photoemission spectroscopy
vdW van der Waals

XPS x-ray photoemission spectroscopy

XSW normal incidence x-ray standing waves, see NIXSW
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Variables and Parameters

|y

S SR
*

deorr
dhk
D
AEa
Eads
Eg
Ebragg

Edes

Fmono /multi/def
des

lattice vector of the unit cell of a surface

reciprocal lattice vector of the unit cell of a surface
distance between rows of atoms parallel to the surface
lattice vector of the substrate

lattice constant of the Cu(111) unit cell

reciprocal lattice constant of the Cu(111) unit cell

lattice constant of an hBN layer (on a surface or free standing)

lattice constant of an hBN layer in the bulk

lattice constant of a metal surface

distance between the lattice lines {hk} of a metal
lattice constant of the Ni(111) unit cell

amplitude

area of a surface unit cell

angle between the two vectors of a unit cell

lattice vector of the unit cell of a surface
reciprocal lattice vector of the unit cell of a surface
distance between rows of atoms parallel to the surface
lattice constants of the unit cell of PTCDA

heating rate

speed of light in vacuum

lattice constant of the unit cell of borazine

angle between the two vectors of a unit cell
vertical interfacial distance

vdW corrected vertical interfacial distance

lattice spacing or Bragg spacing between {hkl} lattice planes

dose

activation barrier
adsorption energy

binding energy of electrons
Bragg energy

desorption energy

desorption energy of molecules adsorbed in monolayers/in multilayers/at

surface defects
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Er Fermi energy
Exin kinetic energy of electrons
Ey, voltage of the entrance lens of the SPA-LEED instrument

EM¢,  energy of the surface plasmon polariton of the metal Me

€ dielectric function

n quantum yield

f footprint of a molecule

F structure form factor

Fc coherent fraction

g ratio of the FWHM of the satellite lines and the (00) spot in the LEED pattern of
hBN/Cu(111) in the azimuthal direction

g step vector

Gx lattice vector of the buckled superstructure in reciprocal space

h Planck’s constant

h, k Miller indices

hv photonic energy

H integer number

AHg,, sublimation enthalpy

I intensity

Ip intensity of the (00) spot in SPA-LEED

Ié{ B intensity of the Cu spot A/B in SPA-LEED
Is sample current

I8/®  intensity of the satellite line A/B in SPA-LEED

I tunnel current

k diffraction vector

%H component of the diffraction vector parallel to the surface

Kk wave vector of electrons diffracted at {hk} lattices

Eﬁk component of the wave vector of electrons diffracted at {hk} lattices parallel to the
surface

Ehf component of the wave vector of electrons diffracted at {hk} lattices perpendicular to
the surface

ko radius of the Ewald sphere

kg Boltzmann’s constant
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kads

kdes
knr

> > >
¢ <

I I 3 >

Z

rate constant for the adsorption

rate constant for the desorption

rate constant for the non-radiative decay of an excitation

rate constant for the radiative decay of an excitation

component of the wave vector in x-direction parallel to the surface
component of the wave vector in z-direction perpendicular to the surface
FWHM of a LEED spot

Moiré lattice constant

wavelength of light or x-rays

de Broglie wavelength of electrons

wavelength of the exciting laser

lattice constant of the buckling of the hBN layer

lattice mismatch

mass

integer number

number of molecules

number of particles (BN units) that hit the surface

number of particles (BN units) that stick to the surface
superstructure matrix in real space

vibronic states of the electronic excited /ground state
pre-exponential factor of the Polanyi-Wigner equation

phase relationship between incident and reflected x-ray wave

line width of an FL peak

natural line width of an FL peak

pressure

coherent position

power of the exciting laser

angle of the azimuthal rotation of an adsorbate domain relative to the substrate
impact angle during ion bombardment relative to the surface normal
work function

reflectivity

desorption rate

position of an atom 7 in the surface
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r ratio of the intensities of the satellite lines and the (00) spot in SPA-LEED
r ratio of the intensities of the satellite lines and the (00) spot in SPA-LEED corrected with
the FWHM of the spots in the azimuthal direction

TvdW vdW radius

TvdW vdW radius

Y packing density of molecules on the surface

s contribution of the diffraction at the hBN layer to the (00) spot in the LEED pattern

s sticking factor

S0, S1 instrument-, energy-, and direction-specific parameters for the distortion of the LEED
pattern

S scattering phase

t time

tannealing annealing time
tsputtering ~ time of ion bombardment

Tannealing annealing temperature

e gas temperature

Tm surface temperature during measurement

Tobs surface temperature at which LEED patterns of borazine could be observed
Ts surface temperature

Tterrace terrace width

Tianster ~ transfer width

0 coverage

08 Bragg angle

% diffraction angle

T life time of the excited state

T natural life time of the fluorescence
Upias bias voltage

Uc/m positions of diffraction spots of Cu/hBN in the line profile measured in SPA-LEED
on the voltage scale

Us positions of satellite lines of hBN in the line profile measured in SPA-LEED on the
voltage scale

Uy x-axis of the line profile measured in SPA-LEED on the voltage scale

Aw FWHM of a LEED spot in the azimuthal direction
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Aws,o0  FWHM of the satellite lines/the (00) spot in the LEED pattern in the azimuthal
direction
z charge

V4 collision rate
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