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Abstract 

 

This Master research project consisted in the preparatory work for investigating the first 

order phase transition of C60 by means of Ultrafast Electron Diffraction. To study the thin 

film in transmission geometry a suspended, 80 nm thick C60 crystal is needed. To achieve 

this, we firstly grew defect free graphene on copper foil by low pressure Chemical Vapour 

Deposition, secondly we transferred the graphene on to a TEM grid by copper etching and 

finally we deposited C60 onto the suspended graphene by sublimation. Here we present the 

growth of graphene on two different substrates, oxidized and oxygen rich copper foil. 

Raman characterization of the resulting graphene showed that it was defect free and only 

< 5 % of the surface was covered by bilayer graphene domains. Then we discuss how the 

deposition parameters of our C60 source was determined by growing few-layer C60 films 

on Ag(111). Furthermore we present our characterisation of monolayer and few-layer 

C60/Ag(111) by Low Energy Electron Diffraction. We found that C60 forms distinct 

rotational domains of size (2√3 × 2√3) and rotated by 47°, 30°, 13° and 0° with respect 

to the Ag(111) unit cell. We also briefly illustrate how we deposited C60 on graphene and 

demonstrate that Ultrafast Electron Diffraction can indeed be performed on such a sample. 
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Introduction 

Changes of atomic structure happen typically at femtosecond to picosecond time-scales; a 
chemical reaction of a molecule or solid occurs in femtoseconds and atomic movements 
associated with a phase change are completed within picoseconds. To study these 
dynamics it is necessary that we transfer energy to the system, to initiate the reaction or 
the phase transition, and measure the response of the system at a timescale that is faster 
than the change that we want to observe. 

Before the development of very short electron and X-ray pulses, structural dynamics were 
studied only indirectly with time-resolved spectroscopic methods. These methods use a 
laser pulse to excite the sample, followed by a second laser pulse to probe its response. 
Hereby, the structural change of a sample is indirectly inferred from the optical response. 
With the development of time-resolved X-ray and electron diffraction techniques it has 
become possible to observe the dynamics of atomic structure directly. Time resolved X-
ray diffraction requires the generation of short X-ray pulses with large and costly 
accelerators and undulator-magnets [XFEL.eu]. On the other hand time-resolved electron 
diffraction, known as Ultrafast Electron Diffraction (UED) with temporal resolution in the 
picosecond regime, can be performed with benchtop facilities that are far more affordable. 
The working principle of UED is similar to the optical pump-probe technique used in 
time-resolved spectroscopy. A beam of ultrafast laser pulses is generated and split in two 
parts: the “pump” beam is directed towards the sample for local excitation of the material 
of interest, the “probe” beam generates ultrashort (ps) electron bunches on a photocathode, 
which are then directed onto the sample to obtain an electron diffraction pattern. The 
timing between the two beams is varied by a delay line to take real time snapshots of the 
atom positions as the system changes after laser excitation [Dwyer 2007, Stornante 2015].  

UED has been used to study the femtosecond to picosecond structural dynamics of 
metallic, semiconducting and organic materials [Ernstorfer 2009, Sciaini 2009, Gao 2013], 
including the phase transitions of metals [Siwick 2003], the electron pairing in high Tc 
superconductors [Carbone 2008], as well as to determine short-lived intermediate 
structures in chemical reactions [King 2005]. 

This Master’s thesis served as a preparatory step for the study of the first orde r phase 
transition of a Buckminsterfullerene crystal on suspended graphene by UED. Fullerenes 
are closed carbon cage molecules that come in various shapes and sizes and have attracted 
much attention in the decade before graphene-research took main stage under the wide 
variety of carbon allotropes. The Buckminsterfullerene (C60), composed of 60 carbon 
atoms arranged as an icosahedral cage, is the most stable member of the entire family of 
fullerenes [David 1992]. Fullerene compounds, called fullerides, have shown some very 
promising material properties in bulk as well as in monolayer form [Rudolf 1995, 
Macovez 2007 and references therein]. A multitude of fullerides have been synthesised, 
showing various structural symmetries and properties [Dresselhaus 1995, Macovez 2007]. 
Fullerides can in fact be insulating, semiconducting and metallic, ferromagnetic, and show 
low Tc and high Tc superconductive properties [Macovez 2007]. It is a truly versatile 
material that remains an interesting subject of study in the field of material science [Prato 
1997, Diedrich 1999], with henceforth very interesting properties being discovered 
[Mitrano 2016]. 
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Figure 1. The schematic representation of the four C60 molecules are shown in (a) which make up the unit 
cell of the crystal. In the fcc phase (above 260K), the molecules rotate randomly and are equivalent. Below 
260K, they only perform jump rotations about the <111> axes and occupy specific rotational states, making 
them inequivalent and therefore simple-cubic (sc) symmetry must be adopted (with a basis of 4 
molecules). (b) shows one cubic fcc cell with the minimal unit cell indicated in green and (b) shows the 
{111} planes of the fcc structure that have a cubic close packed A-B-C stacking.  

The phase transitions of bulk C60 has been extensively studied by several techniques as is 
summarised in the article of David et al. [David 1992] and in the textbook of Dresselhaus 
et al. [Dresselhaus 1996]. It is established that solid C60 adopts a close-packed structure at 
all temperatures. It undergoes a first order phase transition at 260 K and a second order 
phase transition at 90 K. Above 260 K it has a face-centred-cubic (fcc) symmetry because 
none of the molecules have orientational order and perform independent rotational and 
ratcheting motions that makes them all equivalent to each other [David 1992, Dresselhaus 
1996, Macovez 2007]. Below 260 K, the symmetry has changed to simple-cubic (sc) due 
to the reduced thermal disorder of the molecules. The rotational state is now determined 
by the electron charge distribution over the surface of each C60 molecule: the electron rich 
C=C double bond aligns with one of the electron-poor pentagon faces of a neighbouring 
C60 molecule. Only specific rotational states (namely φ = 98° and φ = 38°) are now 
assumed with the occurrence of jump reorientations between these two states. In contrast 
to the random rotational state in the fcc phase, the molecules cannot be considered 
equivalent anymore in this phase and thus sc symmetry is appropriate [David 1992, 
Heiney 1991, Heiney 1992, Dresselhaus 1996]. Although the first order phase transition is 
abrupt with an abrupt lattice contraction from 14.15 Å (fcc) to 14.10 Å (sc), David et al. 
have shown that the occupancy of φ = 98° and φ = 38° changes gradually between 260 K 
and 90 K as a function of temperature. More specifically: the percentage of C60 molecules 
in the lower energy φ = 98° state increases gradually from 63 % at 260 K to 84 % at 90 K, 
with the remaining molecules in the slightly higher energy φ = 38° state. Below 90 K, the 
fraction of 38° versus 98° rotated molecules remains constant as the occasional jump 
rotation is now also frozen [David 1992]. 

The many studies that have led to the abovementioned understanding of C60, describe the 
(steady) state of either of the two phases of the C60 crystal structure, see for example 
reference [Van Tendeloo 1992], but the structural dynamics of the phase transition itself 
has not been studied in real time until now. We would like to know at which timescale the 
first order phase transition from fcc to sc symmetry takes place. Furthermore, the study of 
C60 by UED paves the way towards studying the properties of the many fulleride materials 
that show a range of interesting properties [Macovez 2007, Dresselhaus 1996], such as the 
light-induced superconducting properties of K3C60 [Mitrano 2016]. 

a b c 
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To perform UED in transmission, we need samples that are thin enough for the electron 
pulse to pass through. In our setup this means that the C60 sample has to be about 80nm 
thick. The easiest way to realize such a thin crystal is to deposit it on a substrate that is 
virtually transparent for the electron pulse: graphene, the one atom thick carbon lattice, is 
such a substrate. Graphene is the thinnest and strongest material available and carbon is a 
light element, interacting only weakly with the electron pulses. To be able to handle 
graphene as a substrate, it needs to be suspended on a Transmission Electron Microscopy 
(TEM) grid. The first part of my Master’s research was therefore dedicated to graphene 
growth by Chemical Vapour Deposition (CVD) and the transfer of graphene to the TEM 
grid. This will be elaborated in chapter 2 of this thesis. 

The second phase of my project focussed on the growth of the C60 crystal. In chapter 3 I 
shall describe how I first determined the optimal growth parameters for a thin C60 crystal 
on silver by using X-ray Photoelectron Spectroscopy (XPS) and how the C60 thin film was 
grown on top of suspended graphene. Additionally, I characterised the crystal structure 
and tried to observe the fcc to sc structural change of the C60 first order phase transition by 
using Low Energy Electron Diffraction (LEED).  

Due to technical problems with the UED setup it was not possible to perform time-
resolved diffraction studies as anticipated. However, we managed to demonstrate the 
feasibility through a short static diffraction test. 
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Chapter 1 

Characterisation Methods 

This chapter describes the working principles of the surface analysis techniques that were 
used for the characterisation of our samples. The method of Chemical Vapour Deposition 
(CVD) is described separately in chapter 2. 

Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is a surface-sensitive imaging technique that can 
provide more than only topographic images down to 5 nanometre resolution [Riviére 
2009]. With a few additions to the same setup, the chemical identity of the sample surface 
and the crystallographic orientations can be obtained as well; called Energy Dispersive X-
ray Spectroscopy (EDS) and Electron Backscatter Diffraction (EBSD) respectively.  

The basic setup of a SEM is depicted in figure 1.1 (a). A monochromatic electron beam is 
emitted by a hot filament of the electron gun. The electron beam is directed and 
accelerated by the anode and then collimated and focused onto the sample surface by a 
series of magnetic lenses. Controllable coil magnets guide the electron beam, scanning 
across the sample surface in a raster-like pattern. The incident electrons interact with the 
sample and undergo elastic and inelastic scattering as well as resulting in the emission of 
electrons and X-rays from the affected sample volume as depicted in figure 1.1 (b) [Lüth 
2015]. Various detectors around the sample allow for the recording of topographical, 
chemical or crystallographic information. To form a topographical SEM image, the 
emitted (secondary) electron intensity is recorded for each position coordinate of the 
sample. Since the emission depends on the surface orientation and conductive properties, a 
contrast is derived from these intensity signals, which is used to form the final image.  

           
Figure 1.1. The schematic of a Scanning Electron Microscope (SEM) setup is shown in (a) [adapted from 
www.purdue.edu on 27.01.2016]. In figure (b) a schematic of the ‘pear-shaped’ volume is shown that is 
affected by the incident electron beam [Lüth 2015]. The different electron and X-ray signals, which are 
detected above the surface, originate from different depths out of the sample surface depending on the 
mean free path. Electrons, with a much smaller mean free path than photons, originate typically from the 
top 10nm of the surface which makes them a very surface sensitive analysis tool.  

b a 



 

University of Groningen                                                                                                                                               Master Thesis  P. Freyer (2016)  |  11 

In this project we used SEM to provide us with topographic images of the samples at 
around 100nm resolution to characterise the graphene domain size, domain shape and 
nucleation density on the copper surfaces.  

Raman Spectroscopy 

Raman spectroscopy is used to characterise the chemical identity of molecules. This is 
achieved by observing their Raman-active vibrational and rotational energy levels. The 
physical principle behind Raman spectroscopy is the Raman scattering of any visible 
wavelength photons from the sample. This is different to the absorption of a specific 
wavelength of light which other spectroscopy techniques usually rely on. In the process of 
scattering, the Raman scattered photon is red- or blue-shifted if the molecule undergoes a 
transition to a higher or lower (vibrational and/or rotational) energy level respectively. 
This photon energy loss or gain is observed as the so called Stokes or anti-Stokes part of 
the Raman spectrum respectively.  

The concept of Raman scattering may be understood by looking at the behaviour of a 
molecule in the oscillating electro-magnetic field of the photon. At first the photon causes 
an oscillating polarisation in the molecule, exciting it to a “virtual energy level”. From this 
virtual excited state, it may relax into various vibrational energy states. As depicted in 
figure 1.2 (a), the molecule may relax to the original roto-vibrational state so that the 
photon is elastically scattered (Ryleigh scattering). On the other hand, the molecule can 
relax to a higher roto-vibrational energy state causing a reduction of the photon energy 
(Stokes shift), or it can relax to a lower roto-vibrational energy state causing an increase of 
the photon energy (anti-Stokes shift). 

The general Raman spectroscopy setup, as shown in figure 1.2 (b), consists of a source of 
light (visible to near infrared). The initial light spectrum is known and compared to the 
spectrum of scattered light from the sample. Since Raman scattering is a very inefficient 
process with only about 1 in 10

7
 photons undergoing a Raman shift, methods for signal 

enhancement are often utilised. The sample is for example surrounded by mirrors to make 
sure that all Raman signal is detected. 

 

     
Figure 1.2. In (a), the Jablonski diagram of the various transitions is shown that lead to the Anti-Stokes, 
Rayleigh and Stokes lines in the Raman spectrum. A general Raman spectroscopy setup is depicted in the 
schematic (b) [Atkins 2010]. In the graph shown in (c) is the Raman spectrum of monolayer graphene with 
no defects (top) and with defects (bottom) [Ferrari 2013)   

 

 

 

b a c 
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In this project we used Raman spectroscopy to characterise the presence and quality of 
graphene on copper foil. A description of the Raman-active modes of graphene and 
interpretation of the spectra are given in references [Ferrari 2006, Ferrari 2013, Bignardi 
2013]. The possible Raman active phonons (lattice vibrations) of graphene depend on its 
molecular structure and number of layers. Different phonons may exist for graphene with 
or without defects, as shown in the Raman spectrum of figure 1.2 (c), bottom and top 
respectively. The characteristic graphene G-peak, present in both spectra, is due to the 
high frequency E2g in-plane phonons. The D peak stems from the breathing mode of the 
six atom rings of graphene that need defects for activation. The D overtone, called 2D, 
does not require defects and is thus also a signature peak for the presence of graphene. 
Other D’ and D” peaks are further indications of defects in the graphene lattice [Ferrari 
2013]. Furthermore, the ratio of the G/2D peaks is indicative of the number of graphene 
layers, with the G/2D ratio of 1.25 for graphite to 0.25 for monolayer graphene [Ferrari 
2006]. 

X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is a surface sensitive electron spectroscopy 
technique used for chemical analysis of various samples. It is also known as Electron 
Spectroscopy for Chemical Analysis (ESCA). 

In a typical lab-based XPS setup, the characteristic X-rays are generated by directing a 10-
15 keV electron beam onto an aluminium or magnesium anode. These X-rays are directed 
onto the sample directly or via a monochromator to eliminate the Bremsstrahlung 
contribution. The kind of XPS measurement geometry that we used is shown 
schematically in figure 1.3 (a). The photo-emitted electrons, coming from the top 10 nm 
of the sample surface, pass through the energy analyser and are counted by the electron 
multiplier. A spectrum is generated by detection of electron count for different kinetic 
energies of the electrons. The electron counts are displayed as a function of the electron 
binding energy, derived by the conservation of energy.  

 

              
Figure 1.3. A schematic representation of the XPS setup geometry shows the X-ray source, sample and 
hemispherical energy analyser [adapted from www.wikipedia.org on 01.06.2016]. In figure (b), the energy 
diagram is shown that depicts the conservation of Energy throughout the entire interaction pathway: from 
the emission of an X-ray to sample interaction to electron detection. The conservation of energy is 
essential for deriving the electron binding energy [Vickerman 2009]. 

 

 

 

a b 
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The electron binding energy is either referenced to the Fermi level (if sample and detector 
are in electrical contact) or to the vacuum level (if sample and detector are not in electrical 
contact). This is expressed by the equation 

𝐸𝑏 = ℎ𝜈 − 𝐸𝑘𝑖𝑛 − 𝜑(𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟) 

With the photon energy, hν, and spectrometer work function, φ(spectrometer), as known 
parameters and Ekin as the known selection criteria of the energy analyser; depicted in 
figure 1.3 (b) [Vickerman 2009; Hofmann 2005]. 

 

Quantitative information about the chemical surface composition can also be determined 
by XPS. By measuring the XPS peak area and correcting them with factors that depend on 
element and instrument, the percentage of each element in the sample surface can be 
calculated. The intensity, I, of the signal (area of the XPS peak) is related to the 
concentration, n, of element i in a specific chemical configuration by the relation: 

𝐼𝑖𝑗 = 𝐾𝑇(𝐸𝑘𝑖𝑛)𝐿𝑖𝑗(𝛾)𝜎𝑖𝑗∫𝑛𝑖(𝑧) 𝑒
−𝑧/𝜆(𝐸𝑘𝑖𝑛)𝑐𝑜𝑠𝜃𝑑𝑧 

Iij is the intensity of peak j from element i, K is the combination of instrument related 
factors (such as detector efficiency and stray magnetic fields), T(Ekin) is the transmission 
function of the analyser, Lij(γ) is the angular asymmetry factor for orbital j of element i, σij 
is the photoionization cross section of peak j from element i, the integral is the summation 
of the amount of the element present at all depths (z) in the surface normalised by the 
attenuation effect of electrons that have to pass material of thickness z to pass on to the 
analyser [Vickerman 2009]. Since it is unnecessarily complicated to know all these 
factors, the relative quantities of constituent elements are most commonly determined by 
use of an element specific sensitivity factor that is experimentally determined for a given 
element and spectrometer. For quantitative comparison of one element only, the correction 
factors are not necessary. In this project the latter has been used for determining the rate of 
C60 deposition onto Ag, described in chapter 3. Furthermore, the Ag crystal impurities and 
surface cleanness were controlled using the same XPS setup. 
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Low Energy Electron Diffraction 

Low Energy Electron Diffraction (LEED) is used most commonly to determine the 
surface structure of substrate and overlayer. It is also possible but far more difficult to 
extract quantitative structural information by analysing the peak intensities using 
dynamical LEED methods (such as Tensor LEED or SPA-LEED). 

The LEED setup, shown schematically in figure 1.4 (a), consists of the electron gun 
emitting a monochromatic beam of electrons onto the sample and a detector screen that 
makes the diffraction pattern visible to the observer or camera. The detector consists of a 
series of metal grids in front of the final phosphorescent screen. The first grid (from right 
to left in figure (a)) is grounded to ensure a field-free sample region, the second and third 
grid are biased to the retarding voltage, Er, which is slightly lower than the electron kinetic 
energy and therefore repel almost all inelastically scattered electrons. The (1 %) remaining 
electrons that pass through the retarding grids are the elastically back-scattered electrons 
that form the diffraction pattern. They are accelerated to the positively biased, Es, 
phosphorescent screen on which their positions become visible. Like this it is possible to 
see the Bragg peaks as intensity maxima which make up the LEED pattern. With the 
electron beam at normal incidence onto the sample, the resulting LEED pattern can be 
directly associated with the crystal’s reciprocal lattice. When the sample distance to the 
screen is known, the actual periodicity of the real space lattice can be determined from the 
LEED pattern. 

The property of electrons to probe only a thin, effectively two-dimensional, slice of the 
sample surface, results in the fact that the reciprocal lattice component that is normal to 
the sample surface, call it kz, is effectively continuous as depicted in figure 1.4 (b). Using 
the concepts of the Ewald sphere it then becomes clear that the Laue condition for 
observing a Bragg peak is more easily fulfilled for electrons than for X-rays. This is the 
reason why electrons are such a favourable “tool” for observing surface structure 
[Hofmann 2005, Vickerman 2009, Lüth 2015]. In this project we used LEED to control 
the surface order of the clean Ag(111) crystal and to characterise the crystal structure of 
monolayer and few layer C60 on top of Ag(111). 

    
Figure 1.4. (a) shows a schematic overview of the LEED setup including (from left to right) the electron 
source, the screen at Es bias, the metallic grids  at various bias voltages and the sample [Hofmann 2005]. 
The arrows depict the elastically scattered electron paths that end up in one of the Bragg-diffraction spots 
on the phosphorescent screen. On the right (b) the Ewald sphere is depicted in reciprocal space (kz as 
function of k(parallel)) with the electron momentum components of the initial, ki, and final, kf, beams that 
fulfil the Laue condition (coincide with the rods) of the (h,2,0) Bragg peak [Hofmann 2005]. 

a b 
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Chapter 2 

Graphene Growth by Chemical Vapour Deposition 

Graphene is the two-dimensional carbon allotrope, a sheet of sp
2
 hybridized carbon atoms 

arranged in a hexagonal lattice. It has many extremely interesting properties [Novoselov 
2004, Geim 2009, Castro Neto 2009, Novoselov 2012, Singh 2011] and certainly a never-
ending richness of potential applications [Kuilla 2010, Huang 2011, Kuila 2012, 
Novoselov 2012, Bointon 2015]. Since the outstanding electric and thermal conductivities 
and the extraordinary strength of graphene depend on its single-crystalline and defect-free 
nature, a lot of effort is devoted to the production of single- or large-domain graphene for 
large-scale applications. Graphene can be produced by several methods. On the one hand 
there are the top-down approaches with the classical example of mechanical exfoliation of 
single to few-layer graphene flakes from HOPG graphite [Novoselov 2004]. Another top-
down approach is the Liquid Phase Exfoliation of graphite that makes use of various 
forms of energy to separate the Van-der-Waals-bonded layers of graphene in bulk and 
flakes of graphite [Cai 2012, Ciesielki 2013]. On the other hand there also exist the 
bottom-up approaches to make graphene, such as molecular self-assembly on surfaces, 
epitaxial graphene growth [Seyler 2008, Emtsev 2009] and growth of graphene on 
surfaces of various insulating and metallic materials [Oshima 1997, Batzill 2012]]. 
Promising bottom-up graphene growth results have been achieved by Chemical Vapour 
Deposition on various metallic substrates. Especially nickel and copper substrates have 
shown the growth of very large area and high quality graphene that can be up-scaled and 
optimised [Zhang 2013, Yan 2014].  

Chemical Vapour Deposition (CVD) is the collective category of all (graphene) growth 
methods that concern the dissociation of gaseous hydrocarbons on transition metal 
surfaces. In some cases there is only a subtle difference in the growth mechanism of CVD 
and epitaxial methods. For the CVD growth of graphene on transition metal substrates 
there are two general growth mechanisms distinguished in literature [Zhang 2013, Yan 
2014]: 

- The growth of graphene by segregation of carbon out of the metal substrate to the 
surface: this generally applies to metals with a high carbon solubility such as 
nickel, depicted in figure 2.1 (a). 

- The growth of graphene by catalytic decomposition of carbon-precursor molecules 
on the metal surface such as the case of copper, depicted in figure 2.1 (b). 

 

  
 

Figure 2.1. Schematic representation of the two mechanisms by which graphene grows on nickel (a) and 
copper (b) [Zhang 2013]. 

a b 
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CVD growth of graphene on copper has evolved as one of the most promising methods for 
high yield monolayer graphene production for technological applications [Zhang 2013, 
Bignardi 2013, Gottardi 2015]. Yan et al. [Yan 2014] summarise various methods of CVD 
growth on (reduced) copper (Cu) surfaces that have shown to achieve millimeter-sized 
graphene single crystals. CVD growth on oxidised copper (CuxO with x = 1 and 2) has 
achieved the largest possible single-crystal size of 5 mm to date [Zhou 2013]. The role of 
oxygen in the growth process is thought to be the enhancement of the graphene growth 
rate and hydrocarbon dissociation, but remains a topic of investigation [Zhou 2013, Hao 
2013, Gottardi 2015]. Copper acts as a catalyst for the chemical reaction of methane (CH4) 
to carbon (C) and hydrogen (H2) [Zhang 2013, Yan 2014]. The formation of graphene 
happens in several steps of hydrogen cleavage from methane in alternation with the 
diffusion of the CHx species on the copper surface. The C-C bonding of these species 
leads to the formation of graphene nuclei and finally to the growth of graphene domains 
[Kim 2013, Hao 2013, Yan 2014]. This is understood to be only a simplified view of the 
process since many other aspects also play a role in the formation of graphene on the 
copper surface, such as the role of oxygen, the preparation method and type of copper foil 
that is used [Batzill 2012]. Copper also has the advantage of forming predominantly single 
layer graphene on its surface, similarly to some other transition metals. This is due to the 
negligible solubility of carbon in copper which suppresses the formation of new layers of 
graphene underneath the existing graphene layer as in the case of nickel, which has higher 
carbon solubility [Zhang 2013]. Furthermore, graphene growth is “in general” unaffected 
by copper foil surface irregularities, such as the many grain boundaries, and copper grain 
orientations. This is probably due to the weak interaction of graphene and copper 
[Gottardi 2015, Batzill 2012]. On the other hand, the low reactivity of copper means that 
decomposition of methane is only sufficiently high for graphene growth when the 
temperature is above 790 °C [Wofford 2010]. Therefore graphene is grown on copper at 
temperatures near melting point of 1085 °C, which comes with the disadvantage of copper 
evaporation. We observed significant evaporation of copper from 1050 °C, which may 
also come from temperature instability of the CVD oven.  

For the growth of large single-crystalline graphene domains the hydrogen to methane 
partial pressure ratio has proven to play an essential role in two ways. Firstly, a larger ratio 
reduces the density of graphene nuclei on copper [Zhou 2013], leaving more space for 
nuclei to grow out into larger domains. Secondly, the ratio also determines the maximum 
graphene domain size. When equilibrium between the graphene domain growth rate (via 
adsorption of CHx precursors to the copper surface) and the graphene domain “shrinking” 
rate (via etching away of carbon from the edge of the graphene domain) is reached, a 
graphene domain will not increase in size any more. This process also depends on the 
amount of edges that are present on the surface and is seen as diffusion-limited growth of 
graphene, described in several papers [Hao 2013, Yan 2014]. 

The following steps were necessary for the fabrication of the graphene substrate for C 60 
deposition and will be described in this chapter:  

- The growth of (ideally single-crystalline) monolayer graphene on copper foil by 
Chemical Vapour Deposition (CVD) through fine tuning of growth parameters.  

- The analysis of the grown graphene by Raman spectroscopy and Scanning Electron 
Microscopy (SEM) to ascertain its quality.  

- Transfer of graphene from the copper foil to a Transmission Electron Microscopy 
(TEM) grid.  

We aimed to produce defect free graphene in order to have an even surface with a uniform 
lattice to grow a C60 crystal on. Monocrystalline graphene would be favourable, since it 
contributes diffraction spots which is distinguishable from the C60 diffraction pattern and 
it would contribute to a uniform lattice for C60 to grow on. Since the sampling region of 
the UED apparatus is, depending on the beam diameter, about 50 μm, we would like to 
achieve a graphene domain size of at least 50 μm. We used two different copper foils and 
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growth procedures in parallel: high purity copper foil that we had in stock and oxygen rich 
copper foil based on the growth procedure of Hao et al. [Hao 2016]. 

The CVD Setup and Growth Procedure 

Graphene growth was achieved through the controlled release of the reactive gases, 
hydrogen and methane, into the high temperature vacuum tube that contained the copper 
foil, as shown in figure 2.2. The home-made vacuum tube is made of quartz to withstand 
the high temperature of the oven (Carbolite, max recommended temperature is 1200°C). 
To protect the copper foil from the spray of nano-particles that come from the hot quartz, 
it is placed inside a cylindrical sample holder made of tantalum foil (Goodfellow, 99.99+ 
% pure, 0.1 mm thick). Tantalum is commonly used for such applications since it has a 
high melting point (3017 °C) and a low miscibility with copper [RSC.org, Subramanian 
1989]. The gases pass through a liquid N2 heat bath (about -190°C) to trap the H2O gas 
impurities and enter the quartz tube on the one side and are pumped away on the other 
side through a turbo pump (Pfeiffer) and a membrane backing pump (Pfeiffer). To 
regulate the graphene nucleation and growth rate, the individual partial-pressures of the 
gases are fine-tuned by a set of valves (Swagelok low-flow metering valves). A Pirani 
manometer (Balzers) and a quadrupole mass spectrometer (MKS, e-vision+) allow us to 
respectively see the total pressure and estimate the ratio of gases that are present inside the 
CVD chamber.  

 

 
 

Figure 2.2. A schematic representation of the Chemical Vapour Deposition (CVD) setup that was used to 
grow graphene on copper foil is shown. The quartz tube passes through the oven which heats up the 
sample by radiative heat from the heating coils. The close-up shows the quartz tube section that contains 
the tantalum sample holder and the copper foil. The gas flow direction is indicated by arrows. 
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As discussed below, at an advanced stage of the experiments, a quadrupole mass 
spectrometer was added to the CVD system just before the gases enter the quartz tube (see 
figure 2.2) to allow for precise characterization of the individual gases that flow into the 
CVD tube. Since the pressure during the experiment (above 10

-1 
mbar) is much higher 

than the allowed operating pressure of the spectrometer (maximum 10
-4 

mbar), the 
spectrometer is housed in an independently pumped vacuum chamber, pumped by a turbo 
pump (Pfeiffer) and oil pump (Pfeiffer). A precision leak-valve allows control over the 
pressure inside the mass spectrometer chamber. The amount of gas leaked from the CVD 
chamber into the mass spectrometer chamber (similar volume) was less than 2x10

-7 
mbar, 

which is a negligible influence on the CVD process. 

Copper Foil Preparation 

Various preparation methods and surface treatments have been reported and different 
kinds of copper foil used [Hao 2013, Zhou 2013]. We employed two types of copper foil 
with different preparation protocols. 

The oxidised high purity copper foil (Goodfellow, 99.99+ % pure, 0.025 mm thick) was 
prepared similarly to what has been reported in literature [X. Li 2009, Bignardi 2013]. The 
copper foil was cut into 1 x 2 cm size pieces and folded in half so that the inside surfaces 
were not touching. We did this for additional screening of the inside surfaces in addition 
to the tantalum sample holder. The foil was then sonicated for 5 min in 0.25 M sulphuric 
acid (EMSURE, 95-97 % pure) to etch away all surface impurities, followed by sonication 
for 5 minutes in de-mineralised water (18 MΩ). The foil was then dried under argon-flow 
and surface oxidised under controlled ambient conditions at 50 % air humidity for 12-20 h 
to ensure a thicker oxide surface. 

Oxygen rich copper foil (Alfa-Aesar, 99.95 % pure, 0.025 mm thick) were prepared 
similarly to those reported in literature [Hao 2016]. The copper foil was cut such that a 
single sheet fitted inside the tantalum sample holder. The foil was then immersed in pure 
acetic acid (Sigma Aldrich, > 99.8 % pure) for 8 h to etch away all surface impurities 
followed by the sonication in de-mineralised water (18 MΩ) for 5 min. The foil was then 
dried by argon-flow and brought under vacuum inside the CVD quartz tube directly. The 
etching times 8, 16 or 24 h of the copper foil in acetic acid did not influence the level of 
oxygen of the copper surface (as confirmed by XPS). 

Graphene Growth Procedure 

Different graphene growth protocols were performed for optimization of the graphene 
growth. We describe only the most successful final result of the two types of foil used that 
were eventually used for the transfer to TEM grid. A JEOL JSM-7000F Field Emission 
Scanning Electron Microscope was used for all images shown, with an electron energy of 
5 keV. 

Prior to the start of the graphene growth protocol, the oven was prepared (leak checked 
and baked), the sample mounted, the gas lines cleaned from impurity gases and the 
vacuum pressure left to reach base pressure of the instrument (p < 1x10

-3
mbar). At first 

the temperature was ramped up to 1040-1050°C (1313-1323K) at 30 K/min under flow of 
Ar gas (Linde, 99.999 % pure) corresponding to a partial pressure of 0.1(±0.005) mbar, 
followed by 10 minutes of temperature stabilisation or “annealing” under Ar gas flow. 
0.7(±0.05) mbar of H2 (MESSER Gas, 99.999 % pure) was then added and finally the 
graphene growth phase was initiated by adding 0.1(±0.05) mbar of CH4/Ar gas mixture 
(MESSER Gas, 5 % CH4 in Ar). The error in the reading off the pressure is determined by 
the total pressure in the system and therefore is smaller at the beginning when the total 
pressure is lower, due to the logarithmic scale and precision of the pressure gauge. 
Depending on the experiment, the oven was switched off between 1-3 h after the onset of 
methane gas flow and the tube cooled to room temperature at a maximum initial rate of 15 
K/min. The flow was kept constant until 500 °C was reached, then turned off in the order: 
methane, hydrogen and then argon. 
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The growth protocol for the oxygen rich copper foil was slightly different based upon the 
protocol of [Hao 2013]: the temperature was ramped to 1035 °C (1308 K) at 60 K/min 
under flow of 0.1(±0.005) mbar hydrogen gas (MESSER gas, 99.999% pure) followed by 
30 minutes of annealing; whereby the hydrogen in the system reduces the oxide surface to 
some extent. The hydrogen flow was kept constant at 0.1 mbar as a flow corresponding to 
partial pressure 0.2-0.3(±0.05) mbar of CH4/Ar gas mixture (MESSER gas, 5 % CH4 in 
Ar) was added to initiate the growth of graphene. The oven was switched off after 2 h 
growth in the same way as the high purity copper foil experiments.  

Results and Discussion 

Oxygen Free, High Purity Copper Foil (Surface Oxidised) 

We started with three initial experiments at 1050°C growth temperature to establish the 
smallest possible nuclei density. The initial experiment of 1 h growth with 0.1 mbar Ar, 
0.7 mbar H2 and 0.1 mbar of CH4/Ar is shown in figure 2.3 (a), (b), (c), (d) and (e). The 
SEM images show a variation of nuclei densities on all four copper surfaces, ranging from 
zero density to full coverage of more than one layer graphene. Figure 2.3 (a) shows a SEM 
image of the bottom surface with no coverage (except a few nuclei seen as black spots on 
the lighter copper grains), (b) shows a SEM image of the top surface with graphene 
coverage of more than one layer (at the top the two contrasts of the first and second 
monolayers of graphene can be distinguished) and (c) and (d) show the SEM images on 
the inner surfaces of the folded copper foil with a countable density of nuclei. Figure (e) 
shows a close-up of several graphene domains on the copper surface showing hexagonal 
form and a mean domain-size of around 5-10µm. In literature, various copper foil 
environments have been used and are assumed to influence the growth of graphene 
[Wofford 2010, Wang , Zhang 2012, Yan 2014,], which underlines the fact that a different 
surface orientation may show a different growth result. We did not see a variation of 
growth results to this extent in the following experiments and conclude that: as long as all 
parameters are reproduced, this should not pose any problem to optimisation of the 
graphene growth.  

The following two experiments, performed with reduced methane in order to increase the 
hydrogen/methane ratio, yielded zero graphene coverage, with the exception of very high 
(> 1 nuclei per 100 µm2) on a few specific copper grains. Since the accuracy of our 
reading was 0.5 mbar and the dosage was intended at 0.25 mbar, it is very likely that the 
actual pressure was close to zero millibar and the H2/CH4 ratio therefore far higher than 
the ratio that was intended. This underlines that the control over gas flow is important and 
may not be sufficiently accurate with the dosing and reading methods that we used. To 
know more about the actual gas behaviour and the actual ratio of H2/CH4 partial pressure, 
a mass spectrometer was installed as shown in figure 2.2. For the given experiment the 
spectrometer H2/CH4 ratio was not reliable (due to the need to start up the vacuum pumps 
every day causing variation in the background pressures).  
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Figure 2.3. SEM images of the CVD graphene growth on oxygen free, high purity copper foil (surface 
oxidised). Figures (a), (b), (c) and (d) show the first experiment with varying graphene nucleation density 
on each of the four sample surfaces. Figure (e) shows a close-up of a few graphene domains at an 
intersection of four copper grain boundaries. Figures (f) and (g) show the SEM images of the final sample 
that was grown with monolayer and second layer domains at a darker contrast. 
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Due to copper melting, further experiments were performed at 1040 °C growth 
temperature and the detailed protocol that was described above. A SEM image of the final 
results of the graphene growth on high purity (surface oxidised) copper foil are shown in 
figure 2.3 (f) and at higher magnification in (g). Monolayer graphene is shown with 
patches of second layer graphene. The coverage of graphene can be recognised by 
wrinkles that occur in the graphene sheet, due to the difference in thermal expansion 
coefficient between copper and graphene. The second layer graphene presumably grows 
underneath the first monolayer since hydrogen cleavage is not catalysed by the graphene 
covered copper anymore [Hao 2016]. The monolayer can be distinguished from bilayer 
graphene by lighter contrast in the SEM image. The monolayer graphene domain sizes 
have not been determined for this final sample. In the meantime, the oxygen rich copper 
foil experiments have shown better results and we turned our full attention to it in the urge 
to start the growth of C60 on graphene.  

From the CVD graphene growth experiments on high purity copper foil we can conclude 
that the growth of graphene is influenced by the surface orientation, as shown in figures 
2.3 (a), (b), (c) and (d), and that the control over gas pressures and variation of only one 
parameter at a time is tantamount to achieving a more controlled optimisation of graphene 
nucleation and growth. 

Oxygen Rich Copper Foil 

In figures 2.4 (a), (b), (c) and (d) the SEM images of four final experiments are shown, 
using the growth protocol described for oxygen rich copper foil. The monolayer graphene 
coverage for these experiments was uniform over the entire copper substrate, with (b), (c) 
and (d) showing less than 5 % coverage of ~3 µm small, evenly distributed second layer 
graphene domains. Only (a) showed almost no bilayer graphene domains. 

Quality and monolayer-bilayer nature of the graphene was confirmed by Raman 
spectroscopy (Olympus BX51M, 633 nm, using ANDOR Solis acquisition software). All 
Raman spectra that were obtained showed the absence of defect peaks which proves the 
high quality of the graphene [Ferrari 2013]. The reason for the good quality may be 
attributed to the near-melting-point temperature of the experiment.  

The confirmation for monolayer and bilayer graphene is obtained from the ratio of the 
G/2D peak intensities in the Raman spectra and the fact that only two contrast levels are 
observed. In figure 2.4 (e) the Raman spectrum of a former experiment is shown which 
shows the similar bilayer growth but a non-uniform monolayer (figure 2.4 (f)). The G/2D 
peak intensity-ratios of approximately 1/4 and 1/1 confirm the respective monolayer and 
more-layer nature of the graphene [Ferrari 2007]. We can conclude that the darker 
domains are bilayer, since there are only two, clearly distinguishable shades of contrast 
[Hao 2013]. 
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Figure 2.4. SEM images of the CVD graphene growth on oxygen free, high purity copper foil (surface 
oxidised). Figures (a) and (b) show the reproduction of the growth protocol of 0.3mbar CH4/Ar gas mixture 
while (c) and (d) show the reproduction of the growth protocol using 0.2 mbar CH4/Ar gas mixture.  Figure 
(e) shows one Raman spectrum obtained for the sample shown in figure (f) which shows the characteristic 
monolayer and bilayer G/2D peak height ratio, as well as the lack of defect peaks which was observed for 
all Raman spectra taken. The dendritic domain forms of the graphene domains on copper shown in figure 
(g) are characteristic of oxygen rich growth environments. 

When comparing the growth results of graphene between the two experiments, we can 
observe that the final growth results are very similar although the partial pressure ratios 
are nearly a factor 10 different. Furthermore, the graphene domain shapes that grow on 
copper are quite different (figure 2.3 (e) versus figure 2.4 (g)) in both experiments.  

In literature, various graphene domain shapes have been observed that may be related to 
the Cu grain orientation [Murdock 2013], the presence of oxygen and diffusion-limited 
graphene growth [Hao 2013, Zhang 2013, Yan 2014]. According to Hao et al. [Hao 2013] 
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the edge attachment is facilitated by oxygen, making changing the growth mechanism 
from edge-attachment-limited to a diffusion-limited process as confirmed by Gottardi et 
al. [Gottardi 2015]. The more dendritic domain shape for oxygen rich copper foil (figure 
2.4 (g)) can therefore be explained by the fact that the amount of oxygen in the surface 
oxidised high purity copper foil is less than that in the oxygen rich copper foil. This 
reasoning assumes that the amount of oxygen taking part in the reaction is relevant to the 
domain shape as shown supported by the data from Yan et al. [Yan 2014]. 

It is difficult to conclude the size of the graphene domains that were obtained in the 
oxygen rich copper foil experiments, since the shape of the domains varied within and 
between experiments. We estimated the graphene domain size by systematically probing a 
2 μm area of graphene that was suspended over 2 μm Quantifoil holes by TEM. The 
transfer of graphene to Quantifoil TEM grid is described below. We observed the same 
domain orientation over 90 % of the 2 μm diameter hole and conclude that the domain 
sizes are on the order of 2 μm. This is not the 50 μm domain size that was intended, but it 
seems possible to reach this goal in the future, after the control over gas flow and a more 
stable reproduction of the graphene growth experiments is achieved. Recommendations to 
improvement of the CVD growth of graphene on copper are discussed in some detail in 
the Appendix. 

In summary, we have grown high quality monolayer to bilayer graphene with domain size 
in the 2 μm regime, which fulfil the purpose of covering a TEM grid to form a uniform 
supportive layer on which to suspend a C60 thin film. 

Graphene Transfer to Quantifoil TEM Grid 

As described in the introduction, the graphene was used as a substrate to suspend C60 on a 
TEM grid. A TEM grid is typically used for transmission experiments since the beam can 
pass through its 127 µm large windows. Any electrons that are incident on the TEM grid 
will be conducted away and not contribute to the diffraction image. Since the graphene 
cannot be suspended over the area of the TEM window, we use the Quantifoil-covered 
TEM grid (EMS, QUANTIFOIL® on Au TEM grid). Quantifoil is a 12 nm thick layer of 
amorphous carbon that contributes only to a diffusive background signal in the diffraction 
image. It has 2μm holes arranged in a square grid with period 3μm as shown in the optical 
microscope image of figure 2.5 (a) over which graphene remains suspended, depending on 
the success of the transfer process. 

        
Figure 2.5. Optical microscope images of the TEM grid after the transfer process. The 2μm Quantifoil holes 
can be seen arranged in a square grid at higher magnification in figure (a). The transfer process has also 
caused some contamination which covered part of the Qantifoil holes, but most holes are free of 
contamination. The Quantifoil cracked due to the tension of the tweezers, leaving only the middle of the 
grid covered as seen in figure (b). One TEM grid window is 1/200 inch (127μm) wide, the scale bar in figure 
(b) is 500μm long.  

a b 
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The transfer of graphene from copper foil to the TEM grid was done as reported by Luca 
Bignardi in his dissertation [Luca thesis]. The TEM grid is placed with its Quantifoil -side 
onto the graphene-covered copper foil. One drop of 2-propanol (Biosolve, 99.8 % pure) is 
then dropped onto the TEM grid and left to evaporate. The evaporation of 2-propanol 
causes adhesion between the Quantifoil-TEM and graphene aided by capillary forces. 
Adhesion is enhanced by subsequently annealing the sample at 100 °C for 10 min. Then 
the sample is placed, copper facing downward, onto the surface of a 0.2 M solution of 
(NH4)2S2O8 in H2O (derived from powder: Sigmar Aldrich, (NH4)2S2O8, > 98 % pure) and 
left for about 48 hours so that the copper was etched away. Finally the TEM grid, with 
now only Quantifoil and a single layer of graphene on top, is rinsed three times by dipping 
into deionized water (18 MΩ) and annealed in air at 130 °C for 5 min. The graphene was 
transferred to TEM grid successfully but a less contact-intensive handling of the TEM-
Quantifoil grid is advisable: manipulating the TEM grid with tweezers caused rupture of 
the Quantifoil sheet as shown in figure 2.5 (b). 
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Chapter 3 

C60 Crystal Growth and Characterisation 

Before the C60 crystal could be deposited layer by layer on the suspended graphene, we 
needed to determine the appropriate deposition rate which had to be slow enough to 
ensure a well ordered C60 crystal structure. After determination of the deposition rate of 
C60 on the silver single crystal (Ag(111)), we analysed the LEED patterns of the C60 on 
Ag(111) to characterise the quality of its face centred cubic (fcc) structure at room 
temperature. We also attempted to see a change of LEED pattern by cooling the sample 
below 260K to its simple cubic (sc) phase. The crystal periodicity in the (111)-plane is 
doubled as we go from the FCC lattice rhombohedral unit cell, 10.01Å, to the SC lattice 
cubic unit cell, 19.94Å which should be observable as a halving of lattice parameter in 
reciprocal space. The 0.05Å (0.003%) deviation arises from the simultaneous lattice 
contraction that can be considered negligible since it falls below the accuracy at which the 
diffraction spot positions can be determined. We attempted the phase transition twice with 
a 5-11 layer C60 thin-film on Ag(111) using different growth conditions. In this chapter we 
present and discuss these results and the method by which the C60 was deposited on to 
graphene. 

C60 Deposition onto Ag(111) Single Crystal 

The C60 crystal was grown on top of the TEM-grid-suspended graphene and Ag(111) by 
sublimation of  C60 powder (Sigma Aldrich, 99% pure) to 436(±5) °C from a home-made 
crucible made of tantalum foil (Goodfellow, 99.99+ % pure, 0.1 mm thick) in ultrahigh 
vacuum (p < 1x10

-9 
mbar). The crucible was prepared as reported by [Rudolf 1995] and 

placed at 7-8cm distance facing the sample (Ag(111) and suspended graphene). Prior to 
conducting the deposition rate experiments, the crucibel was outgassed at 380-440 °C for 
a few hours after the bake out of the system. The mass spectrometer showed water, 
toluene and hydrogen first increasing then decreasing during this outgas procedure.  

The Ag(111) single crystal was cleaned by repeated Ar-sputtering (0.5 keV) and annealing 
(gradual temperature change to 510 K for 30-60 min) cycles [Gatica 2008]. XPS was used 
to monitor the carbon and oxygen levels of the Ag(111) surface. The uniformity of the 
clean Ag(111) surface order was controlled by LEED, showing sharp hexagonally 
arranged diffraction spots that are characteristic of a well ordered, single crystalline 
Ag(111) surface as shown later in figure 3.3 (c).  

The deposition rate was established by making use of a XPS with an Al Kα X-ray source 
(MDC, model E-LMT-152) and hemispherical electron analyser (Thermo VG100AX, 
model 8017). As described in the PhD thesis of Gensterblum [Gensterblum 1995], the 
deposition of C60 was performed in steps of 5 minutes, at sample temperature below 40°C, 
with the acquisition of a XPS spectrum after every step. In principle, by analysing the 
XPS C 1s-peak intensities as a function of deposition time, the completion of each 
monolayer of C60 can be observed as a change of the gradient of the C 1s-peak intensities 
versus sublimation time. The reason for this is that each new layer of C60 contributes in 
the screening of electrons originating from the underlying layer, assuming layer-by-layer 
growth [Gensterblum 1995]. All intensities were obtained by fitting the spectra with the 
least-squares curve fitting programme Winspec developed at the University of Namur, 
Belgium. Calculating the peak areas of the spectra included a Shirley baseline subtraction 
and fitting with asymmetric peak shape with Voigt profile of 70 % Gaussian and 30 % 
Lorentzian component.  

In the left panel of figure 3.1 the various modes of molecular adsorption and growth on 
top of a substrate are shown ((a), (b) and (c)) together with the corresponding adsorbate 
and substrate XPS peak intensity as a function of coverage. For C60/Ag(111) we assume a 
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layer-by-layer growth of the molecules as shown in (a), however the monolayer can also 
be detected in the case of layer-plus-island growth as shown in (b), which may be the case 
when the deposition temperature is low and the molecules diffuse on the surface to a 
lesser extent.  

In the right panel of figure 3.1 the experimental results are shown: the normalised C 1s-
peak intensities are plotted as a function of the C60 deposition time on to Ag(111). We 
noticed large fluctuations in the X-ray emission and electron count rate between 
subsequent spectra. This obliged us to normalize each spectrum in order to make them 
comparable. The different lines in the right panel of figure 3.1 correspond to different 
normalisation attempts. To normalise we divided the intensity data by the following 
background levels for each peak: (1) the background on the high and low binding energy 
side of the peak, (2) the background just after the valence peak at 0-3 eV binding energy 
(using the widescan that was taken at the same time) and (3) the mean emission current 
that was read from the high-voltage supply. Although the normalisation improved the data 
significantly, the expected change in gradient could not be observed due to large 
fluctuations in the data. In other words, the gradient change that we expect to see is 
smaller than the fluctuations (error) in the data.  

We therefore decided to estimate the deposition rate in a different way: by comparing the 
data with the monolayer signal that was obtained by annealing the thick C60 film on 
Ag(111) at  350 °C (~630 K) for 40-50 min (with a ramping/cooling rate of about 
10K/min). The formation of a monolayer of C60 has been reported for various annealing 
temperatures [Altman 1993, Tamai 2005, Li 2005, Gatica 2008], since desorption of 
higher layer C60 occurs from 210°C [Tjeng 1997] while the desorption of the monolayer 
happens only above 685K [Alman 1993, Tjeng 1997, Li 2009].  

 

         
Figure 3.1. Left panel: The various forms of molecular adsorption and growth on top of a substrate material 
are shown, (a), (b) and (c), together with the corresponding adsorbate and substrate XPS peak intensity as 
a function of coverage [Gensterblum 1995]. Right panel: The graph of the C1s peak intensity versus 
deposition time is shown. Each line depicts one of the different normalisation factors that are described in 
the text. The data is scaled from 0 to 1 for visual convenience. 
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In figure 3.1 (right panel) the normalised monolayer C 1s-peak intensity is indicated by 
dashed lines for each normalisation procedure respectively. The range of deposition rates 
is hereby determined to be between 0.8-1.5 monolayers per 10 minutes. From this 
comparison we conclude that we had deposited 5.6-10.5 layers in the total deposition time 
of 70 min. We repeated the deposition rate determination in a shorter experiment by 
depositing C60 in a single 20 min deposition cycle followed by an annealing cycle under 
the same conditions. The comparison of the deposited C60 and the monolayer yielded a 
deposition rate of 0.5-1.3 monolayers per 10 minutes, which is a 0.3 monolayers deviation 
to the former rate (~40 % error). We can therefore conclude that the deposition rate is only 
a rough estimate, but sufficient for our purpose of depositing between 50-100 layers of C60 
onto graphene. 

It should be noted that the normalisations carried out here do not underlie any reliable 
theoretical considerations. They are a mere attempt to extract information out of data that 
would otherwise not be fit for comparison. We did this in an attempt to estimate the 
deposition rate that corresponds to the crucible temperature of 436(±5) °C only in order to 
grow a C60 film that has approximately the right thickness for the study by UED. 

C60 Deposition onto Suspended Graphene 

The C60 crystal growth was achieved by the 10 h deposition at crucible temperature of 
436(±5)°C (thermocouple voltage of 16.4(±0.2)mV) in the same geometry as described 
above. At the deposition rate of 0.8-1.5 monolayers per 10 minutes, approximately 50-90 
monolayers were grown as the sample temperature was below 33°C (normal temperature 
of the manipulator when penning pressure gauge is running). It should be noted that the 
deposition rate has been determined on top of an Ag(111) surface which might have a 
different C60 stacking coefficient than graphene. This can be neglected for the deposition 
of ~80 layers since it is only relevant for the first monolayer that is deposited.  

We used two substrates for the growth of the C60 crystal: The Quantifoil TEM grid with 
our graphene as described in chapter 2 and a backup sample with commercial monolayer 
graphene on top of a lacey carbon layer on a Cu TEM grid (PELCO®, 300M, Cu). Prior to 
C60 deposition, we cleaned both samples by annealing to 200 °C for 10-20 minutes in 
UHV (<10

-9 
mbar) environment.  

 
 

Figure 3.2. The steady state diffraction pattern of a 50-100 layer C60 film on graphene, suspended on a TEM 
grid. The patterns was recorded in transmission by the UED apparatus at room temperature. 
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The C60 crystal growth was achieved by a 10 h deposition at a crucible temperature of 
436(±5) °C (thermocouple voltage of 16.4(±0.2) mV) in the same geometry as described 
above and sample temperature of 33 °C. At the estimated deposition rate of 0.8-1.5 
monolayers per 10 minutes, approximately 50-90 monolayers should be grown. The fact 
that the deposition rate was determined on top of an Ag(111) surface which might have a 
different C60 sticking coefficient than graphene can be neglected for the deposition of ~80 
layers since it is only relevant for the first monolayer that is deposited. Furthermore, the 
adsorption rate of C60 on graphene is not expected to be very different to the adsorption 
rate of C60 on graphene is not expected to be very different to the adsorption rate of C60 on 
C60, since it is the same element. For UED experiments, the C60 samples were transferred 
to the UED chamber under ambient conditions, protected from UV light since fullerenes 
are destroyed by UV radiation when they are in an oxygen environment.  

Figure 3.2 shows the steady state diffraction pattern of the C60 sample that was produced. 
It shows uniform diffraction rings which clearly indicate the polycrystalline nature of the 
sample. The beam block is placed over the 0

th
 order (non-diffracted) peak, since it is too 

intense. In other words the sample may be significantly thicker than we have achieved in 
10 h deposition time with the crucible at a temperature of 436(±5) °C. One reason that we 
might need an even thicker sample is that carbon has a scattering cross section that is 
smaller than we think. Another, more likely, reason is that our deposition rate of 0.8-1.5 
monolayers per 10 min is an overestimation.  

LEED Characterisation of Ultrathin C60 Films on Ag(111) 

To understand whether our evaporation rate produces an ordered C60 crystal and to see 
whether we could detect the phase transition in diffraction measurements we decided to 
conduct LEED studies of the C60 monolayer and a 5-11 layer thick film. To obtain the 
LEED patterns we used the SPECS ErLEED 1000-A setup that is present in the same 
UHV chamber that was used to prepared the samples.  

At first we present the LEED patterns of a C60 monolayer on the Ag(111) single crystal 
surface, which was obtained by annealing a 5-11 layer C60 film to 350°C as described 
above. The LEED patterns were collected while the sample temperature was 31°C. As 
shown schematically in figure 3.3 (a), the C60 monolayer arranges on the Ag(111) in a 
commensurate (2√3 × 2√3)R30° superstructure, such that the C60(111) planes are 
parallel to the Ag(111) plane [Gatica 2008, Li 2009]. In figure 3.3 (b) the 45 eV LEED 
pattern of the C60 monolayer are shown with the commensurate (2√3 × 2√3)R30° 
superstructure. The corresponding Ag and C60 reciprocal unit cells are indicated with the 
same colour coding used in the schematic (a). This LEED pattern looks perfectly single 
crystalline at this electron energy, but if we take a closer look at the LEED pattern with a 
lower electron energy of 23 eV shown in figure 3.3 (d), we can observe two additional low 
intensity spots on either side of the primary R30° spots. These additional 12 spots seem to 
come from rotated crystal domains of the C60 monolayer which will be discussed in more 
detail below. As a reference the 72 eV LEED pattern of the bare Ag(111) surface is shown 
in figure 3.2 (c), obtained after several sputtering and annealing cycles. When depositing 
more C60 onto the first monolayer of C60, the A-B-C-A-B-C stacking of the cubic close 
packed (111)-planes is continued assuming that we have a layer-by-layer growth.  
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Figure 3.3. (a) schematically shows the C60 (2√3 × 2√3)R30° superstructure on Ag(111), with the 
corresponding unit cells indicated [adapted from Gatica 2008]. In (c) the LEED pattern of the clean Ag(111) 
surface is shown at 72 eV electron energy. Figure (b) and (d) respectively show the C60 monolayer LEED 
pattern at 45 eV and 23 eV. In (b) the C60 and Ag(111) reciprocal unit cells are indicated with the colour 
coding corresponding to the real space unit cells indicated in (a). In (d) the diffraction patterns of the 
additional rotational C60 crystal domains can be observed on either side of the six (2√3 × 2√3)R30°  
peaks as very low intensity spots. 
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below 260 K, 23eV               above 260 K, 23eV 

 
 

  
 

Figure 3.4. LEED patterns of a 5-11 layer C60 thin-film on Ag(111) grown at 30°C. (a)  and (b) show the 23eV 
patterns in the CS phase (at -188°C) and in the FCC phase (at around 100°C) respectively. In figure (c) the -188°C 
pattern is shown again with the superposed  simulation pattern of the R30° (purple) and the R13°, R47° (orange and 
red) rotated domains. Figure (d) shows the -188°C pattern for 14eV electron energy. 

In the following section we present the LEED patterns of a 5-11 layers of C60 on Ag(111) 
that were deposited during the deposition rate experiment that was described at the 
beginning of this chapter. We also observed the LEED patterns while varying the sample 
temperature to see whether a structural change from the face centred cubic (fcc) phase to 
the simple cubic (sc) phase could be observed. 

Figure 3.4 shows the LEED patterns of the 5-11 layer C60 on Ag(111). The LEED pattern 
of the sc phase (a) does not show the expected half-period diffraction spots with respect to 
the fcc phase (b) as we initially expected for a C60 crystal. Furthermore, the rotated 
domains that were observed in the monolayer LEED patterns, are also present in these 
LEED patterns but now at a higher intensity, forming triplets. These additional spots can 
be interpreted as rotated crystal domains at ±17° rotation from the  commensurate 
(2√3 × 2√3)R30° superstructure, i.e. they are indicative of the formation of additional 

a b 

c d 
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R13° and R47° superstructure domains with respect to the Ag(111) substrate (together 
with their 60° rotational counterparts1). Two arguments support this interpretation:  

1) The additional spots lie on the same circle around the 0
th

 order spot (not visible 
behind the electron source) as the 1

st
 order (2√3 × 2√3)R30° diffraction spots do. 

This also holds for the additional 2
nd

 order peaks that lie on a double circle (of the 
<210> and <200> spots respectively).  

2) The additional spots form two incommensurate rotated hexagons with respect to 
the commensurate (2√3 × 2√3)R30° hexagon, that have a respective rotation 
angle of ±17° (1° measuring error) with respect to the R30° hexagon. The 
(LEEDpat v.4.2) simulation of the C60 superstructure of (2√3 × 2√3)R30° and its 
±17° rotated domains predicts the same pattern shown in figure 3.4 (c) as 
superposition onto the sc phase LEED pattern. The 2

nd
 order spots of the simulation 

also superpose the LEED pattern well, with a slight mismatch at the bottom of 
figure 3.4 (c) since the screen curvature is not taken into account in the simulation.  

Furthermore, another rotated domain is visible in the 5-11 layer C60 LEED patterns at a 
rotation angle of ±30° with respect to the R30° pattern: Figure 3.4 (d) shows the 1

st
 order 

spots of these rotated domains more clearly in a LEED pattern with 14 eV electron energy. 
These rotated domains therefore form an incommensurate R0° construction with respect to 
the Ag(111) unit cell. Note that the simulation in figure 3.4 (c) does not include these R0° 
rotated domains. 

These additional R0°, R13° and R47° rotational domains may exist for one or a 
combination of the following reasons: 

- There are certain rotated C60-domain orientations that seem to be favourable on the 
Ag(111) surface in addition to the (2√3 × 2√3)R30° superstructure. Rotations of 
±15° (R15° and R45°), ±16° (R14° and R56°), ±20° (R10° and R50°) and ±30° 
(R0°)

1
 degrees with respect to the R30 domain have been reported on Au(111) 

surfaces [Altman 1993, Tzeng 2000], which is not far from the ±17° (R13° and 
R47°) that we observed. Since Au and Ag both form fcc crystal lattices and the 
atomic distance (and lattice parameter) of the Au(111) surface only differs by 
0.002%, we can infer that C60 order on Ag(111) is similar to that observed for 
Au(111). It should hereby not be neglected that they are still different elements and 
interact differently with the C60 molecules [Altman 1993], but we are only 
considering the periodicities at this point. It is, however, advisable to utilize other 
techniques, such as STM, to characterize the C60 superstructure. 

- Another reason that rotated C60-domains may occur is that the Ag(111) surface is 
not uniform. This does not seem to be the problem here, as we can see from the 
sharp, hexagonal LEED pattern of the bare Ag surface in figure 3.2 (c).  

- Impurities in the crystal may also disturb the Ag(111) surface periodicity and cause 
alternative locations for the C60 molecules that lead to lattice mismatch and a 
higher possibility for rotated domains. The XPS spectra of our Ag(111) surface do 
not show any significant sign of impurities except for Fe peaks, which originate 
from the sample holder due to misalignment of the X-ray beam onto the sample. 
Furthermore, if the amount of lattice mismatch was very significant, we should see 
it in the LEED pattern of the Ag(111) surface. On the other hand, an invisible 
amount of impurities may already nucleate a reorientation of the C60 structure. 

 

                                                             
1
 Since the 60° rotation of a hexagonal superstructure is identical to the original, also their respective LEED patterns 

are identical, i.e. the rotational crystal domains of the (2√3 × 2√3)R30° , R90° and R130° are identical or in this 

case they are the same rotational crystal domain.  
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Brühwiler et al. [Brühwiler 2001] report a better quality of the C60 film when depositing 
C60 onto a cold substrate surface and heating of the sample for structural improvement [Li 
2005]. We therefore deposited another 5-11 layer C60 film onto cold Ag(111): this time, 
the substrate temperature was at -188 °C during deposition and after 15min of deposition 
we briefly heated the sample to 150 °C for 10 min, followed by another 30 min deposition 
of C60 onto the cold substrate.  

 

  

-188 °C, 24 eV 205 °C, 24 eV 

  

-186 °C, 15 eV 150 °C, 15 eV 

Table 3.4. LEED patterns of a 5-11 layer C60 thin film on Ag(111) grown at -188°C. At the top the 24eV patterns are 
shown for  the low and high temperatures respectively. At the bottom the 15eV patterns are shown for low and 
high temperature below and above 260K respectively. The patterns do not change when we pass the C60 first order 
phase transition at 260K. 
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Figure 3.4 shows the LEED patterns collected for this film. The SC (left) and FCC (right) 
phases are shown at 24 eV (top) and 15 eV (bottom) electron energy respectively. 
Similarly to the previous sample deposited at around 37 °C (figure 3.3 a and b), no half 
periodicity spots are observed. We also checked the rest of the sample surface but found 
no no half periodicity spots anywhere. Although only the LEED patterns collected at -188 
°C and +150 °C are shown, we continuously observed the pattern in the 10-20 minutes 
that temperature was changing: no variations in the patterns were observed.  

The only difference to the previous experiment is that the ±30° rotated domains (R0°) are 
not as clearly observable as in the experiment before. This may be due to the cold 
deposition temperature which resulted in a more ordered surface [Brühwiler 2001]. A 
slight shade of a ring remains at the distance same radius as the 1

st
 order spots which 

brings us to the conclusion that we have a polycrystalline sample with the preferential 
ordering of the (2√3 × 2√3)R13° (incommensurate), R30° (commensurate) and R47° 
(incommen-surate) C60 domains on top of Ag(111). This makes our sample reasonably 
crystalline throughout the entire surface, and very good for conducting a phase change 
experiment, especially when the electron beam (or pulse) is smaller and probes a smaller 
sample area. 

It is indeed puzzling to see that there is absolutely no change of symmetry to be observed 
in the LEED patterns. The reason for this may be that the intensity of the half period 
diffraction spots may be very low due to the fact that only a fraction of the molecules may 
have adopted the alternative (higher energy) rotational state [David 1992]. In other words, 
only a fraction of the (poly)crystal may have been in a simple cubic symmetry, while the 
majority of the volume is still in the fcc symmetry. A possible factor influencing this 
fraction is the rate of cooling of the sample [David 1992]. Since we have cooled down the 
crystal rather rapidly, the formation of the simple cubic symmetry phase could have been 
suppressed.  

In this chapter we have shown the determination of C60 deposition rate and the deposition 
of a 50-100nm C60 thin-film on top of suspended graphene. The thickness is only 
approximate since XPS fluctuations were contributing to a large error in the deposition 
rate determination. Possible experimental ways to reduce the error are listed above. The 
C60 thin film on suspended graphene sample that was produced shows a polycrystalline 
sample that can be even thicker than 50-100nm. 

The LEED characterisation of the monolayer and 5-11 layer C60 thin films on Ag(111), 
proved them to be polycrystalline. We could however, clearly distinguish the LEED 
patterns of specifically rotated C60 crystal domains of the(2√3 × 2√3)R30°, R47°, R13° 
and R0° . This ordering of C60 on Ag is due to the relatively strong interaction that it has 
with metals when compared to graphene or other carbon based films. 

Furthermore, the 4-11 layer C60 thin films on Ag(111) were cooled, so that we could 
compare the LEED patterns of the C60 fcc phase (above 260 K) with the LEED patterns of 
the simple cubic phase (below 260 K). There was no difference to be observed which is 
probably due to the strong interaction that the first monolayer of C60 has with the Ag(111) 
substrate, inhibiting the formation of the two rotational states of the C60 molecules which 
are responsible for the fcc to sc symmetry change. 
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Summary and Conclusion 

This Master project focused on the production of a C60 thin film to be studied by Ultrafast 
Electron Diffraction.  

The first step was to grow graphene by low pressure Chemical Vapour Deposition that is 
suitable for the deposition of about 80 layers of C60. With the growth of low-defect, large-
area monolayer graphene with a low coverage of bilayer graphene we have successfully 
achieved this aim for two different types of copper foil using individually tailored growth 
protocols. The size of the graphene domains can be estimated at an average of 2 μm with a 
maximum domain size of about 50 μm. For the growth of a larger average-size of the 
crystal domains a higher degree of control over the growth environment is advisable. One 
step towards having more knowledge (not control) over the growth environment was 
realised by the installation of a mass spectrometer that was successfully taken into use. 
Some additional analysis and optimisation is necessary however in order to get the most 
out of it for experiments that aim to further improve the graphene domain size.  

The second step was the controlled growth of the 80 layers of C60 onto the graphene 
suspended on a TEM-grid. The deposition rate was determined only approximately due to 
fluctuations of the XPS signal and we can conclude that the thickness of the C60 sample 
that was produced by 10 hour deposition at a crucible temperature of 436 °C is barely 
sufficient and needs to be improved by longer deposition and/or a colder sample 
temperature to increase the sticking coefficient.  

Furthermore, we characterised a C60 monolayer and a 5-11 layer film deposited on 
Ag(111) by Low Energy Electron Diffraction. The findings show that the sample is poly-
crystalline with domains arranged predominantly in a commensurate (2√3 × 2√3)R30° 
superstructure with incommensurate rotated domains of R17°, R47° and, to a lesser 
degree, R0° domains on top of the Ag(111) surface.   
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Appendix 

Final Remarks and Recommendations for Future CVD Experiments 

The growth protocol for the oxygen rich copper foil was a reproduction of a protocol 
proposed by Hao et al. [Hao 2016] but we did not achieve the same results of millimetre-
sized monocrystalline domains. This highlights the challenge of reproducing CVD 
experiments in the 0.1mbar pressure regime.  

For follow-up experiments towards larger domain monolayer graphene growth by CVD, I 
would like to share the following observation that could prove relevant for further 
progress. Firstly, the results between reproduced experiments vary significantly: e.g. the 
film shown in Fig. 2.4 (a) has barely got second layer while the one shown in Fig.2.4 (a) 
certainly has. Secondly, the results between different experimental protocols do not vary 
significantly, considering that the H2/CH4 ratio was changed significantly: e.g. doubling of 
methane between 2.4 (b) and 2.4 (c) shows a very small change of second layer nuclei 
density. These examples underline that the control over the growth environment needs to 
be improved for achieving consistent monolayer graphene with domain sizes of 50 μm, 
not to mention larger than 100μm. We took the first steps in this direction by addition of a 
mass spectrometer, but the following improvements will remain necessary (arranged in 
order of importance): 

- Improving the control and precision that we have over the gas flow will 
significantly improve the reproducibility as well as the control that we have over 
growth protocols. Leak valves or mass flow controllers should be used to control 
the gas input. 

- To be able to precisely monitor the ratio of gases in the CVD chamber during 
growth, we installed the mass spectrometer setup. We installed the spectrometer 
and were able to get reliable readings towards the end of the experiments. 
Unfortunately there was no time in this project to use the mass spectrometer for 
adjusting the gas flows while repeating the growth protocols.  

- A variation of gas composition was detected by the mass spectrometer depending 
on the pressure level of the gas bottles and between gas bottles of the same 
manufacturer (which showed different impurity concentrations). A solution may be 
a mixing chamber with mass spectrometer. This would also save the cost and time 
of buying premixed gas mixtures. The disadvantage for this method is that a 
dynamical pressure variation during growth is made more complicated. 

- Fluctuations of the oven temperature were discovered by melting of the copper foil 
even though the same temperature and growth protocol to a former experiment was 
used. We did not test how precise the reading of the oven was but at above 1040°C 
the effect of Cu evaporation may be worth taking into account. For example by 
using thicker copper foil, that does not succumb to the effect of gradual thinning 
down through evaporation of the surface copper. This will especially be necessary 
for longer growth protocols. 
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Final Remarks and Recommendations for another C60 Deposition Rate 

Determination 

For a future deposition rate determination experiment, the following points of advice will 
be useful: 

- To be able to see a change of gradient in the XPS peak intensity the following steps 
are necessary: (1) The large fluctuations in the X-ray emission and electron count 
rate which were present (especially) between subsequent spectra need to be 
improved. (2) Smaller increments of C60 deposition need to be used, so that about 5 
points are observed before the monolayer is completed. The problem with 
decreasing the deposition time is that the relative error from turning the sample out 
of the sublimation beam would become larger (see next discussion point). 

- Accounting for the (15 seconds) longer deposition time from turning Ag out of the 
deposition beam would mean to account for a 15sec/300sec = -5% error in time. In 
other words: we need to consider an actual C60 deposition rate of 0.8-1.5 
monolayers per 10.5min, resulting in a deviation of 2.4-4.5 monolayers for the 
deposition time of 10h. This is small, considering that the inaccuracy of our 
deposition rate may well be 0.2 monolayers per 10min, which corresponds to an 
error of 12 layers for a 10h deposition time (for graphene). 

- The stability of the emission current improved after the filament current and bias 
was kept on for several (>3) hours. Strangely enough the fluctuations in the data 
did not diminish later on. This could point to fluctuations in the analyser, but may 
very well also be due to the way we normalised our data by simply dividing by the 
background level (a very approximate process). 

- Another consideration is to conduct the temperature calibration experiment while 
the sample is cold. 

 

 

 


