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Abstract

The study of surfaces at the atomic and molecular scale has improved our understanding
of many physical and chemical processes such as oxidation, carburization and has contributed
critically to advancements in nanoscience and technology. In this thesis, fullerene (Ceso) molecules
were used as a critical building block for modification, enhancement, and material synthesis for

two distinct material systems.

The first material system included in this study was graphene on copper substrates.
Intercalation of Ceo molecules at the interface between copper and graphene by annealing was used
to modulate the electronic properties of graphene. The intercalation was confirmed by comparing
topography and electronic properties of the graphene-Cgo-copper system with graphene wrinkles
and moiré patterns. The intercalated molecules create a local strain/deformation on the graphene
layer, and its magnitude is controlled by the intermolecular distance. This study provided a

pathway to control local strain, which can influence the electronic properties of graphene.

Tungsten carbide thin films were the second material system studied in this thesis. These
thin films were synthesized by co-deposition of Csg molecules as carbon precursor and tungsten
atoms on a MgO(100) substrate, which was held at 1073 K. Prior to thin film synthesis, a number
of experiments designed to study the interaction between Ceo and W during annealing at moderate
temperature revealed remarkable results about this interaction. Scanning tunneling
microscopy/spectroscopy (STM/STS) measurements demonstrated that the surface band gap of
the Ceo molecular layer can be adjusted from a wide band gap (>2.5 eV) to a metallic molecular

surface during annealing from 300 to 800 K. Density functional theory calculations were used to



develop possible reaction pathways and explain the experimentally observed electronic structure
modulation. Tungsten carbide shows a unique combination of properties and exhibits catalytic
activity, which makes this material an attractive substitute for expensive noble metal catalysts.
However, the use of tungsten carbide thin films is limited by surface oxidation, which is
accompanied by a depression of activity. In this thesis, non-stoichiometric carbon rich tungsten
carbide thin films were prepared to study the possibility of carburization of the oxidized regions
via embedded free carbon in the thin films. Thin films with different C:W ratios were synthesized
to illustrate the effect of free carbon on surface morphology and susceptibility to oxidation. Several
oxidation/ carburization cycles were performed on carbon rich tungsten carbide films and the
results indicated that the annealing of these films results in diffusion of free carbon from lower
layers and re-carburization of the oxidized area. Therefore, this is a viable method to significantly
increase the lifetime of the catalytic surface of tungsten carbide. For this study, synchrotron-based
ambient pressure x-ray photoelectron spectroscopy (AP-XPS) and STM/STS measurements, were

performed.
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Chapter 1

Introduction



1. Introduction

Over the past decades, the progress in vacuum technology and instrumentation has made it
possible to study materials surface in atomic scale,! which improves our understanding about the
physical and chemical processes/reactions and contributes critically to the advancement in
nanoscience and technology. Discovery of graphene by Novoselov and Geim is an example of the
importance and the power of atomic scale investigation, which was recognized by the 2010 Nobel

prize in physics.?

The main characterization technigue in this thesis is the scanning tunneling microscopy (STM).
STM is a powerful tool, which provides information about topographic and electronic properties
of the surface. In addition, in-situ STM studies are used to investigate the chemical reactions and
the changes in the surface morphology. In this thesis, modulation of electronic properties, surface
diffusion, interaction between molecular layer with its substrate, nucleation of the oxide and
carbide nuclei, and the surface reactions at atomic scale are studied. For this purpose, scanning
tunneling spectroscopy (STS) as a complementary technique was used, and to process the acquired
spectroscopy data, a software was developed. The details of this software are described in chapter

5.

This work provides new information about the mechanism of reaction/interaction for several
materials at atomic scales, which can eventually use in development and optimization of complex
materials with a wide range of applications. In this work, fullerene (Ceso) molecules are used to
manipulate and create nanostructured materials for (i) imprinting deformation/strain lattice on
graphene (ii) use metal fullerene interaction to tailor surface electronic structure (iii) synthesis of
tungsten carbide. This molecule was discovered by Kroto et al in 1985.2 In this work, the closed

shell structure of Cso molecules were synthesized by laser vaporization of a graphite sample. Since



then, this molecule has become a common building block for synthesis of nanomaterials, molecular

electronics, and devices.*®

This thesis organized as follows: At first, the intercalation of this molecule at the interface
of graphene/Cu as a method for graphene modulation is discussed,° then the effect of the annealing
on the electronic properties of Ceo molecules on tungsten surface is investigated,**2 and at last,

this molecule was used in synthesis of carbon rich tungsten carbide.

CVD graphene on copper is the first material system studied in this thesis, which is
discussed in chapter 6. Unlike conventional bulk semiconductors such as silicon and germanium,
modulating the electronic properties of graphene is not a trivial task. Due to the dimensional
limitations of graphene, doping with a foreign atom is a difficult task and often causes defects and
the loss of coveted electronic properties.**° The linear E(K) dispersion relation near the K-points
in graphene band structure, which is called the Dirac cone, drives the properties of graphene,
therefore its preservation is critical in the manipulation process. Graphene’s two-dimensional
structure allows modulation of its properties through the interaction with the substrate or by surface
adsorbates. This approach is highly versatile and can modify graphene's properties while
simultaneously conserving the Dirac cone. The main challenge for this approach is to find suitable
pathways to achieve the desired graphene modulation. In this work, an approach for the
intercalation of Ceo molecules at the graphene-Cu interface, which leads to the formation of
amorphous and crystalline strain lattice, is presented, and the impact of this strain on electronic

properties of graphene is reviewed.

Tungsten carbide thin films are the second material system that was studied in this work.
These thin films were synthesized by co-deposition of Ceo molecules as carbon precursor and

tungsten atoms on MgO(100) substrate which was held at high temperatures (<1073 K). The results



related to the carbide thin films are reviewed in chapter 8. At the initial stages of this project,
interesting observations about the interaction/reaction between tungsten and Ceo molecules at
lower temperature range (300 - 800 K) laid the foundation for a separate study. It was observed
that during the annealing of Ceo molecule layers on tungsten surface, the bandgap of the molecules
gradually decrease while the overall shape of molecule conserves. This reaction causes a
transformation in electronic properties of the molecules in a way that the Ceo molecules layers with
band gap of (~2.5 eV) at room temperature, will behave as metallic nanospheres after annealing at
temperature above (680 K). STM/STS measurements in addition to density functional theory
(DFT) calculation were performed to reveal the mechanism of this reaction. The results related to

this project are discussed in chapter 7.

Tungsten Carbide thin films show a unique combination of properties and exhibit catalytic
activity, which makes them an attractive substitute for expensive noble metal catalysts.6-19
However, the use of tungsten carbide thin films is limited by surface oxidation, which is
accompanied by a depression of activity. In this work, the investigation of oxidation process of
tungsten carbides was combined with the development of a method to recover the carbide surface.
Non-stoichiometric carbides with a high concentration of carbon were synthesized to study
whether an excess amount of carbon in thin films can be utilized to provide a pathway for recovery
of surface carbide. This self-healing process (re-carburization) is accomplished by annealing of
the thin films, which will cause the extra carbon from lower layers to diffuse towards surface and
form new carbide regions by replacing oxygen atoms in the oxide components. The oxidation and
carburization cycles were repeated several times, which showed this method is a viable pathway

to significantly increase the life time of a catalytic surface. In this work, in addition to STM/STS



measurements, Ambient Pressure-XPS was performed to unravel the chemical bonding and

kinetics of this reaction.



1.1. References

(1) Oura, K.; Lifshits, V. G.; Saranin, A.; Zotov, A. V.; Katayama, M. Surface Science: An
Introduction; Springer Science & Business Media, 2013.

(2) Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V;
Grigorieva, 1. V.; Firsov, A. A. Electric Field Effect in Atomically Thin Carbon Films.
Science 2004, 306 (5696), 666—6609.

(3) Kroto, H. W.; Heath, J. R.; O’Brien, S. C.; Curl, R. F.; Smalley, R. E. Ceo:
Buckminsterfullerene. Nature 1985, 318 (6042), 162—-163.

(4) Ling, Q.-D.; Lim, S.-L.; Song, Y.; Zhu, C.-X.; Chan, D. S.-H.; Kang, E.-T.; Neoh, K.-G.
Nonvolatile Polymer Memory Device Based on Bistable Electrical Switching in a Thin Film
of Poly(N-Vinylcarbazole) with Covalently Bonded Cso. Langmuir 2007, 23 (1), 312—3109.

(5) Brumbach, M.; Placencia, D.; Armstrong, N. R. Titanyl Phthalocyanine/Cso Heterojunctions:
Band-Edge Offsets and Photovoltaic Device Performance. J. Phys. Chem. C 2008, 112 (8),
3142-3151.

(6) Kouwenhoven, L. Nanotechnology: Bouncing a Ceo Ball. Nature 2000, 407 (6800), 35-36.

(7) Park, H.; Park, J.; Lim, A. K. L.; Anderson, E. H.; Alivisatos, A. P.; McEuen, P. L.
Nanomechanical Oscillations in a Single-Ceo Transistor. Nature 2000, 407 (6800), 57-60.

(8) Joachim, C.; Gimzewski, J. K.; Aviram, A. Electronics Using Hybrid-Molecular and Mono-
Molecular Devices. Nature 2000, 408 (6812), 541-548.

(9) Nakashima, N.; Nonaka, Y.; Nakanishi, T.; Sagara, T.; Murakami, H. A Ce-Embedded
Artificial Bilayer Membrane Film Electrode Device: Phase-Transition-Dependent
Electrochemistry. J. Phys. Chem. B 1998, 102 (38), 7328-7330.

(10) Monazami, E.; Bignardi, L.; Rudolf, P.; Reinke, P. Strain Lattice Imprinting in Graphene by
Ceo Intercalation at the Graphene/Cu Interface. Nano Lett. 2015.

(11) Monazami, E.; McClimon, J. B.; Rondinelli, J.; Reinke, P. Electronic Structure and Band
Gap of Fullerenes on Tungsten Surfaces: Transition from a Semiconductor to a Metal
Triggered by Annealing. ACS Appl. Mater. Interfaces 2016.

(12) McClimon, J. B.; Monazami, E.; Reinke, P. Interaction of Ceo with Tungsten: Modulation of
Morphology and Electronic Structure on the Molecular Length Scale. J. Phys. Chem. C 2014,
118 (42), 24479-24489.

(13) Agnoli, S.; Favaro, M. Doping Graphene with Boron: A Review of Synthesis Methods,
Physicochemical Characterization, and Emerging Applications. J. Mater. Chem. A 2016, 4
(14), 5002-5025.

(14) Meyer, J. C.; Kurasch, S.; Park, H. J.; Skakalova, V.; Kinzel, D.; Gro3, A.; Chuvilin, A,;
Algara-Siller, G.; Roth, S.; lwasaki, T.; Starke, U.; Smet, J. H.; Kaiser, U. Experimental
Analysis of Charge Redistribution due to Chemical Bonding by High-Resolution
Transmission Electron Microscopy. Nat. Mater. 2011, 10 (3), 209-215.

(15) Urban, K. W. Electron Microscopy: The Challenges of Graphene. Nat. Mater. 2011, 10 (3),
165-166.

(16) Yang, X.; Kimmel, Y. C.; Fu, J.; Koel, B. E.; Chen, J. G. Activation of Tungsten Carbide
Catalysts by Use of an Oxygen Plasma Pretreatment. ACS Catal. 2012, 2 (5), 765-769.

(17) Elezovi¢, N. R.; Babi¢, B. M.; Gaji¢-Krstaji¢, L.; Ercius, P.; Radmilovié, V. R.; Krstaji¢, N.
V.; Vracar, L. M. Pt Supported on Nano-Tungsten Carbide as a Beneficial Catalyst for the
Oxygen Reduction Reaction in Alkaline Solution. Electrochimica Acta 2012, 69, 239-246.



(18) Decker, S.; Lofberg, A.; Bastin, J.-M.; Frennet, A. Study of the Preparation of Bulk Tungsten
Carbide Catalysts with CoHs/H2 and C2Ha/H2 Carburizing Mixtures. Catal. Lett. 1997, 44 (3—
4), 229-239.

(19) Ren, H.; Chen, Y.; Huang, Y.; Deng, W.; Vlachos, D. G.; Chen, J. G. Tungsten Carbides as
Selective Deoxygenation Catalysts: Experimental and Computational Studies of Converting
C3 Oxygenates to Propene. Green Chem. 2014, 16 (2), 761-769.



Chapter 2

Materials



2. Materials

2.1. Graphene

Graphene is a two-dimensional array of carbon atoms in a honeycomb lattice that is just one
atom thick (densely packed in a honeycomb lattice), where each carbon atom has sp? bonding with
three neighboring atoms. Graphene can be described as the basic building material for other carbon
allotropes including: graphite, and carbon nanotubes (CNT), and Ceo. Graphite can be described
as several layers of graphene stacked on each other, CNT is a graphene layer which rolled around
itself, and Ceso molecule is a section of graphene that wrapped around itself and forms a closed

shell structure by introducing several pentagons (Figure 2.1).*

Figure 2.1:Schematic representation of carbon allotropes. Taken from Reference [1].




Even though graphene has been known as a fundamental material for all the other carbon
allotropes, it was always assumed that an isolated layer of graphene in the free state is not stable
and it was only studied as a theoretical material.! This hypothesis developed about 80 years ago,
after Landau and Peierls discussed the existence of 2D materials in two separate articles.>® The
authors of these works argued that at any finite temperature, a divergent thermal fluctuation in 2D
crystals will cause a displacement in the atomic structure of the 2D crystals. This displacement is
comparable to the interatomic distances, thus the crystal melts. Later, these claims were confirmed
by several experimental observations and theoretical works. For instance, the decrease in the
melting point of thin films as the thickness decreases.*® After the discovery of graphene by

Novoselov and Geim in 2004, this generally accepted theory was rejected.®

During the past decades, several methods have been developed to grow or prepare 2D crystals.
In addition to synthesizing 2D materials on various substrates, single layer of freestanding
graphene, BN, and MoS; has been prepared and studied. In addition to experimental observation,
which has proved that a continuous layer of 2D material can exist at finite temperature, the
existence of these 2D structures can be rationalized in theory too. Figure 2.2 shows the results for
molecular dynamic (MD) simulation performed on a small flake of graphene with 2808 atoms.
The C-C in-plane bonds in this simulation were defined by Tersoff potential.”® In this simulation,
we start with a perfectly flat 2D layer of graphene at 0 K as the initial structure. Then, the stability
of this flake at higher temperature was studied by increasing the velocity distribution of the atoms.
These results show that after increasing the temperature of the system to 180 K, which causes a
thermal fluctuation in the system, the graphene flake remains stable. This stability can be explained
by small fluctuation that are formed in the 3" dimension (z-axis) of graphene. This roughening in

the system is essential for stability of 2D crystals at any finite temperature (formation of hills and
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valleys (ripples)). Similar observations have been reported by several other theoretical work and

experimental observation.®°
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Figure 2.2: MD simulation results for a graphene flake at 180 K. a) Snapshot of top-view of the graphene and

distribution of valley and hills after 23 ps. b) Histogram distribution of the height profile extracted from (a). c)
Snapshot of top-view of the graphene and distribution of valley and hills after 30 ps. d) Histogram distribution

of the height profile extracted from (c).
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2.1.1. Electronic and Band Structure of Graphene

In chapter 6 of this work, the effect of strain in graphene and formation of super lattice in
graphene by Cso molecules are discussed. Therefore, here we briefly introduce some important
concepts about band structure of graphene and the chemical vapor deposition (CVD) techniques
to grow graphene.

Graphene is a 2D honeycomb structure (hexagonal Bravias lattice) of carbon atoms with the
average nearest neighbor distance of 1.42 (A). This structure contains a two-atom basis set which
are labeled as A and B in Figure 2.3(a). Figure 2.3(b) shows the 2D-fast Fourier transform of the
STM graphene image with the first Brillouin zone (1% BZ) of graphene (red hexagon) with the two

inequivalent corners of K and K’ (Dirac points).

Figure 2.3: STM image of graphene on copper, several of the hexagons in the honeycomb structure of graphene
are indicated in this image. a; and a, are the primitive lattice vectors of graphene. b) Corresponding 2D-fast
Fourier transform of the STM image in (a), the FFT peaks are colored by light blue, the 15t BZ of graphene is

indicated by the red hexagons. bTand Eare the basis vectors of the reciprocal lattice.
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Because of the symmetry relations in the graphene structure, the corners of 1% BZ are pairwise

equivalent and the positions of these corners in the K-space are given by:

K_2n<1 1) dK,_Zn(1—1>
"~ 3a\"’\3 an “3a\"{3

Where a is the nearest neighbor C-C spacing and is 1.424A.

Figure 2.4 illustrates the band structure and the projected density of states (DOS) of graphene
calculated by DFT method. This calculation was performed with Atomistic Toolkit (ATK
2015.rc2) package and the local density approximation (LDA) with the Perdew—Zunger exchange-
correlation parametrization was used.'® In graphene, three electrons per carbon atoms participate
in formation of strong in plane covalent bonds (o), which are formed by sp? hybridization of s-
orbital and the degenerated px and py orbitals; and one electron per atom will form an orthogonal
weaker bond (), which is formed by the sp? hybridization of s-orbital and p; orbital. The =
electrons form energy bands at lower energy (near the Fermi energy) and ¢ electrons form energy
bands at higher energies.!” Therefore, the electronic behavior of the graphene at near fermi energy

is a result of i electrons (Figure 2.4).

As the consequence of the crystallographic structure of graphene, its band structure is exactly
symmetric near Fermi energy, with DOS zero at its Dirac point. This band structure leads to the
fact that non-doped graphene is a perfect semimetal with zero band gap and the Fermi energy and
Dirac point coincide. Also, the energy dispersion relation (Ex) for graphene is linear around the
Dirac point and this leads to the unique electronic properties of graphene, including; ultra-high

charge carrier mobility for electron and holes. Low energy excitons of this system can be described
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by the Dirac equation in two spatial dimensions where the electrons can be treated as Dirac

particles and thus behave like photons.181°

E = hvy k2 + 13

Where vs is the Fermi velocity of the electrons and is 1x10° m/s.

(@)

Energy (eV)

Graphene energy dispersion

Figure 2.4: The electronic structure of graphene. a) The graphene energy dispersion. b) Graphene band structure

and local density of states projected on s (red), px and py (black), and pz (blue) orbitals, calculated by DFT
method. (this simulation was performed by ATK package)

2.1.2. Graphene Synthesis

Graphite and few layers of graphene have been studied for several decades, but only in 2004,
Andre Geim and colleagues were able to separate a single layer of graphene using a simple
exfoliation method (micromechanical cleavage). This method is performed by exfoliation of

graphene layers from graphite, using a scotch tape and transferring to the target substrate.
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Since the discovery of graphene by mechanical exfoliation technique, several methods of
graphene synthesis including: chemical exfoliation of graphite,?° reduction of graphene oxide,?:
23 gpitaxial growth on SiC and BN,?4% and CVD techniques have been introduced and studied.?®-
28 Among these techniques, CVD graphene has emerged as the most common method for the
preparation and production of graphene layers since it was first reported in 2008.2°

Two different set of graphene on polycrystalline copper samples were used in this work, both
synthesized by the CVVD method. The first CVD graphene sample was provided by Luca Bignardi
at University of Groningen, Netherlands,*® and the second sample was purchased from Graphene
Supermarket. The common steps in the growth process of these samples are listed as follows: 1) a
thin Cu foil (thickness < 25 mm) is introduced to a low vacuum furnace (P<107 mbar). 2) the Cu
foil is annealed in a Ha/Ar reducing environment to remove the native oxide layer on Cu (Cu20
and CuO). 3) In this step, the Cu foil which is held at high temperatures (1180- 1358 K) is exposed
to a mixture of gasses containing Ar, Hz and CHa for few minutes, during this step graphene is
formed by decomposition of hydrocarbon. 4) subsequently the sample is cooled down to room
temperature. The surface of these samples was dominated by single layer graphene. In addition,

both samples show extended regions of Cu (100) grains between graphene islands.
2.2. Fullerene (Ceo)

The Ceo molecule consist of 60 carbon atoms located at the vertices of a truncated
icosahedron where each carbon atom is triangularly bonded with the 3 adjacent carbon atoms. An
icosahedron consists of 20 hexagons and 12 pentagons where each pentagon is surrounded by 5
hexagons. This configuration is consistent with Euler’s theorem and the isolated pentagon rule.3
In a regular icosahedron all the 90 edges have an equal length while the situation in fullerene cage

is slightly different. There are two different bond lengths (length of the edges) in a fullerene cage
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and therefore the Ceo is referred as a truncated icosahedral. The C-C bond between hexagons and
pentagons (h-p) is referred to as an electron poor bond (single bond) and has a length of 1.46 (A);
the bond between two hexagons (h-h) is shorter, 1.40 (A), and is referred to as an electron rich

bond (double bond).3? These bond lengths are highlighted in Figure (2.5).

(b)

Figure 2.5: Schematics of two different orientation of Cgo molecule. a) When the h-h bond is on top b) When the
h-p bond is on top.

The size of Cgo molecule is about 7 (A), which results in a diameter of about 10.35 (A)
during STM measurements. This size difference (3.35 A) is explained by considering the m electron

cloud around a Cgo molecule.®

In Ceo, the bonding requirements for all valence electrons is satisfied therefore all the
molecular levels are fully filled (closed shell structure). Each carbon atom in Ceo Structure is
bonded with the 3-adjacent carbon atoms in an sp? derived bonding configuration similar to
graphite. Although, in contrast to graphite where these bonds are truly planar, the sp? bonds in Ceo

occur on a curved surface. This curvature results in a mixture of sp? with sp* bonding.®
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2.2.1. Crystalline Ceo

Deposition of Ceo molecules on a metal substrates or graphite results in formation of a full
coverage of the surface. In this structure, Ceo molecules are arranged in a face center cubic (fcc)
lattice. The primitive unit cell of this structure contains one molecule per unit cell and the
conventional unit cell of this structure includes four molecules per unit cell. The lattice constant
of bulk Ceo is about a=14.17 (A) with a nearest neighbor Ceo-Ceo distance of d=10.32 (A) (Figure

2.6). These values can change depending on the type of substrates and number of molecular layers.

(b)

Figure 2.6: a) STM image of 5 ML of Cg molecules on graphite. The marked region shows the conventional
unit cell for this structure. b) 3D Illustration of solid Ceo.

At room temperature, the Ceo molecule are rotating rapidly with three degrees of rotational
freedom. The rotational period for fullerenes is about 10" 5.3 Therefore, all molecules exhibit a
featureless equivalent structure during STM measurement unless this rotation is ceased.
Temperature has a strong effect on the rotation of Csp molecules. Figure 2.7 Illustrates the

difference between the STM images when the molecules on tungsten oxide substrates are rotating

17



at room temperature and when the rotation of the molecules is stopped at 77 K. As a result of the
interruption of the rotation at low temperature it is possible to image the molecular orbitals of Ceo
molecules. These orbitals, often appear as groove shape structure in individual molecule in STM

images.

Figure 2.7: STM images of the Cso monolayer on WO»/\W(110) substrate at different temperatures. (a) 19 x 16
nm? images of the same Cgo film acquired at T = 315 K. (a)12 x 14 nm? image acquired at T = 78 K. Taken from
Reference [34].

In addition, if the Ceo molecules are anchored to the substrate due to strong interaction
between molecule-substrate, similar results can be observed. Figure 2.8 shows the STM images
for molecules on tungsten substrate before and after initiation of the interaction between the
substrate and molecules. The annealing process is the trigger for this interaction and the results

regarding to this process is described in Chapter 7.
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(b)

Figure 2.8: STM images of Cso molecules on tungsten surface a) Before anneal. b) After anneal at T=623 K. The
molecules in after anneal surface, exhibit two or three surface grooves which are correlated to the molecular
orbital in Cgo (image size 8 x 15 nm?).

2.2. Tungsten Carbide

A study of nonstoichiometric carbon rich tungsten carbide thin films is presented in chapter
8. In order to control the carbon inventory in these thin films, an unusual synthesis pathway was
used. Tungsten carbide thin films were grown by co-deposition of Cgo and tungsten on MgO(100)
substrates over the temperature range 873-1073 K. During this process, the fullerene cage breaks
down into individual carbon atoms and then incorporate with tungsten atoms to form tungsten
carbide. This non-traditional method for tungsten carbide synthesis via fullerene and pure tungsten
precursors allows for a fine control over concentration of tungsten and carbon inventory in the thin
films. Also, employing fullerene molecules as a carbon source inhibits any possible hydrogen

contamination that can modify reaction pathways.

Figure 2.9 shows the W-Carbon phase diagram with green circles indicating the composition

of tungsten carbide thin-films that are used in this work. These compositions were obtained by
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controlling the deposition rate of tungsten and fullerene (as carbon precursor). For compositions
and temperature ranges of interest, W, a-W>C, WC, amorphous carbon and graphite are the phases
to consider. Some metastable phases like cubic B-WCi-x (NaCl structure) can exist instead of the
thermodynamically stable hexagonal WC phase even at low temperatures, but formation of this

phase depends on deposition rate and the crystallographic orientation of substrate.®
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Figure 2.9: a) W-C phase diagram. Taken from reference [36]. Structural representation of b) hexagonal WC
and c¢) hexagonal W-C.
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3. Experimental and Theoretical Techniques

3.1. Ultrahigh Vacuum System (UHV)

The majority of the experiments in this thesis were performed with an Omicron Variable
Temperature (VT) ultra-high vacuum scanning probe microscope (Figure 3.1), with a base

pressure of < 2x1071% mbar.

A
v

Preparation Chamber ~ STM Chamber

Figure 3.1: View of the UHV system equipped with STM. (1), (2), (3), and (4) Deposition sources slots. Various
types of deposition source can be used in these sections (E-beam source for tungsten and thermal evaporation
source for Ceo molecules), and these materials can be evaporated directly in UHV system. 5) Transferring
manipulator. 6) Sample stage. This stage is capable of direct current and e-beam heating up to T=1473 K. 7)
Preparation chamber, this section is used for deposition, heating, and oxidation processes. 8) STM chamber. 9)
Eddy current damping system to minimize the vibration during the STM/STS measurements

This UHV system includes three different chambers: a small volume load lock, a
preparation chamber, and a microscope chamber. The load lock chamber is separated from the

preparation chamber with a manual gate valve. This chamber is located behind the preparation
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chamber and cannot be seen in Figure 3.1. The sample preparation, heating, and deposition were
all performed in the preparation chamber. This configuration keeps the sample under UHV
conditions for the entirety of the experiment including deposition, heating, and imaging; which is
necessary for surface science studies, preparation of an atomically clean surface, and monitoring

the initial stage of oxidation.1?2

3.2. Scanning Tunneling Microscopy (STM)

STM is the primary characterization technique which was used in this thesis. This powerful
tool can provide topography and electronic structure information with atomic resolution for the
surface of materials with sufficient conductivity. STM measurements shown in this thesis are
performed in constant current imaging (CCI) mode. This mode is the first and most used mode in
STM, and the basic concept of it was introduced by Binning and Rohrer at 1982.2 In this mode, a
sharp metallic tip is brought in close proximity of a conductive sample’s surface. Afterwards, by
applying a voltage between the tip and sample, electron can tunnel from the sample to the tip or
vice versa. This tunneling current is controlled by a feedback loop that adjusts the height of the tip
at fixed bias voltage to maintain a constant current while the tip raster across the surface. The
contour map produced by this method (z(x,y)) is not determined solely by the arrangement of the
atom on the surface, but rather reflects a constant current surface. ** This phenomenon is shown
in Figure 3.2, where a contamination on the surface with no height difference relative to its
surrounding but different local density of states (LDOS) appears with altered apparent height in

STM image.

25



Feedback

Figure 3.2: Principle of operation of the constant current mode in STM. a) illustration of STM operation to obtain
atomic resolution. b) STM operation in larger scale. The dashed line indicates the measured height (z) during
the scan over a step edge (1), and a contamination spot (2) with different LDOS in comparison to the rest of
surface. Taken from references [3,4].

After STM tip approach to a sample and when sample’s surface and tip are separated by small
vacuum gap, without presence of any voltage, the Fermi energy of the tip and sample will be at
the same level and electrons cannot tunnel through the barrier thickness (Figure 3.3a). However,
by applying a bias voltage (Vbias) between tip and sample, the Fermi energy position of tip in
respect to the sample will change and therefore, the electrons will tunnel through the vacuum
barrier. The direction of electric filed (or the signs of the bias voltage) determines whether
electrons tunnel form the tip to the sample and probing the empty sates (conduction band) of the
sample (Figure 3.3b) or from the sample to the tip and probing the filed states (valence band) of

the sample (Figure 3.3c).’
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Figure 3.3: Visualization of tunneling between the tip and a metallic sample with one dimensional potential
energy diagrams. a) Sample and the tip at equilibrium and separated by small barrier thickness. b) A positive
bias voltage is applied to the tip and therefore, electrons tunnel from tip to empty states of the sample. ¢) A
negative bias voltage is applied to the tip and therefore, electrons tunnel from filled states of the sample to the

tip.

This tunneling current can be derived by the Wentzel Kramers Brillouin (WKB) approximation

and is given by following expression:>®

eV
| f oo (E)p,(E + eV)T(E,eVy)dE  (3.1)
0

Where pg(E) is the LDOS of the sample, p.(E + eV) is the LDOS of the tip, T(E,eV) is the
transmission coefficient of the electron, E is energy of states relative to the Fermi level, and eV is

the applied bias voltage. The transmission coefficient is given by:’

m ( D, + b N eV, B E)] (3.2)

2
T(E,eVy) =exp| —2(d + R) Wz > >
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Where R is the effective tip radius, and d is the distance between the tip and sample. The equation
3.2 shows that the tunneling current is exponentially dependent on the barrier distance. With the
assumption that during the measurements, the DOS of the tip remain constant, the equation 3.1

can be written as following:®
ev
T f 0 EYT(E,eV,)dE  (3.3)
0

Therefore, the tunneling current depends on the barrier distance, bias voltage, and DOS of
the sample. Thus, each STM image includes information about topography (tip-sample distance)
and electronic structure of sample (ps). The equation (3.2) and (3.3) indicate that the tunneling
current is exponential dependent on the barrier distance. Therefore, even small changes in the
barrier distance (in order of angstroms) can be measured by monitoring the tunneling current and

as a result, a high resolution topographic contour map of a surface can be obtained.

3.3. Scanning Tunneling Spectroscopy (STS)

In section 3.2. it was shown that the tunneling current measured in STM depends on the
barrier distance, LDOS of the sample, and the bias voltage applied between the tip and sample. In

STS, the explicit LDOS of the sample is measured by utilizing this bias voltage dependency.

STS is performed by varying the potential difference determined by Vi, while measuring
the tunneling current; therefore, the I-V characteristics are measured at a specific X-Y position on
the surface and the derivative of this result (d1/dV) is then proportional to the LDOS at the point
of measurement on the surface.®° With this method, LDOS of the sample can be measured in

the range of several eV around the Fermi energy (Ef).To be able to compare the results measured
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from different experiments and to correct the dI/dV curves measured from different tip-sample

distance, these curves were normalized by following equation:

dl

normalized spectra (I): IdV (3.4)
V + €

Where ¢ is an offset value to avoid singularity at the band edges and at VV=0. The normalization
process and more details about spectroscopy methods used in this thesis are discussed in chapter
5.

Two different approaches of STS measurements are used in this thesis: a) point
spectroscopy where an 1-V characteristic are measured for one single point in an image area b)
spectroscopy maps where 1-V measurements distributed at equidistant intervals on the surface.
Each topography image in this work includes 512x512 pixels. During STS mapping, |-V
characteristics are usually recorded for every 5% pixel, as it is shown in Figure 3.4, and in total
103x103 I-V spectra are measured. In this type of STS map, 50 voltage steps in single I-V
characteristic are frequently used. This results for each scanning direction (forward and backward)
21,218 1-V curves in one single map. By mapping the dl/dV values at a specific voltage, a
conductivity or bandgap map can be created. In these types of maps, about 10-20% of the I-V
curves show a significant noise often due to changes in tip shape, surface contamination and etc.

These noisy curves were removed and were not included in spectra averaging.
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Figure 3.4: Scanning tunneling spectroscopy. a) Visualization of spectra acquired for every five points in a
512x512 pixel image. b) Two example for 1-V curve measured by STS. These two spectra are measured on
nanospheres surface and they are explained in chapter 7. ¢) The normalized dI/dV curves calculated from curves
shown in (b).

Prior to each measurement, STS data sets were measured on graphite and gold (Au) to
confirm reproducibility and reliability of the tip performance. STM and STS data were analyzed
with WSxM 5.0 ,!* Igor Pro 6.22, and a MATLAB program that was developed in this thesis for

analysis and visualization of STS maps.

3.4. X-Ray Photoemission Spectroscopy (XPS)

In chapter 8 of this thesis, the oxidation/carburization of carbon rich tungsten carbide thin
films is examined. One of the characterization techniques , which was used for these thin films is
X-ray photoelectron spectroscopy (XPS). For this purpose, W4f, C1s, and O1s core levels were

measured.

XPS is one of the most important techniques for surface science studies. The short mean

free path of electrons over the energy range from a few eV to few thousand eV in condensed
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matter, makes XPS a very surface sensitive method.'?> The three-step model has been used
successfully to describe the photoemission process and serves as the basis to the interpretation of
photoelectron spectra (Figure 3.5). This model describes the photoemission process as following:
1) excitation of the photoelectron in the bulk solid. 2) transport of the excited electron from the
bulk to the surface. 3) transmission through the surface potential barrier to the vacuum and
eventually to the detector where its Kinetic energy is measured.!® The binding energy of electron

is calculated by:
BE =hv—Exn—¢ , Ephoton = hv (3.5)

Where the BE is the binding energy of the electron, h is the Plank’s constant, v is the
photon frequency, Exin is the Kinetic energy of electron as measured by the electron analyzer, ¢ is

the work function of the spectrometer, and Epp,¢0n is the photon energy.

For each element and core level orbital, a characteristic binding energy is associated.
Therefore, each atomic orbital result in a characteristic set of peaks in XPS. The binding energy of
an electron depends on the core level that the photoemission occurs from and the local
chemical/physical environment of the atom. Any change in chemical/physical environment of an
atom, give rise to a shift in binding energy associated to the atom.* For example, the XPS spectra
in several oxidation states of tungsten is given in Table 3.1. The capability to differentiate between

different chemical states of an element is considered as one of the major strengths of XPS.
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Figure 3.5: Schematic representation of the three-step model of the photo emission process. 1. Excitation of the

electron to a Bloch final state inside the crystal, 2. Transport of the electron to the surface, 3. Escape of the
electron into the vacuum. (schematic is taken from ref [16]).

Oxidation State Binding Energy (eV)
WO in elemental W 31.0+0.1
W4 in WO, 33.2+0.2
W5* in W20s 34.6+0.2
W8* in WO3 35.75+0.2

Table 3.1: Binding energy for several oxidation states in tungsten.

In XPS, core levels are usually identified by means of their quantum numbers, the
nomenclature nlj notation; where n is the principle quantum number, | is the orbital angular
momentum, and j is the overall angular momentum. The overall angular momentum is defined by

j=I+s, where s is the spin angular momentum and it can be either 1/2 or -1/2. For all orbitals except
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s orbital (1=0), the coupling between spin angular momentum and the angular momentum of orbital
results in orbital splitting.'**® Because of this splitting, each orbital (p,d,f) results to two possible
states with different binding energy. For example, in tungsten the 4f orbital (j=3x1/2) give rise to
4fs, and 417, peaks which are separated by 2.1+0.1 eV. The relative intensity of the components
of this doublet, known as multiplicity factor (M.P), is depend on their relative degeneracy which
are given by expression (2j+l). Hence, the relative intensity of the doublet components in 4f orbital

is 4fsyp : 4f7p2 is 6:8.14

3.4.1. Ambient Pressure X-Ray Photoemission Spectroscopy (AP-XPS)

During the past decade, the AP-XPS (ambient pressure XPS) instruments overcome the
strong inelastic scattering in gasses mainly by two methods: an electrostatic lens system which
allows differential pumping, and a third-generation synchrotron radiation source which provides a

much higher photon flux.

XPS and AP-XPS measurements in this thesis were performed at the SPECIES beamline
at Max-Lab located at Lund University in collaboration with Prof. J. Schnadt. This instrument
consists of separate analysis and preparation chambers in addition to a high-pressure cell. This
instrument can provide a photon energy in range of 27-900 eV. XPS measurements were
performed at both relatively high pressure (3 mbar) and UHV environment. The in-situ oxidation
measurements were performed after transferring the sample to a retractable ‘high-pressure cell’
(Figures 3.6b—d), which can be docked to the front aperture of the electron analyzer. During
oxidation cycles, the high-pressure cell was filled by oxygen gas, while the rest of system retains

a pressure of around 10 mbar.

33



Figure 3.6: (a) Drawing of the APXPS instrument at the MAX IV Laboratory. (b) Cross-section drawing of the
high-pressure cell. At the front in green is the door which is opened for sample transfer. The nozzle is depicted
in a golden color and points at the sample (in brown). Sample heating is achieved through the wall behind the
sample by electron bombardment. The double set-up of bellows makes it possible to move the sample during
measurement. (c) High- pressure cell using approach to the analyzer. (d) Sample loading into the high-pressure
cell docked to the analyzer. (Pictures and the caption are taken from reference [16])

With this setup, several oxidation/carburization cycles on carbon-rich tungsten carbide
samples were performed and these results are discussed in chapter 8. All samples were synthesized

in UHV environment in our lab and later transferred to Max-Lab for AP-XPS studies.
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Consequently, the formation of a thin residual oxide layer on the surface due to exposure of the

surface to atmospheric pressure was inevitable.

3.5. Atomistic Simulations

The interpretation of the experimental results on Ceo-W interactions required additional
atomistic simulation modeling. In this thesis, the geometry, bonding, band gap, and stability of
several Ceo—W bonding combinations including CsgW2, CssW, CsgW, CsoW, Ceo 0n W(110) and
Ceo 0n W(100) were studied within the framework of density functional theory (DFT). The results
for these configurations is presented in chapter 7 in addition to the experimental results. All of the
simulations were carried out using local spin density approximation (LSDA) as implemented in
the Atomistic Toolkit (ATK 2015.rc2) package. In this section, few important concepts about
electronic structure methods and DFT are briefly discussed and for more information the reader is

referred to the ATK manual. 1’

Total Energy

In atomistic simulations, the total energy of the system is used to calculate the bond energy,
stability of atomic/molecular structure, chemical reactions mechanism, and etc. To calculate the
total energy of a system the kinetic and potential energy of both nuclei and electrons have to be

considered.

Etot = Knuc + Kele + Uele—ele + Unuc—nuc + Uele—nuc (3-3)

Where K,,. is the Kkinetic energy of nuclei, K.is the kinetic energy of electrons, and
Uele—ele» Unuc—nue Uele—nuc terms are the electron-electron, nuclei-nuclei, and electron nuclei
potential, respectively. The terms in total energy equations can be calculated from Schrodinger

equation, and the simplest form of it can be written as an energy eigenvalue equation:
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AY=FEy¥Y (34

Where W is the eigenfunction (wave function) and E is the eigenvalue (total energy) of the

Hamiltonian (H). By consideration of both electrons and nuclei the Schrodinger equation can be

written as:

AY({r} R = E¥({r3 {RD) (3.5)

Where {r;} is the coordinates of electrons and {R;} is the coordinates of nuclei. An analytic solution
for this complex equation is not possible, and to be able to solve this equation some approximation

needs to be made.
Born-Oppenheimer Approximation:

Max Born and J. Robert Oppenheimer developed this approximation and a full description
of it can be find in following references. 2?2 This approximation is based on the fact that the mass
of nuclei is much larger than the mass of electrons; therefore, the motion of nuclei is much smaller
than the motion of electrons, i.e. kinetic energy of nuclei is negligible in compare to electron’s
Kinetic energy. Thus, it is possible to decouple the motion of the nuclei and electrons in equation

of motion. We can therefore express the wave function of electron and nuclei as following:%3

Y({r} R =¥Y{rh{RD{R}  (3.6)

Where W({r;}; {R;}) is the wave function of electron and parametrically depends on nuclear
position Ry, and ®{R,} is the wave function of the nuclear with the coordinate sets of R;. Now we

can write the overall Schrodinger equation separately for electrons and nuclei.
Nuclei Schrodinger equation: H,,,,.®{R;} = En..P{R;} 3.7)
Electrons Schrodinger equation: H,,,¥({r;};{R;}) = E¥({r;}; {R;}) (3.8)
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Where the H, ., Heje are the Hamiltonian for nuclei and electrons respectively. The H,, can be

written as:

Fae = - szz+z|r—r]|+zlr— (3.9)

i<j

Where the first term is the kinetic energy of electrons, the second term is the electron-electron
interaction, and the third term is the electron-nuclei interaction. The second term in the
Hamiltonian equation (3.9), the electron-electron interaction, is the critical term and the root of
difficulty in solving the equation. As the result of this electron-electron interaction, the individual
electron wave function only can be found by simultaneously considering the individual electron

wave function of all the other electrons, and this consideration leads to a many body problem.823
DFT

DFT calculations are based on two main theorems: Hohenberg—Kohn and Kohn-Sham..?*
The first part of the Hohenberg—Kohn theorem states that the ground state energy (in Schrodinger
equation) is a unique functional of the charge density. They showed the ground state charge density
uniquely determines the external potential (particularly the electron-electron interaction) of the
system. Consequently, the ground-state charge density uniquely determines the electron wave
function, and energy of ground state. This reduces the number of variables in Schrodinger equation
from 3N variables wave function, to charge density with only 3 spatial variables. Second part of
Hohenberg—Kohn results states that the energy calculated for any charge density is always equal
or greater than the ground state energy of the system.*®2324 This part of theory allows us to treat
the charge density as a variational variable in search of true ground state energy. The last step to

provide a practical method was provided by Kohn-Sham.?® They proved that it is possible to define
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a functional of charge density which contains all the many body interaction terms, termed as
exchange-correlation functional, and separate this functional from single body terms. These results

are stated in following equation:

h
[_% Vi Vers (r)] W) = %@ (3.10)

Verr = Ver(r) + Vyar [n(M] + Vxc[n(]  (3.11)

Vee[n ()] = f drn(Megen(]  (3.12)

Eprrn(M)] = Egs + j dr NPV (r) + Vi 1] + Veeln ()] (3.13)

Where the first term in equation (3.10) is the kinetic energy of non-interacting electronsExg, the
second term V(1) is the effective potential and is defined in (3.11). In this equation, the V;(r) is
the potential energy of an electron from interaction between an electron and collection of atom
nuclei, the Vy,.[n(r)] is the Hartree potential and is defined as Coulomb repulsion between an
electron and the total electron density, and the last term Vxc[n(r)] is the exchange-correlation
potential and is the key part in DFT calculation. The simplest approach to find the exchange-
correlation term is local spin-density approximation (LSDA), which often referred as LDA. In
LDA the exchange-correlation energy at each position is defined as exchange-correlation energy
of homogenous electron gas at electron density observed at that position (local density).?>?® The
flow chart shown in Figure 3.7 describes the algorithm use in DFT method to compute the target

quantities.
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Initial guess for n(r)
Calculate the V.4 in equation (3.11)

:

Solve the Kohn-Sham equation (3.10)

:

Evaluate the total energy (3.13)

!

Converged?

Output quantities

Figure 3.7: The flow chart of calculation process in DFT.

DFT calculations in this thesis, which are discussed in more depth in chapter 7, are
categorized in two sections: At First section, a study of the stability and electronic structure
properties of several hetrofullerenes including CsgW>, CsgW, and CeoW are studied. To generate
CsoW hetrofullerene, a carbon atom from Ceo molecule was replaced with a tungsten atom. Figure
3.8 illustrates the configuration of CsgW. Due to the fact that all the carbon atoms in Cso molecule
are equivalent, only one initial configuration for CseW is possible. This configuration was relaxed

by limited-memory Broyden—Fletcher—Goldfarb—Shanno (LBFGS) algorithm until the maximum
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force on all atoms was less than 0.05 eV/A.2” The structure of CsoW hertrofullerene after

optimization is shown in Figure 3.8b.

a) b) c)

CsoW

Figure 3.8: CsoW hetrofullerene configuration. a) Initial configuration. b) relaxed configuration from two
different view angles. c) Schlegel diagram of CsgW.

In contrast to CsoW structure, there are several initial possible configurations for CeoW
hetrofullerene. These possible configurations and their total energy after relaxation are shown in
Figure 3.9. It was found out the most stable CeoW hetrofullerene configuration is obtained by

placing a W-atom at center of a hexagon of Ceo molecule (configuration #1 in Figure 3.9a).
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a) b)

CeoW Configuration # Total Energy (eV)

1.388
2.013
3.279
13.028

Figure 3.9: CegoW hetrofullerene configurations. a) Schlegel diagram of hetrofullerene, the possible initial
configurations which were considered in the simulations are labeled from 1-5. b) The total energy calculated for
each configuration in (a). The minimum total energy was chosen as zero eV energy. c) Initial structure of
configuration #1 d) relaxed structure of configuration #1 from two different view angles.

At second section, the possible adsorption geometries and orientations of Ceg on W(110)
and Ceo on W(100) are studied. These configurations and the effect of tungsten substrate on

electronic structures of Ceo molecule are discussed in chapter 7.
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4. Substrate Materials
4.1. Ceo on Copper

To gain insight in the interaction between Ceoand the Cu-substrate we performed additional
experiments where Cgo Was deposited on a section of the polycrystalline-Cu substrate, which was
not covered by graphene. The presence of the Cu (001) surface is confirmed by atomic resolution
topography images. This experiment yields information on the Ceo-Cu interaction, the position of
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
peaks and quantitative information about the bandgap compression in Cgo single layer islands.'™
The thickness of the Ceo layers varied across the sample, which provides opportunity to measure
Cu surface, terraces with less than 1 monolayer (ML) coverage of Ceo, and regions with a
multilayer coverage of Ceo in a single image frame.

The spectroscopy and topography data are summarized in the Figure 4.1, which shows a
spectroscopy map at 0.4 V and the corresponding topography image. The center section of the
topography image is the exposed Cu surface, which is recognized with a high differential
conductivity appearing in red color in dI/dV map. The bottom section corresponds to less than
1ML layer of Ceo molecules on copper surface, shown in light blue color in dI/dV map. Region
located at the top of the image is a Ceo multilayer and it is represented with dark blue in dI/dV map.
The normalized differential conductance spectra, average on the indicated regions (I,11, and 1)
are shown in Figure 4.1d; the superimposed error bar expresses the variation of the spectra in
selected regions. The bandgap for the multilayer Ceo (111) is about 2.3 eV with Er positioned slightly
closer to the conduction band, and the HOMO and LUMO peaks can clearly be identified. In
section (1) where the coverage is < 1 ML, the bandgap is decreased (~ 1 eV) and a slight shift of

the LUMO (indicated by green arrows) to lower energies is observed.
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Figure 4.1: Charge transfer and variation of local density of states (LDOS) on Cu/Cgo surface. a) Topography
image, which includes a region with coverage of <1 ML Ce (bottom), Cu surface (center), and a Cso multilayer
island (top). b) Differential conductance map for V=0.40 V. The blue color indicates lower LDOS state and the
red color regions show surface area with higher LDOS. c) The linescan profile extracted from topography image
(green dashed line in (a). It shows the height variation across the sample and is aligned with the three regions
marked in the topography image. d) Averaged spectra extracted from three regions marked in (a) and (b). The
spectra are averaged over 20 individual spectra. The green arrows indicate the LUMO energies, and the dashed
line at zero volt is the Fermi energy.

The bandgap compression is common in the molecule layer in contact with a metal

substrate and can be linked to several contributions including a charge transfer, image
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charge/screening effects, and hybridization between the metal d-band and the molecules electronic
states.?*

No significant contribution from the molecular orbitals is detected in the region of the
superlattice peaks described in chapter 6. The spectra for the intercalated Ceo are therefore not
controlled by the molecules electronic states which supports the interpretation of superlattice
spectra presented in the chapter 6.

4.2. Magnesium Oxide (MgO)

Single crystal MgO(100) is frequently used as a substrate for the growth of a wide range
of thin films, and epitaxial growth can be observed for many metals. In the present work MgO(100)
was used as a substrate for the growth of tungsten and tungsten carbide thin films (chapter 7 and
8). MgO substrate is chemically stable against the oxidation and annealing temperature performed
in this work. The MgO substrates were clamped to the STM sample plate by two tantalum (Ta)
strips as shown in Figure 4.2. For this configuration, in order to ensure a conductive pathway
necessary for STM measurements, a small drop of silver paste was placed in the corner of the MgO

substrates and extended to Ta stipes.

STM sample plate

Tantalum strip

Silver glue

Figure 4.2: photo taken from MgO on STM sample plate. A drop of silver glue was place on top of MgO and Ta
strips to ensure the electrons pathway.
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To prepare MgO substrates with clean and atomically smooth surfaces extensive amount
of work was done in our group.>® The summary of surface preparation for MgO is described as
follows: as received MgO samples (CrysTec) was first exposed to a 30 s etch in 14.6 M H3POg,
then rinsed with deionized water and acetone, and finally underwent a 10 hr annealing in air at
1273 K in a box furnace. After this step, the MgO surface was dominated by atomically flat cubic
terraces as well as numerous spires up to 40 nm in height which are usually attributed to
segregation of calcium contamination to the surface. " Several of these spires are indicated by
black circles in Figure 4.3, where these can be clearly seen as small circular protrusions. To remove
these spires, an additional etching step following by a 5 hr annealing in air was performed. Figure
4.3 shows atomic force microscopy (AFM) images of the MgO substrates after the first and second

anneal.

Figure 4.3: AFM images of MgO substrate; a) After 30 sec etching and then 1273 K annealing for 10 hr. several
of Ca spires are indicated by black circles. b): After additional etching and annealing step.
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4.3. Tungsten (W)
Tungsten thin films were deposited on MgO (100) substrate, which was held at 873-1073K,

by electron beam evaporation of tungsten rod. The deposition rate was calibrated with a quartz
crystal monitor (QCM) and kept between 0.5-0.8 nm/min. The tungsten thin films with thicknesses
between 50-80 nm were synthesized. The W layer, which is grown at 1073 K, shows a relatively
smooth surface with height variation as small as 3 A over each grain and 10 A at grain boundaries
(Figure 4.4). The presence of small grains (100x100 A?) and short range surface roughness is an

indication of limited diffusion of W atoms at 1073 K.

Although the epitaxial growth of a magnetron sputtered W surface on MgO has been
reported previously,® for the tungsten surfaces in this work, it is difficult to confirm the epitaxial
growth solely from STM data. The MgO(100) surface shows a potential epitaxial relationship to
W(110). For this epitaxy, the W(110) is parallel to MgO(100). In a purely geometric model where
the interfacial energies are not considered, the misfit of this configuration is about 5.9%. Another
possible orientation of W-MgO is for W(100) to be parallel to MgO (100), but the misfit would be
much larger (about 22%) in this case. For the purpose of density functional theory simulations,
both W(100) and W(110) are considered (chapter 7). In general, the epitaxy of MgO(100) with

both BCC and FCC metals has been reported for Fe, Ni, Cu, Pd, Pt, and Pb.1%!

49



Height (A)

0 100 200 300 400
Distance (A)
c)
W (110) MgO (100)
4.47 A 4212 A
+——> —>
3.16

.W atoms O Mgatoms © O atoms

Figure 4.4: a) 50 nm W thin film on MgO(100) deposited at 1073 K. b) Extracted profile from the linescan in
(a). c) Schematic representation of W(110) and MgO (100).
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5. STS Maps for Investigation of Surface Reaction at Nanoscale
5.1. Introduction

Scanning tunneling microscopy/spectroscopy (STM/STS) is a powerful tool to characterize
the geometric and electronic structure of a surface, and to investigate surface chemical reactions
with atomic resolution. In addition to topography measurements in STM, it is also possible to
explicitly study the surface local density of states (LDOS) through STS measurements. STS is
performed by acquiring tunneling current while varying the bias voltage as the distance between
tip and sample is kept constant and the current voltage characteristics are measured (described in

Chapter 3 in more details). STS data are typically acquired in two different modes:

(a) point spectroscopy: where 1-V curves are measured at specific point on the image area

(b) grid spectroscopy: where 1-V curves are measured within a given image area on a
predefined and regularly spaced grid. In order to obtain simultaneously information about
topography and electronic structure of the surface, a scanning tunneling (ST) spectrum is recorded
at every STS grid points (n) with the feedback loop open (turned off), and for all the points between
STS grid positions (n - n+1), the feedback loop is closed (turned on) and STM topography is
recorded. The the I-V curves recorded at the STS grid points will be process to yield conductance

(dl/dVv) and band gap maps, and these maps can be correlated with the topographic image.

The tunneling current measured in STM can be derived within the Wentzel Kramers

Brillouin (WKB) approximation and is given by following expression:*?

evy
I f po(EVpu(E + eV)T(E,eV,)dE  (5.1)
0
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Where pg(E) is the local density of states (LDOS) of the sample, p;(E + eV) is the LDOS
of the tip, T(E, eV) is the transmission coefficient of the electron throughout the tunnel barrier, E
is energy of states relative to the Fermi level, and eV is the applied bias voltage. At a fixed sample
to tip distance, the change in transmission coefficient with applied bias voltage is monotonic.3*

Hence, the derivation of equation 5.2 can be written as:

dl
W o8 pS(T', E)pt(E + eVb)T(d, E, eVb) (52)

Therefore, the di/dV is a good approximation to the LDOS of the sample at the point of
measurement on the surface.!®® The dI/dV curves can be obtained either by numerical
differentiation of 1-V curves or measured directly using the lock-in technique. The lock-in
technique is performed by applying a high frequency sinusoidal modulation voltage that is
superimposed on the bias voltage. Therefore, a STS measurement by using the lock-in technique
requires longer time for data acquisition (~5 times longer than without lock-in), and thermal drift
during the STS measurements becomes an important factor that it need to be considered. Hence,
this technique is often utilized in STS measurements at low temperatures (<77 K). Because of the
small thermal drift at low temperature, it is possible to measure dl/dV curves several times at
specific point of a surface, which results in an excellent signal-to-noise ratio. The capability of
acquiring high quality STS spectrum is the main advantage of this method. A grid spectroscopy
with lock-in technique is possible, however it requires several hours. Therefore, the grid STS by
using lock-in is not suitable for the targeted observation of surface reactions with several

intermediate steps in a relatively narrow time window.
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In this work, the surface reactions as a function of annealing temperature and gaseous
environments (in UHV or in presence of oxygen) for several complex material systems is
investigated. In these types of studies, time and temperature are the critical parameters. Therefore,
gird STS measurements were performed at room temperature and the dl/dV curves were obtained
with numerical differentiation. In this thesis, this method is referred to as “rapid acquisition
technique”. The relatively short data acquisition time in this technique allows for assessment of
several reaction steps on a single sample (<24 hours). However, the signal-to-noise ratio achieved
in this method is smaller than in the lock-in technique. This disadvantage is balanced by the
acquisition of a large number of spectra within a grid. The maps acquired by this technique have
been utilized to study nanostructure synthesis, nanomaterial growth, Ceo molecule interaction with
the metallic surface (chapter 7), graphene manipulation (chapter 6), and processing assessment
(chapter 8).710
5.2. Methods

The topographic STM images are often measured with a resolution of 512x512 pixels and
the STS grid can be at the same resolution as the image, i.e. 1x1 grid which gives 512x512 STS
curves; To decrease the acquisition time and avoid a large thermal drift, the number of pixels at
STS grid are often smaller than the simultaneously measured topographic image. The most
common STS grid that was used in this work is a 5x5 grid, where STS curves are recorded at every
5t point of the topographic images, and bias voltage resolution was at 51 points. This STS grid
results in 103x103 I-V curves and ~500,000 data points for each map. Therefore, to manage and
process these large amount of data, a MATLAB code and a graphical user interface (GUI) was
developed. This GUI is capable of generating conductance and band gap maps, and performing

several normalization methods.
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The first step in the analysis of the I-V characteristics obtained by rapid acquisition
technique is a numerical differentiation which yields dI/dV. Due to direct relation between di/dV
values and transmission coefficient (equation 5.2), the dI/dV spectra depend exponentially on
separation distance between tip and sample. Therefore, to remove this exponential dependence a
normalization method has to be performed.!*-1* Several normalization methods for dI/dV spectra
are available in this GUI. Here we discuss briefly the two most frequently used normalization

methods.

The most commonly used normalization factor is the tunneling resistance (I/V), which
provide an estimate for transmission function. In this method, the (dI/dV) curves are divided by
the ratio of the measured current over voltage. It has been shown that (d1/dV)/(1/V) is proportional
to LDOS of the sample.'® Figure 5.1 shows the various stages of this normalization process for a

spectrum acquired from graphene on copper sample.

With this normalization, for the current values close to zero or around the noise level (1~0),
the (I/V) parameter becomes noisy and diverges, resulting in an artificial peak in the normalized
curves (Figure 5.1c). To fix this issue a small constant (¢) is added to the denominator.*® This offset
is used to avoid singularity at the band edges and at V=0. Thus, the final equation for the

normalized dI/dV converts to the following:

dl
v
I

V+€

normalized spectra (I): (5.3)

Figure 5.1d illustrate the influence of € on a normalized curve. By increasing the value of
e the magnitude of the artificial peak at V~0 decreases and eventually at e=1.5 (nA/V) the artificial

peak disappears without any change in overall shape of curve. This normalization works on the
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dl/dV curves obtained from both metallic and semiconducting surfaces and it was the method of

choice in this work.
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Figure 5.1: Spectrum acquired from graphene on copper sample. a) 1-V curve. ¢) The normalization parameter
(I/V), where a divergence is observed at V~0. c) After differentiation of I-V curve and before normalization. d)
Normalized dI/dV for several ¢ values.

Another method to correct the divergence issues for current values close to zero is to

broaden 1/V values with a one pole Fourier low pass filter.1"8
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dl /_ dv
(7)

T
where the (;) is the broadened total conductivity (I/V). This method is often used for materials

normalized spectra (II): (5.4)

with large bandgap (bandgap > 1.5 eV).
In a grid STS, after acquiring the normalized spectra with one of the methods explained
above, there are two ways to illustrate all the data:

)} Differential conductivity (dI/dV) maps at specify energy, which correlate to LDOS of
the sample in the image area. To acquire a data point for an individual pixel in this
map, a single value in the voltage range has to be selected. Selecting different voltages
is equivalent to plotting the LDOS of every single X-Y point at corresponding energy.
These types of calculation have to be done for every single point of the maps, which
often includes more than ten thousand points.

i) The band gap map, which generate a bandgap value from each I-V characteristic.

In this GUI, there are two methods available to calculate a single value for the bandgap from each
normalized dI/dV curve.

Bandgap by Method I: The simplest method to calculate the bandgap from I-V characteristics is
to assign the range of energies with near zero conductance (or zero current) as the bandgap, since
in this range there are no available states (Figure 5.2a), i.e. the energy range where:

dl/dv

(7) +

0  (5.5)
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To determine the near zero conductance region, the background noise level for the
instrument is used. This method is proven to be successful in determining the bandgap values from
different types of samples (e.g. oxide, metallic, semiconducting surface).”101°
Bandgap Method I1: Another way of calculating the bandgap from normalized differential
conductance is to determine the valence band (VB) and conductance band (CB) edges from
differential conductance curves.?®?! In this method, two lines are tangent to the valence and
conductance band edges and the third line is fitted to describe the data points in the bandgap region.

The intersection of these lines determines the edges of CB and VB, which allows the calculation

of the band gap (Figure 5.2b).
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Figure 5.2: Spectrum acquired from multilayer of Cso molecules on graphene. The dashed line indicates the
Fermi energy. a) Determination of the band gap by method I. the cutoff value is determined by noise level in

instrument. b) Determination of the band gap by method 1.

This method always works well in materials with a steep VB/CB slope. All these

calculations are applied to every normalized dI/dV curves to generate a bandgap map. In this thesis,
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conductance or bandgap maps were used to differentiate between different species on the surface,
and to compare the initial surface and the surface after chemical modification (e.g. oxidation,
carburization, diffusion, chemisorption, and nanomaterial synthesis). In addition, the GUI allows
the user to extract the spectroscopy curves from small regions of interest on the surface.

Figure 5.3 shows a snapshot of this GUI after importing a grid point STS map. The two
contour maps on the left side represent the dI/dV map and the normalized dI/dV map. The slide
bar allows to select various voltage plane and replot the dI/dV and normalized dI/dV contour maps
at new selected voltage. The two contour plots at the right side, represent the bandgap map
calculated from dl/dV data before and after normalization. The two plot at the right side of the
snapshot, illustrate the extracted dI/dV and normalized dI/dV curves from a selected area. These
maps are a critical tool for the study of nanoscale reaction and material manipulation studied in

this thesis.
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Figure 5.3: Snapshot of the GUI designed for grid STS analysis. The red square in top-left contour map highlights

the area that the spectra were extracted.
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6. Strain Lattice Imprinting in Graphene by Ceo Intercalation
6.1. Abstract

Intercalation of Ceo molecules at the graphene-substrate interface by annealing leads to amorphous
and crystalline structures. A comparison of topography and electronic structure with wrinkles and
moiré patterns confirms intercalation. The intercalated molecules imprint a local
strain/deformation on the graphene layer whose magnitude is controlled by the intermolecular
distance. The crystalline intercalated structure exhibits a superlattice peak in the local density of

states. This work provides control of local strain in graphene.
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6.2. Introduction

The unique physical, chemical and mechanical properties of graphene have attracted
unprecedented attention and have lead in the past decade to the development and augmentation of
a wide range of applications. These include electronic devices that make use of the unique Dirac-
type band structure at the K-point.' > Graphene’s two-dimensional structure allows modulation of
its properties through the interaction with the substrate or by surface adsorbates.*"!” This approach
is highly versatile and can modify graphene’s properties while simultaneously conserving the
Dirac cone. The challenge is to find suitable pathways to achieve the desired graphene modulation.
We focus in our work on the implementation of well-defined strain fields 31° by intercalation of
Ceso molecules at the graphene—Cu interface. This creates highly localized strain states introduced
in the graphene layer by the buried molecules, whose spatial distribution can be controlled by the
intercalation process.

The main strategies to modify graphene and achieve new functionalities are currently (i)
doping by intercalation,®2%2! (ii) superposition of a periodic potential by superlattices,?>?3 (iii)
introduction of local strain,?* (iv) electrostatic modulation,® (v) chemical functionalization, (vi)
ionic-liquid induced doping,?® and (vii) nanoscale patterning to form nanoribbons and achieve
control of the edge states and electronic confinement.?® Our study combines strategies i to iii and
expands the available intercalation strategies by use of molecular intercalants. Intercalation is a
well-known method to achieve charge doping in layered van der Waals bonded materials such as
graphite or h-BN. For graphene, the intercalation of alkali metals at the graphene—SiC interface
has been used to achieve charge doping as a means to introduce a bandgap.'® On the other hand,
graphene can be electronically decoupled from a metal substrate by the intercalation of weakly

interacting metal atoms nearly restoring the Dirac cone.?! The intercalation of Pb islands at the
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graphene—Ir(111) interface introduces a significant enhancement in the spin—orbit splitting for
charge carriers residing in graphene which potentially leads to novel physical phenomena.?’

The introduction of localized strain modifies the charge transport in graphene through a
change in the on-site energies of the pz orbitals of adjacent carbon atoms and in turn influences
the hopping parameter. The impact of strain on graphene’s electronic structure has been discussed
in numerous theoretical studies 18232428733 and has recently been described in the framework of
a pseudo-magnetic field, whose strength depends on the magnitude and symmetry of the strain
field.?®3* The experimental challenges in creating well-defined and stable strain states are
considerable and have been approached by substrate patterning with trenches, electrostatically
driven deformation, thermally induced ripple structures,®® and by gas intercalation to form
nanobubbles.®

The work on Cego intercalation at the graphene—Cu interface presented in this study
establishes a new strategy to control local strain and achieves at the same time positional control
of the strained regions in amorphous and crystalline structures. Scanning tunneling microscopy
(STM) and spectroscopy (STS) are used to study the electronic and topographic signatures of the
intercalated material. The intercalation of Ceo at the graphene—Cu interface was achieved for a
polycrystalline Cu substrate by a thermally activated process. The direct comparison between
wrinkles, 4337 moiré patterns and intercalated structures is used to confirm the intercalation
process and establish a set of criteria for the assessment of molecular intercalants.

6.3. Methods

This study was performed in an Omicron Variable Temperature ultrahigh vacuum scanning

probe microscope with a base pressure of <2x10%° mbar, which is connected to a preparation

chamber. The graphene sample 1 (SA1) was purchased from Graphene Supermarket, and sample
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2 (SA2) was grown by CVD on polycrystalline copper. The growth process for SA2 is described
in ref.3® Both sample surfaces were dominated by single layer graphene, albeit SA2 had a lower
graphene coverage as deduced from STM imaging. Both samples show extended regions of
Cu(100) grains, which was the focus of our work. Atomic resolution images of graphene as well
as the Cu—surface were obtained for both samples. The samples were annealed prior to STM
measurements and intercalation experiments to about ~623 K for 20 min to remove adsorbates and
reduce the Cu—surface. Atomically resolved STM images of the bare Cu(100)—surface® recorded
in close proximity to graphene and intercalated structures of interest, confirm that the oxide has
been removed in all areas used for study in the present manuscript. In addition, moiré patterns seen
on SA1 and SA2 are commensurate with a clean Cu—graphene interface and an example is included
in Figure 6.1. Higher annealing temperatures were avoided to minimize ripple formation caused
by the different thermal expansion coefficient in Cu and graphene. Yang et al.*° demonstrated that
oxide formed on Cu by oxidation in ambient can indeed be removed completely by annealing in
vacuum at 573 K, which is commensurate with our observations, whereas oxidation at higher
temperatures forms a more resilient oxide. We assume that oxygen contamination in the gas phase
during graphene growth can lead to a much more persistent oxide layer, and details of graphene
growth on Cu-oxide have been discussed by Gottardi et al.*!

Ceo Was deposited by thermal evaporation of high purity Ceo powder (MerCorp) from a h-
BN crucible with graphite liner. The deposition rate was measured with a quartz crystal monitor
and kept constant at 1 ML/min; the Cgo layer was deposited at room temperature and the thickness
of the initial Ceo layer was between 2 and 20 ML. The Cu—graphene—Cgo Sample was then annealed
at temperatures between 573 and 753 K for 5— 20 min to drive the molecules into the interfacial

space and achieve intercalation. Intercalation was observed for annealing temperatures above 623
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K (above the sublimation temperature of Ceo), shorter annealing times ( <10 min), and shorter ramp
up-times to annealing temperature ( <10 min) likewise favor intercalation over complete
desorption. A shorter overall time (ramp-up plus annealing time) is favorable for the formation of
an ordered (crystalline) over a disordered (amorphous) intercalate.

The initial graphene surface and each deposition step were studied with STM and STS. The
sample preparation and deposition was performed in a preparation chamber, which shares the
vacuum with the microscope, and the samples, therefore, were kept under UHV conditions for the
entirety of the experiment. STM images were recorded in constant current mode at room
temperature with electrochemically etched tungsten tips. A tunneling current of 1 nA was used for
all STM images. Typically, graphene was measured with Vbias = +0.085 V for the best image
quality, and the voltage was varied between 0.085 and 0.3 V for some of the intercalated structures.
STS data sets were measured on graphite and Au to confirm reproducibility and reliability of the
tip performance. STM and STS data were analyzed with WSxM 5.0,%? Igor Pro 6.22, and a Matlab
program was developed for analysis and visualization of STS maps.

The STS maps were measured on a grid of 103 x 103 equidistant spectra within a 512 x
512 pixel topography image. The feedback-loop was switched off for every ST spectrum, and
switched on for topography imaging in between spectra. The derivative dI/dV and normalized
conductance dl/dV/(1/V) [differential conductance] spectra were obtained numerically using the
methods described by Feenstra and Tromp.**™* Topography images, which were recorded
simultaneously with the STS maps, were used to calculate drift between subsequent STS maps. In
the analysis of the crystalline intercalated structure, we averaged over five drift-corrected STS

maps measured consecutively to improve the signal-to-noise ratio.
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Figure 6.1: STM topography images of (a) graphene surface, (b) Cu(001), (c) moiré pattern with superimposed
graphene honeycomb lattice, and (d) linescan along the diagonal of (c). The bottom row shows the corresponding
Fourier transforms illustrating the hexagonal and square lattices, respectively. The green circles mark graphene
spots, and the white circle marks the moiré pattern with its longer wavelength. (E) Geometric simulation of the
moiré pattern for a 5° rotation between graphene and Cu lattice, which corresponds to the one seen in (c). The
scalebar is 1 nm in all images.

6.4. Results and Discussion

The results section first discusses the wrinkles in graphene as an example for a free-
standing graphene, and will then move on to moiré patterns between graphene and Cu(001) as
examples of a superlattice imprinted on graphene. We will then introduce amorphous intercalates
(where the intercalated molecules are arranged in an irregular manner) and crystalline intercalates
(where the Cso molecules are arranged in a regular, square pattern) and compare the topographic
and electronic structure of wrinkles, moiré pattern, and intercalated material. This comparison is
used to confirm successful intercalation and it illustrates the significant variation between the
structures.

Figure 6.2 displays the STM and STS data obtained for wrinkles, which form after sample
annealing due to the mismatch of thermal expansion coefficients of graphene and Cu. Wrinkles
are regions on the surface where graphene has detached from the substrate but is not folded over.*®

Figure 6.2a shows an example of a complex 4-fold wrinkle on SA2, and Figure 6.2b is a single
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wrinkle; both were observed after deposition of 18 molecular layers of Ceo 0n SA2, and annealing
at 723 K for 5 min with a ramp-up time of 15 min to drive the intercalation. The intercalate seen
on other sections of this sample had an amorphous structure as discussed in the next section. The
images of the wrinkles, and the atomic resolution of the honeycomb lattice (Figure 6.2c), confirm
that the graphene is not folded in on itself. The graphene lattice is resolved across the entire wrinkle
and Figure 6.2d—f summarize the spectroscopy data. The black square in Figure 6.2d is the same
image section as the 3D depiction in Figure 6.2b, and marks the region of the STS map in Figure
6.2e. The map is a cut through all dl/dV spectra at 9.2 mV in the conduction band. The higher
di/dV values on the wrinkle itself are distinguished in the color-coded map by a green color,
whereas blue corresponds to a lower dI/dV value characteristic of the Cu— graphene signature
expected on either side of the wrinkle. The ST spectra of the fullerene layers prior to intercalation
show the fullerene bandgap of 2.3 eV are identical to spectra measured previously with STS* and
agree with the spectra of the occupied and unoccupied electronic states of Ceo On graphite as
determined by photoemission and X-ray absorption.*® The fullerene layer has a thickness of a few
MLs and the bandgap is fully developed with Er positioned at the center of the gap.

The corresponding differential conductance spectra are shown in Figure 6.2f, which
includes the spectra for graphene on Cu recorded at the edge of the measurement window,
graphene at the center of the wrinkle, and graphene at the boundary of the wrinkle. Each of these
spectra is averaged over the area marked by the green and blue lines, respectively; the error bar
indicates the variation of spectral signatures along this line. Ep is tentatively assigned to the lowest
di/dV value and is marked with an arrow. The STS for graphene on Cu is measured at the left side

of the images and several nanometer removed from the wrinkle. The shape of the spectra at the
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edge of the fold along the blue line replicate the general shape of the graphene on Cu spectra except

for a slight shift of Ep by ~0.06 eV, and superposition of several weak, step-like features.
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Figure 6.2: (a) 3D image of a four-way wrinkle in graphene, (b) 3D image of a single wrinkle with atomically
resolved graphene lattice as shown in (c), which was recorded at the center of the wrinkle. (d) Top view of the
same wrinkle shown in (b) (scale bar = 5 nm); the green (blue) line corresponds to the line along which the ST
spectra from (f) were collected and averaged. (e) STS map for Vbias = 9.2 mV within the boxed area marked in
(d). The wrinkle coincides with the higher dI/dV values in agreement with the spectra displayed in (f), which
includes the spectra averaged along the lines indicated in (d). (f) Displays representative di/dV spectra; the error
bars indicate the variation in the spectra used for averaging: parallel to the wrinkle axis on top of the wrinkle
(green), and at the edge of the wrinkle (blue). The spectrum for graphene on Cu prior to Cg intercalation (black)
is included for comparison. The spectrum for the Cgo layer prior to intercalation is identical to spectra shown in
the literature*”“® and has a bandgap of 2.3 eV.
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For the spectra measured on the wrinkle, the overall shape is more strongly modified and
the minimum is shifted by ~0.09 eV with respect to Er. The number of very noisy spectra with
significant signal excursions, which are unsuitable for analysis, is considerably higher for
measurements on the wrinkle. Without the ability to control Er with a gate the assignment of Dirac
energies should be taken with a grain of salt.*® However, if the tentative assignment is correct then
Ep on the fold corresponds to a slight p-type doping possibly caused by the strain field in the
wrinkle. The higher dI/dV values and step-like fluctuations for spectra measured on the wrinkle
can be attributed to deformations of graphene during measurement.® The local electrostatic field
around the tip exerts a force on the graphene leading to a small “dent” or a “pull” on the surface.
The tunneling current will therefore be modified by contributions from the interactions with the
tip side, consequently leading to variability in the spectral shape.® In addition to the contributions
from the mechanical deformation, a modulation of the local density of states (LDOS) can
contribute to the increased dI/dV to Er, although the work by P. Xu et al.®® indicates that the
contribution from the mechanical distortion dominates. This analysis demonstrates that wrinkles
in graphene are suitable model systems for free-standing graphene, and high resolution topography
and spectroscopic data can be obtained.

The second type of surface structure, which is ubiquitous in the study of graphene, are
moiré patterns caused by the lattice mismatch between graphene and the substrate which imprint
a superlattice on graphene whose periodicity depends on the structure of the substrate and the
orientation of graphene with respect to the substrate lattice.?® The characterization of moiré
patterns for graphene on Cu will be used later for comparison of corrugations observed in the
intercalated structures. Moir¢ patterns were observed on all samples and the example in Figure 6.1

is from SA2. A recent publication by Gottardi et al.** report a selection of moiré patterns for
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graphene on Cu-oxides/ Cu(111) surface with a similar corrugation but different periodicity
compared to the ones reported here for the Cu(001) surface. Figure 6.1 shows atomically resolved
graphene, a Cu(100) surface adjacent to this graphene island, a moiré pattern, and the
corresponding Fourier transforms presented below each image. The combination of a hexagonal
graphene with a square Cu(100) structure yields a striped pattern for 5° rotation, which was
confirmed by using a purely geometric model with rigid lattices (see sketch next to the Fourier
transform). The profile along the black line of Figure 6.1c reveals a corrugation across the moiré
pattern of 0.15 nm with a wavelength close to 3 nm, and this value was found to be insensitive to

variations in Vbpias during imaging.

A representative example of intercalated fullerenes with an amorphous structure (SA1, T
=723 K, 5 min anneal with a 10 min ramp to temperature) is shown in Figure 6.3. We prepared
several samples with similar conditions (see experimental section for details) and observed
amorphous intercalated structures on different areas with variable molecule density. Figure 6.3a
shows a typical STM image of the amorphous intercalated structure with intermolecular distances
between 3 and 8 nm. The average diameter of the molecule shape imprinted on the graphene layer
is about 1.3 nm, which is consistent for all samples and slightly larger than the Ceo diameter of 1
nm measured for isolated molecules on a graphite surface due to “blanketing” by the graphene
overlayer. Figure 6.3b includes several intercalated fullerene molecules, and two representative
linescans marked A and B for intermolecular distances of 3.0 and 4.5 nm, respectively, are shown

below the image.
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Figure 6.3: (a) 3D STM topography image of an amorphous intercalated structure; the graphene lattice on top of
the Ceso molecules is resolved (Note: this image was Fourier filtered to reduce noise, image b is an unfiltered 2D
image of same sample). (b) Image section of the amorphous intercalated structure and two linescans are shown
below the image. Molecules along line A (line B) are separated by 3 nm (4.1 nm) and dA (dB) in the linescans
indicates the apparent height for the respective intermolecular distances. (c) Summary of average feature heights
observed for graphene on Cu, moiré patterns such as the one shown in Figure 6.1, and the wide range of feature
heights observed in the intercalated structures. Isolated fullerene molecules will have an apparent height of about
0.8 nm when buried beneath graphene.

The feature height depends on the intermolecular distance and is defined as the magnitude of the
dip between two fullerene molecules, dA and dB as marked in the linescans. dA for the closer

spaced molecules is considerably smaller than dB for the larger intermolecular distance. The
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smaller dip is related to a detachment of graphene from the substrate in between closely spaced
molecules and appears as a “ridge” in the 3D image. A comparison of the corrugation between
graphene on Cu, the moiré pattern shown in Figure 6.1, and the range of feature heights observed
in intercalated structures in Figure 6.3c visualizes the impact of intercalation on the deformation
of the graphene layer. Graphene on top of an amorphous intercalated structure shows a
significantly larger feature height, and feature height variability than any other substrate-induced
corrugation.

Figures 6.4 and 6.5 present the crystalline intercalated structure prepared on SA1 [annealed
at 673 K for 5 min with a 4 min ramp up to temperature]. The linescan across the crystalline
intercalated structure seen in Figure 6.4a illustrates the significant change in apparent height as a
function of bias voltage, which has been observed for all intercalated structures. The average
apparent height (AH) of the intercalated fullerenes changes significantly as a function of Vpias for
the amorphous and the crystalline intercalated structures in the same manner and the largest
corrugation is observed for Vhias = 0.085 V. The strong variation of apparent height with bias
voltage has been reported previously®®? for Ceo intercalated at the Ni/graphene interface and is
independent of spatial arrangement and substrate material albeit this behavior of intercalated
molecules is currently not well understood.

Figure 6.4b summarizes the reduced AH defined by [AH at a given voltage]/[maximum
AH measured for the respective bias voltage observed for intermolecular distances above 4 nm] as
a function of intermolecular distance. All data for amorphous and crystalline structures (data point
for 3.4 nm intermolecular distance) collapse onto a step-like function where the magnitude of the
dip between the molecules depends only on the intermolecular distance. The reduced AH is 1 for

fullerenes with an intermolecular distance >4.0 nm but decreases rapidly for shorter distances. A
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high strain state with large local deformation of graphene is achieved if the graphene layer is in
contact with Cu in between the molecules, and a low strain state is seen if graphene becomes
detached from the substrate and is only in contact with the molecules. The transition between the
low and high strain states occurs between 3.0 and 4.0 nm, and is controlled by the interfacial
energies for Cu—Ceo, graphene—Cego, and Cu—graphene and by contributions from the deformation
energy of graphene.>® The detachment of graphene from the substrate is driven by its inherent
stiffness with a high in-plane Young’s modulus, 6353646545

The work by Yamamoto et al.>® provides insight in the stability of wrinkles in graphene, which
form in response to the presence of nanoscale particles placed between substrate and graphene.
This work used SiO; particles with an average diameter of 7.5 nm nearly an order of magnitude
larger than the fullerene molecules and a concise description of wrinkle deformations was
developed. The maximum wrinkle length Xc is defined as the distance over which a wrinkle is
sustained due to the rigidity of the graphene lattice and given by Xc ~ d(E2n/ T)Y4. Ezp is the tensile
rigidity with 2.12 x 102 eV/nm?, d is the height of the deflection. The adhesion or interaction
energy per unit area I between graphene and Cu(100) is given as 0.0826 eV/carbon atom or 3.28
eV/nm? | respectively.>*>” Using d = 1 nm, which is equivalent to the center-to-center
intermolecular distance in the solid, and d = 0.8 nm, which is the radius of the carbon cage, the
maximum wrinkle length is ~5 nm, or ~4 nm, respectively.®®>® If the distance between the
molecules is larger than the wrinkle will “sag” and graphene touches the substrate. This value is
in surprisingly good agreement with our experimental values, where the graphene will contact the
Cu-substrate for a wrinkle length (= intermolecular distance) of more than 4 nm. This comparison
strongly indicates that the mechanical behavior of graphene can still be described within the

continuum-type models used by Yamamoto et al.*® even on length scales which are close to the
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C—C bond length. In summary, the graphene strain field can be manipulated on a nanometer scale

by controlling the geometry of the intercalation structure.
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Figure 6.4: (a) shows a crystalline intercalated structure and a linescan for Vyias of 0.085 and 0.3 V of the same
image section. The corresponding data points are included in (b) for 3.4 nm intermolecular distance. (b) Reduced
apparent height calculated by division of the apparent height (AH) of the molecules by the maximum AH
measured for the largest molecule distance at the same Vyias. The reduced apparent height for three bias voltages
is included and they collapse onto a single step-like function. The drawing on the right-hand side visualizes the
high and low strain states.

Figure 6.5 showecases all aspects of the crystalline intercalated structure including

topography images and differential conductance maps. Figure 6.5a and b show islands and
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extended regions covered with the square lattice, which is characteristic for the crystalline
intercalated structure. These regions are observed all over the sample, and short annealing and
ramp-up times favor the crystalline intercalated structure. In contrast to the imaging of the
amorphous intercalated structure, atomic resolution was not achieved for the crystalline structure.
The short intermolecular distance of about 3.4 nm and the small dip in AH correspond to a low
strain state and the graphene layer is detached from the Cu substrate between the molecules. The
graphene layer, therefore, is susceptible to motion under the influence of the tip during
measurement, which prevents atomic resolution and might account for the increased magnitude of
di/dV at Er (Figure 6.5c). A section in Figure 6.5a marked by the purple rectangle is shown
separately in a different color scheme to enhance contrast: the square symmetry of the intercalated
structure is apparent and it is even possible to identify a point defect: a missing molecule in the
upper left-hand corner marked by a circle.

An area where graphene is in contact with Cu is located at the bottom edge of the image in
Figure 6.5a and the corresponding ST spectra are included in Figure 6.5c. The good agreement
with the spectroscopy signature of graphene on Cu recorded prior to intercalation confirms this
assignment. The electronic structure of the crystalline intercalated material is summarized in
Figure 6.5¢c which includes a spectroscopy map of the area marked by a black rectangle in (a) for
Vbias = 0.037 V. The spectra for the intercalated structure show a minimum close to Er albeit with
a higher value of the differential conductance. The ST spectra shown in Figure 6.5c were obtained
by averaging over the selected areas in the STS map; each segment includes about 250 individual
spectra, and ~10% of the spectra were rejected due to a very poor signal-to-noise ratio. The most
striking difference in the crystalline intercalated surface regions compared to graphene on Cu are

two additional peaks, minima in the empty and filled states, respectively, which are symmetrically
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positioned at £0.9 eV. These minima are seen in all spectra recorded in the crystalline intercalated

region including those outside the marked segment.
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Figure 6.5: (a) and (b) Representative STM topography images of the crystalline intercalated structure (scale bar
=40 nm). The image region marked with a purple rectangle is enlarged and shown in a different color scheme
to enhance image contrast. The white circle marks a vacancy in the intercalant lattice. (c) ST spectra from the
crystalline intercalated structure (Gr on Ceo, red) and graphene on Cu for comparison (Gr on copper, black). The
arrows mark the position of the spectral minimum, most likely the Dirac energy, and the two minima associated
with the superlattice peaks from the crystalline intercalated structure. The spectroscopy map at Vpiass = 37 mV
reflects the spatial distribution of the crystalline intercalation region with a higher dI/dV (red and yellow color)
and includes a section with graphene on Cu at the bottom of the frame with a significantly lower dl/dV value
(blue) in agreement with the spectra. The ST spectra were obtained by averaging over the area indicated by the
black and white squares in the map (see text for details).
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The expression given by Yankowitz et al.®® can be used to calculate superlattice signatures
in graphene:

hve|G
+ £l Gl
2

41t
hv¢ obtained by subsituting |G| = — inEg =

+ 2T
RVEY V3

with Es as the energy of the superlattice signature, |G| as the reciprocal lattice vector of the

Es =

superlattice, A the wavelength of the topographic superlattice as measured from the STM images,
and ve the Fermi velocity of 1.1 x 10° m/s.?? For the crystalline intercalated structure, the
wavelength is about 3.4 nm, and yields a superlattice minimum at 0.78 eV, which is very close to
the experimentally observed position at 0.9 eV. An alternative interpretation for the presence of
additional peaks in the ST spectra is a resonant tunneling through the molecular energy levels in
the fullerene molecules, albeit the symmetry of the peaks (minima) with respect to Er, and the
good agreement with the above calculation supports the interpretation as superlattice peaks. This
assessment strongly indicates that the fabrication of a crystalline intercalated structure leads to the
formation of topographic as well as electronic superlattices defined by the local strain field, where
Dirac cone replicas lead to the appearance of a superlattice peak.

The intercalation of Ceo molecules at the graphene—Cu interfaces is confirmed using the

following set of criteria:

(i) The features imprinted in graphene, which are correlated with the molecules
have a diameter slightly larger than the free-standing molecule and exhibit only a small
variability in diameter.

(i1) Atomic resolution of the graphene lattice is achieved if the intermolecular

distances exceed about 4 nm when the graphene is still in contact with Cu. Atomic
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resolution can be limited by the detachment of graphene from the substrate,>*°® which
can contribute to the tip induced motion of the graphene layer

(iii) The electronic structure as expressed in the ST spectra is different from
molecules residing on a graphene surface.

(iv) The corrugation of the surface is significantly larger than the corrugation
observed for moir¢ patterns. The square symmetry of the crystalline intercalated
structure cannot be achieved by moir¢ patterns in combination with the hexagonal
graphene lattice.

(v) In addition, the height variations as a function of Vpias Observed in the
amorphous and crystalline intercalated structures are in agreement with intercalation
experiments reported in the literature,>? and these results have been reproduced for
several samples, using different tips, and are not observed for other surface structures

In combination, these observations allow us to state with confidence that molecule
intercalation has been achieved, and establish general guidelines for assessing molecule
intercalation processes. This is particularly important since the intercalation of a large molecule is
initially counterintuitive but has been observed previously, albeit not widely reported, for Ceo
intercalation in graphite.2460.61

Recent experiments, which produce localized strain fields in graphene, are microbubbles
at the Pt—graphene interface, exhibiting locally a Landau level splitting equivalent to a 300 T
pseudo-magnetic field, nanobubbles at the Ru—graphene interface created by local oxidation and
strain-driven detachment of graphene, and Pb—islands made by intercalation at the Ir—graphene
interface.r®°3* The intercalation of Ceo is comparable to these structures in terms of the magnitude

of strain and curvature induced in graphene and is likely to provide a better long-term stability
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than nanobubbles, which are prone to lose their inventory of smaller molecules over time by
diffusion along the interface or through the graphene membrane.®? In our experience, the Ceo
intercalated structures are stable for up to several weeks in an ultrahigh vacuum environment.
Their stability in air has not been tested and will depend on the interaction/adhesion of the graphene
layer and Ceso molecules to a substrate, which might oxidize over time. On the other hand, the strain
field is defined by molecule dimensions, which do not change over time, and are identical for each
intercalated molecule.

The position of Ep in pristine graphene—Cu, and the crystalline intercalated structures is
close to Er indicating that doping is not significant in either structure. The graphene—Cu interface
frequently shows n-type doping of graphene, and the shift of Ep on clean Cu(111) and Cu(100)
measured with electron spectroscopy has often been reported to be around —0.3 eV.%® A recent
study® demonstrated that short annealing of graphene on Cu(100) at moderate temperatures will
not induce n-type doping, which only emerges after annealing at higher temperatures. The
temperature-dependence of graphene doping is attributed to a reorganization/restructuring at the
Cu(100)-graphene interface.®® The intercalation of oxygen, and the presence of an oxygen-induced
reconstruction®>® are both associated with a more dramatic shift of Ep by —0.6 eV, whereas
graphene on Cu-oxide surfaces will effectively decouple graphene from the underlying metal.*!
Because we were able to measure a pristine Cu(100) surface adjacent to graphene islands, an
electronic decoupling of graphene from a complete Cu-oxide layer is currently excluded, and the
graphene—Cu interface in our work can be compared to the interfaces present during the lower
temperature range annealing reported in ref 4,

The absence of significant doping in the intercalated structure is somewhat surprising

considering the fact that charge transfer from all low index Cu surfaces to Ceo is well
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documented,*8¢%7 however no charge transfer is observed between Ceo and graphite, which can
serve as a reasonable model system for graphene.®® The charge density n in graphene is related to
Eb by:

)
'IThZVf

If we assume that each Ceso molecule is charged with one elementary charge q— the charge
density using the molecule distribution from the crystalline intercalated structure is n = 1 x 10
cm2 . This charge density corresponds to a shift in Ep = 0.35 eV, which is clearly much larger
than the experimentally observed value. However, it is expected that Ceo acts overall as an acceptor
in this triple layer system.*® The charge distribution and consequently position of Ep in the
Cu—fullerene—graphene system clearly warrants a more detailed study and will be investigate in
the future by integration of the intercalated structure in a device with a backgate.

A critical challenge in advancing the manipulation of graphene by molecule intercalation
is the control over the formation of crystalline or amorphous structures, and ideally, the lattice
constant of crystalline structures. Our work indicates that duration of the annealing process,
annealing temperature, and ramp-up time to annealing temperature are decisive to achieve
significant intercalation products for graphene on Cu, whereas the thickness of the initial Ceo layer
plays only a minor role. The temperature to achieve intercalation is above the sublimation
temperature of Ceo and the success of the process is influenced by the competition between
intercalation and sublimation.

The intercalation process for molecules is currently not well understood, and we suggest
starting by framing the discussion using the following energy balance:

- Edef(G) - Einterface (G-M) + Einterface(Ce0-G) + Einterface(Cs0-M)
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where Eqer(G) is the energy required to deform the graphene sheet to insert the molecules,
and then to adapt to the deformation required to accommodate the intercalated molecule, Einterface
(G-M) is the interfacial term which describes the interaction between graphene and the metal
substrate (M), Einterface(C60-G) / Einterface(Ce0-M) are the interface energy between Ceo and
graphene/metal, respectively. The first two terms of this equation refer to the energy of the system
before intercalation and the other two terms refer to the energy of the system after intercalation
process. Therefore, if the total value of this equation becomes positive, it means that the
intercalation is energetically favorable.

Their relative contributions have to be weighted correctly, and this simple energy balance
includes only interfacial interactions. Intercalation is likely to occur if the energetic cost of the
combined reactions of deformation, and reduction of the Cu— graphene contact area is small
compared to the gain made by formation of the Cso—graphene and Ceo—Cu interfaces albeit kinetic
limitations might be significant. These limitations pertain to the activation energy required to
initiate intercalation by detaching the graphene edges from the Cu-—surface, and include the
diffusion of intercalated Ceo at the interface. The intercalation of a Ceo molecule cannot proceed
by transition through the plane of the graphene layer for geometric reasons, but it has to start at a
defect, grain boundary, or edge of a graphene flake/island or use a wrinkle as a conduit.

We hypothesize that the structure of the Cu—substrate surface influences the symmetry of
the crystalline molecule structure, leading to the square symmetry. The lattice constant of the
crystalline intercalated structures fluctuates by about 20% across the surface, which indicates that
a well-defined epitaxial relation between molecule position and orientation is not achieved. The
formation of amorphous structures, which are observed for longer annealing times and higher

temperatures, on the other hand, is probably the result of a competition between deintercalation
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leading to desorption and motion of molecules in the interfacial space leading to a breakdown of
the crystalline structure. In contrast, reports for Ceo intercalation at the Ni(111)—graphene interface
show only 1D wormlike channels along which the molecules accumulate but with no extended
intercalation in 2D.%%°2 Ni interacts strongly with graphene, whereas the interaction between
graphene and Cu is much weaker with a larger interlayer distance promoting diffusion at the
interface. The impact of the strain field imparted by the graphene deformation on the crystallinity
of the intercalated structure remains at present speculative. Overall, our observations are
commensurate with a relatively narrow stability region of the crystalline intercalated structure. The
next step to develop a better understanding of the intercalation process, and to achieve control of
the crystallography of the intercalated structure, will be to extend the present work and establish
an “intercalation phase diagram”, which covers a wider range of temperatures, annealing times,
substrate materials, and substrate crystallography.

The intercalation of molecules at the Cu—graphene interface is a unique and, versatile
approach to the manipulation of graphene. Considering the large size of the fullerene molecule, it
seems likely that other molecules can be intercalated although for a reliable prediction of the
feasibility of intercalation a better understanding of the process has to be achieved. Specifically,
the intercalation of the relatively large Ceo molecule leads to the formation of amorphous or
crystalline strain lattices where the intermolecular distance tunes the magnitude of the strain state.
The intercalation of molecules is a complex process, where the mutual interactions between
graphene, substrate, and intercalant as well as the mechanical deformation in graphene have to be
considered. A full understanding of the intercalation process needs to be achieved to fully exploit
molecule intercalation as a means to adapt graphene properties and reach the desired charge carrier

transport characteristics to tailor device performance in the future. Our work has shown the
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feasibility and richness of molecule intercalation structures and opens the path to build a wide
range of materials.
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7. Electronic Structure and Band Gap of Fullerenes on Tungsten Surfaces
7.1. Abstract

The understanding and control of molecule— metal interfaces is critical to the performance
of molecular electronics and photovoltaics devices. We present a study of the interface between
Ceo and W, which is a carbide-forming transition metal. The complex solid-state reaction at the
interface can be exploited to adjust the electronic properties of the molecule layer. Scanning
tunneling microscopy/spectroscopy measurements demonstrate the progression of this reaction
from wide band gap (>2.5 eV) to metallic molecular surface during annealing from 300 to 800 K.
Differential conduction maps with 104 scanning tunneling spectra are used to quantify the
transition in the density of states and the reduction of the band gap during annealing with
nanometer spatial resolution. The electronic transition is spatially homogeneous, and the surface
band gap can therefore be adjusted by a targeted annealing step. The modified molecules, which
we call nanospheres, are quite resistant to ripening and coalescence, unlike any other metallic
nanoparticle of the same size. Densely packed Ceo and isolated Cso molecules show the same
transition in electronic structure, which confirms that the transformation is controlled by the
reaction at the Ceo—W interface. Density functional theory calculations are used to develop possible
reaction pathways in agreement with experimentally observed electronic structure modulation.
Control of the band gap by the choice of annealing temperature is a unique route to tailoring

molecular-layer electronic properties.
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7.2. Introduction

Interfaces between metals and organic molecules are critical to the performance of a wide
range of devices from organic photovoltaic cells to self-organized molecular switches and
motors.? The interaction between metal surfaces and molecules is complex and controls the
geometric arrangement of the molecules as well as their electronic properties, which are modulated
by local charge-transfer and polarization effects.>~ The majority of molecule adsorption studies
are performed on noble and noncarbide-forming metals and thus exclude chemical reactions and
covalent bonding across the interface. Here we show that chemical reactions at the molecule—metal
interface can be used to tailor the molecule’s electronic and chemical properties in unexpected
ways. This work establishes a broader design palette of molecule-based device structures and
contributes to an understanding of the contact performance in organic solar cells, which is still a

subject of intense discussion.

Small volatile organic molecules such as methane and acetylene dissociate rapidly on many
transition-metal surfaces, and a carbide layer will form as a result of the significant thermodynamic
driving force. This process is used in the industrial-scale synthesis of carbides and carbide
particles, which serve as catalysts, hard coatings, and electrodes in corrosive environments.® The
dissociation of larger organic molecules presents a much more complex situation with potentially
multiple stable intermediate reaction products on the way to the carbide. In the present work, we
investigate the interfacial reaction between carbon-60 (Ceo) molecules, which possess a high
degree of symmetry and near-aromatic bonding configuration, and tungsten (W), which is a
transition metal with only two stable carbides. The Ceo—metal interaction is particularly well-
studied, although the majority of those studies are performed on noble and noncarbide-forming

metals, and the number of studies on carbide-forming substrates and metals is much smaller.
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Charge transfer from a metal substrate to a fullerene molecule is seen for many surfaces
including silver (Ag),” gold (Au),® copper (Cu), and iron (Fe).® For other surfaces, an adsorbate-
driven surface reconstruction is initiated [palladium Pd(110) and germanium Ge(111)],2%* and
sometimes Cego even “burrows” into the metal surface,'>* and the dissociation of Ceo 0n ruthenium
Ru(0001) leads to the formation of graphene layers.'* The formation of W—carbide from Cgo 0N W
surfaces has been reported only in a few studies, and any detailed understanding of the reaction

pathways leading from molecule to carbide is missing.*>°

We analyze the solid-state reaction at the interface between Cgo and the W surface, which
leads to the formation of so-called nanospheres, which retain (mostly) the geometry of the original
molecule until the temperature exceeds 800 K. At the same time, the band gap is reduced and a
fully metallic nanosphere surface is seen above 700 K. The transition from an intact Ceo molecule
at room temperature to a metallic nanosphere at 700 K < T <850 K and ultimately a carbide surface
for T > 850 K is in essence the stepwise dissociation of Ceo controlled by the interfacial reaction.
This temperature driven reaction sequence affords unique control of the electronic structure while
retaining the molecular surface morphology. We observe the reactions of Ceo with the carbide-
forming W-metal surface at the atomic scale with scanning tunneling microscopy and
spectroscopy. The interpretation of the experimental results is supported by density functional

theory (DFT) calculations.

7.3. Methods

The work was performed on an Omicron variable-temperature scanning probe microscope
connected to a preparation chamber with a base pressure of <2x107*° mbar. Scanning tunneling
microscopy (STM) and spectroscopy (STS) measurements were used to observe the Ceo layer and

its modification as a function of the temperature. The STS measurements were integrated in grid
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measurements, where for every fifth pixel an I-V curve was recorded with the feedback loop
switched off. The feedback loop was switched on for topography imaging between spectra. For an
image size of 512 x 512 pixels, a total of 10609 (103 x 103) I-V spectra were measured for each
scan direction (forward and backward). The dl/dV spectra and normalized conductance
(dI/AV)/[(I/V) + €)] were obtained numerically, and the latter is proportional to the density of states
(DOS).3%4% The voltage range corresponding to zero conductance was assigned to the band-gap
region. The results are visualized in maps at specific Vyias Values and in band-gap maps. About
10—20% of the I-V curves showed significant noise or excursions likely due to changes in the tip
termination or shape and were eliminated in the analysis. The large number of ST spectra included
in the maps yields a high degree of redundancy, allows for selective averaging over identical areas
to reduce noise, and establishes the error bar included in the ST spectra. For band-gap histograms,
the forward and backward spectra were averaged for each data point. The band gap is assigned to
the voltage range where the normalized dI/dV is close to zero and the slope is negligible. To
establish reproducibility, ST spectra on graphite and Au were recorded prior to most experiments.
STM and STS data were analyzed with WSxM 5.0*! and Igor Pro 6.22, and a MATLAB program

was developed to manage the large data sets, normalization, and visualization of all STS maps.

W thin films were deposited on a MgO(100) substrate followed by deposition of the Ceo
layer. The as-received MgO (CrysTec) was (1) etched for 30 s in 14.6 M H3PO4 and rinsed with
deionized water and acetone and (2) annealed 10 h in air at 1273 K in a box furnace, and (3) the
calcium (Ca) spires from impurity segregation*>*3 were removed in a second etching step followed
by a 5 h annealing in air.** All MgO surfaces were checked with atomic force microscopy prior to
use. W thin films with thicknesses between 50 and 80 nm were subsequently deposited at 1073 K

by electron-beam evaporation at a deposition rate of 0.5—0.8 nm/min. Ceo Was added at a rate of 1
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monolayer (ML)/min by thermal evaporation of high-purity Ceo (MerCorp) from an h-BN crucible
with a graphite liner. All deposition rates were calibrated using of a quartz crystal monitor. The
frequency change of the quartz crystal microbalance, which corresponds to 1 ML of Ceo, Was
calibrated in a separate experiment using X-ray photoelectron microscopy. The Ceo layer was
deposited at room temperature, and the thickness of the initial Ceo layer was 2—4 ML. STM
measurements were performed with an etched W tip, and typical imaging conditions for the Ceo
layer are It = 0.1 nA and Vyias = 2 V, and those for the W surface are It = 0.1 nA and Vpias = 6 mV.
The MgO— W— Cgo samples were annealed at temperatures between 473 and 1073 K. All
STM/STS measurements were performed at room temperature. After each annealing step, the
samples were kept at ultrahigh vacuum until they cooled to room temperature prior to

measurement. Oxidation during this time was not observed with STS.

The geometry, bonding, band gap, and stability of several Ceo—W bonding combinations
including CsgWa, CsgW, CsgW, CeoW, and Ceo on W(110) were studied with DFT. All of the
simulations were carried out using DFT, as implemented in the Atomistic Toolkit (ATK 2015.rc2)
package. The local-spin-density approximation (LSDA) with the Perdew—Zunger exchange-
correlation parametrization was used.*® The valence-electron wave functions were simulated using
a double-¢- polarized basis set for both C and W.*84” For self-consistent calculations, a global
break point of 107 eV in total energy was used. Geometry optimizations were performed using
the limited memory Broyden—Fletcher—Goldfarb—Shanno algorithm until the maximum force on

all atoms was less than 0.05 eV/A.

7.4. Results and Discussions

Figure 7.1 illustrates the progression from the bare W surface to the Ceo layer and finally

to the nanosphere-covered surface. Parts a and b of Figure 7.1 show a representative image and a
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corresponding linescan, respectively, of the W thin film deposited on MgO(100), which is
composed of grains with an average size of 10 x 10 nm? , an intragranular surface with height
variation as small as 0.3 nm, and grain boundary grooves with a depth of >1 nm. The relatively
small grain size can be attributed to W’s high melting temperature and, consequently, low adatom
surface mobility. The relatively small thickness of the W layers inhibits a conclusive determination
of its orientation. Unfortunately, atomic resolution was not achieved on a regular basis, and X-ray
diffraction techniques used on these films are not entirely conclusive. Grazing-incidence X-ray
diffraction results show a weak and not entirely conclusive signature of a W(110) texture, and the
presence of some W(100) surfaces is likely. Epitaxial W thin films on MgO with
W(110)||IMgO(100) have a lattice misfit of 5.9% with a 45° rotation at the interface, and this
orientation has been reported previously for W and Mo.” The W(100)||MgO(100) orientation
presents a significantly larger misfit of 22% and indicates that W(110) is likely the preferred
surface orientation. Owing to this uncertainty, the W(110) and W(100) surfaces were included in

the DFT calculation of the Ceo—W interaction described in the Supporting Information.

Figure 7.1c shows the surface morphology after deposition of 4 ML of Ceo on W. This
image shows a densely packed, crystalline layer on the left-hand side, in agreement with the face-
centered-cubic FCC(111) packing, and a disordered layer on the right-hand side. The center-to-
center intermolecular distance in the FCC regions is 1 nm, commensurate with fullerenes on Cu,8
lead (Pb),'® and Au.?° The disordered packing is attributed to a high density of step edges and
defects in the W surface. A similar transition from a well-ordered to a disordered structure has
been observed in Ceo layers on graphite and amorphous C, where the defect-rich amorphous C

surface pins the molecules.?!
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Figure 7.1: Summary of surfaces observed before and after deposition of Csg on W/MgO(100) surfaces (a—c)
and after annealing of this surface to 673 K (d1) and 773 K (d2). The MgO sample is etched with phosphoric
acid and subjected to a two-step annealing process to minimize the development of Ca spires and achieve a
smooth surface. The MgO terraces are prior to W deposition on average 100 x 100 nm in size and provide smooth
terraces for W thin-film growth (a and b). The fullerene layer (c) is composed of regions with high crystallinity
(FCC packing) and amorphous regions (right-hand side of the image). After annealing (d1 and d2), the surface
morphology of the fullerenes is maintained, and the majority of the molecules exhibit two or three surface
grooves, which are consistent with a 6—6 orientation (d1 and d2; image size 8 x 15 nm).

The surface morphology of Ceo is conserved after annealing to 673 K, and the molecule
shape can still be clearly recognized after annealing to 773 K, as shown in Figure 7.1(d1,d2). At
this point, only the molecular layer in contact with the W surface is retained (T-desorption of the
multilayer is 540 K due to weaker Ceo—Ceo interaction).r® Nearly all molecules show a set of two

or three parallel grooves, which emerge after annealing and are due to the cessation of molecule
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rotation. At room temperature, rapid rotation of the molecules leads to averaging over all
orientations, yielding a featureless image. If molecule rotation ceases, the molecule’s frontier
orbital related to the molecule’s orientation can be imaged (see in supplementary information
Figure 7.7). The groove structure seen here agrees with Ceo molecules, where the 6—6 bond is at
the apex.?2 Because of the molecule’s symmetry, the 6—6 bond is also the contact point to the W
surface. The preferred molecule orientation on the W(110) surface was confirmed with DFT, and
the geometry, lowest unoccupied molecular orbital, and DOS for this configuration are shown in
Figure 7.7. The orientation of the grooves on Ceo rotates with the scanning direction, and while
experimental issues can never be entirely excluded, the grooving does not appear to be an artifact

of the measurement.

The surface motion of Cgo at room temperature is illustrated in Figure 7.8, which shows
sequential images of Ceo molecules (0.2 ML coverage). Prior to annealing, the Cso molecules move
to the step edges over time and this motion ceases after annealing. The cessation of molecule
rotation and motion indicates that a reaction between the W surface and the Ceo molecule is
initiated by annealing, and this process pins the molecule in place. This can be understood as the
initiation of fullerene degradation on their path to the thermodynamically stable carbide. Figures
7.2 and 7.3 show the impact of annealing on the electronic structure starting with the discussion

of the as-deposited Ceo layer.

Figure 7.2, which shows the as-deposited Ceo layer on a W thin film, includes regions with
thicknesses corresponding to 1 ML of Ceo, 2 ML of Ceso, and amorphous regions and is therefore
ideal to study the modulation of the electronic structure. After the first annealing at 593 K, only a
single layer of Ceo is retained; the multilayers have desorbed, in agreement with the sublimation

temperature of Ceo. A topography image and the corresponding band-gap map are given in Figures
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7.2a,b, and line scans confirm the transition from single layer to double layer at the center of the
image. Three regions can be distinguished in the topography image as well as the band-gap map:
(1) awell-ordered structure with a band gap of ~1.6 eV, (2) multilayer patches with a larger average
band gap of ~1.9 eV, and (3) areas that include an amorphous structure, which tend to have slightly
larger band gaps (~2.5 eV and higher).% The statistical analysis of the band gap map included in
Figure 7.2c shows a bimodal shape reflecting the contributions of the different layers, and Figure
7.2d includes selected spectra for the single-layer and amorphous regions. The same type of
analysis will be used in the assessment of annealing-induced modifications. The difference in the
band gap between regions 1 and 2 (single layer vs multilayer) agrees well with the literature.?*2
The screening of the intermolecular Coulomb repulsion by the metal substrate results in a generally
smaller gap compared to molecules in the second layer, where the larger distance from the metal
greatly reduces the screening. The origin of the increased gap with a loss of crystallinity remains
unclear, although we tentatively ascribe it to a subtle change in the screening due to changes in the
intermolecular distance. Modeling of these effects was not undertaken because most DFT

functionals cannot simulate the long-range interactions required for quantitative assessment.>
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Figure 7.2: Topography and LDOS including a band-gap map for Ceo layers on W. (a) Topography image, which
has regions with single-layer and multilayer Ceo, as evidenced by the line scan at the center of the image. The
regions marked in the image correspond to the following structure: region 1 is a Ceo single layer, region 2 is a
Ceo double layer, and region 3 is an amorphous structure. (b) Band-gap map. The gap was determined from the
I=V curves measured at 102 x 102 image points. (d) Representative examples of the normalized dI/dV spectra.
The error bar is the standard error of the data set. (c) Distributions of band gaps measured in part b in the form
of a histogram. All data points from the band-gap map are included. Labels 1-3 in the histogram correspond to
the respective regions in the image.

To deepen our understanding of the experimental results, DFT calculations are used for
two distinct systems: first, to describe the orientation and electronic structure of the Cso molecule
on W(110) and W(100) surfaces and, second, to capture the changes in the electronic structure for
isolated molecules, which is induced by modification of the bonding and the introduction of W
atoms in the Cgo cage. The DFT calculations generally reproduce the spectral shape of the DOS

and relative changes in the band gap rather well, despite the underestimation of the band-gap values
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by the LSDA. LSDA does not account correctly for van der Waals and long-range interactions.
However, a precise representation of the van der Waals forces for the Ceo—W interaction is not
necessary for the present work because the intermolecular interaction is small compared to the
bonding between Ceo molecules on W, where covalent bonds dominate. The bonding at this
interface can reasonably be assumed to be independent of the intermolecular interaction.®”2° The
DOSs calculated for Ceo on W(110) and W(100) are included in the Supporting Information. The
observed ST spectra for the first layer of molecules show also a shift of Er toward the conduction
band edge (valence band edge at ~ —1 eV and conduction band edge at ~0.7 eV in Figure 7.2d) in
agreement with the calculated DOS (Figure 7.7). This shift follows from the band alignment for
the W(110) surface with a work function of 4.52 eV and compares well with the Ag(100) surface

with a near-identical work function.

Figure 7.3 summarizes the impact of annealing on the electronic structure. By annealing, the
electronic structure changes rather dramatically, as seen in Figure 7.3a, which shows the
normalized differential conductivity spectra extracted from the STS maps. The error bars are the
standard error accumulated for all spectra within the respective map. The transition from the wide-
band-gap Ceso molecules to a metallic surface is gradual and progresses over a temperature range
of at least 150 K. Parts b and ¢ of Figure 7.3 show the surface at 673 K, where the transition to a
metallic surface is nearly complete. This surface is particularly inhomogeneous in terms of its
electronic structure; the STS map for Vpias = 0.08 eV shows the emergence of nanometer-sized
metallic islands such as region 1. Other regions are still semiconducting and typically have a larger
apparent height, which can be seen in a direct comparison with the topography image (Figure

7.3b). The larger apparent height is due to a topography variation and not an increased local density
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of states (LDOS); if the apparent height was controlled by the LDOS, we expect a larger height

for metallic regions.
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Figure 7.3: Modulation of LDOS as a function of the annealing temperature (300—700 K) and topography image
in addition to the normalized dI/dV map for 673 K. (a) LDOS derived from spectroscopy maps for Ceo layers
annealed at the temperatures indicated in the figure. The width of the error bar is related to the spatial
homogeneity of the respective map and the experimental error in STS acquisition. Data points with clearly
unphysical excursions and noise were removed (%10). The topography image in part b and the corresponding
normalized dI/dV map in part c illustrate the spatial variation of the LDOS for an annealing step at 673 K.
Examples for normalized dI/dV spectra for the two regions marked in the map are included (blue and green).
For comparison, the normalized conductance spectrum for the W surface is included (yellow).

Simultaneously, the sizes of the fullerene molecules and nanospheres were measured by
analyzing several STM images for each annealing step (Figure 7.4). The molecules and
nanospheres are densely packed and appear to also move slightly on top of each other in some

images, leading to a significant error in the distribution, which is therefore only a rough measure
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of the nanosphere diameter. However, it still shows an increase in the most likely diameter (the
maximum in the diameter distribution) by about 30—40% during the annealing process. The origin
of this diameter increase is not entirely clear; we assume that some molecules are deformed as the
interfacial reaction progresses and then adopt a more elliptical shape. However, the general
expression of the frontier orbital with the grooves from the 6—6 termination is still present in the
STM images, which indicates that the top part of Ceo remains structurally intact despite distortion
of the shape. Pascual et al.*® reported a similar observation and a decrease in the sizes of the
fullerene molecules adsorbed on Si(111) after annealing to 873 K. The size modification was
attributed to the formation of a stronger adsorption state and consequently a reduction in the
molecule vibrations. However, this seems intuitively not a suitable explanation for the size increase
observed in our experiments. We therefore suggest that the incorporation of W atoms in the cage

structure or partial fracture of the molecule cage might be responsible for the size change.
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Figure 7.4: Distribution of the molecule diameter as a function of the annealing temperature. Each distribution
includes several hundred molecules, and the annealing steps are identical with those discussed in Figures 2 and
3. The distribution is normalized to the unit height.

Quantitative information on the progression from a wideband-gap semiconductor to a
metallic surface is obtained from the analysis of the STS maps, and the results are summarized in
Figure 7.5. Figure 7.5a shows the band-gap histograms for four temperatures straddling the
transition from fullerene layers with a wide band gap to nanospheres with a reduced band gap

(1.2— 0.7 eV) and finally to fully metallic nanospheres at 700 K. Each histogram includes 21218
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spectra (10609 I-V curves from forward and backward scans) and data from several maps for each
annealing step. The band-gap histograms for different areas on different samples, which have
identical initial Ceo coverage (single layer, multilayer, and amorphous) and annealing treatment,

show only minor differences.
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Figure 7.5: Band-gap evolution as a function of the temperature from 300 to 773 K. (a) Band-gap distributions
measured after annealing at the temperature indicated in the graph. The distributions measured for several images
are included for each temperature. The distribution at 300 K is relatively broad, which can directly be traced
back to the differences between the single, double, and amorphous Ceo layers shown in Figure 7.1. The
distributions are normalized to the unit height, and for 700 K, only metallic spectral signatures are observed. (b)
Corresponding band-gap maps. Each representative strip is 20 x 80 nm in size and part of a larger map. (c)
Change of the average gap and normalized conductance at Er as a function of the temperature.

The band-gap histograms become narrower during annealing because only a single layer is
retained, and some patches can be identified in the band-gap maps where the transformation has

progressed slower or faster (Figure 7.4b). This decrease in the width of the distribution histograms
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can be interpreted as an indication of an electronically more uniform surface after annealing. The
full width at half-maximum (fwhm) of the bandgap distributions for intermediate temperatures of
593 and 653 Kare 0.7 and 0.5 eV, respectively. The 300 K distribution includes multilayers (Figure
7.1), and the 700 K sample is fully metallic with a fwhm of <0.2 eV. The width of the band-gap
distribution is influenced by inhomogeneities in the initial substrate and Ceo layer but can also be
attributed to the nature of the chemical reaction, which will occur over a range of temperatures and
cannot be expected to be as abrupt as a phase transition process. In addition, some error is
introduced by the STM measurement itself, which depends on many factors including the surface
roughness. The largest band gap associated with the map from Figure 7.3b,c (673 K) is only about
0.3 eV, while other regions are fully metallic. Figure 5¢c summarizes these results: the band-gap
maps and the DOS at Er reflect the transition from fullerenes to nanospheres until a fully metallic
nanosphere surface is established. Ultimately, a carbide surface is observed for T > 850 K, and the

nanosphere morphology disappears.

The same reaction sequence is observed for isolated Cso molecules on W surfaces; the
molecules, which are mobile at 300 K (Figures 7.12 and 7.13), will become immobile as soon as
the annealing process is initiated, and their band gap subsequently decreases. Our observations
indicate that the reaction at the W—Cgo interface drives modulation of the electronic structure, while
the nanosphere surface probed with STM still presents the geometric structure of the fullerene
molecules. The inverse relationship between the annealing temperature and band gap of

nanospheres provides a unique platform to engineer molecular surfaces.

The experimental results show the gradual transition from a wide-band-gap molecular
semiconductor to a metallic surface with a near-identical topography, and this transition is driven

by a reaction with the W substrate. The experimental results are complemented by DFT
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calculations, which provide a detailed understanding of the Ceo—W interactions leading to such
profound changes in the molecule’s electronic structure. We consider three models and test
whether they can be used to describe the transition to a metallic nanostructure while conserving
essentially the molecule shape probed with STM: (i) W atoms placed on the outside of the fullerene
cage (on cage), (ii) gradual substitution of C atoms with W atoms (substitutional), and (iii) Ceo
fragmentation followed by local carbide formation at the interface. Model iii is by far the most
complex situation, but a significant knowledge gap about the local reaction pathways prevents at
present a meaningful description with DFT. The presence of fullerene fragments alone is
insufficient to explain the experimental findings because their band gap never closes to reach a
fully metallic state.3!32 We therefore focus on models i and ii, which isolate possible scenarios of
W integration with Ceo. To our knowledge, no prior DFT calculations have been performed for
substitutional W, and we tested the validity of our approach by assessing Csg—soPt, CsoFe, and
Css-soNi, which have been discussed in the literature.*3¢ We were able to reproduce the LDOS
for these hetrofullerenes by following similar procedures as described in literature. The binding
energy of the metal atoms (Pt, Fe, and Ni), electron affinity, and ionization potential of the

hetrofulleneren structures were replicated in our simulation within £0.8 eV agreement.

Figure 7.6 shows the DOS for the most stable isomers of CeoW (on-cage) and CsgW and
CssW- (both substitutional) and the DOS of pristine Ceo for comparison. The computed geometry
for CsgW is quite similar to that of other metal heterofullerenes, and 3-fold-coordinated W atoms
move slightly away from the Ceo surface. The W—C distance in CsgW (0.1905—0.1934 nm) is
slightly larger than that for nickel (Ni), cobalt (Co), and Fe and smaller than that for platinum (Pt)
and iridium (Ir), as expected based on the atomic sizes.’*3® Because all vertices in Ceo are

equivalent, there is only one bonding configuration for CseW, but several possible configurations
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were tested for CsgW-» and CeoW. For CeoW, the lowest-energy configuration is achieved if the W
atom is placed in the center of a hexagonal face, and the 6-fold-coordinated W atom moves slightly
away from the molecule surface. The W—C distances for this structure are 0.203—0.208 nm.

Adding more W atoms on-cage is energetically unfavorable.

For the heterofullerenes, the binding energies were calculated and compared by placing W

at different sites and using the following expressions:

CGO +W = CsoW AHT = (E)C60W - (E)C60 - EW

Coo + Wy = CsgW, + G, AH, = (E)¢eqw, + (E)c, — (E)cyy — Ew,

DOS

DOS
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Figure 7.6: Results from DFT calculations for the most stable CsoW and CsgW- substitutional configurations and
CeoW with W atoms added on the outside of the Cgo cage. The calculations for Cg are included for comparison.
For the open-shell structures CeoW, CsgW, and CssWo, spin-resolved DOS is depicted, with the spin-up DOS
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marked in blue and the spin-down DOS marked in red. The DOS is summed over the entire molecule. Gray and
light-blue atoms indicate C and W, respectively.

In the most stable CsgW> configuration, the W—C distance is slightly larger than that for
CsoW (0.1906—0.1950 nm) and the W atoms are separated by two C atoms. Intuitively, this
configuration will induce the least amount of strain. The reduction in the band gap is quite
dramatic, and two substitutional W atoms yield already a metallic DOS, although with a rather
small intensity at Er. The DFT calculations demonstrate that reaction pathways that introduce
C—W bonds ultimately lead to the formation of metallic nanospheres passing through intermediate
reaction steps with reduced band gaps. Experimentally, the reaction is only activated by annealing
at >500 K and then progresses over an extended temperature range. The relatively narrow band-
gap distributions in the intermediate temperature range indicate a preferred reaction pathway rather
than the coexistence of a wide range of bonding geometries. The selectivity of the reaction pathway
then leads to the preferred 6—6 orientation of the nanospheres. The current DFT work includes a
narrow selection of possible intermediate structures, and a larger variety can be constructed to

reflect intermediate band gaps, which are not well represented in the current W—Cgg Structures.

7.4. Conclusions
In conclusion, we have demonstrated that the reaction at the interface between Cgo and W leads to

a gradual transformation to metallic nanospheres. Control of the band gap is reasonable, and it can
be adjusted within a 0.7 eV interval by the choice of the annealing temperature. The good
agreement between experimental and DFT calculations supports the hypothesis that the interfacial
reaction between the molecule and metal surface drives the electronic structure modulation. On
the other hand, the geometry and orientation of the nonsubstrate facing part of Ceo remain intact.

This unique situation offers a wonderful new test bed to study and modulate the molecular layers.
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*S Supporting Information: DFT calculations of bonding between Cso molecules and W(100) and
W(110) and a description of the optimized bonding geometry and tests for several molecule
orientations. The electronic structure of the Ceo/ W(110) and -W(100) interfaces is also calculated
with DFT and compared to the literature on Ceo—metal interfaces. The motion of Csg molecules on
the W surface is shown as observed experimentally with STM, and the topography and
spectroscopy data for single molecules on W are discussed and compared to the data described in

the main body of the manuscript for continuous layers.
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7.7. Supporting Information
7.7.1. DFT Calculation of C60 /W

DFT calculations are used to gain insight in the bonding of Ceo molecules to the W atoms
and surface. For this goal, two separate approaches are used. First configurations/orientations for
a Ceo molecule on W(110) and W(100) surface are illustrated and in the second approach,
conceivable tungsten hetrofullerenes structures were considered. Hetrofullerene calculations are
described in the main body of the manuscript and several adsorption geometries for Ceo molecule

are compared. In this section, the DFT results for Ceo On tungsten surface is discussed in details.

7.7.2. Ceo / W-bulk Energies and Adsorption Geometries

As it was explained in the main text, the W-thin films in this works are mainly oriented in
(110) orientation, but minor contributions from other plane orientations is possible. Therefore,
DFT calculations for both Ceo/ W(110) and Ceo/ W(100) systems were performed. For the first
approach, a single Cso molecule was placed on a slab with a thickness of six layers of W in the bcc
structure with a total of 126 atoms for (110) and 96 for (100) surface. Four possible orientation for
fullerene on the W(110) surface were explored: h hexagon face, p pentagon face, h-h bond between
two hexagons, or p-h bond between a hexagon and pentagon were closest to the W surface (Figure
7.7). The most stable configuration, which is shown in Figure 7.7a, is the h-h orientation and due
to the symmetry of the molecule the same bond is visible at the apex of the molecule facing the

STM tip.
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Figure 7.7: Possible adsorption orientation for Ceo molecule on substrate. The red circles show the closest carbon
atoms to the W-substrate. (a) h-h bridge between two hexagons (b) p-h bridge between a hexagon and pentagon
(c) pentagon face (d) hexagon face.

Both W(110) and W(100) surface were considered for the simulations. To find the most
energetically favorable adsorption site of Ceo On tungsten surface, for each tungsten plane, four
possible relative position of Cgo to the tungsten surface were simulated. These adsorption sites are
shown in Figure 7.8. We acknowledge that there are more possible configurations for such material
systems, at the same time we believe for the purpose of this work these configurations are
sufficient. For W(110), the minimum energy was found where the h-h bridge in Cso molecule was

placed at the center of 4 tungsten atoms in 110 plane.).

118



(a) h-h: W (110)
#1 #2

@ Carbon atoms

@ Closest Carbon atoms to the W-surface

@ 1strow of W atoms
20 row of W atoms

(b) h-h: W (100)
#1 #
X X

.x.x
i
XX

X X X X

X X X X

x .
X

#3 #4

@

Carbon atoms
Closest Carbon atoms to the W-surface

15t row of W atoms
20 row of W atoms

»
%x
x X X X
x.
;X
® ¢

XX

x.

x.x-
(4

Figure 7.8: Considered adsorption geometries of Cso molecule on a) W(110) and b) W(100) surface. To display
the adsorption position clearly, only the lowest 14 carbon atoms from Cgo are shown. (a) Four possible adsorption
site for W(110) where the h-h bond in Ceo positioned at (#1) at the center (#2) at the center with 450 rotation
(#3) on bridge (#4) on top .(b) Four possible adsorption site for W(100) where the h-h bond in Cep positioned at
(#1) the center (#2) at the center with 450 rotation (#3) on bridge (#4) on top.

This configuration is marked as #2 in Figure 7.8a. A similar analysis was applied for

W(100) plane. For this system, the minimum energy was found when the h-h bridge of Ceo
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molecule was positioned at the center of 4 tungsten atoms. This configuration is marked as #1 in

Figure 7.8b.

To find the equilibrium distance between Ceo and tungsten surface for each of these
configurations, the molecule was placed above the surface in various distance from substrate and
the total energy of the systems were calculated. Figure 7.9 (a,b) illustrates the results for the total
energy versus distance, where each curves include one global minimum. For W(110) the global
minimum energy was find for configuration #2 at 1.8 (2\), and for W(100) the minimum energy

was achieved for configuration #1 at 1.6 (}5\) .

After finding the approximate equilibrium distance/adsorption geometry for Ceo/W-surface
system, to achieve the most stable structure the W(110)-Conf# 2 and W(100)-Conf# 1 were
allowed to relax. In the relaxation process, a tungsten slab with thickness of six atomic layers in
the bcc structure was used. During the relaxation process, the three bottom layer of the metal were
fixed and the top three layers of substrate in addition to Cso molecule were allowed to relax. This
also leads to a slight compression of the molecule perpendicular to the surface. The binding energy
of Ceo to the surface of W(110) is ~7.3 eV, which indicate a very strong interaction between Ceo
and the surface. This strong interaction is comparable to the results reported for Ceo molecule on
Ir(111) with binding energy of 7.67 eV.! This strong binding energy is in consistent with our
experimental results from fullerene surface after annealing, where the motion of Cso molecules
was restricted after annealing. This binding energy is even larger for W(100) surface (~9.05 eV),
where due to lower density of tungsten atoms in the surface in comparison to W(110), more
perturbation of W atoms in the surface is possible. Therefore, this stronger binding energy leads

to a lower distance between molecule and W surface.
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Figure 7.9: Total energy analysis of the systems to find the most stable adsorption configuration/distance for Ceo
molecules on (a) W(100) and (b) W(110) (c) the relaxed configuration for W(110) (d)the relaxed configuration

for W(100) .

7.7.3. Electronic structure of Ceo / W(110) and Ceo / W(100)

The relaxed structure for Ceo / W(110) is shown in Figure 7.10a. The DOS integrated over

the whole molecule after bonding to the W surface is shown in Figure 7.10b where a k-point

sampling of 4x4x1 was used. The calculated DOS for a free Cso molecule is included for

comparison. We are aware that the absolute magnitude of the molecule band gap is not reproduced
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particularly well with DFT, however, the qualitative changes in the band gap moving from a free
molecule to a molecule adsorbed on a surface are described in a reliable manner. A similar result
has been shown previously for Ceo on Au, Ag and other surfaces and we were able to faithfully
reproduce these published results.?® The electronic gap of a free Cso molecule is 4.9 eV, in the
solid the gap drops to 2.3 eV (conduction band to valence band edge),* which is close to the value
measured in our work for multilayers. The DFT calculation yields 1.7 eV gap for an isolated Ceo

(Figure 7.10b). Upon bonding to the surface, the gap is and EF shifts to higher energy in the LUMO

due to mixing with the d-states in W. This replicates the response as seen in the ST spectra included
in Figure 7.1d, and the observations reported in a recent publication.® The lowest unoccupied
molecular orbital (LUMO) is visualized in the Figure 7.10, and reflects closely the surface
structure observed in STM after the molecule is immobilized at the onset of the interfacial reaction.
A weak peak near the fermi energy arise from splitting of LUMO state of Ceo on W(110), a similar

peak has been observed for Ceo / Ag(100) surface.®
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Figure 7.10: Configuration and calculated projected density of states (DOS) on Ceso molecules after adsorption
on W(110) surface. (a) the most stable molecule orientation with the h-h bond facing the W-surface - top and
side view. The LUMO for Ceo on W(110) is depicted in the same orientation and reflects the molecule as it is
seen on the vacuum-facing side imaged with STM, in which blue and red represent the positive and negative
wave function. (b) DOS of the Ceo molecule, and Cep positioned on W(110) in the orientation shown in (a) before
smoothing and after smoothing with a Gaussian with a full half width of 0.1 eV. The dashed vertical line indicates
Er.

A similar type of analysis was performed for Ceo /W(100) system and it is shown in Figure
7.11. The LUMO peak in the DOS of these two system can be taken as the main difference between
Ceo / W(110) and Ceo / W(100) systems. While Ceo molecule adsorbed on W(110) surface shows

a clear LUMO peak in PDOS, this peak illustrates a more complex nature for Cgo adsorbed on
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(100) surface.
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Figure 7.11: Configuration and calculated projected density of states (DOS) on Cgo molecules after adsorption
on W(100) surface. (a) the most stable molecule adsorption geometry with the h-h bond facing the W-surface -
top and side view. The LUMO for Ceo 0n W(100) is depicted in the same orientation and reflects the molecule
as it is seen on the vacuum-facing side imaged with STM, in which blue and red represent the positive and
negative wave function. (b) DOS of the Ceo molecule, and Ceo positioned on W(100) in the orientation shown in
(a) before smoothing and after smoothing with a Gaussian with a full half width of 0.1 eV. The dashed vertical
line indicates Er.

7.7.4. Ceo Molecule Motion at Room Temperature

Figure 7.8 shows two STM images taken sequentially to track the motion of Ceo molecules

prior to annealing. The Cgo coverage is about 0.2 ML and the W-surface exhibits several step edges
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and terraces. The molecules decorate the step edges, where about 75% of the molecules reside,
while the remaining 25% is located on the terraces. The two image frames included in S2 are
representative examples of molecule motion seen in room temperature imaging. The images are
taken from bottom to top, line by line with alternating scan direction. The individual molecules
are marked in the images and isolated in the frames shown in the bottom row of S2. We distinguish
between fullerene molecules (blue), a few instances where the signature in the image is most likely
a molecule (light blue), and in the second image frame those molecules which were added are
marked in red, and those which are missing compared to frame 1 are marked in green. The

acquisition time for each of these images is about 5 minutes.

125



(a) I** image frame (b) 27 image frame

. 3.: v 5:
. ® . o
e ® L. © “ tet
@ “. ..; .. K o : o
e o° e @°
Sanh LY A
® iullerene molecule ® addedin 2" frame

©  mostlikely amolecule @ removed in 2™ frame

Figure 7.12: Sequential image frames of Ceo molecules on a W-surface (Vpias=1 V 1=0.02 nA). Frame 1 (a) and
2 (b) were recorded sequentially. The molecule positions are marked in the images, and their position is isolated
in frames shown in the bottom row.

7.7.5. Single Molecules on the W-surface

This experiment shows a sub-monolayer coverage ~ 0.3 ML with Ceo molecules on the W-
surface. The topography image was recorded during the measurement of the spectroscopy maps
and has therefore a lower resolution compared to images in the main section of the manuscript.
The differential conductance map clearly shows the position of the molecules on the conducting
surface. The differential conductance is increased locally when the bias voltage corresponds to the

position of the LUMO (Vpjas=+1.2V) and the HOMO (Vpjas=-1.76 V). The HOMO and LUMO
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can also be recognized in the spectra included in Figure 7.2d, which correspond to a single Ceo
layer on W. The isolated molecules exhibit the same LDOS which is seen in the complete molecule

layer, and also show an identical response to annealing.

Topography
Image

(dL/dV)(I/V)
vV, =-1.76 V

bias

(dUaV)/(1/V)
Vo= 1.2V

Figure 7.13: Topography image, and differential conductance maps for Vias 0f -1.76 V (filled states) and +1.2
V (empty states) recorded simultaneous. The Ceo coverage is ~0.3 ML and the molecules are marked with circles
to allow for ease of comparison between image and maps. Every 5th image pixel corresponds to a ST spectrum.
The enhanced LDOS at the molecule positions is readily apparent against the constant LDOS from the metal
substrate. The section in the center bottom of the image, which corresponds to a substrate inhomogeneity yields
a higher LDOS from the metal substrate and the fullerene molecules are hard to locate in this region for the
empty states, but easily seen in the filled state map.
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Oxidation and Carburization of Carbon Rich

Tungsten Carbide Thin Films
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8. Oxidation and Carburization of Carbon Rich Tungsten Carbide Thin Films
8.1. Introduction

Transition metal carbides such as tungsten carbide, possess unique bonding characteristics with
covalent, ionic and metallic contributions, which leads to their specific physical and mechanical
properties.’ An early work by Levy and Boudart in 1973 showed that tungsten carbide density
of state at near the Fermi energy is similar to Pt leading to the speculation that it might have similar
catalytic properties.* Since then, several studies have explored this aspect of tungsten carbide.>”
Although the performance of tungsten carbide has been proved inferior in direct comparison to Pt
and other noble metals, its lower cost and superior resistance to catalyst poisons like H2S and CO
have kept research interest high for applications such as anode catalyst in primary metabolite based
microbial fuel cells.® Although tungsten carbide is isoelectronic to Pt, it is susceptible to oxidation
(unlike Pt), which degrades the catalytic activity of the surface.®

In this work, an approach for synthesis of nonstoichiometric carbon rich carbide is presented.
The free carbon in these thin films are expected to provide a pathway to carburize the oxidized
regions by annealing of the sample at UHV. To verify this hypothesis, several sample with
different C:W ratio was prepared and their morphology and electronic properties were measured
by in-situ STM/STS measurement. In addition, AP-XPS measurements were performed to

examine the effect of temperature in kinetics of oxidation and carburization cycles.
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8.2. Methods

Tungsten carbide thin films were synthesized in UHV (<2x1071%) chamber by e-beam
evaporation of tungsten, and thermal evaporation of Ceo molecules as carbon precursor. MgO (100)
was used as the substrate and held at 1073 K during deposition. This temperature significantly
exceeds the temperatures used in the nanosphere experiments described in chapter 7. At this
temperature, Ceo molecules were dissociated to individual carbon atoms upon the impact with the
hot substrate, then incorporate with tungsten atoms to form tungsten carbide. After the deposition,
all samples were annealed at 1073 K for an additional 10 minutes to promote complete
carburization. An advantage of this method over conventional growth techniques is the possibility
to trap the extra carbon during the synthesis, which makes it a viable method to grow non-
stoichiometric carbide thin films. Other growth techniques, which often are involved with
carburization of tungsten oxide using a carburizing agent (e.g. CH4/H2 gas mixture),'>14 control
over the carbon concentration of non-carbide carbon (free carbon inventory) throughout the thin

film is difficult.

MgO was selected as the substrate for two reasons: first, MgO is a diffusion barrier against
tungsten and carbon atoms and therefore, allows control of the carbon inventory in the thin films.
Second, the relatively flat and large terraces of MgO promote formation of the smoothest films
possible. The MgO surface preparation process is described in our pervious publications and

chapter 4 of this thesis.1>6

Use of Ceo molecule as carbon precursor has been shown to provide high quality carbide
thin films.1"® Three different composition of carbide thin films were targeted and up to 3 samples
for each composition were synthesized for STM, and AP-XPS measurements. Summary of

descriptions for the thin films are presented in Table 8.1.
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Sample  W- Atomic Ratio C-Atomic Ratio Ce¢-Ratio Labeled as

S1,S2 50% W 50% C 0% 50/50
E S3, S4, S5 40% W 60% C 20% 40/60
n
S6 25% W 75% C 50% 25/75
S7 50% W 50% C 0% 50/50
Q
X S8 40% W 60% C 20% 40/60
o
<
S9, S10 25% W 75% C 50% 25/75

Table 8.1: Summary of carbide thin films used in this work. The term Cex represent the ratio of extra carbon in
thin films if tungsten and carbon form WC. This assumption is confirmed by XPS analysis.

The compositions of the thin films were calculated by controlling the ratio of deposited
tungsten to carbon atoms. All deposition rates were calibrated by using of a quartz crystal monitor
(QCM) prior to deposition. However, the XPS results illustrate a higher carbon concentration in

thin films than it was expected (5-10 % more).

8.3. Results
8.3.1 STM/STS Results and Discussions

After each processing step, which include synthesis of the thin film, oxidation, and
annealing at UHV (carburization), the samples (S1-S6) were transferred to the STM without
breaking the vacuum and their morphology and electronic properties were studied. The technical
aspect of STM/STS measurements are described in chapter 5. The typical imaging conditions for
thin films before the oxidation were (lt= 1 nA and Vypiass= 10 mV), and for surface after oxidation

were (It= 1.5 nA and Vpiass= 1 mV). To be able to compare the spectroscopy results for oxidized
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and carburized sample, an identical voltage range of (-2.5 — +2.5 V) was used for all STS

measurements.

The STM and STS results are organized as following. First, the topographical features of
tungsten carbide thin films and the effect of carbon concentration on their morphology is presented.
Second, the influence of oxygen on these carbide thin films is discussed, and third, an example of
annealed oxide surface is illustrated. The STM/STS results were collected by Brandon McClimon,

a former student in our group.

Figure 8.1 shows the STM images measured for two different tungsten carbide thin films
samples (S1 and S2) with 50/50 tungsten to carbon ratio. Figure 8.1a,b show the largest scale
images (2000x2000 nm?), where the majority of the surface is covered with square islands. The
morphology of these thin films at this scale is similar to the observed morphology of underlying
MgO (100) substrate. Higher magnification STM images show that each of these islands consists

of numerous nanoclusters with irregular shapes (Figure 8.1c,d).
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Figure 8.1: STM images from two different 50/50 tungsten carbide thin films (S1 and S2). a,b) 2000x2000 nm?
images. The long ordering observed at this magnification is imprinted by the morphology of the underlying MgO
substrate. c,d) Higher magnification images which show the fine structure on the surface. The image size of (c)
is (145x145 nm?) and the image size of (d) is (500x500 nm?).

Two highest resolution images of these clusters (Figure 8.2a,b), exhibit a stripe pattern.
Even though this strip pattern seems to be an irregular structure, a closer look at these images
shows a portion of these areas contains local periodicity (Figure 8.2c,d). The nearest neighbor

distance of the atoms in these regions is between (2.8-3.5 A). These results indicate that the
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observed structure possibly arises from (0001) plane of WC with the nearest neighbor distance of
2.9 (A).2® The irregularity observed in the atomic structure of this surface is probably the result of
carbon vacancy, which results in formation of WCix compound. The existence of WCix

compound in thin films with W:C ratio of 50/50 is confirmed by XPS measurements.

Figure 8.2: High resolution STM images (8x8 nm?) of S1 and S2 samples.

The 40/60 carbide thin films show a different morphology at large scale (2000x2000 nm?)
in comparison to the 50/50 sample. Figure 8.3 illustrates that the sharp edges observed in 50/50
sample are replaced by a morphology which is consist of narrow and long features with smooth

edges and more rounded terraces boundaries. At higher magnification (Figure 8.3c,d), it can be
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seen that each island again consists of several nanoclusters. Atomic resolution was obtained and it
shows that the majority of the surface is covered by graphite/graphene (Figure 8.3e,f). The
appearance of distinct graphitic regions and the morphology of the surface at large scale, indicate
that the 20% extra carbon embedded in thin films transforms the surface morphology and leads to

the expected carbon segregation.

Figure 8.3: STM images from 40/60 tungsten carbide thin films (S3). a,b) 20002000 nm? images. The majority
of the islands have smooth edges. ¢,d) Higher magnification where the nanoclusters inside each island are visible.
The image size of (c) is (500x500 nm?) and the image size of (d) is (80x100 nm?). e,f) High resolution STM
images (15x15 nm?).
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Figure 8.4 illustrate an atomic resolution STM image from S3 sample in more details. With
STM measurements, it is possible to differentiate between graphene and graphite. In Graphite, the
carbon atoms that are placed on top of the carbon atom in lower layer (o atoms) show lower local
density of states (LDOS) at near Fermi energy in comparison to the rest of carbon atoms (3 atoms)
(Figure 8.4d).2%2! Therefore, STM images of graphite show a triangular lattice with hexagonal
symmetry (only B atoms are measured). The line-scan between atoms in graphite STM image,
shows a nearest neighbor distance of 2.46 A. In contrast, a STM images of graphene surface shows
honeycomb lattice and all the carbon atoms are measured, and the line scan shows a nearest

neighbor distance of 1.424 A.

Figure 8.4a illustrates an example of Graphite and graphene regions on S3 sample.
Graphite/graphene is indicated by red/blue circle, respectively, and they are confirmed by line-
scans and fast Fourier transform (FFT). In addition to graphite/graphene, this surface exhibit small
regions with striped pattern morphology reminiscent of S1 and S2. To highlight these regions the

STM derivative image is included in Figure 8.3b and they are marked by green ellipsoids.
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Figure 8.4: a) STM image from 40/60 tungsten carbide thin films (7x12 nm?). The majority of the surface area
is covered by graphene and graphite. b) the corresponding derivative STM image to highlight the striped regions
from (a). ¢) The corresponding FFT illustrating the hexagonal lattices. d) The schematic representation of carbon
atoms in graphite/graphene. The dashed lines show bottom layer and the solid lines show the top layer of carbon
sheet.

By increasing the deposited carbon ratio even further (50% free carbon) during the growth
process, the morphology of thin films was modified. Figure 8.5 shows the STM images for S5
sample (25/75) where 50% extra carbon atoms are incorporated in the thin film. The mobile island
on the surface of this sample (Figure 8.5a,b) limit the resolution in the STM images. The islands
are relatively large and smooth and reminiscent of STM images of graphite. The high surface

coverage of graphite, is in a good agreement with large carbon inventory of the thin film.
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Figure 8.5: STM images of the 25/75 tungsten carbide thin films (S5). a,b) image size (2000x2000 nm? ). The
large mobile islands are attributed to segregated graphite patches. ¢,d) Atomic resolution STM images, where
the surface is covered by graphite.

In next step, oxidation of carbide thin films was studied by STM/STS measurements.
Figure 8.6 illustrates the STM images of the S4 sample with 20% free carbon (40/60 W:C ratio),
before and after oxidation. This sample was subjected to 1x10"" mbar of O for a total dose of
3.3x10% O/cm? at 573 K. At large scale (2000x2000 nm?), the surfaces before and after oxidation
are similar. At higher magnification, the oxidized image shows a higher density of circular bright
spot, which are probably the oxide nuclei, while the overall morphology is comparable to the
surface before oxidation (Figure 8.6¢,d). The main contrast between the oxidized and pre-oxidation

surfaces is noticeable at higher magnification close to or at atomic resolution. Similar to S3 sample
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(both S3 and S4 are 40/60 carbide thin films), the majority of S4 surface illustrates
graphite/graphene atomic resolution with small areas displaying stripe pattern. However, this
morphology is modified after the oxidation, where only part of the surface is covered with
graphite/graphene, and the rest of the surface shows a flat and featureless region (bottom-left
section of Figure 8.6f). These newly formed featureless regions were observed in different part of
surface and always show a lower LDOS in compare to graphite/graphene regions. This observation

indicates that the oxygen etches away some of the graphite/graphene on the surface.

As Deposited

Oxidized

Figure 8.6: STM images from 40/60 tungsten carbide thin films. (a), (c), and (e) are STM images recorded before
oxidation and (b), (d), and (f) are the STM images after oxidation. a,b) 2000x2000 nm? image size. c,d) 100x100
nm? STM images. e,f) High resolution STM images (15x15 nm?).
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To verify the dissolution of graphite/graphene during oxidation, the data for oxidation at higher
temperature for another 40/60 sample (S5) are presented in Figure 8.7. The pre-oxidized surface
of this sample was similar to the ones shown for S3 and S4, which had the same tungsten to carbon
ratio (Figure 8.3, 8.4, 8.6). This sample was subjected to 1107 mbar of O for a total does of
4.95x10'® O,/cm? at 873 K), 300 K higher than pervious oxidation. After this oxidation step, the

STM/STS data present no evidence of graphite/graphene regions.

The oxidized carbide thin film shows a large band gap over the entire surface with an average
close to 2.2 eV. A few grains have a slightly larger band gap (2.8 eV), which is in a good agreement
with the bandgap of WOs3.® The variation of the bandgaps in this surface indicates that the
oxidation of WC does not fully progress to formation of WO3 and several intermediate oxides
(WO2.9, WO2.72, WO25, and WO3) or even mixed oxycarbides (WOxCy) form during the oxidation

process (Figure 8.7d).222°

The spectra extracted from two surface regions (Figure 8.7b) have a much lower occupied
LDOS (measured at negative bias voltage) than unoccupied LDOS (measured at positive bias
voltage). Similar behavior has been reported for ST spectra measured on WO3 surface.?®?” The
spectra extracted from the ‘hatched’ region of the bandgap map exhibit high noise level and

therefore, these spectra were not considered in calculation of bandgap histogram.
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Figure 8.7: a) STM image of oxidized surface b) The corresponding bandgap of (a). ¢) Spectra extracted from
regions marked by black rectangles in (a,b). The average spectrum is shown by the red line and all other spectra
are displayed by blue dots. The inset is the average curve at (-2.5 -0 V) energy range. d) The band gap histogram.
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In next step, to determine the possibility of carburization of oxidized sample with free
carbon embedded in thin films, S5 sample was annealed for 2 hours at 873 K in UHV. Annealing
at UHV environment excludes any source of carbon other than those carbon atoms in thin film.
STM/STS results illustrate that after this annealing step, the overall band gap of the surface
decreases. In contrast to heavily oxidized surface (Figure 8.7) where the entire of surface was
covered with tungsten oxide components, the annealed surface exhibit several grains with zero

band gap. Figure 8.8 illustrates an example of a region where these new metallic grains were

formed.
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Figure 8.8: a) STM image of the S5 sample after UHV annealing of the oxidized surface. b) The corresponding
bandgap of (a). c) Spectra extracted from region marked by black square in (a). All spectra are shown by blue
dots and the average spectrum is shown by the red line. d) The band gap profile extracted from region marked
by the white square in (c).

These results show that the annealing of the oxidized surface, give rise to diffusion of

carbon atoms from lower layers and formation of new carbide nuclei. A gradual change in the
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bandgap from oxide area to metallic grains is an indication of an interface regions between the
WO3 and newly formed WC (8.8 d). From the band gap values at interface, it can be concluded

that the interface is consist of intermediate oxides and oxycarbides.

8.3.2. AP-XPS Results Discussions
In addition to STM/STS studies, four samples were synthesized for the study of

oxidation/carburization of carbide thin films with AP-XPS. These samples were at ambient
conditions for two weeks prior to AP-XPS measurements. These measurements were performed
in MAX Lab synchrotron light source as described in chapter 3. These measurements allowed us
to determine the chemical composition and electronic states of the thin films and investigate the

effect of several oxidation/ carburization cycles on thin films.

In this section, a focus analysis of XPS spectra acquired from tungsten 4f (W4f) core levels
with photon energy of 400 eV is presented. The information regarding to C1s and O1s spectra, and
depth analysis with different photon energy are not included. However, for the purpose of
publication which is in preparation, these data will be added to complete the analysis and adopt

the model if necessary.

W4T core levels spectra. (30-41 eV)

Figure 8.9 shows the temperature and the time of the recorded XPS spectra for S9 sample.
In this sample, the W:C atomic ratio is 25:75, therefore only 25% of the total carbon inventory is
in WC and the rest are in form of graphite/graphene. In this experiment, several cycles of oxidation
and carburization were performed. For all the oxidation cycles the partial pressure of oxygen was

at 0.3 mbar, and the carburization process were performed in UHV environment.
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Figure 8.9: The processes performed on S9 sample. The blue/red circles indicate the time and temperature of
recorded spectra during carburization/oxidation, respectively.

The spectra for the repeated oxidation/carburization cycles in sample S9 are summarized
in Figure 8.10. This figure includes several spectra at specific point in the reaction cycles and their
variation throughout the cycles is captured in a contour plot. The WA4f spectra were normalized to
unit area to facilitate comparison. These spectra show two main doublets, which can correlate to
WC and WOs components. A significant intensity in oxide region of W4f core level in as
introduced surface indicates that a portion of the surface of the thin film is oxidized due to exposure

to the ambient environment during transfer.?®

The most prominent changes during the oxidation/carburization cycles are summarized as

follows:

) The intensity of each spectrum in carbide region (31.5-34.6 eV) increases/decreases
during the carburization/oxidation, respectively. In contrast, the intensity of each
spectrum in oxide region of W4f core level (33.8-36.8 eV) increases/decreases

during the oxidation/carburization, respectively.
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i) In addition to the change in the intensity of the peaks, the width of XPS spectra in
carbide region changes. This width become narrower during the oxidation and
wider during carburization process.

iii) The peaks in oxide region shift to lower binding energy during oxidation steps, and

this shift is reversed within the carburization steps.

a) Oxjdes  Carbides b) WO, WC

# of Spectra

Illlll
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Figure 8.10: a) The intensity contour plot of the W4f spectra (hv= 400 eV) for S9 sample during
oxidation/carburization cycles. b) Selected spectra from (a). The processing parameters (time and temperature)

for this experiment are shown in Figure 8.9.
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8.3.2.1. Fitting Procedure

To acquire a quantitative analysis about the changes in tungsten carbide and tungsten oxide
components during the oxidation/ carburization cycles, a fitting procedure was performed. The
binding energy was calibrated in respect to Au4fz;, peak at 84.0 eV. The backgrounds of the XPS
data were corrected by Shirley method. The semiconducting and insulating components were fitted
by a Lorentzian-Gaussian (L-G) mixed with L/G ratio of 30% + 5.2° To describe the conductive
components including WC and WCi.x doublets, Doniac Sunjic (DS) function, i.e., a convolution
of a Gaussian and a Lorentzian profile with an additional parameter to include asymmetry in
curves, was used.®3! The Was core levels were fitted by doublets with spin orbital splitting (AE)
of 2.1+0.1 eV. The relative intensity of the peaks used in the fitting procedure, in each doublet

(Iway,,/ Twat, ,) Was at 0.75. In addition to Was core levels, a small peak at higher binding energy

was used to describe the W5p core levels. The energy position and the intensity of W5p peaks are

as followings:
Binding energies: Wat, , = Wsp,,, = 58¢eV
Relative intensity: IW4f7/2/ Iwsp,, = 0.08

Only the W5p peak of WC component was included. The W5p peak of WO3 is out of the range of
the measured spectra, and for the rest of components the intensity of this peak is very small and
can be ignored. AP-XPS data were analyzed with KolXPD software. The fitting procedure is
described in two parts. First, a simple fitting by only two doublets is discussed and in the second
part, a more detailed fitting with considering all the possible components in carbide thin films is

presented.
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Fitting Considering Only WC and WO3:

As shown in Figure 8.10, the W4f spectra acquired from the carbide thin films display two
main doublets. The first doublet has a binding energy of ~32.2 eV which is the binding energy of
WC, and the second doublet is positioned at binding energy of ~35.5+0.2 eV which is the binding

energy of WQ3.2428:32

Therefore, in a first step only these two components were considered (WC and WQO3), and
all the spectra were fitted with the doublets corresponding to these species. In addition, a small
peak corresponding to W5p from WC was included. The results of this fitting procedure are
summarized in Figure (8.11,8.12, and 8.13) and the information regarding to theses doublets are

shown in Table 8.2.

Tungsten States | Binding energy IW4f5/2/ IW4f7/z AE (eV) | Asymmetry (a) fwhm (eV)

W4 in WC 322+0.1 0.75 21+-01 0.02 1.2+01

W6* in WO;3 35.75+0.2* 0.75 21+-01 - 18+0.1

Table 8.2: XPS parameters used in fitting. (*) The BE energy of W6 in WOj3 during the oxidation was always
slightly lower and positioned at 35.55+ 0.2 eV.

Several examples of the fitted curves in addition to the raw data are shown in Figure (8.11).
The residual shown on bottom of each curve is calculated by subtracting the fitted curve from the
raw data. These results show that it is possible to obtain a reasonable fit for W4f core levels spectra
by using only two doublets. At the same time, the residual indicates that there are underestimations/

overestimations at specific binding energy for all the spectra.
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Figure 8.11: Several examples of the results for the fitting process. The spectra at the left-hand side were recorded
during carburization and the ones at the right-hand side were measured during oxidation. The raw data (dark
green), carbide doublet (dark blue), W5p peak from carbide doublet (light blue), oxide doublet (red), and the
Shirley background is shown with the dashed line. The residuals are shown at the bottom of each graph where
the blue color indicates an overestimation of the fitted results and the red color indicates an underestimation of
the fitted curve. The numbers at the top of each graph specifies the number of XPS spectra recorded during
experiment (same as Figure 8.8).
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The Figure 8.12 shows the contour plot for the residuals, which were calculated after fitting
all spectra measured at 26-42 eV binding energy (W4f core level). These results indicate that the
fitted curves overestimate at 31.7,32.3, 37.5, and 38.7 eV binding energies. Simultaneously, an
underestimation of the fitted results at 31.9,33.0,35.0, and 36 eV are seen here. The analysis of the
residuals clearly shows that WO3 and WC are the main components in thin films, but the repetition
of residuals at the specific binding energies mentioned above indicates that more components in

fitting procedure need to be considered.
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Figure 8.12: The calculated residuals after fitting. The star symbols indicate the spectra shown in Figure 8.11.
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The limitation of fitting with only 2 chemically shifted components (4f core levels of WC
and WO:s) and a single peak (5p core level of WC), can be illustrated by calculating the chemical

changes during oxidation and carburization process.

To illustrate the changes in material chemistry, the variation of carbide concentration,
which is calculated from the area of the carbide peak divided by the total area of spectrum, during
oxidation and carburization process is shown in Figure 8.13. These results show after annealing at
moderate temperature (510-630 K) in an UHV environment, at three different cycles, the WC
concentration increases (carburization). However, the data obtained during oxidation process show
a not well-defined trend in carbide concentration. This is in contrast with the results shown in
Figure 8.10, where it is clear that the intensity of the spectra in the binding energy range that

corresponds to tungsten carbide (31.5-34.6 eV) decreases during oxidation.

This observation highlights the limitation of fitting with only two doublets and the effect
of the residuals on interpretation of the data. Therefore, to achieve an accurate picture of chemical
changes during oxidation/ carburization, a more detailed fitting process with consideration of all

possible chemical components in carbide thin films is discussed in next section.

151



# of Spectra

2 12 1322 23 42 43 44 5354 71
0.60 LI T T T

600

ossf- & o

5 J 500
=< =
E =
8 s 400 =
5 300 &
5 7
QO
S 0.54 R
100
0.52
0
0 200 400 1000 1100 1200
Time (min)

Figure 8.13: Evolution of the carbide component in XPS spectra for the S9 sample. These results obtained after
fitting with two doublets. The red bars indicate the carbide concentration in presence of oxygen in the cell
(oxidation). The blue bars show the carbide concentration during annealing in UHV (carburization). The green
circles show the temperature when the spectra were measured.

Fitting Considering WC, WCi-x, WO2, W20s, and WOs

In this section, a fitting procedure with consideration of three additional components are
discussed. To be able to compare this fitting with the fitting described in pervious section, the same
spectra as the pervious section are fitted. At first, the reasons and justifications for addition of each
new component in fitting procedure are discussed and afterwards, the chemical reactions in thin
films by using the carbide area as a parameter to measure the carburization/ oxidation rate will be

illustrated.

WCix: As it was discussed, the width of the carbide doublets during oxidation/

carburization changes. This change, can be attributed to an additional peak with a binding energy
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of 31.7 eV. This component is the metallic carbon deficient tungsten carbide (WC1),®® and to

describe it in fitting process a DS curve was used.

W:20s: In all measured WA4f level spectra, the ratio of intensity of each peak in oxide and
carbide doublet is always different than the expected relative intensity of 0.75. For instance, these

ratios for spectra shown in Figure 8.12 are summarized in following.

Sample Lagy,,/ lag, , Carbide Doublet | Iyf, /Ly, , Oxide Doublet

As received 0.85 0.65

Carburized 0.84 0.51

Table 8.3: Intensity of individual peaks in carbide and oxide doublet for two distinct spectra

For carbide doublet, the large intensity ratio arises from the overlap between 4f;, peak of W-0s
positioned at 34.6 eV with 4fs, peak of WC at 34.3 eV. Simultaneously, the small intensity ratio
observed for the oxide doublet is caused by the overlap between the 4fs/, peak of W20s at 36.8 eV
and 4f72 of WOz 35.75 eV. To describe the W20s in fitting procedure, a new L-G doublet was

added.

WO:z2: The last component that was added is WO>. The addition of this component can be
justified from the difference spectra shown in Figure 8.14 (b). A shoulder which is appear at the

left side of WC peak (33.2 eV), correlate well to the expected binding energy for WO,.%*

WOxCy: Tungsten oxycarbide (WOxCy) is another possible component that could be
considered. This doublet is positioned somewhere between WC and WO, doublets.?>33 However,

because it is not possible to identify the exact value of the x and y in oxycarbide formula, an exact
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binding energy cannot be assigned to this component.

component in XPS data was not involved in fitting.
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Figure 8.14: a) Two examples of XPS data from S10 sample. This sample has the same carbon to tungsten ratio
as S9 (W:C 25:75). b) The difference between the spectra shown in (a).

In summary, the components that are considered in optimized fitting procedure are as

followings: tungsten carbides (WC and WCi.x) and tungsten oxides (WOs, W20s, and WO.). The

information regarding to XPS peaks of these components are listed in Table 8.4.

Tungsten States BE (eV) Iy, frr2 / Tw, fs2 AE (eV) | Asymmetry (o) | fwhm (eV)
WX jn WC1.x 31.7 0.75 2.1+ -0.1 0.02 0.7+0.2
W4 in WC 32.2 0.75 2.1+ -0.1 0.03 12+0.1
W4 in WO, 33.2+£0.2 0.75 21+ -0.1 - 15+0.1
W5 in W,0s 346+0.2 0.75 21+ -0.1 - 15+0.1
W5 in WO; 35.65 0.1 0.75 2.1+-0.1 = 1.8+0.1

Table 8.4: list of parameters used in fitting procedure.
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For fitting purposes, the number of independent parameters for spin-orbit doublet
(individual peaks in each doublet) can be reduced by keeping the full width at half maximum

(fwhm), intensity ratio, and the doublet split distance constant.

Several examples of the fitted curves and the raw data are shown in Figure 8.15. The
residuals at the bottom of each set is calculated by subtracting the fitted curve from the raw data.
For comparison purpose, the y-axis of residual curves in this figure has the same maximum/
minimum as the data shown in Figure 8.9. These curves show that the fitting procedure which
considers all the components in tungsten carbide thin film, results to an excellent fit with almost

zero residuals.
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Figure 8.15: several examples of the results after the fitting process. The left-hand side spectra are recoded during
carburization and the right-hand side spectra during oxidation. The raw data (dark green), carbide doublet (dark
blue), W5p peak from carbide doublet (light blue), oxide doublet (red), and the Shirley background is shown
with the dashed line. The residual for each curve is included at the bottom of each graph where the blue color
indicates an overestimation of the fitted results and the red color indicates an underestimation of the fitted curve.
The numbers at the top of each graph specifies the number of XPS spectra recorded during experiment (same as
Figure 8.10).
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The evolution of tungsten carbide components area (WC+WC1.x) vs time is shown in
Figure 8.16. For the first section of this graph (t < 400 minutes), in the course of oxidation the
carbide concentration decreases, and carburization regenerates the carbide component to its initial
concentration. In the second part of the graph (t > 950 minutes), the carbide concentration
decreases during oxidation again, however, this time carburization at higher temperature not only
results in carbide concentration to return to its initial value (after annealing at ~500 K for 30 min),

the carbide concentration continues to increase even further.
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Figure 8.16: The red bars indicate the ratio of the carbide area in presence of oxygen in the cell. The blue bars
show the ratio of carbide area during annealing at UHV (carburization). The oxidation/carburization cycles are
labeled from I-VII.

To illustrate the relation between the annealing temperature and the carburization rates for

each step (oxidation and carburization), the carbide concentration shown in Figure 8.15 were fitted
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by lines and the slope of these lines were taken as carburization rate. The results of this fitting are

shown in Figure

8.17.
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Figure 8.17: Several examples of linear fitting of the data shown in Figure 8.14. the vertical axis for all the graphs
is area (WC+WCy.y)/total area.
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Similar type of analysis was performed on the WA4f level spectrum acquired on several
samples (S7, S8, S10) with different W:C ratio, and the results of the measured carburization rates
are shown in Figure 8.18. These results show that by increasing the annealing temperature the
carburization rate is accelerated, which is caused by higher diffusion rate of carbon atoms. In

addition, carburization process occurs faster in the samples with higher carbon concentration.
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Figure 8.18: Calculated carburization rate from XPS data. Recall that the concentration of free carbon in both
S9 and S10 is 50%, S8 is 20%, and S7 is 0%.

The concentration of the oxide components was also analyzed in this work. Figure 8.19
shows the concentration changes for the three types of tungsten oxide considered in fitting process.
During oxidation cycles, the concentration of the WOz and WO, increases while the concentration

of W>0s decreases. For instance, at the first oxidation cycle the concentration of WOs3 increases
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by ~2% and W>0s Concentration decrease by the same amount. At the same cycle, the WO
concentration increases by about ~2.5%, and to the carbide concentration in this cycle decreases
by about 2%. Similar observations for other oxidation cycles point to the following reactions as

the pathway for oxidation of tungsten carbide films.

1
W205 + 502 s 2W03

3
WC+50, = WO, + €O

During the first three carburization process (1, IV, and V1) at 490-530 K, the concentration
of WOz and WO increases while the W>0s concentration decreases. These results indicate that in
carburization process, the two reactions that were occurring within oxidation cycle are reversed.
The last step of carburization process (VI1), which is performed at higher temperature (550-630
K) in comparison to pervious carburization steps, illustrates a different behavior in the change of
concentration of oxide components. The W,Os concentration in this step is decreasing which is an
indication of another reduction reaction where W-0Os is transformed to WOz (W°* to W*"). The

possible carburization reactions are summarized in followings:
At Temperature 480 — 540 K: 2WO3; +C - W,05 + CO
WO, + 2C - WC + CO,

At Temperature above 540 K:  W,05 + C - 2WO, + CO
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Figure 8.19: The red bars indicate the ratio of the several oxide components in presence of oxygen in the cell.
The blue bars show the ratio of those oxide components during annealing at UHV (carburization). The
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8.5. Conclusions

STM results showed a distinct difference between the morphology of carbide thin films
with W:C ratio of 50:50 and carbon rich carbide thin films with W:C ratio of 40:60 and 25:75. A
major portion of the surface area of carbon rich tungsten carbide thin films was covered by
graphene and graphite flakes. STM/STS results show that the oxidation at temperature above 573
K result in etching of graphite and graphene and formation of tungsten oxide. These results
indicated that during oxidation, several intermediate oxide components will form. An example of
self-carburization of a carbon rich thin film was demonstrated by annealing of a fully oxidized
40/60 sample at 873 K in UHV environment. This annealing gave rise in formation of carbide
grains in a fully oxidized surface. An interface between the carbide and oxide regions with several

nm thicknesses was observed.

AP-XPS results showed that a portion of carbide thin films were oxidized by exposure to
ambient environment (during transfer from our lab to MAX Lab synchrotron). In the analysis of
AP-XPS data, it was shown that fitting without considering intermediate oxide components does
not capture the chemical changes correctly. Repeated oxidation and carburization cycles showed
that it is possible to reverse the oxidation processes at room temperature, by annealing of the
surface at moderate temperature (~530 K) for the same period of time as oxidation cycle. Also,
annealing at temperature above 550 K gave rise to carbide concentration higher than its initial
values. All the results together, indicate that the diffusion of free carbon from lower layers is a

viable pathway to increase the life time of a catalytic surface of tungsten carbide.
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8.6. Future work

In this work, the chemical reaction in carbon rich carbide thin films during oxidation and
carburization were investigated by STM/STS and AP-XPS. In the analysis of AP-XPS data only
the W4f were considered, however, to be able to create a complete model for oxidation and
carburization more information is required. The next steps in this work are to analyze the C1s,
Ols, and valence band spectra acquired by AP-XPS experiments, which will provide more
information about chemical reactions. Also, depth profile concentration and assessment of the

thickness of the oxide layers will help in a better understanding of these reactions.
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