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Abstract

In the framework of this thesis, a new end-station dedicated for dynamic-XPS measure-

ments is created. The end-station is based on a new hemispherical electron spectrometer

Argus which is equipped with a high speed detection system. In combination with the

high brilliance XUV beamline P04 at PETRA III it provides users a unique tool for fast

(down to 0.1 s/spectrum) and detailed investigations compared to existing XPS devices

at other synchrotrons. This end-station is integrated into beamline P04 and available for

users. During this research work it was widely used for fabrication of samples (Ar+ sput-

tering, sample heating, �lm growth etc) and investigation of their properties by means of

dynamic-XPS.

Using several methods, the atomic and electronic structure of graphene grown on

technically relevant substrates of cubic-SiC(001)/Si(001) ("on-axis" and "vicinal") was

investigated. We have shown a way to control the number of graphene layers by real-time

photoemission measurements during preparation procedure. Using this approach, we have

synthesized several samples with di�erent numbers of graphene layers. Consequent atom-

ically resolved STM studies prove the synthesis of a uniform, millimeter-scale graphene

overlayer. At the same time, the graphene overlayer possesses rippled morphology and con-

sists of large amount of domain boundaries. Directions of domain boundaries coincide with

the directions of carbon atomic chains which were fabricated prior to graphene synthesis

on the SiC(001)-c(2×2) surface reconstruction. Further, using vicinal -SiC, we synthesized

Bernal-stacked trilayer graphene with self-aligned periodic nanodomain boundaries. We

proposed a simple method to achieve a current On�O� ratio of 104 by opening a transport

gap in Bernal-stacked trilayer graphene. Our low-temperature transport measurements

clearly demonstrate that the self-aligned periodic NBs can induce a charge transport gap

greater than 1.3 eV. More remarkably, the transport gap of ∼0.4 eV persists even at 100 K.

Our results show the feasibility of creating new electronic nanostructures with high on�o�

current ratios using graphene on cubic-SiC.

The evolution of the morphology and the electronic structure of the hybrid organic-



inorganic systems were studied. Such systems are composed of metal nanoparticles

(Al and Au) distributed in an organic semiconductor matrix of copper phthalocyanine

(FxCuPc, x=0, 4). The metal atoms deposited onto the FxCuPc surface di�use into an

organic matrix and self-assemble to nanoparticles in a well-de�ned manner. The narrow

size distribution depends on the amount of deposited metal. We �nd clear evidence of

a charge transfer from Al to CuPc and we have been able to determine the lattice sites

where Al ions sit. In case of gold nanoparticles, we were able to observe the atomic planes

of single nanoparticle and nanoparticles coalescence processes using high-resolution TEM.

Photoelectron spectroscopy did not reveal any detectable chemical reaction between atoms

of gold and organic �lm. However, strong upward band bending induced by gold nanopar-

ticles in the organic �lm takes place. Finally, at high coverage we observed an formation

of the metallic overlayer on the organic �lm.
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Kurzfassung

Im Rahmen dieser Arbeit wurde ein Nutzerexperiment für zeitaufgelöste XPS-Messungen

aufgebaut, das das neue hemisphärische Photoelektronenspektrometer Argus mit einem

schnellen Vielkanal-Detektorsystem kombiniert. Die hohe Brillanz der Beamline P04 an

PETRA III, wo der Aufbau für den Nutzerbetrieb verfügbar ist, ermöglicht dort Integra-

tionszeiten bis hinunter zu 0.1 s pro XPS-Spektrum, was im Vergleich zu vergleichbaren

Aufbauten an anderen Synchrotrons bislang einzigartig ist. Das Spektrometer und die

in die Vakuumkammer integrierten Probenpräparationsmittel (Ar+ - Sputtern, Proben-

heizung, Dünnschichtwachstum) wurden während dieser Arbeit intensiv eingesetzt, um

in derselben Umgebung Probensysteme auf Ober�ächen zu erzeugen und mittels XPS zu

analysieren.

Die atomare und elektronische Struktur von Graphen, das auf einige technisch rel-

evante Substrate wie kubisches SiC(001)/Si(001) (achsenparallel und vizinal) erreichen.

Transportmessungen bei tiefen Temperaturen zeigen deutlich, dass bei selbstorganisierter,

periodischer Nanokristallit-Struktur eine Transportbarriere von mehr als 1.3 eV auftreten

kann, wovon bemerkenswerterweise bei 100 K noch etwa 0.4 eV bestehen bleiben. Die

Machbarkeit der Präparation dieser elektronischen Nanostrukturen aufgewachsen wurde,

wurde so untersucht. Dabei konnte eine Methode zur Bestimmung der Anzahl von

Graphen-Monolagen während des Wachstums mittels zeitaufgelöster XPS erfolgreich

eingesetzt werden. Es wurden zahlreiche Proben unterschiedlicher Monolagenzahl erzeugt,

deren Homogenität auf einer Skala von mehreren Millimetern durch STM-Messungen

mit atomarer Au�ösung nachgewiesen wurde. Dabei wurden allerdings ebenfalls eine

groÿskalige Welligkeit der Graphenschicht sowie zahlreiche Domänengrenzen gefunden.

Auf SiC(100) entspricht die Ausrichtung jener Domänengrenzen der vorherigen Struk-

turierung der Ober�äche durch Kohlensto�-Nanodrähte auf der c(2×2)-Rekonstruktion

des Substrats. Darüber hinaus konnte auf vizinalem SiC dreilagiges Graphen in der

Bernal-Stapelfolge synthetisiert werden, wobei eine selbstorganisierte, periodische Aus-

richtung der Korngrenzen von Nano-Kristalliten beobachtet wird. Hier wird eine Methode



vorgeschlagen, in Bernal-gestapeltem, dreilagigem Graphen durch Ö�nen einer Transport-

barriere ein Strom-Tastverhältnis von 104 zu mit groÿem Strom-Tastverhältnis wird durch

die Ergebnisse dieser Arbeit bestätigt.

Ein weiterer Themenbereich dieser Arbeit betri�t die Morphologie und die elektronis-

che Struktur von hybriden organisch-inorganischen Systemen. Die untersuchten Systeme

bestehen aus metallischen Nanopartikeln (Al und Au), die in eine halbleitende, organische

Matrix aus Cu-Phtalocyanin (FxCuPc, x=0, 4) eingebettet werden. Dies wird erreicht

durch das Bedampfen der Matrix mit den entsprechenden Einzelatomen, die nach Eindif-

fundieren in dieselbe selbstorganisiert Nanopartikel mit einer schmalen Gröÿenverteilung

bilden. Die erzielte Partikelgröÿe hängt dabei von der Menge aufgedampften Materials

ab. Im Fall von Aluminium konnte ein Ladungstransfer an die Matrix beobachtet werden,

und auch die Position eindi�undierter Al-Ionen im Kristallgitter konnte bestimmt werden.

Für Gold wurde mithilfe hochau�ösender TEM-Messungen die Lage einzelner Nanopar-

tikel und deren Wachstum im Substrat bestimmt. Durch PES-Messungen konnte in

diesem System keine chemische Reaktion zwischen Matrix und Metall nachgewiesen wer-

den, allerdings wird unter Goldeintrag eine starke Bandverbiegung aufwärts beobachtet.

Beim Nanopartikel-Wachstum wird eine Sättigung beobachtet, der bei weiterer Bedamp-

fung die Entstehung einer metallischen Schicht auf dem Substrat folgt.
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Chapter 1

Introduction

Contents

1.1 Graphene: a brief description . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Hybrid systems based on organic semiconductors . . . . . . . . . . 6

1.3 Real-time investigations of processes on solid state surfaces . . . . 8

1.4 Goals and strategy of this research work . . . . . . . . . . . . . . . 9

The research work presented in this thesis combines two main targets: (i) the design,

construction, commissioning of a Dynamic-XPS end-station at beamline P04; (ii) the in-

vestigation of novel low-dimensional materials and their combinations using this new new

end-station. π∗- conjugated organic systems were chosen as a substance for these investi-

gations. The �rst example is graphene. For decades, the graphene was mostly "academic"

material. Due to the absence of faith in thermodynamic stability of 2D free standing ma-

terials [1, 2] the graphene was not presumed to exist in a free state. It has been used

as a model for a theoretical description of carbon-based materials (graphite, fullerenes,

single- and many walls carbon nanotubes etc) and as a perfect condensed-matter model

for 2D quantum electrodynamics. Only in 2004, using mechanical exfoliation, A. Geim

and K. Novoselov showed a simple way to obtain single graphene layers and measure their

properties [3]. It allowed scientists to prove experimentally many unique theoretically

predicted physical properties. For this breakthrough they were awarded the Nobel Prize

in 2010 [4]. The second example is organic molecular semiconductor thin �lms made of

�uorinated copper phthalocyanines. Synthesized at the dawn of the twentieth century,

nowadays, they have become a leading material used in organic based devices. Further-

more, they are used as a model system for investigation of small organic molecules. This



Chapter 1. Introduction

chapter presents an overview of the basic properties of graphene and organic molecular

crystals as well as it determines main goals and strategy of presented research.

1.1 Graphene: a brief description

Graphene is one of many carbon allotropes in the form of a two-dimensional atomically

thin layer of atoms packed in a honeycomb lattice (Figure 1.1 (a)). Two neighboring

carbon atoms, separated by a distance of a ≈ 1.42 Å [5], de�ne the unit cell. There

are two inequivalent sublattices, SL1 and SL2, where atoms of sublattice SL1 surround

atoms of sublattice SL2 and vice-versa. De�ning the primitive lattice vectors as −→a1 =

a
2

(
3,
√

3
)
and −→a2 = a

2

(
3,−
√

3
)
, the reciprocal lattice vectors become

−→
b1 = 2π

3a

(
1,
√

3
)
and

−→
b2 = 2π

3a

(
1,−
√

3
)
. This de�nes the �rst Brillouin zone which is similar to the original

hexagon but rotated by π
2
(Figure 1.1 (b)) [5]. These simple calculations lead to equivalent

positions in the �rst Brillouin zone which are labeled by K, K ′ and M . Their positions

in momentum space are given by:

K =

(
2π

3a
,

2π

3
√

3a

)
, K ′ =

(
2π

3a
,− 2π

3
√

3a

)
, M =

(
2π

3a
, 0

)
(1.1)

In an ideal lattice of the isolated graphene monolayer sp2 hybridization de�nes a planar

structure where trigonal σ orbitals lie in the lattice plane and give a rise to extraordinary

strength of graphene [6]. The fourth electron, located in the π orbital perpendicular

Figure 1.1 � (a) Sketch of graphene structure and (b) of corresponding First Brillouin
Zone. Adopted from [6]
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1.1. Graphene: a brief description

Figure 1.2 � (a) The calcu-
lated dispersion of electronic
π states in an ideal honey-
comb lattice. (b) Zoom of
an energy band around one
of the Dirac points. Adopted
from [6].

to lattice plane, is entirely delocalized and de�nes the electronic transport properties of

graphene. The dispersion of π states near the Fermi Edge was theoretically described by

P. Wallace [7] using the tight binding model. The energy-momentum relation is given by:

E±( ~K) = ±t
√

3 + f( ~K)− t′f( ~K), where (1.2)

f( ~K) = 2 cos
(√

3kya
)

+ 4 cos

(√
3

2
kya

)
cos

(
3

2
kxa

)
, (1.3)

where the sign ± re�ects the high symmetry of dispersion for upper π∗ (conduction) and

lower π (valence) bands, t ≈2.8 eV is the nearest�neighbor and t′ - the next-nearest-

neighbor hopping energy (0.02t. t′ . 0.2t [8]). In nearest�neighbor approximation,

equation (1.2) is equal to zero when the following conditions are satis�ed:

cos

(
3

2
kxa

)
= −1,

{
cos(
√

3kya) = −1
2

cos
(√

3
2
kya
)

= 1
2

, (1.4)

and consequently:

kx =
2π

3a
, ky = ± 2π

3
√

3a
. (1.5)

The conditions (1.5) correspond directly to the points K andK ′ of graphene reciprocal

lattice (1.1). Considering a larger unit cell which includes six conical points it is possible
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Chapter 1. Introduction

to show that point K ′ is equivalent to −K. Figure 1.2 (a) presents the band dispersion

in this consideration, where 1.2 (b) is a zoom of the electron dispersion around one of the

K (or K') points [6]. The electron and hole dispersions are linear around the points K

and K ′. These points are also known as "Dirac points". Consequently, an ideal isolated

graphene monolayer is a gapless semiconductor where valence and conduction bands are

crossing exactly at the Fermi Level. Electrons which propagate through graphene lattice

behave like massless Dirac quasi-particles. Their extremely high velocity was theoretically

predicted [7] and later was experimentally proved to be νF ≈ 106 ms−1 [9].

Today the scienti�c community distinguishes three di�erent types of graphene: single-

(SLG), double- and few-layer (FLG, from 3 to 10 layers) graphene, while thicker systems

should be considered as graphite thin �lms [10]. The amount of layers and their stacking

order substantially modify the electronic properties of graphene [10�12]. In double-layer

graphene (Figure 1.3 (b)), the second carbon layer is rotated by 60◦ with respect to the �rst

one (AB or Bernal stacking). In this case, sublattices SL1 lie on top of each other having

a signi�cant hopping energy between them (t⊥=0.4 eV [13]), while the hopping energy

between sublattices SL2 is negligible (tBB). This leads to a parabolic band dispersion of

double-layer graphene. However, it remains a gapless semiconductor [5, 12]. The band

gap can be opened by applying a voltage perpendicular to the graphene planes [14�16].

The stacking order AA when the orientations of neighbor layers coincide (hexagonal) can

be found in graphite. However, this structure is energetically unfavorable [17]. Therefore,

this stacking order is usually not considered in discussions. In trilayer graphene, the

third layer can be rotated by -60◦ or +60◦ with respect to the previous one [5]. In

the former case, the orientation of the third layer coincides with that of the �rst one

(Figure 1.3 (c)). This stacking order is called ABA-stacking. Rotation of third layer by

+60◦ leads to rhombohedral or ABC-stacking (Figure 1.3 (d)). Di�erences in stacking

order lead to di�erent and complex electronic properties. In both stacking orders quasi-

massless dispersion exists [18]. However, in contrast to the ABC case which is a gapless

semiconductor, ABA-stacking possesses a band gap ∼12.1 meV [12]. In this work, the

�lms of trilayer graphene were widely studied. Further increase of the number of graphene

layers leads to a Bernal (ABAB...) or Rhombohedral (ABCA...) kind of stacking orders.

The exotic stacking orders like turbostratic (irregular stacking) or rotational stacking faults

4



1.1. Graphene: a brief description

Figure 1.3 � Most energetically favorable graphene based systems and mutual orientation
of layers in FLG: (a) single graphene layer. (b) AB-Bernal stacking. (c) ABA and (d)
ABC stacking in trilayer graphene. (f) Two types of edges in graphene nanoribbons.
Adopted from [12]

[19] can also occur in graphite and nano�lms of graphene oxide [5, 13].

The properties of graphene can be dramatically changed by diverse in�uences such as

induced lattice imperfections [20,21], doping [22�30], an external electric �eld in multilayer

graphene [31] and the presence of substrate [32�36]. Graphene possesses high optical

transparency (up to 97.7%) [37], exceptionally large thermal conductivity (5300 W
m·K) [38].

It exhibits anomalous quantum Hall e�ect [9], Hall e�ect at room temperature [39] and

Bipolar supercurrent [40]. Quasi-1D graphene structures, e.g. graphene nanoribbons, also

attract huge scienti�c interest [41]. There are two types of edges (Figure 1.3 (f)): zigzag

and armchair. The edge e�ect and quantum con�nement e�ect lead to direct band gaps

in both structures [42]. All together they open up many �elds where graphene can be

used.

Nowadays, the most commonly used synthesis methods are Chemical Vapor Deposition

(CVD) of hydrocarbons on metal surfaces [43] and epitaxial growth [44�46]. On one hand,

the CVD o�ers an easy way to synthesize high quality graphene on a large scale and its

consequent transfer to other �lms or substrates. From the technological point of view, it

5



Chapter 1. Introduction

is complicated process. On the other hand, one can epitaxially synthesize graphene right

away on semiconductor substrates (e.g. di�erent kinds of silicon carbide (SiC) wafers

made of boules and/or epilayers on standard silicon wafers). This method has a huge

potential to ease the production process of graphene based microelectronics.

In this respect however graphene has to compete with other materials as at the

same time, many other 2D materials were discovered [47]. Examples of these mate-

rials are transition metal dichalcogenide monolayers (e.g. MoS2 [48] and WSe2 [49]),

phosphorene [50], borophene [51] and their combinations [52, 53]. Furthermore, a new

two-dimensional metal-organic framework (Ni3(HITP)2, where HITP = 2,3,6,7,10,11-

hexaiminotriphenylen) which possesses high electrical conductivity (40 S · cm−1) was in-

troduced very recently [54].

1.2 Hybrid systems based on organic semiconductors

Organic molecular crystals [55] are another alternative to traditional Si-based electronics.

The fabrication process of traditional transistors includes several steps: high-vacuum and

high-temperature processing, lithographic patterning etc. Organic based transistors can

be printed at low price using liquid solutions (inks) [56]. In addition, a vast amount

of possible organic molecular variations with di�erent morphology, physical and chemical

properties point to a seemingly unlimited quantity of possible organic based devices having

di�erent characteristics [57]. A possible mechanical �exibility and transparency can also

be bene�cial [58�60].

A part of this work is focussed on the investigation of morphological and electronic

properties of self-assembled nanoparticles inside organic �lms. Such systems are partic-

ularly interesting due to the possibility of their use as storage media for state-of-the-art

non-volatile memory [61]. Resistive Random-Access Memory (RRAM) [62, 63] that is

based on switchable resistive materials is one of the most promising concepts. Among

numerous variations hybrid systems, mainly consisting of inorganic nanoparticles blended

into an organic matrix have been proposed as one type of RRAM [64�68].

One of the possible memory architectures is a 3D sandwich array of organic thin

�lm layers with embedded inorganic nanoparticles and cross-point narrow metal stripe-

6



1.2. Hybrid systems based on organic semiconductors

Figure 1.4 � The schematic view of RRAM architecture and operating principle [61].

electrodes. They run in perpendicular directions above and below the active layers (Figure

1.4 (a)) [69]. In this con�guration, so-called "cross points" could keep either a high-

(HRS)or low-resistance state (LRS) with high on/o� ratio. This state can be switched by

applying a voltage (either via �bipolar� [70] or �unipolar� [71] mechanism) and determined

by measuring current at some lower voltage (Figure 1.4 (b)). Considering a "cross point"

as a bit cell, one can program these states (HRS - "0" and LRS - "1") and thereby one can

create a digital memory storage. In fact, density of bit cells in the storage is only limited

by the ability of an individual "cross point" to keep a given state independently over the

array. Since the size of nanoparticles in active layers is in the range of ten nanometers,

the capacitance and dimensions of such storages could be extremely attractive [61,63].

Recently, prototypes of devices based on this phenomena with excellent character-

istics (high on/o� ratio (5×109), high operation speed (<5 ns) and extreme endurance

(>106 cycles)) have been developed using di�erent compositions of organic and inorganic

materials [72�74]. However, the nature of resistance states is not clear. Consequently,

a reliable production technology which will combine best characteristics is still a great

challenge [61].

7



Chapter 1. Introduction

1.3 Real-time investigations of processes on solid state

surfaces

During vast of previous investigations it has been shown that synthesis processes of sys-

tems described in sections 1.1 and 1.2 include fast, irreversible �ow processes. For example,

strong chemical reactions which have been observed during the deposition of indium [75],

iron [76] and aluminium [77] atoms on organic �lms of copper phthalocyanine. Another

example is the synthesis of graphene on SiC wafers. As it is described below in chapter 4,

the synthesis procedure includes several steps of surface reconstructions which must be

precisely tracked (see [32, 46, 78] and references therein). The information about those

processes could be obtained by photoemission spectroscopy1. However, in practice, the

synthesis procedures of above mentioned systems assume that all manipulations with a

sample are performed in a preparation chamber with consequent transfer of the sample

to an analytical chamber. These manipulations take considerable time. As a result, one

can only analyze the �nal state of the sample. At the same time, the information about

processes which take place during a synthesis process remains experimentally not acces-

sible. One way to solve this problem is to realise the possibility for a sample treatment

right away in the analytical chamber simultaneously with data acquisition. This is a chal-

lenging task due to several reasons. First of all, the detection system should allow fast

spectra acquisition regime without loosing data quality. Apparently, conventional serial

scanning acquisition2 of photoemission spectra does not provide this [79]. Secondly, high

photon �ux of the synchrotron source are essential.

The time span needed for acquisition of a single spectrum can be drastically reduced

using parallel detection. In contrast to scanning acquisition, this concept assumes that

each channel acquires only a certain energy interval for any given time (dynamic mode).

It was successfully realised in the Argus spectrometer (ScientaOmicron GmbH) which is

equipped with a new type of multianode detector [81]. Figure 1.5 (a) presents a schematic

view of the detector. This detector uses a micro channel plate (MCP) to amplify the

electronic signals. However, in contrast to other multi channel detectors [82] the ampli�ed

1The details of this technique can be found in chapter 2
2The detection system of photoelectron spectrometer scans the desired interval of kinetic energy. The

intensity of spectrum is an average value over all detector channels for certain kinetic energy.

8
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Figure 1.5 � (a) Schematic view of multianode detector. (b) Dynamic-XPS spectroscopy
of the Si 2p core level. 6000 spectra were recorded within one hour. Adopted from [80,81]

signals impact on an �on-chip� stripe-anode array. It is hardwired to 128 independently

working pulse counters allowing a massive parallel detection. In contrast to other detection

concepts, everything is implemented in ultra high vacuum (UHV) and the proximity of

anode and pulse counting electronics is highly optimized. As a result, sensitivity and the

signal to noise performance of detector are excellent. The detector has given quantitative

XPS results with peak count rates larger than 100 Mcps [81].

A design of the Argus spectrometer allows to acquire photoemission spectra of di�er-

ent energy ranges both in scanning and in dynamic modes. Dynamic mode allows the

acquisition of photoemission spectra in millisecond regime [81]. Figure 1.5 (b) presents

results of dynamic-XPS spectroscopy where 6000 spectra were recorded during one hour.

1.4 Goals and strategy of this research work

The above overview reveals that systems based on graphene and organic molecular thin

�lms possess many attractive properties. They could potentially be used in advanced

devices. Today's high-tech devices play an enormous role in everyday life and there is

strong demand on faster, more compact, robust and even transparent and bendable elec-

tronic circuits. In order to satisfy market requirements, a cheap and controllable way of

9
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circuits fabrication with desired characteristics should be found. Of course, this is im-

possible without a good understanding of fundamental properties and synthesis processes

of such materials. Although the scienti�c community pays enormous attention to the

investigation of organic materials, there are still many open questions which prevent the

realization of these potentials.

There are still many obstacles on the way of graphene implementation in modern

devices. For example, the interaction of the graphene layer with a substrate and ab-

sence of band gap in monolayer graphene. Moreover, in order to implement graphene

to electronic devices there should be developed cost-e�ective and controllable synthesis

procedure. The breakthrough in the synthesis procedure was done in 2010. V. Aristov's

group was �rst to synthesize graphene on a commercially available substrate: epilayer of

cubic-SiC(001) on standard Si(001) wafer (cubic-SiC(001)/Si(001) wafer) [46]. However,

properties of such system were studied very super�cially [32]. With the aim to investi-

gate possible interactions of graphene layers with a substrate, to understand their surface

atomic structure and electronic properties we have studied mono-, double- and trilayer

Grapene/cubic-SiC(001)/Si(001) systems. Chapter 4 describes details of the graphene

synthesis procedure and its most important results.

Moreover, it is very interesting to study hybrid organic-inorganic systems synthesised

of highly oriented organic molecular crystal with self-assembled metal nanoparticles. In

2010, the feasibility to create such system in UHV conditions using molecular beam epi-

taxy (MBE) of gold atoms on organic molecular semiconductor crystal of CuPc has been

shown by V. Aristov's group [83]. Transmission electron microscopy (TEM) micrographs

indicate on self-assembled nanoparticles where size and size distribution depend on the

amount of deposited metal. Further investigations revealed possibility to create similar

system using silver nanoparticles [84]. However, these systems still require systematical

study since electronic properties of copper phthalocyanine can be substantially modi�ed

by �uorination of the molecule[85]. Consequently, it is necessary to investigate di�erent

organic/metal combinations in order to understand the growth mechanisms of nanopar-

ticles and appearance of high on/o� ratio in these systems. In this work we have studied

gold, aluminum and silver self-assembled nanoparticles in organic molecular thin �lms of

partially �uorinated copper phthalocyanine (F4CuPc). Chapter 5 describes the synthesis

10
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process and its obtained results in detail.

With the aim to precisely control and to study the synthesis process of samples in real

time, the new end-station should be designed, assembled and commissioned at beamline

P04 (PETRA III). A major part of sample preparation procedures, including graphene

synthesis and growth of metal nanoparticles, has to be done using this end-station. First

experiments should allow to prove the concept of dynamic XPS measurements as a pow-

erful tool for real-time monitoring of fast-�ow processes. The description of realised

end-station as well as results of the �rst experiments are summarised in chapter 3.
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This chapter describes experimental techniques used in this research work. A ma-

jor part of the thesis is dedicated to experiments using soft X-Ray beamlines at several

synchrotron facilities, namely, beamline P04 (PETRA III, DESY), beamlines RGBL and

UE112 PGM-2a-12 (BESSY II), beamlines VUV Photoemission, Material science and

Nanospectroscopy (Elettra), beamlines I311 and I411 (Max-Lab). Furthermore, a num-

ber of laboratory based experimental setups were used to characterize the samples, in

particular, the techniques TEM and STM.
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Figure 2.1 � Sketch of Photoemission
process and of a typically acquired spec-
trum [79]. The electrons of the va-
lence orbitals and core levels can be ex-
cited above the vacuum level by photons
with energy hν > EB + Φ0. The en-
ergy spectrum of photoelectrons shows
the density of occupied electronic states
(ρ(Ekin)) and the distribution I(Ekin)

measured by an electron spectrometer.

2.1 Photoelectron Spectroscopy

Photoelectron spectroscopy (PES) provides information about the occupied electronic

states in atoms of gases or solids. This technique is based on the photoelectric e�ect. It

e�ect was discovered by Heinrich Hertz in 1887 [86] and later described theoretically by

Albert Einstein in one of his famous articles [87] for which he was awarded the Nobel

Prize in 1921 [4]. Half a century later, the photoelectron spectroscopy technique (strictly

speaking Electron Spectroscopy for Chemical Analysis (ESCA)) was developed in Uppsala

university by Prof. Kai M. Siegbahn and his co-workers. In 1981 Prof. Siegbahn received

half of the Nobel Prize "for his contribution to the development of high-resolution electron

spectroscopy" [4].

2.1.1 Basic principles

Figure 2.1 presents a schematic view of the photoelectron process. The electrons in occu-

pied valence orbitals and core levels are excited and ejected into the vacuum by photons

of su�cient energy (hν). In order to describe the photoelectron process theoretically,

it has proven to be very practical to use the so-called three-step model [88]. According

to this model, the photoelectron process can be divided into three independent stages
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Figure 2.2 � (a) Three-step model of the photoelectron process [89]. (b) Schematic diagram
for momenta of the excited electron at the vacuum-solid interface[79]

(Figure 2.2 (a)) which will be described below.

Step 1: The electron absorbs the photon occupying an excited state. Following Bloch's

theorem [90], the electronic states in a solid can be treated as bands. Taking into account

the negligible momentum of a photon in comparison to that of the electron, the optical

excitations are direct. That means, that the momenta of the electron between initial ~ki

and �nal ~kf states is conserved except for reciprocal lattice translation vector ~G. At the

same time, the energy is also conserved. Most transitions from the initial |i〉 to the �nal 〈f |

state can be described by �rst order perturbation term H1 of the total Hamiltonian. Other

terms which describe an unperturbed system and multi-photon processes are neglected.

In the so-called "sudden" approximation, when the excited electron does not interact with

remaining system [91], the excitation process is described by:

|〈f |H1|i〉|2 = |Mi,f |2δ( ~kf − ~ki − ~G), (2.1)

where Mi,f is the matrix element determined by initial and �nal states as well as by the

polarisation of the light. Ei and Ef are energies of initial and �nal states, correspondingly.

Step 2: Propagation of the excited electron to the surface. At this stage inelastic

scattering of the excited electrons takes place, e.g. by other electrons or phonons, reducing

the number of excited electrons that can reach the surface. In practice, this in�uences
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the intensity of peaks while their position remains una�ected. Moreover, the scattering

process causes a low kinetic energy background in the XPS spectra produced by electrons

with reduced kinetic energy and also determines the small mean free path of photoexcited

electrons (tens of Å).

Step 3: Ejection of electrons from the surface. The electrons escape the solid only

when the energy of the �nal state Ef is larger than the work function Φ0. One can measure

the number of excited electrons as a function of their kinetic energy Ek consequently

obtaining a spectrum of the occupied states (Figure 2.1). The binding energy EB can be

simply calculated through the energy conservation relation:

EB = hν − Ek − Φ0 (2.2)

The component of the electron's momentum perpendicular to the surface is changed

during ejection of an electron from the surface: ~kf⊥ 6= ~K⊥ which is schematically illus-

trated in Figure 2.2 (b). At the same time, the momentum component parallel to the

surface is conserved: ~K‖ = ~kf‖ + ~G, where ~G is a reciprocal surface lattice vector. The

components can be calculated using the following relations:

~kf‖ =

(
kf‖x
kf‖y

)
=

√
2m

~2
Ekin sin θ

(
cosϕ

sinϕ

)
, (2.3)

~kf⊥ ≈
√

2m

~2
(Ekin cos2 θ + V0), (2.4)

where V0 = ~2
2m

( ~k2f⊥ −
~K2
⊥) is inner potential.

Summarising the three-step model, the measured photocurrent is obtained by:

I(Ekin, ~k) ∝
∑
i,f

|Mi,f |2δ(Ef − Ei − hν)δ( ~kf − ~ki − ~G)δ(Ekin − Ef − Φ)

×δ( ~K‖ − ~kf‖ − ~G‖),

(2.5)
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2.1.2 Experimental aspects

In practice, the intensity strongly depends on the performance of experimental equipment

and sample properties. These factors are summarised in the following equation [92]:

I ∝ nfσdeffAT , (2.6)

n is the number of atoms per volume unit

f is the photon �ux [photons
m2×sec ]

σ is the photoionisation cross section of the corresponding core level1

deff is the e�ective ejection depth of photoelectrons

A is the area of sample from which photoelectrons are detected

T is the detection e�ciency for electrons emitted from the sample

It should be noted that deff strongly depends on the mean free path of electrons

(λ) and on sample orientation with respect to analyzer axis. In turn, λ depends on the

kinetic energy of excited electrons. (Figure 2.3) presents a so-called "Universal curve"

which re�ects this dependence. It exhibits minimum of ∼ 3Å at approximately 50-100

eV [79], resulting in a maximum of surface selectivity. Furthermore, the sensitivity can

be varied by changing the sample orientation with respect to the analyzer axis. Inset

on Figure 2.3 shows the sketch of experimental geometry. The e�ective probing depth

deff can be calculated through deff = λ · cos θ, where θ is the exit angle of the ejected

electron with respect to the surface normal. Consequently, in order to increase surface

sensitivity one can acquire the spectrum at "Grazing emission" (θ close to 90◦). At

"Normal emission" (θ = 0◦) the e�ective probing depth is equal to the mean free path

of electrons. Due to this high surface sensitivity, the photoelectron spectroscopy requires

atomically clean sample surfaces and ultra high vacuum conditions2.
1In particular cases, it is important to take into account a partial cross section which re�ects the

transition probability from a certain atomic level of interest. In general, the cross section for all core level
decreases with increasing photon energy, although some local maxima and minima exist [93].

2One can simply calculate the time, which is needed to deposit a monolayer of atoms using the
following equation: t = (1.7×10−6)/(0.6 ·p ·S)[s], where p is the pressure and S is the sticking coe�cient
(0 ≤ S ≤ 1). For example, one monolayer will be deposited within a few seconds for a pressure of 10−6

mbar and a sticking coe�cient of 1 [79].
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Figure 2.3 � Dependence of the mean free path of electrons on kinetic energy for di�erent
metals ("Universal curve"). Inset: explanation for dependence of e�ective probing depth
on sample orientation.

One of the main characteristics of the peaks in PES data is the Full Width at Half

Maximum (4E) which includes the width of energy distributions of the core levels (4Ec),

of the X-ray source (4Ex) and the resolution of the analyzer (4Ea):

(4E)2 ≈ (4Ec)2 + (4Ex)2 + (4Ea)2 (2.7)

For a conventional X-ray source, the line width is approximately ∼0.68 eV for Mg

Kα and ∼0.83 eV for Al Kα. Using a monochromator allows for reduction of the width

down to ∼0.2 eV. However, it considerably reduces the intensity of the signal. If an even

lower line width of the source as well as high intensity is necessary, using a synchrotron

X-ray source might be required. Today, the resolution of modern hemispherical electron

analyzers is on the order of several meV. One can obtain the core level width subtracting

the width of the X-ray source and resolution of the analyzer from the FWHM. The main

contribution to the core-level width is a �nite core-hole lifetime. After photoionization

the core-hole recombines with one of the outer electrons during a certain time. According

to the Heisenberg uncertainty principle (4Ec 4 t ≥ ~
2
), a shorter time of recombination

results in a larger uncertainty in the energy of the emitted electron. The excitation
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of quantum lattice vibrations gives rise to an additional core level width, the so-called

phonon broadening.

Nowadays, there are several methods based on this technique. Mainly, they are sepa-

rated by a required photon energy range. In this work, only X-ray Photoelectron Spec-

troscopy (XPS, photon energy is in range from 100 up to a several keV) and Ultraviolet

Photoelectron Spectroscopy (UPS, photon energy is lower than 100 eV) have been used.

2.1.2.1 X-ray photoelectron spectroscopy (XPS)

XPS provides information about core-level states which can be excited by photons with

energies from 100 eV up to a several keV. Due to the localization of the core-level wave

function, the intensity of the core-level does not depend on the wave vector. For that

reason, the spectrum can be acquired in angle-integrated mode by measuring photocurrent

(I) as a function of only kinetic energy (Ek).

In fact, using a high energy photon beam (more than 1 keV), it is possible to ionize core

levels of all elements in the periodic table and, in most cases, acquire spectra from several

core levels for one element (Figure 2.4 (a)). This is very convenient for the identi�cation

of elements presented in the sample. Beginning from p-shells the splitting of core levels

appears in the spectra due to spin-orbit coupling, i.e. the interaction that occurs between

the electron spin (s) and its angular momentum (l) [94,95]. The total angular momentum

quantum number is j = l+s. The core levels with l>0 consist of two paired electrons with

di�erent angular momentum. The di�erence in energy of these electrons4Ej corresponds

to "spin-up" or "spin-down" states (s = ±1/2). The energy splitting can be up to tens of

eV and is increasing closer to the nucleus where the spin-orbit coupling is stronger. The

peak ratio depends on the degeneracy of each state (2j+1). For example for the Au 4f

core level the energy splitting is ∼ 3.7 eV [96] and the peak ratio is I(f7/2)/I(f5/2) = 4/3.

Analyzing the XPS spectra of molecules and solids, important information can be

obtained from the di�erence in binding energy of a particular core level which is observed

for the same element having di�erent chemical surrounding. This is called a chemical

shift. Typical values for the chemical shifts can be up to a couple of eV [98].
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Figure 2.4 � The dependence of binding energies
for core levels on atomic number [97].

Quantitative analysis of XPS spectra.

Due to the complex chemical environment of the di�erent atoms, the measured spectrum

of core-level could consist of several peaks and features. In order to optimize the extracted

information, one can perform a decomposition of acquired spectrum using numerical meth-

ods. In this case, the parameters of the �tting procedure are binding energy, spin-orbit

splitting, branching ratio, metallic asymmetry and width of the core-level. In addition,

extrinsic parameters like instrumental resolution and background caused by energy loss

of photoelectrons must be taken into account. During the �tting procedure, these param-

eters are varied for each spectral component until the chi-squared error criterion (χ2(p),

where p is the vector of n parameters) is minimized. In the case of semiconductors and in-

sulators, the peak pro�le can be approximated by convolution of so-called Doniach-Sunjic

[99] and Gaussian line shapes. In this work, we used Shirley-type of background [100].

As mentioned in previous section, it is possible to change surface sensitivity by varying

the photon energy and emission angle. During the �tting, one should use all available

spectra in order to estimate the origin of di�erent peaks in the case of a complicated

spectrum. Incorrect determination of the peak's width may lead to the extraction of the

wrong number of components and wrong interpretation of the spectrum. For this reason,

usage of a high resolution plays a very important role and helps to estimate chemical

shifts of each spectral component more accurately.

After the decomposition of the XPS spectra, the obtained intensities can be used for
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the calculation of the �lm thickness. For that propose one can use the ratio of intensities

of corresponding components [101]. In this case the thickness d can be calculated from:

d = λf cos θ ln(1 +
1

Q
), where (2.8)

Q =

(
Is,d
If,d

)
·
(
If,∞
Is,0

)
, (2.9)

If,d is the intensity from a �lm thickness d; If,∞ is the corresponding peak from an

in�nitely thick �lm; Is,d is the intensity of a substrate peak from the sample, covered with

�lm of thickness d; Is,0 is the intensity of the peak from a �lm free substrate; λf is the

IMFP; and θ is the take o� angle of electrons (θ = 0◦ means electron emission angle is

normal to the surface).

2.1.2.2 Ultraviolet photoelectron spectroscopy (UPS)

UPS provides information about delocalized valence states and requires photons with

energies lower than 100 eV. The spectra can be also acquired in angle integrated mode.

However, the valence states are degenerated into bands. The band dispersion can be

mapped directly using Angle Resolved Photoelectron Spectroscopy (ARPES). For that

purpose, hemispherical analyzers equipped with two-dimensional CCD detectors are most

commonly used. In this case, the band maps are acquired as a function of photoelectron

angles θ and φ, while photon and kinetic energies are kept �xed. It requires a very precise

sample alignment and rotation around the azimuthal and polar angles. With a precise

manipulator, the angular resolution can be better than 0.1◦.

2.2 Near Edge X-ray Absorption Fine Structure (NEX-

AFS)

While the photoelectron experiment allows one to measure the occupied electronic states,

the NEXAFS opens a way to investigate unoccupied states of the sample. One can probe

the absorption �ne structure close to the absorption edge of corresponding core-level.

21



Chapter 2. Scienti�c methods and experimental facilities

Figure 2.5 � A sketch of X-ray absorption process. Two possible processes of relaxation
are shown.

The absorption edge is the energy at which there is a sharp rise (discontinuity) in the

(linear) absorption coe�cient of X-rays by an element, which occurs when the energy of

the photon corresponds to the energy of a shell of the atom K, LI , LII etc corresponding

to the creation of electron holes in the 1s, 2s, 2p1/2, 2p3/2 etc atomic subshells [102]

The method is based on the measurement of the X-ray absorption coe�cient as a

function of photon energy. Consequently, it requires a monochromatic and tunable photon

source, e.g. synchrotron radiation. NEXAFS is an element-speci�c technique because

di�erent elements have absorption edges at di�erent energies. Moreover, NEXAFS is very

sensitive to the chemical environment of an atom.

Figure 2.5 presents a simpli�ed sketch of the absorption process. Using su�cient

photon energy, the core-level electron can be excited to partially �lled and empty states

of the sample, leaving the atom in an unstable state. The created core hole would be

�lled within 1 × 10−14 sec [103] by an electron, e.g. from the valence band. It can

take place either radiatively by �uorescence or non-radiatively by excitation of an Auger

electron form valence molecular orbitals3. Measuring the dependence of electron intensity

on photon energy, one can obtain a typical NEXAFS spectrum.

For the determination of the absorption coe�cient depending on the photon energy,

3In soft X-ray region Auger decay (probability 99%) is dominant over X-ray �uorescence [104].
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two techniques are possible. The integrated detection of all emitted electrons (total elec-

tron yield) as well as the selective detection of electrons of �xed energy (partial electron

yield) as a function of photon energy will lead to equivalent structures in the spectra [104].

2.3 Low Energy Electron Di�raction (LEED)

LEED is one of the oldest methods for the investigation of a surface developed by C.

Davisson and L.H. Germer in 1927 [105]. C. Davisson received half of the Nobel Prize in

1937 "for his experimental discovery of the di�raction of electrons by crystals" [4]. How-

ever, due to experimental di�culties such as su�cient vacuum conditions and detection

systems, LEED became a popular tool only in the early 1960s. Today, it is a conventional

technique for surface characterization and is widely used at many experimental setups.

The usual electron energy range used in LEED is within 10-200 eV. This energy is com-

parable with energy of outer electron shells of atoms. Consequently, low energy electrons

strongly interact with the substance by scattering and can penetrate to the sample surface

only about 5-10 Å without loosing energy. This fact leads to very high surface sensitiv-

ity of this technique [106] and ultra high vacuum conditions as a requirement for such

experiments.

In LEED experiment only elastically scattered electrons give a contribution to a di�rac-

tion pattern. Since at small kinetic energies the energy di�erence between primary elas-

tically scattered and secondary electrons is small, one needs to use special equipment in

order to discriminate them. Figure 5.3 (a) presents a sketch of a typical LEED setup.

The electron gun (1) creates a focused electron beam of several mA at the sample (2).

Detection of elastically scattered electrons can be done using a spherical screen (3), which

is covered with a luminophore. Grids (4) are installed in front of the screen. The screen

and grids are concentric and centers coincide with the electron beam spot at the sample

surface. The electric potential of the �rst grid is adjusted in a way that guides the elec-

trons straightforward from the sample to the screen. Applying a slightly smaller potential

to the following grids allows to retard the electrons and �lter out the elastically scattered

electrons only. These electrons are accelerated between last grid and the screen using a

positive electric potential of 3-5 kV. As a result, at the screen the di�raction pattern can
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be observed. Figure 5.3 (b) presents a schematic example of such di�raction pattern in

the observation plane (5).

Figure 5.3 (a) also presents a scheme of Ewald sphere construction. It can be seen that

the di�raction pattern is the projection of the reciprocal lattice surface. The magni�cation

of the di�raction pattern in the observation plane is determined by the energy of electrons

and by the distance from screen to sample. The interplanar spacing distance can be

calculated by:

dhk =
Rλ

xhk
, (2.10)

where λ[Å] =
√

150.4
E[eV]

, (h, k) are the Miller indices for the reciprocal surface lattice,

xhk is the distance between central (0)-order di�raction spot and the corresponding spot

(hk). This approach allows to determine the surface symmetry and parameters of the

surface lattice.

Figure 2.6 � (a) A schematic sketch of a LEED setup. 1 - electron gun, 2 - sample, 3
- �uorescent screen, 4 - grids, 5 - plane of view. The electron beam, scattered at the
crystalline surface of the sample, creates the di�raction pattern at the �uorescent screen,
which can be viewed by eye or recorded with a CCD camera. (b) Sketch of a di�raction
pattern in the plane of view.
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2.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy is a widely spread technique, which allows to character-

ize the morphology of thin samples with spatial resolution down to several angströms. Its

history began at the dawn of the of the 20th century when the wavelike character of elec-

trons was discovered by Louis de Broglie [107] (Nobel Prize (1929) [4]). The wavelength

of electrons (also known as de Broglie wavelength) can be calculated by:

λ =
h

|P|
=

h√
2mE

, or λ[Å] =

√
150.4

E
, (2.11)

where the Planck constant is h=6.626×10−34 [J], p is the momentum, m is the mass,

and E is the kinetic energy of the electron. Electrons accelerated up to hundreds of keV

can penetrate into a crystal up to several microns due to the fact that wavelength of the

electron is much smaller than the atomic distances. This theory was successfully proved

in 1927 by G.P. Thomson during the experiment on the di�raction of cathode rays by a

Thin Film [108]. A few years later, in 1933, the �rst transmission electron microscope

equipped with electron optics was developed by Max Knoll and Ernst Ruska (Nobel Prize

(1986) [4]).

Figure 2.7 (a) presents the schematic view of the main components of the TEM [109].

The instrument can be divided into three main sections [111]: illumination system, sample

stage, and imaging system. The electrons emitted in the electron gun are accelerated up

to 80-200 keV and focused at the sample by condenser lenses. The sample stage must

be highly stable, allowing high spatial resolution of the TEM. In addition, the sample

stage can be constructed for precise movement of the sample across the electron beam,

allowing scanning TEM mode. Than, electrons which transmitted through the sample

are projected on the image recording system by an imaging system. It consists of several

elements (objective aperture; objective, di�raction, intermediate and projector lenses).

This is the most important part. Its design, quality and stability de�ne the spatial

resolution. Using the objective aperture, one can sort out either undi�racted or di�racted

electrons and collect them on the screen. If all electrons, which passed the sample without

di�raction, are projected onto the screen (bright-�eld mode), the sample image appears

as dark lines and spots on a bright background (Figure 2.8 (b)). In the so-called dark-
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�eld mode, high contrast sample images can be obtained collecting only the di�racted

electrons. In this case, the regions which give rise to those di�racted electrons appear

bright (Figure 2.8 (a)). Finally, the electron image can be viewed by a phosphor screen.

Nowadays, CCD detectors are widely used as image recording system. In order to reduce

the scattering of electrons by gas molecules, all of these elements are stacked into a vacuum

chamber.

Experimental details

The high resolution TEM images for this thesis work were acquired in the ISSP RAS using

the transmission electron microscope JEM-2100 operating at up to 200 kV accelerating

voltage (Figure 2.7 (b)). This microscope allows to obtain bright- and dark -�eld trans-

mission images of thin samples and high resolution images of crystal lattices. Usually

the probe for TEM is a solid sample of about 1 nm - 10µm thickness (e.g. thin �lms,

Figure 2.7 � (a) A schematic view of a modern Transmission Electron microscope [109].
(b) Transmission electron microscope JEM-2100 (JEOL, Japan) [110]
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Figure 2.8 � The TEM images of an object, acquired in (a) dark -�eld mode and (b)
without objective aperture [109]

foils etc). To achieve high resolution, the sample should be less than 10 nm thick. Pow-

ders, microcrystals, and aerosol particles can be also investigated, if they are deposited

on a thin �lm. In this work, TEM micrographs were mainly obtained to investigate the

morphology properties of self-assembled metallic nanoparticles in organic molecular thin

�lms.

2.5 Scanning Tunneling Microscopy (STM)

The scanning tunneling microscope was invented in 1981 at IBM Zürich [112, 113]. The

developers, Gerd Binnig and Heinrich Rohrer, were awarded the Nobel Prise in physics

1986 [4]. The STM is based on the e�ect of a controllable electron tunneling through a

barrier between a conductive tip apex and a sample in an external electrical �eld [113].

The usual working distance between the tip apex and the sample surface is less than 1

nm. In order to achieve satisfactory positioning precision for the tip with respect to the

sample surface, the tip is usually mounted onto a piezostage. The tunneling current I can

be determined using the following equation [114]:

I =
4πe

h

∫ eV

0

ρt(EF − eV + ε)ρs(EF + ε)|M |2dε, (2.12)

where ρt(E) and ρs(E) are densities of electron states (DOS) of the tip and sample,

respectively; V is the bias voltage, M is the tunneling matrix element, and EF is the

Fermi energy. In its turn, the tunneling matrix elementM, which describes the probability
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of the electron tunneling, exponentially depends on the tip-sample distance d :

|M |2 ∝ e−kd, (2.13)

k =

√
2mφ

~
, (2.14)

where m is the electron mass, ~ is Planck's constant, and φ is the electron work function.

According to calculations, due to the exponential decrease of the tunneling current

with tip-sample distance, the current drops by approximately one order of magnitude

with every 1Å increase of sample-tip distance. Therefore, the tunneling current �ows

only between the two nearest atoms in tip and sample surface. One the one hand, this

fact de�nes an extremely high spatial resolution of this technique (several picometers and

smaller than 1 pm for lateral [32] and vertical [115] directions, respectively). On the other

hand, the spatial resolution is limited by the electronic structure of the topmost atom at

the tip apex.

Equation 2.12 states that the tunneling current depends symmetrically on the tip and

surface DOS in the selected energy region. This fact is a basis for the reciprocity principle

of STM (Figure 2.9) [118]. In other words, the STM images consist of convolution of the

tip and sample electronic states, which is not modi�ed if the tip and surface orbitals are

interchanged (Figure 2.9). While at the bias V>0 the empty states of the sample can

be investigated, applying the opposite bias V<0 the occupied states of sample can be

probed.

Basically, two operational modes are commonly used in STM [117]: (i) constant current

mode and (ii) constant tip height mode (Figure 2.10 (a) and ((b), correspondingly). In

Figure 2.9 � Reciprocity principle of
STM. Convolution of dxz tip state
and surface dz2 electron states is
equivalent to the convolution of dz2

tip orbital and dxz surface orbitals.
Adopted from [116]
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Figure 2.10 � Operational modes of STM [117]: (a) constant current mode and (b) con-
stant tip height mode

constant current mode, while the tip is scanning across the sample, the current is kept

constant by a moving the tip in the z direction in accordance to the response of tip-sample

current feedback system. The height of the tip z re�ects the topography of sample and

plotted as function of tip position (x,y). In constant tip height mode, the scanner does

not follow tip-sample current feedback system, but keeps the z position of tip and voltage

constant and acquires the tip-sample current as a function of tip position (x,y). On one

hand, constant current mode allows imaging of the non-atomically �at sample surfaces,

although it is rather slow due to the feedback system. On the other hand, constant tip

height mode allows for the rapid scan of atomically �at surfaces and, consequently, to

follow dynamic processes and signi�cantly reduce the acquisition time.

Figures 2.11 present (a) empty and (b) occupied constant current mode STM images of

Si(111) 7×7 surface reconstruction [119]. The height of tip corresponds to the black-white

scale, where white and black spots present protrusions and depressions, correspondingly.

The elementary unit cell highlighted by white dashed line corresponds to Dimer-Adatom-

Stacking Fault model proposed by Takayanagi [120] Figures 2.11 (c). Quantitative infor-

mation can be obtained from cross sections along desired directions (Figure 2.11 (d)). In

practice, in order to achieve atomic resolution, it is essential to have vibrational isolation,

thermal stability and atomical sharpness of the tip.
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Figure 2.11 � Empty (a) and occupied (b) state constant current mode STM images of
the Si(111)7×7 surface reconstruction. The elementary unit cell is highlighted by a white
dashed line. A cross section of the image along the black dashed line is shown in the
graph (d). (c) Schematic top view of the Dimer-Adatom-Stacking model [120]. (d) Cross
section 1�2 of the image in panel (b) taken along the black dotted line. Adopted from
Ref. [119]

Scanning tunneling microscope GPI-300

All STM measurements presented here were done using the room temperature scanning

tunneling microscope GPI-300 [122], installed on the electron spectrometer RIBER LAS-

3000 (ISSP RAS, Chernogolovka) [121]. Apart from STM, the experimental station is

equipped with an analytical chamber, which allows LEED and AES measurements. In

order to prepare a high quality SiC surface it is sometimes necessary to deposit some silicon

overlayer onto SiC surface. For that purpose, the sample preparation chamber is equipped

with a silicon evaporation source. The sample transport system allows to synthesize few-

layer graphene on silicon carbide and study the atomic structure of its surface in-situ using
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Figure 2.12 � (a) UHV spectrometer LAS-3000 and (b) inside view of the scanning module
GPI-300 [121]. On the right picture one can see a tungsten tip mounted on a piezostage
and SiC sample.

all the techniques mentioned above without taking the sample out of the vacuum chamber

and changing the sample surface structure. Using ion and titanium sublimation pumps,

achieved base pressures in the analytical and preparation chamber are below 1×10−10

and 4×10−10 mbar, respectively. During the graphene synthesis, the pressure in the

analytical chamber at sample temperatures of 1300-1350 ◦C did not exceed 4×10−10 mbar,

while the pressure in the preparation chamber during silicon evaporation was kept below

1×10−9 mbar. STM characterization was carried out using single crystalline tungsten tips

prepared by means of UHV cleaning and sharpening procedure described in Ref. [123].

Sputtering of STM tips prior to sample preparation and high-resolution STM experiments

was be done using the ion gun with ion beams of energies in the range of 600-1000 eV.

2.6 Spectroscopic Photoelectron and Low Energy Elec-

tron Microscopy

Spectroscopic photoelectron and low energy electron microscopy (SPELEEM) measure-

ments were done at beamlines Nanospectroscopy (Elettra, Italy) and I311 (Max-Lab II,

Sweden). Both beamlines are equipped with the SPELEEM III instrument (Elmitec
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Figure 2.13 � Schematic view of SPELEEM instrument

GmbH) [124, 125] which provides a unique combination of experimental techniques:

LEEM, PEEM µ-LEED, µ-PES etc. A schematic view of the instrument is shown on

Figure 2.13. In order to describe it, it is convenient to divide it into 4 main parts: (1)

illumination column, (2) analytical chamber, (3) image column, and (4) beam separator.

Additionally, the instrument can be equipped with a preparation chamber and a load-lock

chamber which allows for sample treatment and fast air-vacuum sample transfer.

The illumination column. As a source of electrons for LEEM and µ-LEED tech-

niques, the electron gun, based on a Lanthanum hexaboride (LaB6) cathode, is used.

Accelerated up to 18 kV (HV) an electron beam is focused to the back focal plane of the

objective lens by a set of condenser lenses and de�ected by 60◦ using the magnetic beam

separator. The electron optics allow focusing the electron beam down to 80 µm with a

maximum total current of ∼ 100 nA. Using the apertures, the illumination area can be

reduced further down to 20, 5 or 2 µm.

Analytical chamber. The sample stage is placed in front of the objective lens. In

order to decelerate the electron beam, a voltage corresponding to -HV+SB is applied

to the sample, where SB is a bias voltage which can be tuned by the operator. Apart
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from electrons, the sample can be illuminated by a photon beam from the beamline

or a conventional photon source. The angle of incidence for the photon beams with

respect to the sample surface is 16◦ at the Nanospectroscopy beamline and 90◦ at I311.

The outgoing electrons (backscattered or excited by photons) are accelerated back by an

objective lens. This is the most important part of SPELEEM because the spherical and

chromatic aberrations de�ne the limits of the spatial resolution of the instrument. Further,

the electrons are de�ected to an imaging column by the Magnetic beam separator.

Image column. After the beam separator, the electron beam can be manipulated

by a set of electromagnetic lenses in the image column. Applying a di�erent current, the

electron beam can be focussed into a magni�ed image of the sample. Later, the electrons

of di�erent energies can be sorted by a hemispherical analyzer and viewed on a �uorescent

screen.

Di�raction microscopy (LEEM and µ-LEED).

The working principle of this mode is based on elastic backscattering of low energy elec-

trons (having a kinetic energy of a few and up to several hundred eV). As it was described

before in Section 2.3, such electrons strongly interact with the crystal surface producing

the di�raction pattern. The intensity of backscattering depends on many factors like dif-

ferent surface reconstructions, the presence of adsorbates, di�erent chemical compositions

etc. It leads to a di�raction contrast and allows to distinguish such lateral variations in

the LEEM image. Using a small aperture, it is possible to �lter out all undesired di�rac-

tion beams in the back-focal plane of the objective lens and analyze the local morphology

and crystal structure. Selecting the zero-order di�raction beam (bright-�eld mode), re-

sults in image where all structures are bright. Selection of higher order LEED re�ections

(dark-�eld mode) allows to obtain a highly contrasted image which contains only areas

with a certain crystallographic periodicity.

While the strong interaction of low energy electrons (15-200 eV) with the surface leads

to high surface sensitivity, analyzing re�ections of electrons with energy below 15 eV, it

is possible to probe the sample depth down to several nanometers and, consequently, to

determine the thickness of thin �lms on a crystalline surface. The I(V) characteristic
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usually consists of well de�ned oscillations whose period and amplitude depends on �lm

thickness [126].

Besides the above mentioned modes, a µ-LEED pattern can be obtained. The mi-

crometer resolution can be achieved by placing an aperture in the illumination column or

at the image plane of the objective lens. In this case the di�raction pattern will consist

of the di�raction spots which originate only from selected area of the sample. The ac-

celeration of backscattered electrons at objective lens, regardless of the SB, leads to the

independence of spot positions in µ-LEED patterns.

Photoelectron microscopy (PEEM, µ-XPS, µ-ARPES).

The PEEM experiment is based on the photoelectric e�ect (see section 2.1). The electrons

emitted from the sample by photons of su�cient energy are accelerated by a cathode lens

to an energy of several keV. Then, they are guided to the image column by the magnetic

beam separator. Using the electron analyzer, it is possible to sort the electrons by energy

and collect them as an image on the detector. The origin of imaging contrast depends

on the probed electronic states. If the sample is irradiated by low energy photons (∼5

eV), the contrast is de�ned by di�erences in work functions of materials on the surface.

The contrast can be also de�ned by the chemical composition on the surface in case of

collecting electrons ejected from certain core-levels. The bright spots on the image will

then correspond to the areas of the sample which contain the selected chemical element.

Consequently, the XPS spectrum can be obtained from a micrometer size region. In

ARPES measurements the angular distribution of electrons imaged at the back focal

plane allows one to obtain the band map image from the desired sample region.

2.7 Photon sources

As photon source one can use a discharge lamp operating on He Iα (21.23 eV) or He IIα

(40.82 eV) resonances and a conventional x-ray source with anode materials like aluminum

(Al-Kα1,2: 1486.6 eV) or magnesium (Mg-Kα1,2: 1253,6 eV). Although the discharge lamps

and x-ray tubes are relatively cheap, simple and still useful for many applications, they
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provide photon beams of discrete energies. For that reason the, use of synchrotron radia-

tion is very convenient. Today there are a lot of synchrotron radiation facilities worldwide

(PETRA III and Bessy II (Germany), Elettra (Italy), Max-Lab II (Sweden) etc) with a

beamlines which provide certain energy ranges, spanning from infrared light (∼ 10−1 eV)

and up to hard X-rays (∼ 105 eV). Moreover, using an undulator and a monochromator

allows one to utilize highly polarised and intense photon beams with a very narrow energy

interval.

Table 2.1 summarises parameters of beamlines, which were used for experiments in

this work. It should be noted, that the beamlines Nanospectroscopy (Elettra) and I-311

(Max-Lab II) are equipped with Spectroscopic photoelectron and low energy electron mi-

croscopes (SPELEEM). These endstations provide a unique combination of experimental

techniques: µ-ARPES, µ-XPS, PEEM, XPD, LEEM and LEED.

2.7.1 Positron-Electron Tandem Ring Accelerator (PETRA III)

The synchrotron radiation source is a circular particle accelerator, where the relativis-

tic electrons are accelerated toward the center of the ring by bending magnets so that

they emit synchrotron radiation tangentially to the circular orbit. The principles of syn-

chrotron radiation were developed independently by Vladimir Veksler (1944) [127] and

Edwin McMillan (1945) [128]. While the �rst synchrotron was built in 1952 by Sir Mar-

cus Oliphant, today there are more than 60 synchrotron radiation sources all around the

world. Synchrotron radiation became widely used by scientists both for fundamental and

applied research in physics, engineering, pharmacology etc.

PETRA III [129] is the next reconstruction of e�� e+ collider which was built at DESY

back in 1976. Nowadays, it is used as a storage ring �lled with equidistant bunches of

electrons4 at energies of 6 GeV and operating in the so-called top-up mode. This mode

allows keeping a constant ring current of 100 mA within 1% or less by regular injections

of electrons. In order to reduce the residual gas collisions and get an average lifetime

of about 10 hours, the vacuum in the storage ring is always kept below 1×10-10 mbar.

Starting from 2009, PETRA III is a most brilliant 3rd generation X-ray source with the

4Since the beginning of 2013 electrons are used. From the start of PETRA III operation until the
beginning of 2013 positrons were stored
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Facility Beamline
Energy

Resolution
[E/∆E]

Energy
range [eV]

Spot Size
hor.×vert.
[µ× µ]

Photon
Flux
[ph./s]

Available
methods

PETRA III XUV P04 3×104 @ 300eV 250-3000 10×10 5×1012

XPS, ARPES,
NEXAFS,

LEED, XMCD

Elettra

Nanospectroscopy
4×103 @ 400eV
1×103 @ 20eV

30-1000 20×5 1013 @
100-200eV

XPS, ARPES,
LEED, LEEM,
PEEM, XMCD

Materials Science
4×103 @ 25eV
1×103 @ 400eV

22-1000 100×100 up to
6×1010 XPS, UPS

VUV Photoemission
2×104 @ 65eV

1.5×104 @ 400eV
20-750 250×60 up to

1.4×1013
XPS, ARPES,

UPS

BESSY II
RGBL up to 2.5×104 30-1500 80×20 up to

2×1011
XPS, UPS,
NEXAFS

UE112 PGM-2a-12
<1 meV @
hν<100eV

4-250 465×var. 1013 UPS, ARPES

Max-Lab II
I-311 5×103-2×104 30-1500 500×100 1011-1013

XPS, UPS,
PEEM, LEEM,

LEED
I-411 103-104 50-1500 500×500 1011-1013 XPS, UPS

Table 2.1 � Parameters of Soft X-ray beamlines: XUV Variable Polarisation P04 [130] (PETRA III, Germany); Nanospectroscopy
[131], Materials Science[132] and VUV Photoemission [133] (Elettra, Italy); RGBL [134] and UE112 PGM-2a-12 [135] (BESSY II,
Germany); I-311 [136] and I-411 [137] (Max-Lab II, Sweden)

36



2.7. Photon sources

smallest horizontal emittance worldwide (1 nmrad).

The 300 m long Max Von Laue experimental hall is housing of 14 beamlines and more

than 30 experimental stations. Due to a small angle between straight neighboring sections

(5o) all beamlines are based on undulators only.

Undulators

In order to increase the intensity of radiation, advanced synchrotron light sources are

equipped with undulators. The undulator (Figure 2.14) is a set of periodic dipole magnets

of alternating polarity with a period of λu . The undulator radiation is concentrated in a

narrow angular cone along the undulator axis and consists of narrow spectral lines. The

fundamental wavelength λl can be estimated from the following equation [138]:

λl =
λu
2γ2

(
1 +

K2

2
+ γ2θ2

)
(2.15)

where K =
eB0λu
2πmec

is undulator parameter, (2.16)

γ = W
mec2

is the Lorentz factor, B0 is the maximum magnetic �eld on the undulator axis,

θ is the emission angle with respect to the beam axis.

The general property of the radiation emitted by relativistic electrons in a magnetic

Figure 2.14 � Schematic view and principle of a working undulator [139].

37



Chapter 2. Scienti�c methods and experimental facilities

�eld is that at a large distance most of the intensity is concentrated in a narrow cone of

opening angle 1
γ
. The cone is centered around the instantaneous tangent to the particle

trajectory. The direction of the tangent varies along the sinusoidal orbit in the undulator

magnet, the maximum angle with respect to the axis being θmax ≈ K
γ
. If this directional

variation is less than 1
γ
the radiation �eld contributions from various sections of the

trajectory overlap in space and interfere with each other. The consequence is, as will be

shown in the next sections, that the radiation spectrum in the forward direction is not

continuous but nearly monochromatic (more precisely, it is composed of a narrow spectral

line at a well-de�ned frequency and its odd higher harmonics). This is the characteristic

feature of undulator radiation. The condition is

θmax ≤
1

γ
⇒ K ≤ 1 (2.17)

If, however, the maximum angle θmax exceeds the radiation cone angle 1
γ
by a large

factor, which is the case for K � 1, one speaks of a wiggler magnet. Wiggler radiation

consists of many densely spaced spectral lines forming a quasi-continuous spectrum which

resembles the spectrum of ordinary synchrotron radiation in bending magnets.

2.7.2 The Variable Polarization XUV Beamline P04

One of the 14 beamlines of PETRA III is the Variable Polarisation XUV Beamline P04,

equipped with a 5 m long APPLE-II-type undulator. The undulator consists of 4 magnetic

arrays. The period is 65.6 mm. Changing the gap between upper and lower arrays, one

can vary the magnetic �eld and consequently tune the energy of the photon beam from

approximately 250 eV and up to 3000 eV. The polarization of the emitted photon beam is

changing via longitudinal movement of two arrays. The structure of the undulator allows

users to obtain horizontal and vertical linearly polarisation as well as left and right handle

circular polarisation of photon beam.

Figure 2.15 presents a schematic top and side view of beamline P04 [130]. The beam-

line consists of two independent branch lines, one of them is still under construction. The

photon beam, emitted by the undulator, propagates to the beamline optics. In order
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Figure 2.15 � Schematic top and side views of beamline P04 [130]. The emitted beam
goes through a Switching Mirror Unit (SMU) to a plane grating based monochromator
(PM/PG-U). The varied line-space (VLS) plane grating is focusing the beam at the Exit
Slit Unit (EXSU). Final beam focusing to sample position is performed by the Refocusing
Mirror Unit (RMU).

to enable fast beam switching between branch lines, the Switching Mirror Unit (SMU)

is installed following the tunnel wall. After SMU, the beam goes to the plane grating

based monochromator (PM/PG-U). Later, the Varied Line-Space plane grating (VLS) is

focusing the beam at the Exit Slit Unit (EXSU). The �nal beam focusing at the sample

position is performed by the Refocusing Mirror Unit (RMU). It consists of 2 sets of mir-

rors for 2 di�erent focus positions. The �rst one is set up a few meters behind the RMU

where the users can install the experimental end-station. The second focus position is at

the stationary PIPE-Experiment (Photon Ion Spectroscopy at PETRA III).
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Dynamic-XPS end-station for beamline

P04
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I would like to begin the report on achieved results from description of end-station

which was designed and assembled by our group at the beginning of my study.

Conceptually, the end-station should be designed with the aim to provide full cycle of

required experimental procedure in-situ. It includes preparation of sample surface (Ar+

sputtering, high temperature annealing etc), deposition of di�erent substances, and ac-

quisition of soft X-ray photoemission spectra under variable sample conditions. All of

them, and especially photoemission spectroscopy (see section 2.1), require UHV condi-

tions. However, deposition of organic semiconductor thin �lms could cause substantial

degradation of vacuum conditions. Therefore, the end-station should consist of two main

chambers: analytical and preparation. In addition, it is preferable to equip it with special

chamber which provides possibility for fast introduction of sample into vacuum (load-lock

chamber).
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3.1 Design and performance of the station

We began to realise the idea with computer-aided design (CAD) of the end-station. Fig-

ures 3.1 (a) and (b) present top and side views of simpli�ed CAD, correspondingly. The

main part of the end-station is the analytical chamber. On the left side there are prepa-

ration and load-lock chambers. All chambers are aligned at the same level. Magnetically

coupled transfers equipped with special designed heads allow to move samples from one

chamber to another within a few minutes. All chambers are separated by UHV gate valves

(VAT Deutschland GmbH) and equipped with individual turbo molecular pumps. They

provide UHV conditions in all chambers (5× 10−10 mbar).

3.1.1 Analytical chamber

The assembly of analytical chamber is based on standard CF-100 six-way cross and two

CF-100 to 4xCF-40 adapters (VAb Vakuum-Anlagenbau GmbH). The spectrometer Argus

(Scienta Omicron GmbH) is mounted to right side by 77,5◦ with respect to direction of

photon beam. Special screen made of µ-metal is installed inside analytical chamber with

the aim to prevent penetration of Earth magnetic �eld to measurement position. This

screen is coupled with µ-metal shell of spectrometer's lenses. This design allows to pass

photon beam through the analytical chamber. Consequently, the end-station can be

installed between other experimental stations at the beamline. The design of setup allows

to conduct di�erent experiments switching beam between several experimental stations.

The sample position for measurements is located in the center of chamber. The ma-

nipulator with 4 degrees of freedom (x, y, z directions and polar angle around the z axis)

is installed on top �ange. It is operated remotely by cordless joystick or manually by

handwheel and allows to precisely adjust the position of sample to focus of spectrometer

which is ∼ 30 mm away from analyzer aperture. Depending on the aims of experiment a

few CF-40 �anges allow to install di�erent kind of equipment (evaporators, gas sources,

thickness monitor, conventional UV or X-Ray photon sources etc). It allows to carry out

PES measurements simultaneously with in-situ deposition of substance and apply gas

atmosphere in the vicinity of sample surface with only barely increases the base pressure.

The turbo molecular pumps are installed at bottom �ange via CF-100 tee and at one of
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Figure 3.1 � Simpli�ed CAD of experimental station: (a) top and (b) side views. Major
components of experimental station are indicated. Inset: zoom of analytical chamber.
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the �anges of the spectrometer.

3.1.2 Argus spectrometer

Ejected electrons are collected by set of electrostatic lenses in Argus spectrometer which

are supplied by energy analyzer controller. The acceptance area is de�ned by applied

voltages and selected aperture. The aperture could be varied from ±9◦ and down to

±1.1◦ along the analyzer axis. Smallest aperture allows to analyze the sample area with

lateral resolution down to 60 µm. In addition, vertical and horizontal de�ection electrodes

installed in front of lenses can de�ect the electrons in the way that o�-axis electrons

will pass the aperture. Further, the electrons are retarded down to pass energy (Ep)

which corresponds to the energy adjusted by electrostatic �eld between inner and outer

hemispheres of analyzer. Only the electrons with kinetic energies in range from 0.93×Ep
to 1.07 × Ep can pass through hemispheres. The spectrometer could be operated in two

modes, namely, Constant Analyzer Energy (CAE) and Constant Retard Ratio (CRR).

In CAE mode, Ep and, consequently transmission function of analyzer, is kept con-

stant all over the scanned range of kinetic energies. This mode is usually used for XPS

measurements. Thanks to highly sensitive 128 channel detector the spectrometer allows

to acquire snapshot XPS spectra dynamically in the millisecond regime (Dynamic-XPS

measurements). In this case the probed energy range is de�ned by pass energy. Moreover,

using de�ector electrodes the spectrometer allows to scan across the sample surface with-

out mechanical shift of the sample (imaging-XPS). Using this mode, one can investigate

surface area of diameter form 6 to 20 mm with lateral resolution down to 60 µm.

In CRR mode the electronic control unit keeps constant retard ratio (CRR = Ek/Ep)

changing pass energy during scan of de�ned kinetic energy range. This mode is commonly

used in AES, since the transmission function of analyzer depends only on the retard ratio

and, consequently, on the retarding voltages [140,141].

3.1.3 Preparation and Load-Lock chambers

A compact preparation chamber (base pressure is below 5×10−10 mbar) is connected

to analytical chamber from the left side (see Figure 3.1) and is dedicated for sample
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processing. It is permanently equipped with quartz crystal microbalance (QCM) and

Ar+ sputtering gun. In addition, there are several CF-40 �anges where speci�c sources

of organic molecules, semiconductors or metals as well as other devices can be mounted.

XYZ-stage allows to conveniently move samples from preparation chamber to Analytical

and Load-Lock chambers.

Load-Lock chamber provides an opportunity for fast sample installation. The assembly

is based on standard CF-63 six-way-cross chamber equipped with CF-63 Quick-Access-

Door. Turbo molecular pump allows to get pressure of ∼ 1 × 10−7 mbar within a few

hours without bake out of chamber. The linear transfer is equipped with sample garage

which allows to introduce up to 6 sample holders.

3.1.4 Design of sample system

The designs of sample holder, manipulator head and sample transfer system are widely

used at other end-stations and bemlines at PETRA III (Asphere III [142,143] and beam-

line P09/HAXPES end-station [144]). We have adopted this sample system in according

to our experimental purposes. It allows us to quickly transfer samples and conduct ad-

ditional experiments using mentioned above facilities. All parts of sample system were

produced either in DESY workshops or by members of our group.

Figure 3.2 presents CAD assembly of sample holder for the case of piece of SiC/Si

wafer. This sample holder is specially designed for heating of wafer by direct current. Two

screws isolated by MacorTM discs are placed into copper podium. They hold sample and

Figure 3.2 � CAD assembly of
sample holder for the case of
SiC/Si piece of wafer.
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Chapter 3. Dynamic-XPS end-station for beamline P04

Figure 3.3 � CAD assembly of manipulator head, sample holders and sample transfer
system.

provide possibility to pass current through the sample, if any. Then electrically isolated

parts are placed onto the wedge and �xed by grounded screws. The sample is placed

between tantalum plates and foils of 50 µm thick. Finally, all parts are �xed tightly

by screw-nuts. The main screw provides easy �xation of sample holder on the desired

sample position in manipulator head. Real photo of assembled sample holder with SiC/Si

wafer is presented on Figure C.1 (a) (left position). This design of sample holder is very

adaptable. It can be easily adopted for di�erent types of samples. For example, the

modi�cation of sample holder adapted for mounting a gold crystal (see Figure 3.3 middle

sample position). In this case the crystal is �xed with tungsten wire between isolated

and grounded screw. This design also allows to heat the gold crystal. Figure C.1 (a) also

presents sample holders adopted for niobium single crystals (middle position) and gold

single crystal (right position).
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CAD assemblies of sample transport system and manipulator head are presented on

Figure 3.3 where two sample holders are installed to top and middle position. Manipu-

lator head has 3 sample positions and provides several opportunities to vary of sample

conditions during experiment. For instance, the top position is equipped with electrical

contact and provides possibility to heat sample by current. The contact is designed in

a way that allows heating during photoemission spectra acquisition in wide range of the

electron emission angles (0�77.5◦). Maximum temperature is basically limited by sample

and materials which are used to �x the sample on sample holder. For example, in order

to observe graphene growth processes on SiC/Si wafer in real time we heated the sample

up to 1350 ◦C (see section 4.2.1). The manipulator head is connected to cooling system

via copper braid. Using LN2 one can cool samples down to 160 K. The rotation axis of

manipulator is aligned with sample surface. Thereby it allows to rotate a sample without

lateral shift.

Sample transfer system allows safe movement of sample between load-lock, preparation

and analytical chambers. Basically, it is a fork put via te�on seal on the special designed

screw driver (Figure 3.3). The spring stretches out the screw driver and fork helping

to reliably hold sample holder. All together they are mounted on rod of linear transfer.

Rotating the linear transfer rod by magnetic coupling one can install/take out sample

holder to/from manipulator head. Assembled fork is shown on Figure C.1 (b) where it

holds on of the sample holders.

3.2 Commissioning of the end-station

We assembled the designed end-station and installed it at the beamline P04 (PETRA III,

Hamburg). Figure C.2 presents the top-side view of end-station installed at beamline [80].

During commissioning we performed several experiments which successfully proved high

energy resolution, high count rate and stability of spectral acquisition repetition rate

during dynamic-XPS measurements. First of all, we measured Xe 5p core level at 265 eV

photon energy using Xenon gas phase target. Figure 3.4 (a) presents experimental data

(red cycles) and results of �tting procedure (black solid line). FWHM of Xe 5p3/2 peak

is 37.7 meV. The spectrum also presents spin-orbit split Xe 5p1/2 peak which is shifted
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Chapter 3. Dynamic-XPS end-station for beamline P04

Figure 3.4 � Experimental spectrum
of Xe 5p core-level measured at 265
eV photon energy. Blue circles are
experimental data. Red solid line is
decomposition results of experimen-
tal data.

by ∼1.32 eV to high binding energy with respect to �rst one. These data are in good

agreement with previously published results [145].

Secondly, we measured Fermi edge and Au 4f core level spectra using di�erent photon

and pass energies at room temperature. These data allow to estimate instrument resolu-

tion [79]. For that propose we used (001) surface of single gold crystal. The surface was

cleaned by Ar+ sputtering and consequent annealing at 600 ◦C. All spectra were mea-

sured at following parameters: sample temperature is 300 K, beamline slit size is 10 µm;

spot size of photon beam is ∼ 2000 × 300µm (H×V); energy step of spectra acquisition

is 20 meV for Fermi level and 50 meV for core-level spectra; dwell time at certain energy

step is 100 ms. Figure A.1 presents survey spectrum which reveals only gold core-levels

proving highest purity of gold surface. Negligibly small residual fraction of carbon atoms

Figure 3.5 � Examples of experimental spectra of Fermi edge (a) and Au 4f (b) core-level
measured at 400 eV photon energy and 35 eV pass energy.
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Photon energy Analyzer pass energy FWHM of Au 4f Energy resolution of FE

[eV] [eV] [meV] [meV]

400 eV

2.5 450 130

20 600 420

35 750 620

1000 eV

2.5 490 260

20 600 440

35 800 640

Table 3.1 � Summary of energy resolution obtained from �tting of Fermi edge and Au 4f
core-level spectra.

is detected. This spectrum is in very good agreement with reference data [92]. Figure 3.5

presents examples of (a) Fermi edge and (b) Au 4f core level spectra acquired at 400 eV

photon energy and 35 eV pass energy. Red circles present experimental data, black solid

curves present results of �tting procedure, green dashed curve is Shirley type background

and blue solid curve is Au 4f signal. Spectrum of Fermi edge was �tted using equation for

Fermi-Dirac distribution. Table 3.1 summarises results of obtained from �tting procedure

FWHMs of Au 4f core-levels and resolution of Fermi edge.

3.3 Possible further improvements

The end-station is constructed, assembled and installed at beamline P04 (PETRA III,

DESY). Results of commissioning measurements prove the e�ciency of beamline - end-

station combination for XPS measurements. At the same time, it has potential for further

improvements. On the one hand, currently using UHV chambers are compact and provide

some possibilities for installation of additional experimental equipment. On the other

hand, in this design there is no possibility to install equipment based on big CF �anges.

For example one should consider possibility to implement LEED which is essential tool

for surface characterisation. For that reason one can upgrade the setup by using UHV

chamber with a special positioned �anges of several sizes. This chamber can be designed

in a way allowing the installation of conventional X-Ray or/and UV sources for sample
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precharacterisation etc. One can also introduce the azimuthal rotational degree of freedom

at one of the sample positions in manipulator head. It will allow an X-Ray photoelectron

di�raction (XPD) measurements. It requires very stable and precise movement of sample.

There are also several ways for improvement of beamline and end-station combination.

For example, development of new software for Beamline/analyzer/manipulator intercon-

nection with an aim to get XPD, XMCD and NEXAFS methods available for users.

Furthermore, the software can control both analyzer and beamline parameters during

dynamic-XPS spectra acquisition, e.g. photon energy. It could be especially useful dur-

ing dynamic measurements of several core levels when each core level requires di�erent

photon energy. From one point of view it will certainly reduce the time resolution. From

the other point of view, it will allow to vary surface sensitivity and select photon energy

in order to obtain maximal cross section. It is also tempting to have a possibility for

on-line analysis of XPS spectra. For example, it will allow to control the amount of given

substance on the sample surface in real time.

To our knowledge there is no alternative beamline � end station combination in terms

of spectrum acquisition speed, photon �ux, photon energy range and photon energy res-

olution. The beamline parameters (linear polarisation mode, beam focusing in horizontal

plane, extension of photon energy range down to 50 eV) and new possibilities of end sta-

tion (interconnection with beamline and speed of the detection system) will be available

very soon.
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Chapter 4. Structure and properties of graphene synthesized on cubic-SiC(001)/Si(001)
wafers

This chapter describes the results obtained for graphene overlayers synthesized on

cubic-SiC(001)/Si(001) wafers. This result were published in Refs. [41,78]. In order to syn-

thesize graphene we used procedure of thermal decomposition of cubic-SiC(001)/Si(001)

wafers which was proposed by V. Aristov's group in 2010 [46]. Following this procedure

we precisely controlled all milestone steps by LEED and STM. Then, we analysed ob-

tained surface structures by following techniques: XPS, µ-XPS, dynamic-XPS, µ-ARPES,

LEEM, µ-LEED and atomic resolution STM. We have found an interesting physical and

morphology properties which will be described below. Discussion of results is based on

two articles published during the work on the thesis [41, 78].

4.1 Cubic-SiC(001)/Si(001) substrate

4.1.1 Crystal structure of silicon carbide

Silicon carbide is a wide gap semiconductor crystal, whose lattice consists of atoms of

silicon and carbon divided in proportion of 50 to 50 %. Up to now, more than 250

polymorphs are known which di�er by the order of alternation of silicon and carbon atomic

planes in the lattice [147]. In general, one can distinguish a well in literature described

hexagonal α-SiC whose crystal structure is very similar to wurzite. It includes a lot of

di�erent phases where the most common are 4H (ABCB-ABCB) and 6H (ABCACB-

Figure 4.1 � The periodic structure
of β-SiC crystal formed by planes of
silicon and carbon atoms [146].
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4.1. Cubic-SiC(001)/Si(001) substrate

ABCACB). It can be synthesized as bulk crystals but their production is very expensive.

In this work, cubic-SiC (also known as β-SiC or 3C-SiC) has been used as a substrate for

graphene synthesis. In contrast to α-SiC, this polymorph cannot be synthesised as massive

crystal. On the other hand, current technologies allow to produce the small (several mm3)

crystals with signi�cant amount of defects. In contrast to α-SiC, it is relatively cheap and

commercially available but can be only fabricated as 1-2 µm thick monocrystalline epilayer

on standard silicon wafer by chemical vapor deposition. This technology is well developed

and allows to grow epilayers on at least 200 mm silicon wafer. However, it is still very

challenging to prepare defect free bulk cubic-SiC crystal. A lattice mismatch between Si

and SiC (≈20%) and di�erent coe�cients of thermal expansion (≈8%) lead to high defect

density at the SiC/SiC interface and up to 2-3 µm SiC thickness [148].

Figure 4.1 presents a schematic view of β-SiC unit cell (adopted from [149]). The crys-

tal structure could be considered as carbon and silicon face-centered sublattices, shifted

with respect to each other in the direction of cube's diagonal 〈111〉 by 1/4 of diagonal

length (so-called zinc-blend or sphalerite structure). In other words, the crystal is formed

by alternating double planes of silicon and carbon atoms (ABC-ABC). For that reason

the perfect (001) surface could be either silicon or carbon terminated [146]. In addition,

a lot of surface reconstructions both for silicon and for carbon terminated surfaces are

possible.

4.1.2 Rotated crystal structure of cubic-SiC

It is well known [151], that cubic-SiC epilayers grown on Si wafers consists of grains with

two preferable orientations rotated by 90◦ with respect to each other. At the edges they

form anitphase boundaries. Figure 4.2 presents an AFM images of (a) as-grown and (b)

hydrogen etched at 1200 ◦C for 30 minute 3C-SiC(001) epilayers [150]. In both cases, the

regions within antiphase boundaries consists of atomically �at terraces. On the image,

taken from as-grown sample, they are wavy and only loosely alighted to 〈110〉 directions

(Figure 4.2 (a)). After a hydrogen etching (Figure 4.2 (b)) one can observe a more uniform

cubic morphology, the terraces became more ordered and alighted preferably along 〈110〉

directions. The terraces are atomically �at and have typical steps within 2-3 Å. That
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Figure 4.2 � AFM micrographs of 3C-SiC(001) epilayers: (a) as-grown and (b) hydrogen
etched at 1200 ◦C for 30 min. Step height and terrace width along the 〈110〉 directions
are depicted in the higher resolution images and by line pro�le extracted from these [150]

corresponds to biatomic steps. Taking into account the fact that crystal structure of cubic-

SiC is formed by double planes of silicon and carbon atom, surfaces of terraces are formed

by atoms of the same element (carbon or silicon) [150]. The domains themselves possess

an equivalent crystal structures, but rotated by 90◦ with respect to each other [152]. For

that reason, interpreting the LEED patterns, one has to take into account that it contains

superposition of di�raction spots from both domains.

4.1.3 Temperature stimulated surface reconstructions on

SiC(001)

In order to synthesize high quality graphene it is essential to work with atomically clean

surfaces. The surface of introduced from the air sample consists of adsorbed gas molecules.

For that reason, we annealed samples at 600-700 ◦C during several hours and �ashed

≈1100 ◦C in order to remove contaminants. It allows to obtain vacuum conditions better

than 1×10−11 mbar. Then we deposit excessive amount of silicon on carbon rich 1×1

surface and applied several combinations of long term annealing and �ashes of di�erent

durations and up to di�erent temperatures. Major synthesis steps are summarised in

Figure 4.3 where STM and LEED patterns as well as sketches of corresponding crys-

tal structures are shown: (a) 3×2, (b) c(4×2), (c) c(2×2) and (d) graphene. First, we

obtained 3×2 reconstruction after annealing sample at 700-800 ◦C [154�156]. It corre-

sponds to additional layer of silicon atoms on silicon terminated surface. Further �ash
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Figure 4.3 � Summary of most important surface reconstructions of SiC(001) and nec-
essary sample treatment conditions. STM images were measured at U=-2.3V and I=70
pA (a), U=-2.5V and I=80 pA (b), U=-3.0V and I=70pA (c), U=22mV and I=70pA (d).
The LEED patterns were taken at di�erent electron beam energies to obtain the best
patterns. Adopted from Refs. [46,78,146,153]
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heating at 1050 ◦C leads to desorption of silicon atoms and we obtained a lines of silicon

atoms of di�erent periodicity (5×2, 7×2, see Figure B.2 (a)) [157�159]. The periodic-

ity depends on duration of annealing. Finally, Si-terminated surface is obtained after

�ash heating at 1100 ◦C. In this case, the surface consists of only one layer of silicon

atoms which create c(4×2) surface reconstruction [160�164]. The purity of surface could

be easily controlled at this stage. The c(4×2) surface reconstruction is very sensitive to

di�erent kind of impurities. In case it takes place one will observe metallic 2×1 surface

reconstruction [165]. Also, there is a reversible phase transition of c(4×2) to metallic

(2×1) structure at 400◦ [166]. In order to desorb a top silicon layer and obtain a carbon

terminated surface with c(2×2) reconstruction [155] we applied additional �ash heating

up to 1300 ◦C [167]. The c(2×2) superstructure is not only surface reconstruction on

carbon terminated surface. STM image on Figure B.2 (b) shows 1D carbon atomic chains

which can be obtained after long-term annealing of sample at ∼1200◦ [168]. Being single

carbon-carbon buckled dimmers in sp3 bonding con�guration [168], they are formed by

excess carbon atom and all oriented in one direction. It could be clearly seen as bright

protrusions on Figure B.1 which presents large-area STM of SiC(001)-c(2×2) surface [78].

The density of these chains is increasing with longer annealing and �nally covers all sur-

face. Since a long time c(2×2) reconstruction was presumed to be last obtainable surface

reconstruction. Further increase of temperature is limited by melting point of silicon

(1414 ◦C). In 2010 the possibility to obtain graphene layers on cubic-SiC(001)/Si(001)

was demonstrated by V. Aristov's group [46]. It has been shown that excessive amount

of carbon atoms can be converted to honeycomb graphene-like lattice [32,46]. This is the

�nal stage of graphene synthesis where we applied short �ashes up to 1350 ◦C. This is

very tricky stage because at such elevated temperatures silicon substrate could be easily

melted. Therefore duration of �ashes were not longer than 30 s. It also allows to prevent

depletion of silicon atoms and formation of multilayer graphite-like structure [32].

In all experiments surface purity and quality were checked by photoemission spec-

troscopy. Figure 4.4 presents typical survey spectrum taken from trilayer graphene grown

on "on-axis" SiC/Si wafer. The spectrum was measured using 700 eV photon energy and

shows the presence of only C 1s, Si 2s and Si 2p peaks. There is no any other detectable

core-level peak in spectrum which means highest purity of graphene surface. In turn, C

56



4.1. Cubic-SiC(001)/Si(001) substrate

Figure 4.4 � Survey photoemission spectrum taken from clean surface of graphene grown
on SiC(001)/Si(001) wafer using 700 eV photon energy.

Figure 4.5 � Typical strong anisotropy of C 1s
NEXAFS spectra taken at di�erent incidence an-
gles of linearly polarised photon beam.

1s NEXAFS spectra presented on Figure 4.5 possess two sharp π∗ and σ∗ resonances.

The spectra were acquired by measuring dependence of Auger C (KLL) peak on photon

energy. Character of spectra is strongly anisotropic. Intensity ratio of resonances depends

on incidence angle of linearly polarised photon beam. While σ∗ resonance is dominant at

normal incidence (α ≈ 90◦) of photon beam, π∗ resonance is dominant at grazing inci-

dence (α ≈ 5◦). This behaviour coincides with previously obtained data for weakly bound

graphene/substrate systems [46,169].
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4.2 Synthesis of graphene

4.2.1 Time resolved in-situ observation of graphene growth

According to synthesis procedure, one has to strictly control temperature conditions and

observe corresponding surface reconstructions. This procedure is very laborious and takes

considerable time. There are di�erent parameters (heating time of sample, applying sur-

rounding atmosphere, heating temperature etc) which could be changed during prepara-

tion procedure [32, 170]. As a result, one can observe only �nal result of heating process

by LEED or/and STM. Furthermore, one has to repeat procedure again in case of mis-

take. Up to now there were no experiments techniques which allow direct observation of

graphene preparation and no methods to control an amount of graphene layers during

preparation procedure in real time. Taking this into account, we set up the experiment

of real-time observation of controllable temperature stimulated graphene growth. The

experiment was carried out using new end-station at beamline P041.

Figure 4.6 presents the inside view of analytical chamber where sample is placed into

position for measurements. The sample is a piece of cubic-SiC/Si wafer. We placed the

sample on position for measurements and begun heating of sample simultaneously with

spectra acquisition. During the measurements we applied a direct current to sample to

1Detailed description of end-station is given in Chapter 3

Figure 4.6 � Inside view of analysis
chamber [80]. The sample on sample
holder, placed into position for measure-
ments and heated to 1000 ◦C is shown.
The analyser aperture, metal evaporator
and micropipe gas source are also shown.
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Figure 4.7 � (a) The current passed through sample and temperature of sample during
the measurements. (b-g) Evolution of C 1s core-level snapshot spectra acquired during
heating process. A one of single snapshot spectrum at critical stages is shown. All spectra
were measured at 750 eV photon energy, 70 eV pass energy and with time resolution
1s/spectrum. (h)-(l) Fitting results of single snapshot spectra from panels (b), (d)-(g).
Adopted from [80]
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heat it up to 1350 ◦C. Figure 4.7 (a) presents the graph which re�ects the current passed

through sample and corresponding sample temperature. Figures 4.7 (b)-(g) presents the

evolution of C 1s core level spectra measured in dynamic mode. The spectra were mea-

sured using 750 eV photon energy and 70 eV pass energy. The intensity is graduated by

color scale. We have acquired more than 900 spectra with acquisition time 1 s/spectrum

within 15 minutes [80]. Single snapshot spectra at critical stages are also shown by red

dotted lines on Figures 4.7 (b)-(g). Furthermore, the spectra were decomposed in two

peaks. Results of decomposition are shown on Figures 4.7 (h)-(l) where experimental

data are shown by black circles, dashed green line is background, �lled by red and blue

curves are �tted components, and solid cyan line is envelope of �tted spectra and back-

ground. The raw spectra were shifted due to voltage applied to the sample. We used

SiC-peak as a reference to compensate this shift. Since the SiC-peak of C 1s originates

from bulk crystal structure and should not be a�ected by heating process. It is found

that energetic distance between graphene and SiC-peaks is changing during heating pro-

cess. It indicates on formation of di�erent surface reconstructions which were described in

previous section. Despite of quite high sample temperature and photon energy as well as

short time of spectrum acquisition the spectra are well pronounced and possess low noise

level. It allows to follow the shape and ratio of peak during the preparation procedure.

All spectra were normalised to maximum and decomposed to two peaks.

Figure 4.7 (b) presents the �rst stage of heating procedure where we did not pass

current through sample. The decomposition of corresponding spectrum is shown on Fig-

ure 4.7 (h). At the �rst stage of preparation procedure one can see strong peak which

corresponds to carbon in SiC bulk. Second component is shifted by ≈ 1.31 eV to high

energy side. On further steps of heating process we passed up 11 A through sample and

heated it up to 1350 ◦C. Corresponding spectra are presented on Figures 4.7(c)-(f) and

(h)-(k). Increasing the temperature gives rise to second component of the C 1s spectra.

At the same time the bulk component is decreasing. The energetic distance between two

component is increasing up to ≈ 1.64 eV. This corresponds to sublimation of Si atoms

and graphitisation of the surface [32]. Finally, at the last stage of preparation procedure

the temperature of sample is reached 1350 ◦C. Corresponding spectra are presented on

Figures 4.7 (h) and (l). At this temperature the carbon-carbon bonds undergo a recon-

60



4.2. Synthesis of graphene

struction to sp2 hybridization which correspond to graphene formation [32]. At this stage

second component is shifted by 1.59 eV to higher binding energy with respect to SiC-peak.

After this procedure we ex-situ transferred our sample to another experimental station for

LEED measurements. Presented on Figure B.4 (a) LEED pattern consists of well known

12 double-splitted di�raction spots which belong to graphene layers [32,171]. Bright spots

from substrate can be also seen.

4.2.2 Controllable synthesis of graphene

The approach described in previous section allowed us to synthesize mono-, double and

trilayer graphene. All stages were characterized by LEEM and µ-XPS. Figure 4.8 (a)

presents dark-�eld LEEM micrograph taken from trilayer graphene grown on SiC/Si piece

of wafer. It consists of two highly contrasted areas A and B. This picture perfectly coin-

cides with previously obtained data [32, 172]. In order to estimate a number of graphene

layers we acquired LEEM-IV characteristics. They are shown on Figure 4.8 (b). Each

spectrum consists of distinct minima informing about the number of graphene layers. As

soon as we obtained desired number of graphene layers we measured C 1s µ-XPS spectra

at di�erent photons energies.

Figure 4.9 presents corresponding spectra acquired using 330 eV, 400 eV and 450 eV

photons energies from mono- (a), double- (b) and thilayer (c) graphene. Spectra were

acquired both for A and B areas and possess quantitatively similar behaviour. All spectra

were normalised by maximum intensity and �tted in according with procedure described

in section 2.1.2.1. It is clearly seen that at all stages the spectra consist of only two peaks.

The SiC-peak originates from carbon atoms in crystal structure of SiC and is located at

Figure 4.8 � (a) µ-LEEM
micrograph, obtained
from 3ML-graphene/cubic-
SiC(001)/Si(001) wafer. (b)
Electron re�ectivity spectra,
recorded from 1, 2 and 3
monolayer graphene.
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Figure 4.9 � The C 1s core level spectra taken from 1ML (a), 2ML (b) and 3ML (c)
graphene using 330, 400 and 450 eV photon energy. The decomposition of spectra shows
the presence of only two peaks, con�rming the absence of bu�er layer.

284.9 eV binding energy. The Gr-peak shifted by ∼1.75 eV belongs to the surface carbon

atoms which form the graphene layers. This result is in good agrement with previously

reported C 1s core-level spectra and indicates on absence of carbon bu�er layer at the

interface between graphene and (001) surface of SiC [171]. However, it should be noted

that energetic distance between two peaks is not in agreement with some previously

published data [171,172], where the shift is in the range of 1.4-1.7 eV.

Comparing spectra of di�erent photon energies, and consequently at di�erent probing

Number Photon energy

of layers 330 eV 400 eV 450 eV

1 2.843 1.780 1.276

2 4.024 2.562 1.759

3 6.000 5.056 3.103

Table 4.1 � Calculated ratios of peaks intensities for di�erent number of graphene layers
(IGr/ISiC). All values are calculated from decomposition of corresponding C 1s core-level
spectra. Numbers of graphene layers are taken from LEEM-IV characteristics.
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depth, one can note that peak position is conserved. At the same time, the intensity of

bulk component decreases both with decrease of photon energy and increase of number of

graphene layers. Moreover with increase of number of graphene layers the spectra become

more asymmetric. It indicates on increasing surface conductivity. No other contributions

were detected. It con�rms the previous deductions [171] that there are no graphitic bu�er

layer or chemical interaction between graphene and bulk-SiC.

Table 4.1 summarises calculated ratios of peaks intensities (IGr/ISiC). These values

were obtained from decompositions of corresponding spectra presented in Figure 4.9. The

numbers of graphene layers we obtained from corresponding LEEM-IV characteristics

presented in Figure 4.8 (b). In combination with results presented in section 4.2.1, these

result allows real-time calculation of number of graphene layers during synthesis process.

4.3 Atomic structure of graphene on cubic-

SiC(001)/Si(001)

4.3.1 Wafer scale graphene

Previous investigations show that trilayer graphene standard cubic-SiC(001)/Si(001)

wafer possesses complicated surface structure [32]. Figures 4.10 (a) and (d) present bright-

�eld LEEM micrograph and corresponding LEED pattern. It can be noted that LEEM

micrograph possesses many grains and grain boundaries. LEED pattern taken from large

area consists of 12 double-splitted bright di�raction spots as well as di�raction spots from

cubic-SiC substrate. In order to study this e�ect authors obtained dark-�eld LEEM mi-

crographs. They are presented on Figures 4.10 (b) and (c) and consist of two types of

highly contrasted areas. µ-LEED patterns presented on Figures 4.10 (e) and (f) were

taken from corresponding surface areas in dark-�eld LEEM micrographs. It is clear, that

each µ-LEED pattern consists of only 12 non-equidistant di�raction spots. Taking into

account well known fact that cubic-SiC epilayer grown Si wafer possesses of two 90◦-

rotated grains (see Ref. [151] and section 4.1.2), authors assumed that graphene follow

the surface structure of substrate and also possesses of two 90◦-rotated grains. In fact, the

LEED pattern presented on Figure 4.10 (d) is a superposition of patterns presented on
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Figure 4.10 � (a) bright �eld LEEM micrograph, proving the uniform thickness of the
graphene synthesized on cubic-SiC(001)/Si(001) wafer. (b and c) dark �eld LEEM images
from di�erent di�raction spots (shown in panels (e) and (f)). (d-f) µ-LEED patterns from
the surface areas shown in panels (a)-(c). (g) µ-XPS (10 µm area) C 1s core level spectra
taken from the sample at di�erent photon energies. (h) Electron re�ectivity spectra
recorded for the di�erent surface regions 1, 2 and 3 as labeled in panel (b). Adopted from
Ref. [32].

Figures 4.10 (e) and 4.10 (f). The number of graphene layers was estimated from LEEM-

IV characteristics which are shown on Figure 4.10 (h). Three electron re�ectivity curves

were recorded from regions labeled as 1, 2 and 3 in Figure 4.10 (b). In all three curves

there are three distinct minima which correspond to trilayer graphene. Figure 4.10 (g)

present standard C 1s µ-XPS core-level spectra acquired using 330 eV and 450 eV photon

energy.

Authors also found possible explanation for origin of 12 di�raction spots in µ-LEED

patterns taking into account atomically resolved STM images obtained from the same

sample [32]. Figures 4.11 (a) and (b) present of STM images with two preferential ori-

entations of graphene boundaries. It was found that boundaries are rotated by 90◦ with

respect to each other and preferably elongated in [110] and [110]-directions. Furthermore,

each image consists of two graphene orientations rotated by ±13,5◦ with respect to those

boundary. The vertices of red and blue 27◦-rotated hexagons mark the positions of 12

di�raction spots from two graphene structures oriented along [110] axis (Figure 4.11 (a)).
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Figure 4.11 � The model explaining explaining the origin of the 12 double-split di�raction
spots in the LEED pattern (c). (a),(b) STM data taken from two areas which consist 90◦

rotated graphene structures. Adopted from Ref. [32].

Analogously, the 90◦-degree rotated system of red and blue hexagons explains the origin

of 12 spots from two graphene orientations rotated by ±13,5◦ from the [110] axis. The

sketch presented on Figure 4.11 (c), being superposition of these two systems, perfectly

explains the origin of 12-double splitted di�raction spots in large area LEED pattern on

Figure 4.10 (d) [32]. Most probably, the complex crystal structure of graphene grown

on cubic-SiC wafers is related to complex structure of cubic-SiC epilayer [32] which was

discussed above. According to LEEM images the areas of surface covered by each type

of graphene orientations are roughly equal. It should be also noted that brightness of

graphene di�raction spots are equal. That is one more argument in support of these

assertion.

The LEED pattern taken by us from our sample using conventional is presented on

Figure B.4 (a). It consists of circle of 12 double-splitted graphene di�raction spots as well

as spots which originate from cubic-SiC substrate. Cross-section A-A' taken across one

of graphene doublet is presented on Figure B.4 (c). It is clear that intensities of peaks

are equal.

4.3.2 Detailed investigation of rotated network in graphene

grown on "on-axis" SiC(001)/Si(001) substrate

Following presented above results we can conclude that we are able to synthesize high

quality graphene and can conduct more detailed investigations. Further, with an aim to
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investigate the origin of di�erent graphene orientations and mechanisms of its formation

we conduct detailed investigation of trilayer graphene. First of all, we obtained large

area STM images which are shown on Figures 4.12 (a) and (b) [78]. Figure 4.12 (a)

and corresponding to white dashed line cross section on Figure 4.12 (d) show the typical

for SiC surface defect - multiatomic step. More interesting situation is shown on Figure

4.12 (b). This large area STM image presents surface region with anti-phase boundary.

Such boundaries were widely observed in LEEM patterns on Figures 4.10 (a), (b) and

(c). Although the resolution is limited near the boundaries and the actual topography

cannot be seen because of tip e�ects, absence of a jump-to-contact at such a small bias

voltages con�rms the absence of bare SiC regions at multiatomic steps and edges of the

APD boundary defects. Applied to the sample bias voltages (-0.8 V and -1 V) lie within

SiC band gap (2.3 eV) and did not a�ect the imaging. Consequently, graphene overlayer

covers SiC wafer even near multiatomic steps and APD boundaries. However, the number

of graphene layers in regions close to these surface regions is still open question.

Figures 4.12 (e) and Figure 4.12 (f) present STM images of sample regions G and H

Figure 4.12 � Large area STM images of graphene, synthesized on "on-axis" cubic-
SiC(001)/Si(011) wafer [78]. (a) and (b) typical defects in graphene overlayer: miltiatomic
step and antiphase boundary. (e) and (f) detailed STM images of corresponding G and
H surface areas on panel (b). (c), (d), (g) and (h) Cross sections (1�2), (3�4), (5�6)
and (7�8) taken from the images in panels (a), (b) and (f). STM images were measured
using following parameters: U=-1.0 V and I=60p A (a); U=-0.8 V and I=50 pA (b);
U=-0.8 V and I=60 pA (e); U=-0.7 V and I=70 pA (f).
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highlighted by dashed squares on Figure 4.12 (b). The images illustrate surface formed

by nanodomains. They are connected through boundaries which are alighted prefer-

ably in one direction. Comparing STM data obtained before (Figure B.2 (b)) and after

(Figures 4.12 (e) and (f)) graphene synthesis, it can be concluded that the nanodomain

boundaries are preferentially aligned along the 〈110〉 directions of the SiC crystal lattice.

It is indicated by black arrows on Figures 4.12 (e) and (f). The domains are typically

elongated in either the [110] or [11̄0] direction, having widths in the range of 5�30 nm

and lengths varying from 20 to 200 nm. The average width of these nanodomains is ap-

proximately 10 nm, although wider nanoribbons are frequently observed. Cross-sections

5-6 and 7-8 marked by dashed lines on Figure 4.12 (f) are presented on Figures 4.12 (g)

and (h), respectively. We have found typical for graphene/SiC(001) system monoatomic

steps. One of those is highlighted by white arrow. At bias voltages grater than ±0.8 V the

height of steps is ≈0.4 Å that is very close to well known lattice parameter for cubic-SiC

(a=4.3596 Å).

Furthermore, as it is shown in Figure 4.13 (a) and (b), the graphene layer possesses

Figure 4.13 � (a) 15 × 15 nm2 STM
image of a domain region illustrating
atomic scale rippling typical of a free-
standing graphene layer. (b) Cross sec-
tion (1�2) from the image in panel (a).
Adopted from Ref. [78].
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rippled morphology. The dimensions of the graphene ripples are on the order of several

nanometers laterally and 1 Å vertically, coinciding with such values calculated for a free-

standing monolayer [173]. Our results coincides with STM experiments on an exfoliated

graphene monolayer supported by a SiO2/Si substrate [174]. It has been demonstrated

recently that the apparent height of these ripples can be enhanced in STM experiments

on freestanding graphene. Rippling e�ect can be caused by strong tip�sample interac-

tions and high �exibility of the graphene monolayer [174, 175]. It has also been shown

[78] that there is substantial change in the surface topography with only minor increase

in the tunneling current. This result is very similar to e�ects observed in graphene/SiO2

[176]. The roughness of the surface layer can be modi�ed by the tip�surface interaction

after an increase in the tunneling current of ∼33%. It corresponds to a change in the

tip�sample distance of several picometers. This e�ect supports quasi-free-standing char-

acter of graphene grown on cubic-SiC/Si wafer. It should be noted that some surface

regions which look like boundaries within the domain network can in fact be related to a

bent single layer [78].

With a aim to estimate the origin of 12 double-splitted di�raction spots in LEED

patterns (see Figure 4.10) we obtained the atomic resolution STM images for both [110]

and [11̄0] directions of nanodomain boundaries which are presented on Figures 4.14 (a) and

(b)). On the inset of Figure 4.14 (b) the two-dimensional fast Fourier transform (FFT)

pattern is shown. It consists of exactly two hexagonal systems of spots which are related

Figure 4.14 � Atomically resolved STM images of graphene grown on SiC(001) substrate.
Preferential directions of graphene nanoribons and its boundaries are highlighted by ar-
rows. Inset in panel (b) shows the FFT pattern with two 27◦-rotated systems of spots.
Adopted from [78]
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graphene domains. The orientations of graphene nanodomain structure are highlighted

by arrows. It should be noted that preferential orientation of graphene nanoribons is

rotated by ±13.5◦ with respect to [110] and [11̄0] directions of nanodomain boundaries.

Thus, we proved the model proposed in Ref. [32]. The origin of 12 non-equidistant

di�raction spots in LEED pattern is de�ned by complex graphene structure consists of

two 90◦-rotated families of graphene nanoribons which, in turn, are rotated by ±13.5◦

with respect to their boundaries. Totally, the graphene overlayer grown on "on-axis"

cubic-SiC(001)/Si(001) substrate consists of four dominating orientations [78].

We propose following model for explanation of ±13.5◦ rotated structure of graphene

nanoribbons. Figures 4.15 (a) and (b) show a schematic model of the graphene do-

mains on SiC(001) rotated by ±13.5◦ from the 〈110〉-directed boundaries. One can see

that the atomic lattices of the rotated graphene domains and the substrate coincide only

in some sites for this misalignment angle, but additional points of coincidence can ap-

pear due to the rippling and random distortions of the carbon bond lengths [32]. The

graphene and SiC(001) lattices ideally coincide only at some sites, which leads to a weak

interaction between the substrate and overlayer and the absence of a bu�er layer in the

graphene/SiC(001) system [32,46]. One can see from Figures 4.15 that the points of coin-

cidence of the substrate and graphene lattices are aligned along one of the 〈110〉 directions

of the SiC lattice, corresponding to the direction of atomic chains on the SiC(001)-c(2×2)

reconstruction. Most probably, these diamondlike chains determine the orientation of the

domain boundaries in the topmost graphene layer. Because of the delicate balance between

the graphene/SiC(001) interaction and domain boundary energies, the 13.5◦ misalignment

angle can be more favorable than other rotation angles, which would give a better coin-

cidence between the graphene honeycomb and SiC(001) square lattices. High resolution

images (Figures 4.15 (c) and (d)) show two typical features related to the nanodomain

boundaries in graphene/SiC(001). The layer near the boundary is bent, leading to an

additional roughness on the order of several Å (Figures 4.15 (c)). This roughness can

be caused by stress due to the conjunction of neighboring domains, but it can also be

observed near the domain edges in freestanding single layer graphene [173]. Figures 4.15

(d) also reveals an irregular atomic structure of the boundary, which is in good agreement

with the domain boundary schematic shown in Figures 4.15 (e).
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Figure 4.15 � The model for explanation of ±13.5◦ rotation of nanoribbons [78]. ((a),
(b)) Schematic models of two di�erent graphene domains (gray spheres) and SiC (blue
spheres). Green crosses note the positions where graphene atoms coincide with atoms on
C-terminated SiC surface. Red dashed and solid arrows highlight the [110] and ±13.5-
rotated directions of graphene domains. (c) 3D-STM image of a 4.8nm × 4.8nm area of
the graphene surface showing a typical boundary between two rotated graphene domains,
showing the bending of the layer where the two domains meet. (d) 2D-STM image of the
same area as in (c), highlighting the disordered atomic structure of the domain boundary.
(e) Schematic model of a similar boundary, illustrating the incommensurate nature of
the two domains. The darker gray atoms indicate the zone where they cannot adopt the
regular graphene honeycomb structure.

The obvious conclusion which follows from the results shown above is that graphene

layers follow morphology and surface atomic structure of SiC(001)-c(2×2) surface. In

this case, the "bottom-up" growth mechanism is more preferable, similarly to growth of

graphene on α-SiC [78, 170, 177�186]. Because of the di�erent symmetries of the cubic-

SiC(001) and honeycomb graphene lattices, they cannot match each other as closely as

graphene and hexagonal SiC. This reduces the interaction between the graphene layer

and the SiC(001) substrate and leads to the absence of a reactive bu�er layer on SiC(001)
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[32,46,78], unlike on α-SiC [170,177�186]. It can be supposed that the diamond-like carbon

chains may be an obstacle for the growth of larger (micrometer-scale) graphene domains

on SiC(001). Therefore most probably one can reduce average size of the graphene do-

mains and de�ne their orientation controlling orientation of the chains on SiC(001)-c(2×2)

surface [78].

4.3.3 Control of orientation and density of graphene nan-

odomains

It is well known [151] that use of so called "o�-axis" of vicinal Si(001) wafer allows to

reduce the density of antiphase boundaries in cubic-SiC epilayer. It has been shown [172]

that using 4◦-o� 3C-SiC(100)/Si(100) for graphene synthesis allowed authors to synthesize

graphene free of antiphase boundaries. According to LEEM and AFM data the graphene

layer is formed by atomically �at 600 nm width terraces elongated along 〈110〉 directions

with steps of several nm [172]. Authors concluded that structure of graphene layer is

considerably a�ected by structure of vicinal-SiC substrate.

Following this results we set up following experiment. We used vicinal 2◦-o�

SiC(001)/Si(001) wafer as a substrate for synthesis of trilayer graphene [41]. Figure B.3

presents large area STM image of 3× 2 surface reconstruction obtained from 2◦-o� wafer.

The surface is formed by step crystal structure. The step direction is close to [110]. In

order to synthesize it we applied same procedure as in was described in section 4.1.3 for

the case of on-axis SiC(001)/Si(001) wafer. Figure B.4 (b) presents LEED pattern taken

from trilayer graphene. As for the case of "on-axis" wafer (Figure B.4 (a)), this LEED

pattern also consists of 12 well resolved double-splitted di�raction spots. However, the

Figure 4.16 � Large area STM
images of graphene grown on
vicinal SiC(001) surface. FFT
of corresponding STM image is
shown on panel (a). Adopted
from [41]
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Figure 4.17 � Atomically resolved STM images of graphene nanoribbons on vicinal
SiC(001) surface. The domain lattices are rotated 17◦ clockwise (GrR, blue arrows) and
10◦ anticlockwise (GrL, red arrows) relative to the nanodomain boundaries (green dashed
line), which are rotated 3.5◦ anticlockwise from the [110] direction. Insert in panel (a):
STM image taken in the middle of a nanodomain showing a rippled honeycomb struc-
ture. Adopted from Ref. [41] (c) Atomically resolved STM image, obtained in the area
of graphene nanoribbon boundary. (d) Schematic model of the nanoribbon boundary for
the asymmetrically rotated nanodomains, shown in panels (a) and (b). Adopted from [41]

brightness of spots is di�erent. Further, we obtained STM image which is shown on Figure

B.3. The surface consists of steps elongated in [110] direction. Figures 4.16 (a) and (b)

present the corresponding large area STM images. It could be seen that such graphene

overlayer is formed by nanometer-scaled graphene domains ellongated in one direction,

even at micrometer-sized domain boundaries (Figure 4.16 (a)). However, the nanodomain

boundaries are still not uniform and straight over entire sample. Most probably they are

a�ected by nonuniform step structure of vicinal SiC substrate.

Figures 4.17 (a)-(c) show an atomically resolved STM images of graphene on vicinal

SiC(001) substrate, containing several nanometer-scale domains connected to each other

through the nanodomain boundaries. Detailed analysis of the high resolution STM im-
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ages measured near the nanodomain boundaries shows that, in most cases, nanodomain

boundaries on the vicinal sample (Figure 4.17 (a) and (c)) are rotated by 3.5◦ relative to

the one of the 〈110〉 directions as depicted in Figure 4.17 (d). The mechanism responsible

for this arrangement can be understood as follows. There is a zigzag structure on the

left-hand side and an armchair structure on right-hand side of the nanodomain bound-

aries (Figure 4.17 (d)) and the angle on the left between GrL and the substrate SiC[110],

and the angle on the right between GrR and SiC[110], are both 13.5◦. This implies that

carbon atoms have equal probability of developing zigzag or armchair structures. Consid-

ering the complicated structure near the nanodomain boundaries, there are three di�erent

graphene structures present: pentagonal, hexagonal, and heptagonal. The internal angle

of a pentagon is 108◦, a hexagon is 120◦, and a heptagon is 128.57◦. When a pentagon

grows next to a hexagon the angle is 12◦ smaller, while for a heptagon grown next to a

hexagon the angle is 8.57◦ more. Therefore nanodomain boundaries on top of the SiC

deviate from the symmetry of the line by 3.43◦, which is consistent with the experimental

result of 3.5◦. For the left hand side of the nanodomain boundary, a zigzag structure is

developed from the nanodomain boundary. This means that two hexagons transform into

one pentagon and one heptagon, so the angle di�erence is (8.57◦ + 12◦)/2 = 10.28◦. For

the right hand side of line defect, the armchair structure developed means hexagons must

rotate along two sides of a pentagon, so the total angle change is 8.57◦ × 2 = 17.14◦. As

Figure 4.17 (d) illustrates, this asymmetry near the nanodomain boundaries leads to the

formation of a periodic structure along the boundaries, with a period of 1.37 nm. The

periodic structure consists of distorted heptagons and pentagons (Figure 4.17 (d)), which

produce modulations in the atomically resolved STM image measured at the nanodomain

boundary (Figure 4.17 (c)).

4.3.4 Stacking order in multilayer graphene on SiC(001)

Since the graphene growth on the SiC(001) follows a "Bottom-Up" scenario [183], the

growth conditions can be di�erent for the graphene layers which grow under the topmost

domain-like graphene layer. The surface depletion of Si atoms, leading to carbon atomic

chain formation on the SiC(001), can be suppressed after the synthesis of the �rst graphene
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layer. Therefore, the lower lying graphene layers can be rotated relative to the topmost

layer, similar to multilayer graphene on α-SiC [180,186]. This can reduce the interaction

between the graphene layers and preserve the freestanding monolayer-like properties of

few layer graphene on SiC(001) [32].

Described in previous section "BottomUp" graphene growth process leaves unknown

the morphology and stacking order of the graphene layers which are closer to SiC-

Figure 4.18 � ARPES characterization determining the electronic structure and the Bernal
stacking nature of the trilayer graphene on the vicinal SiC(001). (a) E�ective surface
Brillouin zone corresponding to four rotated domain variants. (b) and (c) Dispersion of
the π-band in the graphene along the directions indicated in panel (a). (d) Simulations
for ABA-stacked trilayer graphene with a high density of nanodomain boundaries [41].
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substrate. With an aim to shed a light on this, the ARPES (Figure 4.18) measurements

has been done, which reveals the �ne structure of the multiple bands seen near the K̄A and

K̄B points. Additionally, we performed simulations of photoemission from samples hosting

two rotational domains of the trilayer, accounting for the observed momentum splitting

4k = 0.12 Å
−1
, to gain a better understanding of the experimental data. Simulations were

performed for the band structure of graphene corresponding to Bernal or Rhombohedral

stacking. The band structure of the ABA- and ABC-stacked trilayer graphene acquired

within the tight-binding model taken from the literature [187]. The section of trilayer

band structure along the direction perpendicular to the Γ̄−K̄ line of the surface Brillouin

zone, which corresponds to the acquisition direction of the experimental dispersion shown

in Figure 4.18 (c), was simulated by an array of energy distribution curve slices composed

of the Lorentzian peaks residing at the energy positions of the trilayer bands. As ARPES

is non-local method, it sums up photoemission signals from all various structural phases

of graphene at the sample surface. Therefore, the rotational variants of the graphene

domains and their rotational displacements were considered in a framework of rotated

Brillouin zones and approximated in simulation set by corresponding multiplication and

displacement of the model band structure along the momentum axis K‖. In particular,

photoemission from two principal rotational variants of the trilayer graphene on SiC(001)

was constructed through the superposition of two identical TB band structures of the

trilayer displaced by ±0.06 Å
−1

relative to the K̄-point. We assume that intensity of pho-

toemission from the trilayer's bands is proportional to the density of states of graphene.

Therefore, it was approximated for each trilayer band by a linear function of the binding

energy. In fact, there is no noticeable impact of this factor on the results of the simula-

tion (e.g. qualitatively similar results were obtained also for constant density of states).

Alternately, the crucially important factor for agreement or disagreement between the

experiment and simulations is the width of Lorentzian peaks composing EDC slices. In

our simulation we varied the FWHM of Lorentzians between 100 meV and 800 meV to

test the correlation between measured (Figure 4.18 (c)) and simulated dispersions over

energy. Very good correlation between measured ARPES dispersions (Figure 4.18 (c))

and simulations (Figure 4.18 (d)) was achieved for the FWHM of π-bands as large as

600 meV and for an initial band structure corresponding to the ABA-trilayer. Thus it
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can be concluded that the stacking order of the trilayer graphene on the cubic-SiC(001) is

indeed of ABA-type. Moreover, the FWHM=600 meV is three times larger than FWHM

measured by ARPES for high-quality quasi-freestanding single layer graphene on hexag-

onal SiC, Ir or Au [188�190]. Such signi�cantly enhanced broadening can be ascribed

either to geometric contributions from minority of rotational variants distinct from the

nanodomains rotated by ±13.5◦ from the 〈110〉 directions or to quantum scattering of

quasiparticles on structural imperfections. Both origins of the broadening are associated

with the large amount of rotational nanodomain boundaries. The ARPES measurements

conducted on the graphene/SiC(001) samples also reveal Dirac points very close to the

Fermi level (Figure 4.18 (c)). This is in full agreement with theoretical simulations for

ideal trilayer graphene (Figure 4.18 (d)), which assume a negligibly small doping level as

is present in our trilayer graphene.

4.4 Transport gap opening and high on-o� current ratio

in trilayer graphene

Figure 4.19 (a) shows a schematic drawing of a typical graphene nano-gap device. Devices

with sub-30 nm nano-gap contacts were fabricated using standard electron beam lithog-

raphy techniques. Ti/Au (5/45 nm) electrodes were deposited by electron-beam evap-

oration. The bias voltage was applied perpendicular to the nanodomain boundaries to

measure the local transport properties due to the nanodomain boundaries defects. Figure

4.19 (b) shows the temperature dependent resistance (R-T) measured with a bias voltage

of 0.5 V. The resistance is around 1000 Ω at room temperature and increases signi�cantly

with decreasing temperature. Moreover, below 100 K, we cannot detect an appreciable

current signal fora bias voltage of 0.5 V, which clearly demonstrates a transport gap in

the synthesized trilayer graphene. We �tted the R-T curve with R(T ) ≈ R0 exp ( Ea

kBT
),

where R0 is the �tting parameter, kB is the Boltzmann constant and Ea is the activation

energy. The �tting gives an activation energy of 130 meV. To further demonstrate the

existence of the transport gap, we measured I-V at 10 K (Figure 4.19 (c)) and plotted the

corresponding dI/dV in Figure 4.19 (d). Interestingly, for a small bias voltage, we cannot
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Figure 4.19 � Electrical detection of the opening of a transport gap in Bernal stacked
trilayer graphene on a vicinal SiC substrate. (a) Schematic drawing of the nano-gap
device. (b) R-T curve measured with a bias voltage of 0.5 V. (c) I-V curve measured at
10 K and (d) the corresponding dI/dV curve to demonstrate the existence of a transport
gap. Adopted from [41]

detect any reasonable current signal and the corresponding dI/dV is around 0.01 µS, in-

dicating the existence of a transport gap. The transport gap derived from the dI/dV plot

is approximately 0.7 eV at 10 K. To understand the e�ect of the nanodomain boundaries

on the electron transport properties, we simulated the current through a graphene device

as a function of gate voltage. In our calculations, we used the unit cell as shown in Fig-

ure 4.20 (a) and the gate voltage is adjusted through the on-site energy. A Non-equilibrium

Green's Function (NEGF) is used and the current is calculated with Landauer-Keldysh

formalism [191, 192]. Using the tight-bonding approximation with nearest neighbor hop-
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ping energy t=2.7 eV we can describe system as [193]

h = −t
∑
i,j

C†iCj +
∑
i

UiC
†
iCi (4.1)

where C†i (Ci) creates (annihilates) an electron at site i and Ui is the on-site energy at site

i. Since a defect causes very small deviations in the bond length [194, 195], we therefore

propose that all of the hopping energies are the same because all of carbon atoms are

assumed to be equidistant.

In the electron transport simulation, we use non-equilibrium Green function theory,

and the Landauer-Keldysh method is used to calculate the transmission and I-V be-

haviours for the nanodomain boundaries in our system [191,192]. The transmission func-

tion between the leads is evaluated by

Tpq = Tr[ΓpG
RΓqG

A] (4.2)

where GR (GA) is the regular (advance) Green's function of the system. The lead broad-

ening function Γp(q) = i(Σp(q) − Σ†p(q)), where Σp(q) is the self-energy of the lead. The

conductance G(E) can be obtained from the transmission function by G(E) = G0T (E),

where G0 = 2e2

h
is the conductance quantum. Finally, the current can be obtained by

I =
2e

h

∫
T (E)[fp(E)− fq(E)]dE (4.3)

where fp(q) is the Fermi distribution of each lead.

Our simulations are summarized in Figure 4.20 (b). It can be seen from Figure 4.20

(b) that a gap does open with current driven across the self-aligned nanodomain bound-

aries and can be tuned with the gate voltage. There is a plateau region where electrons

cannot travel, indicating that a gap does open with current driven across the self-aligned

nanodomain boundaries and can be tuned with the gate voltage.

Figures 4.21 (a) and (b) show the temperature dependent I-V curves. The transport

gap can be clearly observed below 100 K but disappears at temperatures above 150 K. To

obtain the exact value of the transport gap, we plotted the corresponding dI/dV curves in

Figure5cfor temperatures below 150 K. Remarkably, the transport gap is approximately
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Figure 4.20 � Current as a function of gate voltage. (a) Schematic drawing of the model
used, where L is the length of the nanodomain boundary, W1 is the width of the armchair
structure, W2 is the width of the zigzag structure. (b) Current as a function of gate
voltage calculated from �rst principles simulation. Adopted from [41]

the same at 50 K and 10 K but substantially lower (0.3 eV) at 100 K. Applying a bias

voltage smaller than the transport gap the conductivity of the device is only 102 µS, but

this increases to 102 µS when the bias voltage is larger than the transport gap, which

gives a high on-o� current ratio of 104. Moreover, in our nano-gap contact devices, the

nanodomain boundaries are uniform and directed along the step direction on the vicinal

substrate (Figure 4.19 (a)), which gives this system the potential for high-density memory

applications. We would like to point out that it was suggested by Huang et al. [196] that

the scattering rate for a periodic boundary can be written as

〈W (k)〉 =
S2mx

2π2~3|kx|d
×
[ 1− exp−4k2xσ

2

1 + exp−4k2xσ
2 − 2 exp−2k2xσ

2 cos 2kxd

]
(4.4)

where d is the periodicity along the boundary. Thus, attaining a larger on-o� current

ratio may result in a reduction in the mobility.

The observed temperature dependence of transport gap could be attributed to two

possible mechanisms [197�199]. First,it was suggested by Yazyev and Louie [199] that a

charge transport gap of

Eg[eV] = ~νF =
2π

3d
≈ 1.38

d[nm]
(4.5)
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can be formed by a non-symmetric nanodomain boundary associated with a lattice mis-

match at the boundary line, where ~ is the reduced Planck's constant, νF is the Fermi

velocity. As indicated in Figures 4.17 (c) and (d), the asymmetric rotation of the graphene

lattices in the neighbouring domains relative to the nanodomain boundary leads to a 1.37

nm periodicity along the nanodomain boundary. According to the theory [199], this pe-

riodicity should produce a transport gap of approximately 1.0 eV, which is consistent

with our transport measurements. Therefore, our electrical and STM characterizations

support the explanation of the transport gap being based on the Yazyev and Louie theory

of asymmetrically rotated domains [199] for the Bernal-stacked trilayer graphene with the

nanodomain boundaries oriented close to the [110] direction (Figures 4.17 (d)). The dis-

Figure 4.21 � I-V curves measured at di�erent temperatures. (a) I-V curves measured
at 10 K, 50 K, and 100 K. (b) I-V curves measured at 150 K, 200 K, 250 K and 300 K.
(c) Corresponding dI/dV curves for temperatures below 150 K. (d) Schematic drawing of
interstitial defects in trilayer graphene. Adopted from [41]
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appearance of the transport gap at temperatures above 150 K in this case can be related

to the presence of defects in the graphene trilayer. It is known that defects can remarkably

modify the transport properties of graphite and graphene [191]. There are two kinds of

defects in our trilayer graphene: defects at the nanodomain boundaries and interstitial

defects in subsurface layers. In STM experiments (Figures 4.17 (b) and (c)) and Raman

characterization (Figure B.5), we found that defects at the nanodomain boundaries are

stable even at room temperature.

The Raman spectra show the presence of three main responsive frequency ranges: 400-

1000, 1300-2000 and 2000-3000 cm−1. In the low frequency range (400-1000 cm−1), three

main peaks are detected at 528.3, 802.2 and 977.08 cm−1 and these can be attributed

to the Si phonon mode, and the longitudinal optical (LO) and transverse optical (TO)

phonon modes of SiC, respectively. In the intermediate range (1000-2000 cm−1), apart

from a single peak arising from the second order processes of LO and TO phonon modes

of SiC, three peaks are observed at 1376.2, 1528.7 and 1611.0 cm−1. These peaks match

the �ngerprint of graphene and correspond to the D, G and D' bands. The D band is a

defect-induced double resonant Raman scattering process and indicates the presence of

defects in the graphene material due to nanodomain boundaries. In the high frequency

range (>2000 cm−1), the important feature is the 2D or G' peak at 2740 cm−1 which

originates from a second order process, involving two in-plane transverse optical modes

near the K point. In the case of graphene, broadening of the 2D band can originate

from band splitting of the graphene (presence of multiple layers), strain, or carrier doping

variations. Experimentally, it has been demonstrated that for trilayer graphene, the G'

band can be correctly �tted with 6 Lorentzians. This was con�rmed in this case, where

the G' or 2D band had a good �tting with 6 Lorentzians with a FWHM ranging from 21

up to 24.5 cm−1.

Thus they should not have a pronounced impact on the temperature dependence of

the trilayer graphene's conductivity (Figures 4.19 and 4.21). However, the stability of

interstitial defects in subsurface layers (Figure 4.21 (d)) is temperature dependent. In

graphite, the migration activation energy of interstitials, which is usually below 0.03 eV

[192,200�202], depends on the presence of domain boundaries and the stress in the layer.

In our trilayer graphene on vicinal SiC, defects and interstitials may exist which may be
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Figure 4.22 � I-V curves measured at di�erent temperatures. (a) I-V curves measured
at 10 K, 50 K, and 100 K. (b) I-V curves measured at 150 K 200 K, 250 K and 300 K.
(c) Corresponding dI/dV curves for temperatures below 150 K. (d) Schematic drawing of
interstitial defects in trilayer graphene. Adopted from [41]

frozen under 100 K and migrate at higher temperatures (100-300 K) [192]. The mobility

of such interstitial defects could be responsible for the disappearance of the transport gap

at temperatures above 100 K (Figure 4.21).

Another possible origin of the transport gap observed in trilayer graphene on vici-

nal SiC(001) at temperatures below 150 K could be related to mechanical strain applied

to the graphene nanoribbons during the sample cooling. It was shown that applying a

uniaxial mechanical strain to bilayer graphene [198] or graphene nanoribbon [197] can

provide a band gap of the order of 0.2-0.4 eV which is also in agreement with the elec-

trical measurements (Figure 4.21).For our graphene grown on vicinal SiC, to relieve the

in-plane compressive strain, ripples can be formed at asymmetric nanodomain bound-

ary [199]. Indeed, Figures 4.17 (b) and (c) and Figure B.5 show that the boundaries of

all the individual domains on the SiC(001) do possess such a rippled morphology. The

thermal expansion coe�cients and their temperature dependence are remarkably di�erent

for SiC [203] and both micrometer-sized and nanostructured graphene [204�206], which

can induce in-plane strain and lead to the ripple formation during the sample cooling

after high temperature graphene synthesis.

To clarify the origin of the charge transport gap, we measured I-V at 10 K with the
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current applied along the boundaries (Figures 4.22 (a)). No transport gap is observed

and the I-V curve displays nonlinear behavior. This indicates that the observed charge

transport gap for current driven across the nanodomain boundaries is mainly due to

the self-aligned periodic nanodomain boundaries, which can re�ect charge carriers over a

range of energies. It also rules out the e�ect of contact resistance between graphene and

electrode. In addition to this, we also conducted photoemission experiments on the vicinal

SiC(001) samples at temperatures between 100 K and 300 K (Figures 4.22 (b)). Our

experimental data undoubtedly show that the valence band edge position does not change

with decreasing temperature, proving that the observed transport gap is not related to

a band gap opening with decreasing temperature. At the same time, the work function

measurements reveal a change of the work function between 150 K and 100 K of ∼0.3 eV,

i.e., the value observed in the transport measurements (Figure 4.21 (b)). Thus, both I-V

characterization and low temperature photoemission measurements lead us to conclude

that the observed charge transport gap most probably should be attributed to the self-

aligned periodic nanodomain boundaries.

4.5 Graphene grown on cubic-SiC(001)/Si(001) wafers:

conclusions

Highest quality of mono-, double- and trilayer graphene �lms were widely studied by

XPS, ARPES, atomic resolution STM, LEEM and LEED techniques using "on axis"

and "2 degree o�" cubic-SiC(001)/Si(001) wafers as a substrate. Obtained data taken

from di�erent samples and surface regions prove the millimeter-scale continuity of the

graphene layers on SiC(001). It was shown that graphene layers synthesized on "on-axis"

SiC(001)/Si(001) wafer consist of rotated nanodomains with four preferential orientations.

Atomically resolved STM studies of di�erent graphene domains show all the features typ-

ical of quasi-free-standing graphene (i.e. rippling, high �exibility of the topmost layer,

interference patterns near defects and boundaries). The continuity of the domain network

is not broken by the antiphase defects (see Figure 4.16), which would otherwise be consid-

ered as a potential obstacle for the growth of uniform, continuous graphene coverage on

83



Chapter 4. Structure and properties of graphene synthesized on cubic-SiC(001)/Si(001)
wafers

cubic-SiC. However, the presence of domain boundaries can modify the electronic prop-

erties of graphene. Therefore, an increase in the domain size or greater control over the

boundary directions can be considered as the next steps for improving graphene quality

on cubic-SiC(001). It is suggested from the presented STM studies that the graphene

domain size can be increased by minimizing the �ashing time of the silicon-terminated

SiC(001)-c(4×2) reconstruction, because continuous annealing could produce many 〈110〉-

directed carbon chains [168], which can become grain boundaries after graphene synthesis

(Figures B.2 (b) and 4.12 (h)). Subsequently, using vicinal SiC(001) substrates could

achieve a preferential orientation of the carbon chains on the SiC(001)-c(2×2) recon-

struction and improve the quality of the graphene/SiC(001) by aligning the graphene

nanoribbons and grain boundaries along one of the two equivalent 〈100〉 directions. In-

deed, a reduction in the number of the rotated domain variants from four to two could be

the reason for the uniform contrast observed in recent LEEM experiments conducted on

the graphene/SiC(001) system synthesized on o�-plane Si(001) wafers [172]. This result

and the atomically resolved STM studies presented herein show that it may be possible to

synthesize a millimeter-scale graphene nanoribbon network with one preferential domain

boundary direction on low-cost, o�-plane SiC(001)/Si(001) wafers.

Moreover, transport studies on trilayer graphene synthesized on vicinal cubic-SiC(001)

substrates were presented. Electrical measurements clearly demonstrate the opening of a

transport gap in the nanostructured graphene synthesized on this stepped surface. Re-

markably, the e�ect can be observed even at 100 K and produces a current on-o� ratio

of 104. Notably, the transport gap was observed in the Bernal-stacked trilayer graphene.

This behavior shows that it is possible to create new tunable electronic nanostructures

with graphene on cubic SiC, thus creating opportunities for a wide range of new electronic

applications.
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This chapter describes an investigation of the in�uence of metal nano-particles self-

assembled in the organic matrix of partially �uorinated CuPc. This study is based on

results which were achieved by V. Aristovs's group. In 2010, they have shown that gold

atoms deposited on copper pthalocyanine CuPc organic thin �lm self-assemble in nanopar-

ticles [83]. Similar result was achieved for the case of silver atoms deposited on CuPc [84].

Following these results and using the synthesis procedure which is described below, we

successfully grown nanoparticles in organic semiconductor substrate. Morphology proper-

ties of synthesised systems were investigated by TEM. Electronic properties were studied
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using photoemission spectroscopy. First of all, basic properties of copper phthalocyanines

molecules and grown organic �lms as well as will brie�y introduce previous results will be

desribed. Later, I will discuss results of our investigations. Discussion of our experimental

results in this chapter is based on articles [77,207] which were published during the work

on the thesis.

5.1 Highly ordered thin �lms synthesized of copper ph-

thalocyanines

5.1.1 Physical properties of copper phthalocyanines

Figure 5.1 presents schematic view of molecular structure of the F4CuPc (C32H12N8F4Cu)

molecule. It consists of central copper atom, which is surrounded by 4 nitrogen atoms

(pyrrole, N1) and four other nitrogen atoms - (bridging aza, N2). Also there are 32 atoms

of carbon which contribute to pyrrole (C1) and benzene (C2, C3, C4) rings. The degree

of �uorination is de�ned by number of �uorine atoms (from 0 and up to 16 atoms per

molecule). They are directly linked to benzene rings, substituting hydrogen atoms in each

ring. There are four di�erent positions for �uorine atoms in each benzene ring, which are

shown on inset in Figure 5.1: Rα1, Rα2, Rβ1, and Rβ2. Consequently, partially �uori-

nated phthalocyanines (FxCuPc, x =4, 8, 12) can be divided on two groups depending

on position of substituted atoms: α-FxCuPc and β-FxCuPc, correspondingly. The most

commonly studied systems are pure CuPc, β phase of F4CuPc and F8CuPc as well as

F16CuPc, while α phase is metastable and can be transformed to β phase by anneal-

ing [208]. The molecues have a planar structure with D4h (CuPc, F8CuPc (α1,α2) and

(β1, β2), F16CuPc) and C4h (F4CuPc, F4CuPc (α1,β2)) point symmetries [209].

The group of phthalocyanine compounds is one of the most perspective candidates

to create an organic molecular based electronic devices [210, 211]. It possesses very at-

tractive electronic properties [85]. According to calculations [209], electronic properties

of CuPc are substantially a�ected by �uorine atoms. Figure 5.2 presents dependence of

HOMO (a), LUMO (b) and HOMO-LUMO (c) gap energies on degree of �uorination.

It can be clearly seen that �uorination leads to shift of HOMO and LUMO energies to
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higher binding energies. Consequently, while pure CuPc is p-type organic semiconductor,

�uorinated CuPc possesses properties of n-type semiconductor. For that respect, it is

very interesting to use organic thin �lms made of di�erent CuPcs as an organic media for

metal nanoparticles. It is a big advantage because for realization of supplementing each

other logic circuits both p- and n-type semiconductors are required.

5.1.2 Fabrication of highly ordered organic �lm

In this work, we widely used commercially available powders of copper phthalocynaines

(purchased from Sigma Aldrich Chemie GmbH) with di�erent degree of �uorination

(FxCuPc, x=0, 4 (β-phase), and 16) for preparation of organic substrates. The evap-

oration temperature for these organic materials is ∼500 ◦C and allows to create control-

lable molecular �ow. Consequently, it allows to manage the organic thin �lm growth

processes using molecular beam epitaxy (MBE). FxCuPc's are highly stable organic com-

pounds which have low vapor pressure. This fact makes FxCuPc's made organic �lms

very attractive for investigations under UHV conditions in wide range of temperatures.

We synthesized organic molecular crystals in-situ in UHV conditions by molecular

beam epitaxy on atomically clean surfaces of di�erent kind crystals. For PES measure-

ments we used (001) surface of single gold crystal. Before organic deposition the surface

was cleaned by Ar+ sputtering and annealing (600 ◦C) cycles till observation of 5×20

Figure 5.1 � Schematic view of
molecular structure of the F4CuPc
molecule. Inset: the benzene ring,
where Rα1, Rα2, Rβ1, and Rβ2

could be either hydrogen or �uorine
atoms. Adopted from [207]
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Figure 5.2 � (a) HOMO, (b) LUMO, and (c) HOMO�LUMO gap energies calculated
for FxCuPc (x=0, 4, 8, 12, and 16). The horizontal axis indicates the position of �uo-
rine atoms. The plots on the left-hand side labeled α-phase correspond to F4CuPc (α1),
F8CuPc (α1,α2), and F12CuPc(α1,α2,β1). The plots at the center correspond to CuPc,
F8CuPc (α1,β2), and F16CuPc. The plots on the right-hand side labeled β1-base cor-
respond to F4CuPc (β1),F8CuPc (β1,β2), and F12CuPc (α1,β1,β2). Black circle: CuPc;
blue diamonds: F4CuPc; red squares: F8CuPc; green circles: F12CuPc; orange triangle:
F16CuPc. Adopted from [209].

Figure 5.3 � Orientation and ordering of organic �lm. (a) A LEED pattern taken from
gold (001) surface. The well resolved di�raction spots corresponds to 5×20 surface re-
construction. (b) The angular dependence of N 1s NEXAFS spectra. (c) The di�raction
pattern taken from CuPc organic thin �lm. Adopted from [84,212]
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surface reconstruction [213,214]. Figure 5.3 (a) presents a typical di�raction pattern with

5×20 superstructure, which con�rms high surface quality. In addition, no residual con-

tamination was detected by XPS. Survey of gold surface presented on Figure A.1 consists

of only gold core-level peaks, proving high purity of gold surface with only negligible

fraction of carbon atoms.

In all cases, prior the deposition the organic powder was outgassed in ultra high vac-

uum conditions for several hours at 300 ◦C. The rate of deposition was always controlled

by quartz microbalance and did not exceed 1-2 Å/min. At all stages the purities of gold

surface and organic �lm were checked by XPS. Figures A.1 and A.2 present examples of

survey spectra taken from gold crystal and organic �lms of CuPc and F16CuPc, respec-

tively. The spectra possess only core-level peaks originated either from gold or organic

molecules. No detectable contamination were observed. NEXAFS spectroscopy allows to

determine the orientation of organic molecules. Figure 5.3 (b) present NEXAFS spectra

taken at di�erent incidence angles of linearly polarized light. It is clear that while the

σ* states show maximum intensity when the polarisation vector is parallel to molecular

plane, the intensity of π* states reveal the opposite trend. That means that organic

molecules lie parallel to the gold surface. The LEED pattern (Figure 5.3 (b)) provides

unambiguous evidence of high ordering of organic molecules in the �lm [212, 215]. The

square unit cells in direct space is approximately 14.2 × 14.2 Å
2
. They aligned along the

〈110〉 and 〈110〉 axes of Au (001) surface in reciprocal space [212].

In case of organic thin �lm preparation for TEM measurements cleaved surface of NaCl

crystal have been used. Figure C.3 presents the picture taken during synthesis of hybrid

metal-organic system on NaCl crystal. 6 cleaved crystals are installed on sample garage in

sample preparation chamber of dynamic-XPS end-station1. In order to separate fabricated

organic thin �lm from NaCl substrate and prevent its destruction special procedure can

be applied [84]. The �lms grown on a single salt crystal must �rst be coated by a thin

layer of amorphous carbon. Then the �lms need to be separated from the substrate by

simple dissolution of salt in water. Separated organic �lm can be then transferred onto a

250-mesh (250 lines/inch) copper grid.

1Detailed description of dynamic-XPS end-station can be found in chapter 3
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5.1.3 Electronic properties of organic �lms

Figure 5.4 � Photoemission core level spectra of chemical elements, presented in molecules
of FxCuPc. C 1s core levels spectra taken from copper phthalocynaines with di�erent
degree of �uorination: pure CuPc (a), partially �uorinated CuPc (b) and fully �uorinated
CuPc (c). All spectra were acquired using 400 eV photon energy in similar experimental
conditions. The spectra of N 1s (d), F 1s (e) and Cu 2p (f) were measured using 500,
800 and 1100 eV photon energy, correspondingly. A schematic views of molecules with
painted positions of atoms are shown. The colors of corresponding spectrum components
correspond to colors in scheme of molecule.

90



5.1. Highly ordered thin �lms synthesized of copper phthalocyanines

The phthalocyanine molecular structure is directly re�ected in PES spectra. Figure 5.4

presents C 1s core level spectra taken from pure CuPc (a), F4CuPc (b) and F16CuPc (c)

as well as the spectra of N 1s (d), F 1s (e) and Cu 2p (f) and �tting results. Schematic

views of corresponding molecules are shown above C 1s spectra. Positions of atoms are

painted in according to corresponding spectral components. In case of pure CuPc, the

C 1s spectrum consists of two well resolved components B and P. These components

originate from carbon atoms in benzene rings (blue) and from carbon atoms in pyrrole

rings (red), respectively. The intensity ratio of these components is about 3:1 which is

very close to theoretically expected [216]. The energetic distance between components is

1.3 eV. In addition, the satellite components SB and SP , corresponds to π−π* transitions

of corresponding B and P components [216�222]. They are shifted by ∼1.9 eV from cor-

responding main components. In its turn, the C 1s spectrum, taken from F4CuPc organic

�lm, consists of an additional component F shifted by 2.08 eV toward higher binding en-

ergy and corresponding satellite SF . They originate from carbon atoms in benzene rings

where the hydrogen atoms are substituted by atoms of �uorine. The intensity of B and F

component strongly depends on the degree of �uorination. In fully �uorinated CuPc one

can observe a strong F component, while the intensity of B component is reduced in com-

pare to pure CuPc [223]. Moreover, the energetic distance between B and P component

is decreasing from 1.3 eV to 1.11 eV with increasing degree of �uorination.

If the organic �lm of FxCuPc is not a�ected by chemical reactions with other atoms,

the spectra of N 1s, F 1s and Cu 2p usually appear as single peaks [75,218�220]. Results

of spectra decompositions are shown in Figures 5.4 (d), (e) and (f), correspondingly. The

spectra are similar for all copper phthalocyanines [223]. Of course, the intensity of F 1s

core level depends on the degree of �uorination. Presented on Figure 5.4 (e) spectrum was

taken from F16CuPc organic �lm. N 1s and F 1s spectra also consist of a satellite peak

whose origin is similar to the satellite peaks in C 1s spectra discussed above. Particular

discussion requires for N 1s peak. The CuPc molecule consists of 8 nitrogen atoms. 4 of

them contribute to pyrrole rings (Figure 5.4, green empty circles at schemes of molecules)

and 4 others are in bridging aza (Figure 5.4, �lled green circles). Appearing as a single

peak without any detectable features, it suggests that binding energies of N 1s core-level

of nitrogen atoms are very similar [223].
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Figure 5.5 � TEM micrographs of Au nanoparticles self-assembled in CuPc organic �lm.
Three di�erent nominal Au depositions: 4 Å (a); 16 Å (b); 32 Å (c). Insets: electron
di�raction patterns for corresponding depositions. Adopted from [83]

All obtained PES spectra are in good agreement with previously obtained data for

these systems [216,223�225]. This proves the thesis that we have synthesized high quality

organic �lms.

5.1.4 Growth of metal nanoparticles

Next step in synthesis of hybrid systems is growth of metal nanoparticles in matrix of

organic thin �lm. The nanoparticles were self-assembled from the metal atoms deposited

on organic �lm, as it is decribed in Ref. [83]. Using this approach, V. Aristov's group

was �rst who proved fabrication of hybrid system based on gold nanoparticles in CuPc

organic �lm [83], although the top Au/CuPc contacts has been well studied by PES

before [226, 227]. Figure 5.5 shows TEM micrographs of di�erent nominal thickness of

deposited gold: 4 Å (a); 16 Å (b); 32 Å (c). Electron di�raction patterns shown as insets

prove the origin of contrast in TEM patterns. TEM images reveal the self-assembled

nanoparticles with some size distribution (Figure 5.5 (a), left inset). It has been shown

that size and size distribution depend on the amount of deposited metal. Most probably,

the gold atoms di�use inside organic �lm and form nanoparticles as indicated by XPS

spectroscopy of C 1s and Au 4f core levels as well as by character of valence band

spectra at di�erent photon energies. There was no evidence on formation of continuous

gold overlayer up to nominal 130 Å thick deposited gold �lm. Later, this approach was

successfully applied for synthesis of silver nanoparticles in CuPc thin �lm [84].
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5.2 Results of investigations

Using described above approach, we were able to synthesize di�erent types of hybrid

systems: gold nanoparticles in F4CuPc thin �lm [207] as well as aluminum nanoparticles

in CuPc thin �lm [77]. First of all, the results obtained by TEM will be discussed. Results

of photoemission measurements will be presented in subsequent section. Moreover, we set

up experiment about real-time study of electronic properties during indium deposition on

F4CuPc thin �lm.

5.2.1 Morphology properties

The bright-�eld TEM images of F4CuPc with self-organized gold nanoparticles for dif-

ferent nominal gold coverages of 0.4 nm, 1.2 nm and 3.2 nm are shown in Figure 5.6 (a,

c and e, correspondingly). The right bottom insets present electron di�raction patterns

for selected area of the sample with corresponding gold deposition which prove that the

di�raction originates from gold nanoparticles. The size distributions from statistical anal-

ysis of about 500 gold nanoparticles corresponding to the electron micrographs are shown

in histograms (see Figure 5.6 (b, d, f)).

Figure 5.6 clearly demonstrates that the size of the gold nanoparticles strongly de-

pends on nominal gold coverage. The particles could be su�ciently described by their

mean particle size d. For nominal gold coverage of 0.4 nm, the average size <d> of the

nanoparticles is 2.25 nm with a standard deviation of 1.2 nm and the maximum particle's

size is 7,5 nm. At this stage the organic �lm was �lled out with nanoparticles by 11 %.

With further gold deposition one can observe strong growth of individual grains. For

nominal gold coverage of 1.2 nm, the averaged size <d> of the nanoparticles amounts

to 5 nm with a standard deviation of 2.3 nm and the maximum particle's size of about

13 nm. The �lling factor was also increased up to 35.5 %. Subsequently, for nominal gold

coverage of 3.2 nm, the averaged size <d> of the nanoparticles is 20 nm with a standard

deviation of 13.4 nm. The �lm became �lled out by 64 %. This trend continues until

the nanoparticles begin to coalesce with each other. At highest examined nominal gold

coverage of 6.4 nm TEM micrograph indicates continuous gold �lm (see Figure 5.7).

The results have a good agreement with previous study of gold nanoparticles formation
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Figure 5.6 � TEM images of F4CuPc organic �lms with self-assembled gold nanoparticles
for nominal gold coverage of 0.4(a), 1.2(c) and 3.2(e) nm. Electron di�raction patterns for
corresponding depositions, which prove that di�raction originates from gold nanoparticles
with ordinary fcc structure, can be seen in insets. (b), (d) and (f): Histograms with size
distributions of gold nanoparticles, taken from electron micrographs of (a), (c) and (e).
Adopted from [207]
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Figure 5.7 � TEM image of F4CuPc thin
�lm with continuous gold �lm for nom-
inal gold deposition of 6.4 nm. Di�rac-
tion pattern which proves that di�rac-
tion originates from gold nanoparticles
with ordinary fcc structure is presented
in inset [207].

in CuPc organic �lm [83]. In both cases, at the �rst stage of gold deposition the atoms

di�use into organic �lm and agglomerate to gold nanoparticles. With further nanoparticles

growth one or several small nanoparticles can coalescence with each other, which leads

to reducing of particle surface area and, consequently, reduction of the particle surface

energy. Thus, the coalescence process of gold overlayer, planted on the F4CuPc �lm

surface, takes place. The processes were observed in TEM images.

Figure 5.8 (a) displays high resolution electron microscopy image of single self-

assembled gold nanoparticle in organic semiconductor F4CuPc. This image allows to

distinguish of the atomic planes of the gold nanoparticle. The analysis shows that at the

about 0.4 nm of deposited gold, main mass of single nanoparticles have a spherical shape

with defect-free single crystal structure.

The beginning of the coalescence process of gold nanoparticles is observed when the

value of deposited gold rise to about 2 nm. The e�ect of initial lattice orientation of

nanoparticles was studied by simulation, for example in Ref. [228], where it was shown

that the initial lattice orientation of two nanoparticles a�ects the whole transition process.

Two nanoparticles with the same orientation of the lattice initially have an increased

contact area during the coalescence process. Only a small lattice rearrangement and a

small relative rotation of two nanoparticles are needed and this, apparently, is one of the

ways to eliminate boundaries in the nanoscale (see region "a" in Figure 5.8 (b). When

the initial orientation of the lattices of the nanoparticles di�ers very much, the initial

contact area between two particles is smaller, the rotation of one particle relative to each
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Figure 5.8 � (a) High resolution TEM image of defect-free gold nanoparticle, taken at
0.4 nm of deposited gold. (b) High resolution TEM image of the coalescence of gold
nanoparticles: region "a" �two coalescent single nanoparticles, which initially had the
same lattice orientation; region "b" �agglomerates of few primary small gold nanoparticles;
region "c" - FFT editing of the gold agglomerates image, indicated by the dashed square
on region "b". Adopted from [207].

other stronger and atomic rearrangement are large enough (region "b" in Figure 5.8 (b)).

Region "c", insert on the left, shows the Fast Fourier Transform (FFT) editing of the

gold agglomerates image, indicated by the dashed square on region "b". FFT editing is

useful for removing periodic noise from an image. This type of noise can be very di�cult

to remove using spatial �lters, but tends to generate isolated energy spikes that are easily

de-emphasized or removed in the FFT spectrum). White arrows mark dislocations, which

occurred due to coalescence of particles, whose initial orientation of the lattices di�ered

considerably.

Thus, the gold agglomerates of primary small self-assembled nanoparticles in organic

semiconductor F4CuPc are formed mainly by the subsequent coalescence process of these

nanoparticles.

In fact, all investigated systems possess similar dynamic. Figure 5.9 presents bright-

�eld TEM images of nanocomposite thin �lms microstructure. It composed of aluminum

particles self-assembled in an organic semiconductor matrix CuPc for nominal Al deposi-

tion of 10 Å and 35 Å (see Figure 5.9 (a) and 5.9 (b), correspondingly).

The right inset in Figure 5.9 (b) shows an electron di�raction pattern for selected area
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Figure 5.9 � Microstructure of nanocomposite thin �lms, composed of aluminum particles
embedded in CuPc matrix. Nominal Al deposition is 10 Å (a) and 35 Å (b). Insert in (b):
right - electron di�raction patterns for corresponding aluminum deposition, left - zoom
of an aluminum grain. (c) and (d): histograms showing size distribution of aluminum
nanoparticles from electron micrographs of (a, b). Adopted from [77]

of the sample with corresponding aluminum deposition and proves that the di�raction

originates from aluminum nanoparticles. The left insert in Figure 5.9 (b) shows zoom

of an aluminum grain. Figure 5.9 demonstrates that the size of the Al nanoparticles

strongly depends on aluminum coverage. For nominal Al deposition of 10 Å 5.9 (a)

aluminum nanoparticles form some particle distribution with size about 5-6 nm. With

further deposition one observes strong growth of individual grains. Large particles have a

distinct faceting. The size distributions of aluminum nanoparticles corresponding to the

electron micrographs of Figure 5.9 (a, b) are shown by histograms in Figure 5.9 (c, d).

The statistical analysis more than 500 nanoparticles for each image was done.

It was found for nominal coverage of 10 Å aluminum that the averaged diameter of

the particles amounts to <d>= 5.7 nm with a standard deviation of 1.8 nm and the max-
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imum particle's diameter 14.3 nm. For nominal coverage of 35 Å aluminum the averaged

diameter of particles amounts to <d>=7.25 nm with a standard deviation of 3.3 nm and

the maximum particle's diameter of about 26 nm. A large standard deviation indicates

that the data points are far from the mean. To some extend this result parallels that

for Au deposition on diindenoperylene (DIP) thin �lms reported in Refs [229] and [230].

It is necessary to notice that if to consider only the particles which size is in the same

range, as for a covering 10 Å i.e. which this case standard deviation reduce progressively

and it indicates that the data points size doesn't exceed 14.5 nm then average diameter

of particles makes 6.0 nm at standard deviation of 1.9 nm. Al atoms are clustered more

closely around the mean and in this region the diameter distribution of the aluminum

nanoparticles in the CuPc �lm for nominal coverage of 35 Å aluminum is su�ciently

narrow.

The average size of particles in the range of 15-26 nm makes 19.4 nm at standard

deviation 3.2 nm. On one hand, when nominal coverage of aluminum increases from 10 Å

to 35 Å, the average size of overwhelming majority of aluminum nanoparticles has grown

slightly more than on 5%. On the other hand the average size about 4% of particles has

increased in 3-4 times. The analysis of size distribution of aluminum nanoparticles allows

to assume the following: due to increase of nominal coverage of aluminum some nearby

nanoparticles (because of increase their sizes) come to contact and coalesce, forming larger

particles.

Coalescence of two or more small particles in one large particle leads to reduction of

particles surface area and therefore to reduction of particles surface energy. Thus, we

observe the coalescence process of aluminum nanoparticles embedded in the CuPc �lm

surface. It leads to increase of average diameter of the particles and thereby has an

in�uence on size distribution of aluminum nanoparticles.

5.2.2 Electronic properties

5.2.2.1 Aluminum nanoparticles in CuPc thin �lm

Figure 5.10 presents the evolution of Al 2p (a), Cu 2p (b), C 1s (c) and N 1s (d) core-

levels as function of aluminium deposition. The decompositions of lowermost spectra in
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panels (c) and (d) corresponds to those described above (see section 5.1.3)

The behaviour of the Al 2p core level data upon aluminum deposition onto the CuPc

�lm is presented in Figure 5.10 (a). At low aluminum coverage the Al 2p CL shows a

strong reactive component (R), which appears in the spectrum shifted by about 1.6 eV to

higher BE with respect to the metallic aluminum doublet. Apparently this R component

originates from aluminum atoms, which react with CuPc. As a result of this reaction

aluminum atoms transfer charge to CuPc molecules and become positively charged.

With further deposition the spectra show appearance of the metallic Al 2p compo-

nent (Me), originated from metallic clusters, which grow very quickly while the relative

intensity of the reacted component rapidly decreases which demonstrates the spectrum

taken at 16 Å and almost vanishes (spectrum at 32 Å). Therefore we have observed two

stages of the process of interface formation at Al deposition onto CuPc substrate. First

Figure 5.10 � Normalized photoemission spectra as a function of Al deposition on CuPc
thin �lms at room temperature (RT): Al 2p (a), C 1s (b), Cu 2p (c) and N 1s (d). The
nominal coverage of the Al deposition is indicated. Adopted from [77].
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stage corresponds to the strong di�usion Me atoms into organic matrix till a saturation

and strong chemical reaction between Al and CuPc. This stage also characterized by

the absence of a detectable density of states near Fermi level (EF) in valence band spec-

tra (not shown). On the second stage Al atoms di�use into organic CuPc �lm probably

without chemical interaction and form there metallic clusters which is evident from Fig-

ures 5.10 (a) and 5.10 (b). The cluster formation on second stage is con�rmed and by

formation of signi�cant density of states at EF (not shown). Here we should remark, that

similar Al behavior during deposition onto PTCDA matrix was reported in Ref. [231].

The work function changes as a function of Al deposition onto organic molecular thin

�lm of CuPc are presented in Figure 5.11. Four special points of curve in this �gure �

ΦAu, ΦCuPc, ΦAlPc, and ΦAl are typical characteristic work functions of the corresponding

materials [232,233].

From the fact that the work function curve between pristine CuPc and thick aluminum

nominal coverage has a minimum one can suppose that, at low deposition of Al on the

CuPc surface, the formation of some intermediate phase with work function Φ = 3.5 eV

takes place, which is very close to the work function value Φ = 3.8 eV, measured for AlPc

thin �lms [232,233]. This assumption con�rmed by the Cu 2p core level evolution.

To get deeper inside of the possible chemistry at the Al nanoparticles - CuPc interface,

we will now discuss the evolution of the Cu 2p core level spectrum upon Al deposition.

Figure 5.10 (c) shows striking changes in Cu 2p spectrum after the �rst/second steps

Figure 5.11 � Work function
changes induced by Al deposi-
tion on CuPc thin �lms at RT,
determined from PES data using
the cut-o� procedure. Adopted
from [77]
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of aluminum deposition. At very low coverage a rather strong satellite shoulder of the

Cu 2p core level appears in the spectrum, shifted by about 1.4 eV to lower BE. Moreover,

the relative intensity of this component already at coverage 3.5 Å higher if compare

to the intensity of the principal Cu 2p peak and therefore one can conclude that the

corresponding reaction takes place rather just before the metal clusters formation. Such

behavior is evocative of the PES data of Cu(I) compounds such as Cu2O [234]. Apparently

at this stage of Al deposition onto CuPc, copper atoms at the subsurface region are reduced

from Cu(II) to Cu(I), while Al atoms are oxidized as indicated in Figure 5.10 (a). The

data in Figure 5.10 (c) would be compatible with a conception where deposited Al atoms

replace Cu in the center of the phthalocyanine molecules, whereas the released Cu remains

at the aluminum cluster � organic matrix interface or segregates near interface as metallic

copper clusters. Moreover, Cu atoms can di�use to Al clusters and form the clusters made

of Cu-Al alloy. The occurrence of such copper atom behavior would parallel the e�ects of

Li, Fe and Co deposition onto CuPc [76,235,236].

However, the C 1s and N 1s core level data shown in Figure 5.10 (b, d) proof that this

conception is too simple and that the phthalocyanine molecule entirely is a�ected by the

interface reactions. Indeed in Ref. [237] it has been suggested that at aluminum deposition

onto F16CuPc the Al-Pc complexes form, resulting in core level spectra similar to what

is evident in Figure 5.10 (a, d). Moreover, similarly to Ref. [237] one can suppose that

reduction of Cu(II) by Al could result in formation of the anionic complex (Cu(I)Pc)-,

which could coordinate to the Al+3 ions thus formed through one of the phthalocyanine

ring nitrogen lone electron pairs. The overall stoichiometry of the redox reaction product

would then be (CuPc)3Al. Indeed, on should consider the possible change of the sur-

face shapes before and after Al deposition, however the methods we used in the present

investigation do not give us the possibilities to detect such changes.

Now we think over the deportment of the C 1s and N 1s core level data upon Al depo-

sition. At the metal deposition the pyrrole (P) feature of C 1s spectra (Figure 5.10 (b))

becomes less pronounced, but still persists till aluminum coverage about 3.5 Å. These

shape changes are accompanied by some enhancement of the background in the same

binding energy range. Moreover the formation of noticeable asymmetric shape of the

background was observed with Al deposition, which could indicate that the outgoing elec-
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trons undergo remarkable scattering and thus we can conclude, that apparently formation

of large metallic clusters and �nally at high coverage a continuous homogeneous metallic

overlayer takes place. Here we should call attention to the fact that the absolute C 1s

photoemission intensity is also reduced upon metal deposition (see Figure 5.10 (b)).

At coverages 3.5 - 15 Å the pyrrole (P) feature of C 1s spectrum shows strong degra-

dation and �nally can be visible only after C 1s core level decomposition as a component

having large width, while the shape of benzene (B) component stays almost una�ected.

However some width enhancement of B component was observed as well.

The conclusions above are supported by the evolution of the N 1s core level (Fig-

ure 5.10 (d)). Even at small coverage of about 3.5 Å, spectra show an increase of peak

width and the appearance of an additional reactive N 1s component (R) at lower BE

(about 1.65 eV). This con�rms the strong chemical interaction in low aluminum coverage

with the likely formation of iron nitride compounds (e.g. FeN).

To obtain a deeper insight into the chemical interaction between iron and CuPc, we

have performed a decomposition of the N 1s peak. The bottom N 1s spectrum corre-

sponding to the pristine CuPc �lm was �tted by only one component, which is in good

agreement with a similar procedure for a clean CuPc �lm performed in Refs [75, 223],

where it was earlier shown that, in the case of CuPc, both nitrogen sites (N1 and N2)

are characterized by the same or a very similar N 1s binding energy, and the main N 1s

peak was �tted by only one component describing simultaneously both degenerate types

(N1 and N2) of nitrogen atoms. Taking into account the fact that we have the same

resolution as in Refs. [75, 223] and taking the same �tting parameters, which were used

for CuPc [75,223], we analyzed the main N 1s peak by two components: C (four nitrogen

atoms N1 linked to the central metallic atom) and P (four pirrole nitrogen atoms � N2).

By assuming that the central Cu atoms in the vicinity of the Al/CuPc interface are re-

placed by aluminum atoms, one can explain the observed N 1s peak splitting. The energy

di�erence between the peaks was found to be about 0.46 eV. Component C at lower BE

can be assigned to the four nitrogen atoms linked to the central metal atom (N1). Proba-

bly, unlike in the case of CuPc, the central Al atom more strongly reacts with these four

N1 nitrogen atoms, which results an increased charge transfer. The latter provokes the C

component shift to lower BE by 0.46 eV relative to the P component. A similar split of
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about 0.3 eV for FePc [236] was found from DFT calculations, and one of about 0.48 eV

for CoPc molecules from photoemission measurements [237]. Finally, the P peak can be

assigned as originating from the four nitrogen atoms linked to the pyrrole carbons. Our

discussion above is con�rmed by metal-Pc BE calculations [238]. The calculated BE were

found to be 10.49 eV for CoPc, and 6.96 eV for CuPc. These results con�rm the fact that

the BE of the metal-Pc is quite sensitive to the nature of the metal.

Figure 5.12 � Schematic representation of the energy levels derived from our experiment
during aluminum deposition onto a CuPc �lm grown on Au(100). The situations in the
di�erent stages are evident from the diagram. Adopted from [77]

.

The analysis of the N 1s spectrum after deposition of 32 Å iron indicates that at this

coverage the main spectrum feature still splits into two components and the left one has

rather less intensity than the right. It is important to mark that signi�cantly increased

N 1s reacted component R and peak asymmetry. Here we should emphases, that at

further deposition the shape of N 1s peak remains basically the same however decreases

in intensity, which could be explain as the result of formation of the metallic �lm over

the CuPc layer at such coverage. As the left component (P) of the N 1s core level was

attributed to the nitrogen atoms, which are linked to pyrrole carbon atoms [83] we can
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expect that the N 2p orbitals of these nitrogen atoms participate in the strong chemical

interaction with deposited aluminum atoms. This decreases the relative amplitude of

this left N 1s component and gives rise to the new reactive one R, appearing at lower

BE as a consequence of strong charge transfer from Al to N. Thus, we conclude that

aluminum strong reacts with the aza nitrogen atoms and pyrrole carbon ones (N2 and C1

correspondently).

This tendency probably indicates that on the �rst stage of Al deposition strong chem-

ical interaction of aluminum atoms with pirrole nitrogen and pirrole carbon atoms takes

place in subsurface region which modifys the CuPc molecules. As a result of this inter-

action one have mixture of intact benzene rings, aluminum nitrides (AlN) and aluminum

carbides (Al4C3). By the way, AlN is a wide band gap (6.2 eV) semiconductor material,

has a hexagonal crystal structure, which is similar to the structure of the zinc sul�de,

known as wurtzite. This is material for potential application in deep ultraviolet opto-

electronics. As far to the aluminum carbide, it is known as a binary inorganic chemical

compound that has a complex structure and is stable up to 1400 ◦C. Aluminum atoms of

the compound are in a lattice of discrete carbon anions.

In addition to the fact, that the spectral shape of B component remains almost un-

changed with aluminum coverage, this component of the C 1s spectra show no shift with

metal deposition. This can mean that in all range of Al deposition we observe no for-

mation of noticeable interface dipole. However we can suggest a di�erent scenario. The

formation of small aluminum clusters at the initial stage of the metal deposition on a

thin �lm of the conjugated organic semiconductor may lead to positively charged Al clus-

ters during photoemission spectroscopy investigations. This can cause the PES spectra

shift to higher binding energy and thus compensate the shift induced by possible dipole

formation.

5.2.2.2 Gold nanoparticles in F4CuPc thin �lm

Figure 5.13 presents normalised spectra of Au 4f taken as a function of nominal gold

coverage after subtraction of the contribution from the single crystal gold substrate. With

increasing of nominal gold coverage the measured binding energy is decreasing. Total shift

is estimated to be about 0.5 eV and it is very similar to those observed for gold clusters
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grown on graphite [239], for gold nanoparticles embedded into CuPc [83,226,227] and 5,11-

Bis(triethylsilylethynyl)anthradithiophene [240] organic �lms. The authors [239] proposed

an explanation taking into account size of gold nanoparticles. The hypothesis has been

further con�rmed for gold clusters grown on silicon substrates [241, 242]. It has been

shown [239] that binding energy shift in Au 4f spectra can be su�ciently described by

4E∼1/εe�d where εe� is the e�ective dielectric constant of the cluster environment and d

is the particle diameter. The position of Au 4f peak is obtained at about 84.6 eV, similar

to obtained in Ref. [227]. Further gold deposition leads to shift of peak to low BE side

down to 84.05 eV which is close to position of Au 4f peak for bulk crystal (83,9 eV). This

trend directly corresponds to observed TEM images where average size of nanoparticles

increases with increasing amount of deposited gold until formation of gold �lm. However,

the location of nanoparticles is still unclear and will be discussed later.

Figure 5.14 presents the spectra of the extended (a) and top (b) of valence band

states taken from pristine CuPc, F4CuPc and clean gold surface as well as function of

gold deposition on F4CuPc, using 110 eV photon energy. Pink dashed lines denote the

Fermi level position and shifts of the valence states. In order to follow possible changes,

experimental spectra have been normalized and shifted with respect to each other. The

nominal gold content is indicated at the right side.

Spectra of pristine CuPc coincide well with previous one [227] taken at the similar

Figure 5.13 � Au 4f spectra evolution
taken at room temperature as function
of nominal gold coverage. The spec-
tra were derived after subtraction of the
contribution from the gold substrate.
Adopted from [207]
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Figure 5.14 � Extended (a) and top (b) of valence band spectra taken from pristine CuPc
(red), F4CuPc (blue) using 110 eV photon energy. The evolution of valence band spectra
as function of nominal gold deposition on F4CuPc (grey). The upper spectrum was taken
from clean gold surface (orange). The pink dashed lines denote the Fermi level position
and shifts of valence band states. Adopted from [207]

conditions. Detailed investigation of valence states, supported by calculations (linear

combination of atomic orbital formalism based on density-functional theory), could be

found elsewhere [225]. Brie�y, the peak A mainly originates from carbon pyrrole (C1,

Figure 5.1) atoms with some contributions from carbon benzene atoms (C2 and C3, Fig-

ure 5.1). To describe the second peak B, it is convenient to separate it into two regions.

The �rst region B1 is determined by hybrid orbitals of Cu (dx2-dy2) and N1 (px,py) as

well as benzene and pyrrole π states. The region B2 stems from N2-C1 σ-bonding or-

bitals, mainly formed by the nitrogen orbitals. Concerning of peak C, the low binding

energy region, labeled with C1, arises from C1 σ-bonding states. Finally, the C2 and

C3 regions are formed by hybridized σ-bonded orbitals of benzene carbon and 3d orbitals

(dz2 ,dxz,dyz,dxy) of copper atoms with p orbitals of nitrogen pyrrole atoms N1. Fluorination

of CuPc leads to modi�cation of valence band A-C features, and appearing of a new peak,

labeled with D. The position of HOMO, labeled with A, shifts by 0.1 eV to higher binding
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energy con�rming previous conclusions that F4CuPc behaves more as n-type semicon-

ductor [209, 216]. The feature in B1 region, which appears as a shoulder for the case of

CuPc, becomes much more pronounced in case of �uorination. The feature in B2 region

appears more broadened, and the shoulder in region C1 fades and is �nally disappearing.

The new peak D most probably arises from �uorine atoms which are bonded with C4 (see

Figure 5.1) carbon atoms.

Following the evolution of F4CuPc valence band, one can clearly see the sudden shift

of full spectrum towards higher BE (about 0.1 eV) after �rst gold deposition (0.1 nm).

Increasing gold deposition leads to opposite shift of spectra, including all valence band

states (Figure 5.14 (a)), towards Fermi level. Total shift is estimated about 0.6 eV. The low

energy edge of HOMO, being an electron injection barrier between two solids, shifts from

about 1.2 eV to about 0.55 eV. The A, B1 and D peaks become less pronounced and at the

highest amount of deposited metal are almost invisible. At highest amount deposited gold

(7 nm), the spectrum does not show Au bulk-like features yet, but there is a considerable

increasing of signal intensity between HOMO-peak and Fermi level (Figure 5.14 (b)). This

region is most probably composed by Au 6s states [226] similar to spectra taken from bulk

gold sample.

Figure 5.15 represents spectra of C 1s (a), N 1s (b) and F 1s (c) measured from

organic �lm with di�erent amount of nominal gold coverage using 400, 500 and 800 eV

photon energy, correspondingly. These energies were chosen in order to get similar kinetic

energies of excited electrons and, consequently, similar electron escape depths. With an

aim to follow possible shape changes the spectra have been normalized and shifted with

respect to each other along vertical axis. In order to get more information about behavior

of deposited gold interaction with organic �lm, all spectra were decomposed. The results

of the decomposition also can be seen in Figure 5.15. The colors of spectral components

correspond to the colors, used in the schematic views of F4CuPc molecules. Only the

atoms, which take part in the spectra, are tinted.

Following the core-level spectra evolution, one can clearly see that there is no any

detectable chemical reaction at Au/F4CuPc interface. The C 1s spectra are not a�ected

considerable changes in shape and band width until the 2.3 nm nominal gold coverage

(see Figure 5.15 (a)). The F peak becomes less pronounced and at 7 nm nominal gold
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Figure 5.15 � Experimental core level spectra of C 1s (a), N 1s (b) and F 1s (c) taken at room temperature as function of nominal
gold coverage from pristine F4CuPc to 7 nm of gold nominal deposition. The results of spectra decomposition are presented. The
schematic views of F4CuPc molecules with colored atoms, which are contributing in the spectra, are shown as insets. Vertical red
dashed lines indicate shifts of spectra. Adopted from [207]
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coverage it can be seen as a shoulder of peak P. In addition, the P component exhibits

continuous smooth shift to B component, which at the last stage amounts to 50 meV,

while full width at half maximum increased by 22%. The N 1s and F 1s core levels keep

the shape constant. At the same time, like in valence band spectra, the sudden shift

to high binding energy side (about 0,1 eV) after 0,1 nm deposited gold with consequent

continuous shifts of all spectra towards low binding energy side (0.43 eV for C 1s, 0.48 eV

for N 1s and 0.46 eV for F 1s) upon further gold deposition can be seen (Figure 5.16).

It is marked by red dashed lines over all peak positions (see Figure 5.15). The shifts

coincide well for those in Au 4f (0.5 eV) and HOMO (0.6 eV) in valence bans spectra (see

Figures. 5.13 and 5.14, correspondingly).

The results, shown above, are very similar for those, observed by core level [227] and

valence band [226] spectroscopies for the case of gold deposition on CuPc organic �lm.

Following the evolution of valence band spectra, the authors observed a relatively high

(0.3 eV) shift of HOMO state towards higher binding energy after �rst Au deposition (1 Å).

This behavior was explained by di�usion of gold atoms inside organic �lm, and transfer

negative charge from metal to organic molecules. The gold di�usion inside organic �lm was

further proved by TEM and UPS measurements [83]. However, the core level spectroscopy

did not reveal any detectable shifts neither in C 1s nor in N 1s spectra [227]. The XPS

spectra were recorded using conventional X-Ray source (Al Kα, 1486,7 eV), against to

UPS spectra measured using discharge He lamp (21,2 eV). In this case the escape depths

λ of excited electrons strongly di�er from HOMO (λ≈5 Å) to C 1s (λ≈30 Å). The C 1s

spectra contain contributions from electrons excited deep inside organic �lm, where it

is not a�ected by gold atoms. Consequently, n-type doping takes place, involves only

very top layers of organic �lm. Further gold deposition leads to opposite shift to lower

binding energies of pyrrole peak in C 1s, N 1s and Cu 2p core-levels and impetuous

growth of new features in valence band spectra, especially in those which were measured

using conventional X-Ray source. The benzene peak in C 1s spectra was not a�ected

by gold deposition. Apparently, since the benzene peak in C 1s spectra keep energy

position constant, the charge transfer, induced by gold atoms, in�uences the inner part

of the molecule. The Au/CuPc interface, as evident from XPS spectra, was found to

be non reactive. This observation was further approved by Fourier transform infrared
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spectroscopy (FTIR) of drop-casted gold nanoparticles/CuPc solutions onto indium thin

oxide substrates [243].

The opposite behavior were observed for the case of F16CuPc organic �lm [237]. The

authors were using UV and X-ray photoemission spectroscopy to investigate the evolution

of valence band and core level spectra during gold deposition on F16CuPc and simulta-

neous co-evaporation of gold and F16CuPc, with deposition rates of about one gold atom

per organic molecule. In both cases no any detectable chemical reactions were observed.

Following the spectra during gold deposition on organic �lm, they observed strong shift

(0.8 eV) towards low binding energy side of both HOMO and F 1s core level spectra,

which is good indication of band bending caused by p-doping. In contrast to CuPc-case,

the charge transfer involves only outer atoms of the organic molecule, e.g. only �uorine

atoms linked to benzene rings. The band bending hypothesis was con�rmed by followed

co-evaporation experiment and I-V measurements of Au/F16CuPc/Au system. The dif-

ference in forward and reverse bias currents is quantitatively consistent with di�erence in

energy barriers at two interfaces. However, no information about nanoparticles formation

was reported.

Obviously, in our case the interface formed by Au and F4CuPc is also not reactive.

However, in contrast to the case of F4CuPc deposition on Au substrate, its morphology is

much more complex, as it was discussed above. Figure 5.16 displays the core level shifts,

obtained from deconvolution corresponding core levels. The maximum shift amounts to

about 0.5 eV towards low binding energy side. As it was mentioned above, while the CuPc

behaves as p-type semiconductor, the �uoirination leads to change of semiconductive

Figure 5.16 � Core-level shifts for
F4CuPc as a function of deposited gold.
Adopted from [207]
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behavior to n-type. Observed movement of about 0.5 eV corresponds to large upward

band bending and corresponding p-doping, caused by charge transfer from gold to organic

molecules. The only F component in C 1s core level spectra, responsible for bonds between

�uorine and carbon in benzene rings, and D in valence band spectra, which also presents

a contribution from �uorine atoms, are a�ected by interaction between gold atoms to

organic molecules (see Figures 5.15 (a) and 5.14 (a)). Therefore, one can assume that

only peripheral part of organic molecule involved in charge transfer. On the very �rst stage

when the amount of gold atoms is not enough to form a nanoparticles (0.1-0.2 nm), one

can observe small downward bending. With further gold deposition (0.2-2 nm, second

stage) the formation of gold nanoparticles takes place, causing upward band bending.

As it is evident from TEM measurements at this stage the deposited gold atoms form

nanoparticles, whose size is increasing with further gold deposition. The behavior of

valence band spectra taken from the samples with gold coverages from 0.2 to about 2 nm

(see Figure 5.14), suggests that nanoparticles are self-assembled inside the organic �lm.

Indeed, HOMO-Fermi level region does not reveal considerable increasing of intensity, in

contrast to observed for growth of gold clusters on SiO2 substrate [227]. Further gold

deposition beginning from about 2 nm gold coverage (third stage) leads to coalescence of

single nanoparticles and formation of top gold overlayer (Figure 5.7) and, consequently,

the intensity of HOMO-Fermi level region is increasing.

5.3 Feasibility to follow evolution of electronic prop-

erties of samples under varying conditions in real-

time

The organic substrate for this experiment was prepared in advance, using F4CuPc organic

powder and following the procedure, which is described above in section 5.1. The sample

was then moved to analytical chamber and placed in a way which allows deposition of

indium simultaneously with dynamic-XPS measurements. Measurements of core-levels

were carried out as loop of consequent spectra acquisition cycles using 765 eV photon

energy and 53, 42,5, 49, 36.35 and 50 eV pass energy for C 1s, N 1s, In 3d5/2, In 4d core
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Figure 5.17 � The evolution of C 1s (a), N 1s (b) and In 3d5/2 (c) core-levels spectra during indium deposition. All spectra were
acquired as loop cycles of consequent spectra acquisitions in dynamic mode. In total, more than 150 spectra were acquired with
time resolution 23 seconds per loop cycle. Single spectra taken at position, which is indicated by dashed line on middle panels, are
presented on top and bottom panels together with results of �tting procedure.
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levels and valence band, respectively. About 150 spectra were taken in this manner for

each core level. Sets of spectra for C 1s, N 1s, In 3d5/2 are shown in middle panels of

Figure 5.17 where intensity is graduated by color scale. On bottom and top panels single

spectra are shown. They are taken from set at acquisition moment indicated by dashed

line in middle panel. Acquisition time per each core level spectrum was 2-2.5 s/spectrum,

allowing good signal/noise ratio. The time resolution of the experiment was 23 sec/loop

cycle resulting from time needed to acquire core-level spectra and switch of measured

energy range (∼2 seconds after each spectrum). These measurements were done using

dynamic-XPS end-station2.

Initial spectra of C 1s and N 1s core levels (Figures 5.17 (a) and 5.17 (b), bottom

panels) were taken from the pristine F4CuPc. The position peaks and spectral shape

are equivalent to previously measured by traditional scanning XPS. As it could be seen,

despite of short acquisition time, spectral features are good pronounced and could be

distinguished even without �tting3. Initial spectra in the In 3d region reveal of course

only noise signal (Figure 5.17 (c), middle panel). Following the evolution of one can see

clearly visible changes in spectra of all core levels Figure 5.17, middle panels). At the

initial stages, one can see a shift of C 1s and N 1s spectra to low binding energy side,

with consequent shift back to high binding energy position. At certain point, the signal

from In 3d core level become detectable (Figure 5.17 c, bottom panel). Decomposition

reveals two component shifted by 1.46 eV with respect to each other. Further indium

deposition leads to considerable broadening of C 1s and N 1s spectra, small shifts of C 1s

components (∼0.07 eV for peak F and ∼-0.06 eV for peak B with respect to peak B).

Moreover, additional component R shifted by 0.93 eV appears on low binding energy side

of N 1s spectra (Figure 5.17 b, top panel). At the same time, In 3d spectrum became

single component which is shifting to low energy side with indium deposition by 0.3 eV. All

this results are very similar to those which were observed for the case of indium deposition

on CuPc [75]. Authors observed chemical reaction of indium atoms with atoms of organic.

It is obvious, that there is similar chemical reaction of indium atoms with F4CuPc organic

�lm. Due to the absence information about evolution of F 1s and Cu 2p core-levels, it is

2Detailed description of end-station is given in Chapter 3
3The description of origin for corresponding spectral components could be found in section 5.1.3
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di�cult to judge about all of the e�ects during interface formation. However the results

clearly demonstrate the possibility to follow the changes in spectra by measuring of several

core-levels in dynamic-XPS mode.

5.4 Hybrid organic-inorganic systems: conclusions

In summary, by TEM and PES methods evolution of morphology and electronic properties

of hybrid systems were studied for di�erent nominal metal content: (i) aluminum nanopar-

ticles self-assembled in CuPc organic matrix and (ii) gold nanoparticles self assembled in

F4CuPc. Experimental results demonstrate that metal nanoparticles are formed by self-

assembling in a well de�ned manner with a narrow diameter distribution which depends

on the amount of metal that is evaporated onto organic �lm. In general, Al nanoparticles

form some particle distribution with size about 5-6 nanometers. With further deposition

one observes strong growth of individual grains. However on the very �rst stage of metal

deposition one observed strong chemical reaction of Al atoms with atoms of CuPc in sub-

surface region. The results of our studies are summarized in Figure 5.12. They clearly

show that in a �rst stage upon aluminum deposition onto CuPc, the aluminum atoms

di�use into the CuPc �lm and intensely react with the CuPc molecules. We �nd clear

evidence of a charge transfer from Al to CuPc and we have been able to determine the

lattice sites where Al ions sit. The �nally at high coverage about 64 Å the formation of

metallic aluminum overlayer on CuPc thin �lm takes place.

TEM measurements provide unambiguous evidence of self-organized gold nanopar-

ticles whose size parameters are strongly correlated with nominal amount of deposited

gold. Three stages of structure formation during gold deposition onto organic �lm were

detected. At the �rst stage (about 0.1-0.2 nm), gold atoms di�use into organic �lm. Sub-

sequent gold deposition (second stage, 0,2-2 nm) leads to self-organization of gold atoms in

relatively small nanoparticles in well de�ned manner (see Figure 5.8 (a)) and consequent

increasing of nanoparticles mean size and size distribution. At the third stage (>2 nm),

TEM measurements allow to observe the coalescence processes of several nanoparticles

with the same or di�erent orientations of atomic planes. In the �rst case coalescence

leads to defect-free gold nanoparticles, while in second case one can observe defects (grain
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boundaries), formed by massive edge-dislocations (see Figures 5.8 (b), regions (a) and (b)

correspondingly). At highest investigated coverage, the formation of continuous gold �lm

has been observed. According to PES measurements, there are no detectable chemical

reactions at any stage of gold nanoparticles formation. From the other hand, the presence

of nanoparticles inside the organic �lm caused strong modi�cation of organic electronic

properties. One can observe small downward band bending at the �rst step of gold depo-

sition when the amount of gold atoms is not enough to form nanoparticles. With further

gold deposition the formation of gold nanoparticles inside the organic �lm takes place,

causing upward band bending. This e�ect was observed as equivalent shifts of organic

valence band states and core-level spectra.

Based on the discussion presented above one could conclude about suitable charac-

teristics of hybrid system to create a memory prototype. In 2009, it was reported about

successful fabrication of the organic based memory [244], which was using polystyrene-

block -poly-4-vinylpyridine (PS-b-P4VP) with gold nanoparicles as active layer. Authors

claimed that average thickness of PS-b-P4VP layer was about 50 nm, and average size

of gold nanoparticles was about 14 nm. Such parameters could be good starting point

for fabrication of real device. However, in order to estimate the critical parameters of

the device, like on-o� ratio, switching rate, endurance etc, additional investigations are

required.
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Chapter 6

Summary

This work presents investigation of π∗-conjugated systems as promising materials for

novel devices. During this work the systematic study of synthesis processes, morphology

properties and electronic structure of graphene and hybrid organic-inorganic systems has

been done. Main results of these work can be divided into 3 groups:

• The new dynamic-XPS end-station is installed into beamline P04 (PETRA III, DESY),

commissioned and available for regular users. In combination with beamline P04, the

end-station allows users to measure XPS spectra as function of varying conditions, using

both scanning and snapshot modes with possibility to parallel snapshot measurements of

several core-levels. Consequently, it opens access to investigations of fast �ow processes

and quantitative analysis of surface layers in real time. For instance, one can follow

the reaction kinetics by observation of spectrum shape or control of the deposition

rate and amount of a given substance by monitoring the intensity or ratio of peaks in

the snapshot spectra. The results proved e�ectiveness of the dynamic-XPS end-station

and the ability to identify critical phases of fast real-time processes by following the

evolution of photoemission core-level spectra. To our knowledge, nowadays, there is no

alternative setup in terms of spectrum acquisition speed, photon �ux, photon energy

range and photon energy resolution.

• Highest quality of mono-, double- and trilayer graphene �lms were widely studied by

XPS, ARPES, atomic resolution STM, LEEM and LEED techniques using "on axis"

and "2 degree o�" cubic-SiC(001)/Si(001) wafers as a substrate. Obtained data taken

from di�erent samples and surface regions prove the millimeter-scale continuity of the

graphene layers on SiC(001). It was shown that graphene layers synthesized on "on-axis"

SiC(001)/Si(001) wafer consist of rotated nanodomains with four preferential orienta-

tions. Atomically resolved STM studies of di�erent graphene domains show all the
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features typical of quasi-free-standing graphene (i.e. rippling, high �exibility of the top-

most layer, interference patterns near defects and boundaries). The continuity of the

domain network is not broken by the antiphase defects (see Figure 4.16), which would

otherwise be considered as a potential obstacle for the growth of uniform, continuous

graphene coverage on cubic-SiC. However, the presence of domain boundaries can mod-

ify the electronic properties of graphene. Therefore, an increase in the domain size or

greater control over the boundary directions can be considered as the next steps for

improving graphene quality on cubic-SiC(001). It is suggested from the presented STM

studies that the graphene domain size can be increased by minimizing the �ashing time

of the silicon-terminated SiC(001)-c(4×2) reconstruction, because continuous annealing

could produce many 〈110〉-directed carbon chains [168], which can become grain bound-

aries after graphene synthesis (Figures B.2 (b) and 4.12 (h)). Subsequently, using vicinal

SiC(001) substrates could achieve a preferential orientation of the carbon chains on the

SiC(001)-c(2×2) reconstruction and improve the quality of the graphene/SiC(001) by

aligning the graphene nanoribbons and grain boundaries along one of the two equivalent

〈100〉 directions. Indeed, a reduction in the number of the rotated domain variants from

four to two could be the reason for the uniform contrast observed in recent LEEM ex-

periments conducted on the graphene/SiC(001) system synthesized on o�-plane Si(001)

wafers [172]. This result and the atomically resolved STM studies presented herein show

that it may be possible to synthesize a millimeter-scale graphene nanoribbon network

with one preferential domain boundary direction on low-cost, o�-plane SiC(001)/Si(001)

wafers.

Moreover, transport studies on trilayer graphene synthesized on vicinal cubic-SiC(001)

substrates were presented. Electrical measurements clearly demonstrate the opening of

a transport gap in the nanostructured graphene synthesized on this stepped surface.

Remarkably, the e�ect can be observed even at 100 K and produces a current on-o�

ratio of 104. Notably, the transport gap was observed in the Bernal-stacked trilayer

graphene. This behavior shows that it is possible to create new tunable electronic

nanostructures with graphene on cubic SiC, thus creating opportunities for a wide range

of new electronic applications.

• In summary, by TEM and PES methods evolution of morphology and electronic prop-
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erties of hybrid systems were studied for di�erent nominal metal content: (i) aluminum

nanoparticles self-assembled in CuPc organic matrix and (ii) gold nanoparticles self

assembled in F4CuPc. Experimental results demonstrate that metal nanoparticles are

formed by self-assembling in a well de�ned manner with a narrow diameter distribution

which depends on the amount of metal that is evaporated onto organic �lm. In general,

Al nanoparticles form some particle distribution with size about 5-6 nanometers. With

further deposition one observes strong growth of individual grains. However on the

very �rst stage of metal deposition one observed strong chemical reaction of Al atoms

with atoms of CuPc in subsurface region. The results of our studies are summarized

in Figure 5.12. They clearly show that in a �rst stage upon aluminum deposition onto

CuPc, the aluminum atoms di�use into the CuPc �lm and intensely react with the CuPc

molecules. We �nd clear evidence of a charge transfer from Al to CuPc and we have

been able to determine the lattice sites where Al ions sit. The �nally at high coverage

about 64 Å the formation of metallic aluminum overlayer on CuPc thin �lm takes place.

TEM measurements provide unambiguous evidence of self-organized gold nanoparti-

cles whose size parameters are strongly correlated with nominal amount of deposited

gold. Three stages of structure formation during gold deposition onto organic �lm

were detected. At the �rst stage (about 0.1-0.2 nm), gold atoms di�use into organic

�lm. Subsequent gold deposition (second stage, 0,2-2 nm) leads to self-organization of

gold atoms in relatively small nanoparticles in well de�ned manner (see Figure 5.8 (a))

and consequent increasing of nanoparticles mean size and size distribution. At the third

stage (>2 nm), TEM measurements allow to observe the coalescence processes of several

nanoparticles with the same or di�erent orientations of atomic planes. In the �rst case

coalescence leads to defect-free gold nanoparticles, while in second case one can observe

defects (grain boundaries), formed by massive edge-dislocations (see Figures 5.8 (b),

regions (a) and (b) correspondingly). At highest investigated coverage, the formation

of continuous gold �lm has been observed. According to PES measurements, there are

no detectable chemical reactions at any stage of gold nanoparticles formation. From the

other hand, the presence of nanoparticles inside the organic �lm caused strong modi�-

cation of organic electronic properties. One can observe small downward band bending

at the �rst step of gold deposition when the amount of gold atoms is not enough to form
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nanoparticles. With further gold deposition the formation of gold nanoparticles inside

the organic �lm takes place, causing upward band bending. This e�ect was observed as

equivalent shifts of organic valence band states and core-level spectra.

Based on the discussion in chapter 5 one could conclude about suitable characteristics of

hybrid system to create a memory prototype. In 2009, it was reported about successful

fabrication of the organic based memory [244], which was using polystyrene-block -poly-

4-vinylpyridine (PS-b-P4VP) with gold nanoparicles as active layer. Authors claimed

that average thickness of PS-b-P4VP layer was about 50 nm, and average size of gold

nanoparticles was about 14 nm. Such parameters could be good starting point for

fabrication of real device. However, in order to estimate the critical parameters of the

device, like on-o� ratio, switching rate, endurance etc, additional investigations are

required.
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List of abbreviations

AES Auger electron spectroscopy

AFM Atomic Force Microscopy

APD AntiPhase Domain

ARPES Angular Resolved Photoemission Spectroscopy

CAD Computer-Aided Design

CAE Constant Analyzer Energy

CCD Charge-Coupled Device

CRR Constant Retard Ratio

CuPc Copper Phthalocyanine

CVD Chemical Vapor Deposition

DESY Deutsches Elektronen-Synchrotron

DFT Density Functional Theory

DOS Densities of electron states

ESCA Electron Spectroscopy for Chemical Analysis

EXSU Exit Slit Unit

FFT Fast Fourier Transform

FLG Few Layer Graphene

FWHM Full Width at Half Maximum

HOMO Highest occupied molecular orbitals

HRS High-Resistance State



List of abbreviations

IMFP Inelastic Mean Free Path

ISSP RAS Institute of Solid State Physics of the Russian Academy of Sciences

LEED Low Energy Electron Di�raction

LEEM Low Energy Electron Microscopy

LN2 Liquid Nitrogen

LO Longitudinal optical

LRS Low-Resistance State

LUMO Lowest unoccupied molecular orbitals

MBE Molecular beam epitaxy

MCP Microchannel plate

NaCl Sodium chloride

NB Nanodomain Boundaries

NEGF Non-equilibrium Green's Function

NEXAFS Near Edge X-Ray Absorption Fine Structure

PEEM Photoemission Electron microscopy

PES Photoemission spectroscopy

PETRA III Positron-Electron Tandem Ring Accelerator

QCM Quartz Crystal Microbalance

RGBL Russian-German Beamline

RMU Refocusing Mirror Unit

RRAM Resestive Random Access Memory
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SB Sample Bias

Si Silicon

SiC Silicon Carbide

SLG Single Layer Graphene

SMU Switching Mirror Unit

SPELEEM Spectroscopic Photoemission and Low Energy Electron Microscope

STM Scanning Tunneling Microscopy

TEM Transmission Electron Microscopy

TO Transverse optical

UHV Ultra High Vacuum

UPS Ultraviolet Photoemission Spectroscopy

VLS Varied Line-Space plane grating

XMCD X-ray Magnetic Circular Dichroism

XPD X-Ray photoelectron di�raction

XPS X-Ray Photoemission Spectroscopy
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Appendix A

Additional survey photoemission

spectra

Figure A.1 � Survey scans taken from clean Au(001) surface at 1500 eV photon energy.



Appendix A. Additional survey photoemission spectra

Figure A.2 � Survey scans taken from clean CuPc (a) and CuPcF16 organic �lms at 1050
eV and 1200 eV photon energy, correspondingly
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Appendix B

Additional STM and LEED data taken

from graphene/SiC/Si samples

Figure B.1 � Large area STM image of SiC(001)-c(2×2) measured at U=-3.0 V and
I=60 pA using "on axis" cubic-SiC/Si wafer [78]

Figure B.2 � STM images of 5×2 (a) and charbon chains on c(2×2) superstructure (b)
obtained using "on axis" cubic-SiC/Si wafer. Corresponding LEED patterns are shown
as insets. Adopted from Ref. [78]



Appendix B. Additional STM and LEED data taken from graphene/SiC/Si samples

Figure B.3 � Large area STM image of vicinal SiC(001)-3×2 surface [41]. Corresponding
3D representation is shown as inset
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Figure B.4 � LEED patterns taken from graphene grown on "on-axis" (a) and "2 de-
gree o�" (b) cubic-SiC(001)/Si(001) wafer. (c) and (d): Cross-sections of double-splitted
di�raction spots taken from LEED patterns in panels (a) and (b). LEED patterns were
measured at 61,5 eV (a) and 47 eV (b)
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Appendix B. Additional STM and LEED data taken from graphene/SiC/Si samples

Figure B.5 � Typical Raman spectrum of graphene on the SiC substrate with an exci-
tation wavelength of 532 nm, indicating the graphene grown is trilayer graphene with
nanodomain boundaries present [41]

156



Appendix C

Additional pictures of samples, sample

holders and dynamic-XPS end-station

Figure C.1 � (a) Modi�cations of sample holders for di�erent samples. From left to right:
silicon-carbide wafer, niobium single crystals, gold crystal. (b) Sample transfer system
together with sample holder



Appendix C. Additional pictures of samples, sample holders and dynamic-XPS
end-station

Figure C.2 � The dynamic-XPS end-station is installed at beamline P04 [80]
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Figure C.3 � 6 NaCl crystals are installed on garage in sample preparation chamber of
dynamic-XPS end-station. The organic and metal evaporators are installed at top side
of picture and not shown here. The head of quartz microbalance can be seen at the the
bottom of picture
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