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Abstract

The systematic examination of 2D material growth processes requires the development of
new analysis methodologies, which are acquired using graphene as model material. The
goal of this work is the experimental identification of the relevant reaction parameters for
the chemical vapor deposition (CVD) of methane on copper towards graphene and the
subsequent determination of fundamental material properties.

The thermodynamic equilibrium of the graphene formation reaction is identified by ex-
posing pre-grown graphene flakes to varying reaction conditions. The flakes’ size evolu-
tion and shape change were used to identify the transition between graphene growth and
decay. These indicators enable a precise determination of the thermodynamic equilib-
rium constant K., in dependence of the temperature T, leading to a reaction enthalpy of
ARH® =91.8+2.4 kJmol~! and reaction entropy AgS® = 108.0+ 1.8 Jmol 'K~
Using the thermodynamic equilibrium as an anchoring point, it is possible to system-
atically analyze the kinetics of the graphene formation reaction. Experimental results
were shown to coincide with the predictions from a graphene growth model assuming
pre-equilibrated surface C,; species. The predictions of the graphene flake evolution can
be correctly applied to a large number of reported growth velocities from literature stud-
ies. Deduced from the experimental results, the C 4 surface concentration during reaction
conditions can be estimated to a value of 10719 — 1078 ML. Using this understood pa-
rameter regime as a reference, it is possible to identify new growth conditions, in which
the provided methane limits the growth rate of graphene flakes. With the precise know-
ledge of the graphene thermodynamic equilibrium and its offset regarding graphene on
graphite, a certain parameter space with selective multilayer graphene growth is identi-
fied and also experimentally verified.

The nucleation process defines the density and growth starting time of the graphene
flakes. Tracking the parameter-dependent nucleation density allows to identify hetero-
geneous nucleation as the main formation pathway in the used growth regime. A spe-
cial nucleation behavior is observed far away from K., and at elevated pressures above
~ 100 mbar.

Impurities present during growth, such as oxygen, silicon or secondary carbon sources
influence the graphene quality, multilayer nucleation and potential decay during CVD
treatment. The appearance and impact of these impurities is explored and specific ways
are described to suppress their influence on the reaction outcome.

After synthesis, the post-growth modification and transfer from the growth substrate are
crucial when using graphene for certain applications. Based on established transfer mech-
anisms, new recipes are developed, specifically tailored for the fabrication of ultrathin,

pressurized, vacuum-compatible cells.



Zusammenfassung

Die systematische Untersuchung des Wachstumsprozesses von 2D-Materialien erfordert
die Entwicklung neuer Analyse-Methodiken, welche anhand von Graphen erarbeitet wer-
den. Ziel dieser Arbeit ist die experimentelle Identifikation der relevanten Wachstumspa-
rameter fiir die chemische Gasphasenabscheidung (CVD) von Methan auf Kupfer zu
Graphen und die darauf aufbauende Ermittlung grundlegender Materialeigenschaften.
Die Position des thermodynamischen Gleichgewichts der Graphenabscheidung (K,,) wird
ermittelt, indem vorgewachsene Grapheninseln variierenden Reaktionsbedingungen aus-
gesetzt werden. Die GroBenentwicklung und Inselform werden dabei genutzt, um den
Ubergang von Graphenwachstum zu -zerfall zu indentifizieren. Diese Indikatoren er-
lauben die genaue Bestimmung der Gleichgewichtskonstante K., in Abhéngigkeit von
der Temperatur T, was die Berechnung der Reaktionsenthalpie AgH® = 91.8+2.4kJmol !
und -entropie AgS°® = 108.0+ 1.8/ mol 'K ~! erlaubt.

Mit dem thermodynamischen Gleichgewicht als Ankerpunkt ist eine systematische Studie
der CVD-Reaktionskinetik moglich. Die experimentellen Ergebnisse stimmen mit den
Vorhersagen eines Wachstumsmodells iiberein, welches ein vorgelagertes Gleichgewicht
der Methan-Zersetzungsreaktion bis zum adsorbierten Kohlenstoff C,; annimmt. Das
Modell wird erfolgreich auf experimentelle Literaturdaten aus diesem Wachstumsbereich
angewandt. Abgeleitet von diesen Ergebnissen lésst sich die Kohlenstoffatombedeckung
unter Reaktionsbedingungen auf 10~!9 — 1078 ML abschiitzen. Ausgehend von diesem,
dem Modell folgenden, Wachstumsbereich werden Bedingungen identifiziert, bei denen
der Methan-Eintrag das Inselwachstum als limitierender Schritt bestimmt.

Die Nukleation der Graphenkristalle bestimmt die Inseldichte und den Startzeitpunkt des
Wachstumsprozesses auf der Unterlage. Systematische Untersuchungen der Parameter-
abhingigkeit der Nukleation fithren zu dem Schluss, dass in dem untersuchten Wachs-
tumsbereich heterogene Nukleation vorliegt. Das identifizierte Reaktionsgleichgewicht
der Graphenabscheidungsreaktion auf Cu ist gegeniiber dem der Graphitbildung ver-
schoben. Damit lassen sich Reaktionsbedingungen fiir selektives Multilagenwachstum
voraussagen, welche auch experimentell nachgewiesen werden.

Das Vorkommen und die Auswirkung von Verunreinigungen durch Sauerstoff, Silizium
und sekundire Kohlenstoffquellen wird untersucht und spezielle Reaktionswege werden
erarbeitet, die deren Einfluss auf das experimentelle Ergebnis unterdriicken.

Nach der Graphensynthese sind weitere Behandlungsschritte fiir das Ablosen des Graphen-
films von der Wachstumsunterlage wichtig, um die Nutzung in einem breiten Anwen-
dungsfeld zu ermdéglichen. Dazu werden Verfahren entwickelt, die auf bekannten Trans-
ferprotokollen aufbauen und diese erweitern, mit dem Ziel der Erzeugung freitragender

Graphenmembranen zur Abdeckung von vakuumkompatiblen Hochdruckzellen.



Contents

2.1
2.2
2.3
24

3.1
3.2
3.3
3.4

4.1
4.2

5.1
52
53
54
5.5
5.6
5.7

5.8

6.1
6.2
6.3

6.4
6.5

7.1

7.2

INErOAUCTION ... et 9
Introduction tO Graphene.........cccuueeiiiieiiieeiiie e et e e e e e e eaeeeaaeeaes 12
Properties of graphene...............oooiuiiiiiiiiiiiii 12
Properties Of COPPET ... ccuuniiiiiiii e 13
General introduction to crystal nucleation and growth ................cccoeevieiinnnnnn. 15
Energetics of graphene on COPPer ..........veevuviiiiiiiiiiiiiineiie e, 19
Synthesis of graphene by chemical vapor deposition of methane on copper ..... 25
REACIOT-SEEUP ....eiiiiiiiiii e 25
Graphene Erowth TECIPES .....euuiineiieiieie et e e 34
Characterisation techniques of graphene...............ccoeeviviiiiiiiiiniiiiniiiinecene, 36
Analysis and modification of grown graphene samples...............ccoeveiiinnin 49
Thermodynamics of the graphene formation reaction............c.c..ccevvieeennnne. 57
Graphene decay in the reactive gas atmosphere of CHs +Hp..c.oeevvneevnniennneene. 57
Determination of the thermodynamic equilibrium constant Ky ...........oooo.nn. 60
GIrowWth KINETICS ...ovueiiiiiieii e e e e e 74
Modelling of graphene growth on COPPer..........cvevuiiiiiiiiiiiiiiiieiiieeieeiie e, 74
Presentation of the current graphene growth model..................cc...cooin. 76
Verification of the time independency of v(¢) =dr/dt........ccccooeevvieieenaann. 80
Graphene growth at conditions leading to equal Qeyp-values .......................... 82

Fitting the unknown reaction parameters A;,.S° and E,;,; to experimental data. 83
Experimental exploration of the decay term in the kinetic model .................... 90

Evaluation of the literature graphene growth coincidence with the proposed

growth model ..o e 92
Growth velocities observed at deficient gas phase supply...........cccoeeeviieinnienn. 98
Understanding and controlling the nucleation of graphene flakes.................... 108
Distinguishing between homogeneous and heterogeneous nucleation.............. 116
Graphene nucleation dependence on the temperature and Qexp .ovvvvvvvvvnnnnnnnee.. 118

Evaluation of several performed experiments regarding their nucleation be-

RAVIOT . .. 120
Nucleation conditions at high pressures............ooooveiiiiiiiiiiiiniiineeieeieeeen. 123
CVD synthesis strategies with control of the flake nucleation......................... 125
Selective growth of multilayer graphene flakes................ccoooooiiiii . 128
Experimental verification of simultaneous growth and decay of graphene

with different layer nUMbErs ...........ooooiiiiiiiiii 129
Approaches to receive large areas of multilayer graphene ...................cc......... 131



Contents

8.1
8.2

9.1
9.2
10
10.1
10.2
10.3
10.4
11
12
12.1
12.2

12.3

12.4

13

Etching of graphene by OXYZeN ........oviiuiiiiieiiiieeiiieeiiie e e e
Graphene decay experiments reported in literature..............oceuveeeeneeiineeennnnnnn.
Influence of oxygen impurities in the CVD-atmosphere..............cccoceeoieiii.
Contaminations influencing the CVD growth of graphene and the character-

istics of grown graphene samples............ocoiiiiiiiiiiiiiinii e,
Silicon CONtAMINATIONS .....cvvvvuuneeiiiiiiiiie ettt

Carbon CONAMINMATIONS ......vtenenenenerte i enen ettt e enet et eneneaeteneneneaeteeneneneaes

Graphene transfer methods ...........cooeiiiiiiiiii e,
Enhanced treatment steps required for the transfer of graphene layers.............
Formation of artificial stacks of mutliple graphene membranes ......................
Combination of patterned materials with a continuous graphene layer.............
Selective transfer of ideal sample areas to single hole apertures......................

Summary and COnCIUSIONS...........viiiiiiiiiiiineiiiie et

APPEIAIX ettt e
Calibration of the XPS signal ratio C/Cu for SLG........c.ccovvviiiiiiiiieeiinn.
Derivation of the correlation between the carbon coverage and the configura-

tional ENtrOPY Scon fig - vvvvvreeeeeemrmrrrereeiiiiiiiiie e

Correlation between the oxygen sticking and the etching rate of a hexagonal

Estimation of the Area of Capture from the limiting growth velocity and the

AdSOTDEd METNANE ... e e e,

LiSt Of EXPEIIMENTS. ....uceuuiiiiiiiieeiie ettt



1. Introduction

A large number of chemical compounds has been found that can be assigned to the group
of 2D-materials. Starting with the discovery of graphene in 2004,! the field has since
been extended by a large number of newly detected compounds,? several more candi-
dates are predicted and await their experimental verification.>** Additionally, the for-
mation of van der Waals heterostructures composed by stacked 2D materials creates an
almost endless amount of possible ultrathin structures with customized properties, such
as topological insulators, semiconductors, insulators, semimetals or metals.” Several sci-
entific milestones regarding 2D-materials and especially graphene have been achieved
in recent years,® paving the way for this broad research field, combining the specialized
knowledge of, among others, chemists, physicists, biologists and material scientists.

This quick development of a new material category also required the simultaneous adap-
tation of synthesis, characterization and treatment techniques. While the first scotch-tape
synthesis method lead to the proof of existence and subsequently to the awarding of the
Nobel-prize, the proposed synthesis routes since then span from the wet-chemical reduc-
tion of graphene oxide sheets”-8 over the decomposition of SiC,” the epitaxial growth
on metals in UHV setups!® 112 to the decomposition of carbon precursors on metal

surfaces by chemical vapor deposition (CVD).!3

14,15

While successful graphene growth has
been shown on several metal surfaces, special attention is turned to the CVD growth
of graphene on copper surfaces using methane as a precursor molecule, as a large fraction
of the current scientific research is performed on this system. Due to the low solubility
of carbon in Cu,'¢ graphene formation with high precision and an approximately self-
limiting growth after a continuous graphene layer formation is possible.!”!3 The syn-
thesis by CVD in relative proximity to thermodynamic equilibrium allows the formation

20,21,22,23

of high-quality graphene!® with large domain sizes in ideal hexagonal shape®*

combined with high reaction rates?>-26-27-28

and the omitted need for an ultra-high vac-
uum reactor setup, allowing the scaling to industrial production rates.?”-3° The control
over the substrate Cu foil in the meantime also allows the in sifu recrystallization to a
single-crystalline substrate foil 3132

The traditional characterization techniques for surface structures are mainly UHV-based,
particularly surface sensitive methods, such as X-ray photoelectron spectroscopy (XPS),
Low energy electron diffraction and microscopy (LEED/LEEM) or scanning tunneling
microscopy (STM). The appearance of surface-like 2D materials, stable at common lab-
oratory air conditions, has profited strongly from these techniques. But through the
enormous growth of this research area, non-destructive methods with higher throughput,
lower costs and easier availability were needed and developed. The standard charac-

terization methods for assessment of graphene samples have shown to be Raman spec-
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35,36

troscopy,>>3* Scanning electron microscopy, optical microscopy,?’ and conductivity

measurements,38’ 39

as they offer fast insight into the characteristics of grown samples.
Nevertheless, the results from these measurement techniques often depend on several
sample parameters simultaneously, which must be considered in the analysis. In this way,
the Raman spectrum of a graphene layer is for example highly dependent on the sample
substrate,*0-41.16 layer number,3? interlayer rotation,*>43-44 defect density,‘1'5’46’47 ten-
sile strain,*® electronic doping,* intercalating species,’® laser wavelength,*’ edge struc-

ture5 1,52

and sample age.>>

Simultaneously with the knowledge about graphene, the number of possible applications
is growing continuously. These can roughly be divided into applications using the elec-
tronic properties of graphene and the ones exploiting its mechanical properties. In the
first category, bandgap-engineered bilayer electronic switching devices,>* ultracapaci-
tors,>> ultrafast photodetectors,”® superconductive devices®’ and light-emitting diodes
(LED)® can be named exemplarily. Setups included in the latter group are for example

59,19,60 61,62

leak-tight gas cells, semipermeable membranes (e.g. for water desalination,

65,66 7

proton conductivity,®® gas separation,®* battery electrodes, corrosion protection®” or

conservation of organic cells®®).

For all these applications, a high degree of control over the graphene growth process is re-
quired, but equally important is the post-growth modification of the synthesized graphene
sheets. The correct transfer mechanism after the growth process allows the combination

70 and

of graphene with arbitrary materials®® and the formation of lateral heterostructures
large freestanding membranes.”!>7?> A large number of treatments have been proposed to
achieve this transfer while retaining graphene quality and purity, but also several subse-
quent cleaning procedures have been described in literature.”> 7

The main focus of this thesis lies in the understanding and control of the graphene growth
mechanism by decomposition of methane on copper and the subsequent transfer to create
freestanding graphene membranes.

A short summary of the properties and energetics of graphene is given in section 2. In
chapter 3 a thorough description of the used reactor setup and reactants is presented to
allow the correct interpretation of all experimental results. In chapter 4, the thermo-
dynamic equilibrium conditions for graphene formation by methane decomposition on
copper are determined. Based on the knowledge of the thermodynamic equilibrium po-
sition, it becomes possible to establish a detailed growth model in chapter 5, which is
capable to correctly predict the graphene growth rates over a large parameter space of the
CVD process. Using this correctly described parameter space as an anchoring point, it
is possible to determine the limitations of the model and expand it thereupon, which is
exemplarily done regarding the methane partial pressure in section 5.8. Using these find-
ings allows to correctly estimate the growth rates of most literature references. Chapter 6

focusses on the nucleation of graphene islands. Several relevant parameters are identified

10
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as key points in order to control the amount of formed graphene flakes and the time of
nuclei formation. The precise pinpointing of growth and decay processes results in the
identification of a new, intermediate growth regime regarding the formation of multilayer
graphene samples, which is experimentally explored in chapter 7. The specific influ-
ence and parameter dependence of oxygen impurities on graphene growth are discussed
in chapter 8, silicon and carbon based impurities are analyzed in chapter 9. Lastly, the
ex situ transfer of the synthesized graphene films to create freestanding graphene mem-

branes is the topic of chapter 10.

11



2. Introduction to graphene

2.1. Properties of graphene

Graphene consists of a 2-dimensional lattice of sp>-hybridized carbon atoms in a hexag-
onal honeycomb structure with two atoms per unit cell, as illustrated in Fig. 1. Each
atom is connected to three neighbors by ¢-bonds with a bond length of 1.42 A, while the
remaining valence electron forms a delocalized 7-orbital, leading to the completely filled

valence band. Due to a special electron dispersion relation in single layer graphene the

a)

b)

Figure 1 : Graphene in real and reciprocal space. a) Real space representation of carbon
atoms forming a graphene flake. The magnification shows the unit cell of graphene.
b) Reciprocal space representation of the first Brillouin zone with marked reciprocal
space vectors and high symmetry points. c) Electronic structure of graphene in recip-
rocal space as measured by angular resolved photoelectron spectroscopy (ARPES, styl-
ized 3D model, unpublished), including the (marked) Dirac cone with a linear electronic
dispersion around the K and K’-points.

full valence band and empty conduction band meet at the Fermi level at a vanishing den-
sity of states and without band gap, which constitutes the semi-metallic characteristics of
the material. Around the K- and K’-points in reciprocal space (see Fig. 1b-c) the band
structure shows a linear dispersion, referred to as Dirac cone, around which the electrons
behave like massless Dirac fermions.”> As for bilayer graphene, a double cone electronic

4

structure forms’® with or without a band gap depending on the interlayer rotation®* and

12
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the gate voltage.””>"8

The electronic structure leads to a high carrier mobility,> zero-field conductivity’® and
even superconductivity (found in rotated bilayer graphene).”’ The high thermal conduc-
tivity of about 5 x 10° W mK~! is even larger than that of diamond.®°

Following the two carbon atoms in the unit cell of graphene, there are six possible phonon
branches, shown in Fig. 2. These are categorized as acoustic (A) or optical (O), in-(i)

or out-of-plane (o) and longitudinal (L) or transverse (T). The strong o-bonds in the

1600+ ' "_d
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\\ _

Phonon frequency (cm-’

Figure 2 : Reduced representation of the phonon dispersion of graphene along high-
symmetry lines. Graphene has six phonon branches, including three optical (O) and three

acoustical (A) phonons. Adapted from reference 8! . Copyright 2008 American Physical
Society.

graphene layer lead to a Young’s modulus of 1 terapascal and intrinsic strength of 130 gi-
gapascals.3? This impressive material strength enables the fabrication of freestanding

graphene membranes suspended over extended apertures’!>7?

and exposed to high physi-
cal strains.? 8334 The combination of this property with the fact that pristine graphene is
impermeable to all gases®> and shows a high adhesion to substrate surfaces through van
der Waals-interactions®® allows the production of gas-tight atmospheric pressure cells
compatible with ultra-high vacuum setups.8”->%60 With an atomically thin separating
membrane, it is possible to use surface-sensitive analytical techniques on samples un-
der environmental conditions.’® The electron transmission can be calculated using the
known values of the three-dimensional equivalents,88 while the optical transmission is

defined by the fine structure constant .

2.2. Properties of copper

Graphene is grown on a copper substrate, a transition metal with the atomic number
Z =129, an atomic mass of m¢, = 63.5 u and a face-centered cubic (fcc) crystal structure.
The surface during reaction is mostly Cu(111)-textured. Fig. 3 displays the geometry of

13
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a Cu(111) surface. Four high symmetry surface adsorption sites exist for this surface:
the adsorption directly on the metal atom (top), between two atoms (bridge) or in the
cavity between three Cu atoms. If in the second atomic layer this site is occupied by a
Cu atom it is referred to as hcp-type, if it is occupied in the third row as fcc-type hollow
adsorption site. The atomic distance on the Cu(111)-surface is of ac, = 2.56 A, leading
to a unit cell size of Ac, = (2.56 A)2xsin(120°) = 5.66 A% and an atomic density of
Ncu = 1.77 x 10" m™2. The interlayer distance between Cu layers is 2.09 A.

Cu(111)
Top
Bridge

Hollow
(fcc-type)

Hollow
(hcp-type)

# P W W e W - A B

Figure 3 : Sketch of the Cu(111) surface and the two lower atomic layers stacked in the
ABC-type of the fcc crystal structure. Possible adsorption sites are marked with arrows,
the atomic distance and unit cell of the Cu(111) surface are marked in the figure.

Copper has the electron configuration [Ar]3d'?4s!. The completely filled d-band lies en-
ergetically below the Fermi level. The density of states (DOS) at the Fermi level is there-

90,91,92

fore comparatively low, which reduces the electronic interaction between copper

and possible adsorbates.”?

2.2.1. Interaction between Cu and graphene

At room temperature, the lattice mismatch between Cu(111) and graphene is approxi-
mately 4%. This value is even larger at growth conditions of 1045 °C, as Cu expands by
1-2% over the temperature increase by 1000 °C.°* The thermal expansion coefficient of
freestanding graphene is significantly lower and may in a certain temperature range even
be negative.”>%%97 At room temperature, graphene islands aligned with the Cu(111)
substrate (0° rotation angle) show a moiré pattern with ~ 6 nm length,”® correspond-
ing to approximately 25 graphene unit cell lengths. During cooling of the sample after
the growth experiment, the thermal contraction of the Cu substrate induces strain in the

graphene layer. This strain might be released by two mechanisms. The graphene-covered

14
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Cu tends to form parallel facets, which increase the effective Cu surface, as sketched in
Fig. 4.1 The graphene can adapt according to the facet structure, reducing the acting
strain in this direction. Graphene exposed to high compressive strain can form wrinkles

in the graphene layer to reduce the acting strain (right image in Fig. 4).°%-1%0 Even though

both Cu and graphene have hexagonal structure, the wrinkles often appear in perpendic-
101

ular direction to the Cu facets.

Hot Sample

Cooled Sample — Cu contraction

Cu faceting Graphene wrinkling

Figure 4 : Sketches of a graphene layer grown on Cu in the hot synthesis condition and
the modifications appearing after cooling of the sample to room temperature. Due to the
much lower thermal expansion coefficient of graphene compared to Cu, the contracting
Cu forms facets to increase its surface area. In a second possible relaxation, the graphene
layer folds and forms wrinkles to compensate for the Cu contraction. Both processes
appear simultaneously in graphene on Cu.

2.3.  General introduction to crystal nucleation and growth

2.3.1. Crystal nucleation

The classical formation of new 3-dimensional crystals from solution starts with the ag-
glomeration of several individual crystal components in the crystal geometry. This crystal
seed consisting of few atoms has a very high surface-to-volume ratio and is at first ther-
modynamically unstable.!?? In the case of CVD growth of graphene, 2-dim crystals are
grown from a gas phase reaction, in our case by methane decomposition over Cu. Al-

though the growth process does not take place from a fluid but rather on a heterogeneous
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catalyst (the Cu foil) the same growth concept can be applied. Its scaling relation is
slightly different with respect to the formation of 3-dim crystals due to the 2-dim nature
of the graphene islands (so-called flakes).

Only if the initial crystal nucleus reaches a certain size defined by the free energy Ag, the
exergonic growth sets in. The free energy Ag indicates the difference between the free
energy of the precursor molecule and the mean free energy of the atoms in the nucleus.

This latter value is defined by two quantities:

+ The atoms in the crystal bulk have saturated bonds/coordination and are more stable
than the precursor pendant. The bulk free energy Agp, i is negative and scales with

13, for 2D-materials, as shown in Fig. 5.

* The atoms on the crystal rim have unsaturated bonds and are unstable compared to the
precursor. The free energy of the rim atoms Agg;y, is positive and scales as the crystal
circumference with ’"leu -

a) b)
. Crucleation (]
= Aggy x r? .° Cgrowth £
o .~ I @
.- - @
< e S SOV A N CoquilRIND............ 8
> SR 2 c
S L LA o}
) st =
c | .=cile g ) Growth S
O | et Z A 13 |
0y tinal / ITotal .
o} critical , stable Nucleation
— nucleus
L : crystal
size .
Time

Nucleus size

Figure 5 : a) Free energy Ag of a 2D seed as a function of the seed size. Ag is composed

of the stabilizing effect from the bulk atoms, scaling with > and the destabilizing effect
of the rim atoms, scaling with r. At a certain critical nucleus size the bulk effect prevails
and the total free energy Ag decreases with nucleus size. b) Precursor concentration
Cprecursor as @ function of time for an experiment with constant precursor addition to
the sample. ¢precursor increases linearly, until reaching a certain supersaturation required
for the formation of stable nuclei, c¢,,cjearion- The formed nuclei reduce the precursor
concentration until a steady-state situation is reached, labeled cgoy1p-

The sum of Agg,x and Aggim leads to the total free energy of the crystal, Agryrq;, Which
is also inserted in Fig. 5. While Agr,.; increases at first, indicating thermodynamic in-
stability, it reaches a maximum value at a certain nucleus size referred to as the critical
nucleus size. After reaching this critical size, the integration of further molecules to the
crystal becomes exergonic and the nucleus is stable.

The correlation between the crystal nucleation and the concentration of the precursor,
Cprecursor can well be identified for a physical vapor deposition (PVD) experiment where
the precursor for a 2D crystal is continuously dosed onto a surface without backreaction

to the gas phase (Fig. 5b). At first, ¢precursor increases linearly, passing the equilibrium

16
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concentration Ceqyiriprium Of the bulk crystal without nucleation. To form the stable nucle-
ation seeds, a certain supersaturation C,,cjeqarion 15 N€eded on the surface. After reaching
this supersaturation, crystal seeds start to form on the surface and continuously integrate
precursor particles into the crystal lattice. This process removes precursor particles from
the surface, and a constant precursor concentration cgoy, On the surface is reached. As
Cequilibrium < Cgrowth < Cnucleation> N0 Neéw nuclei form in this growth stage, but the present
crystals grow in size. In the described model experiment, this stage is only stopped if the
dosing of the precursor is stopped.

The different reaction pathways between the model PVD system without backreaction
(as can be for example expected for the evaporation of a metal onto a metal surface in
UHV) and the CVD growth system for graphene are sketched in Fig. 6. The nucleation
conditions for this CVD reaction with a possible backreaction from the surface to the gas

phase are in detail analyzed in chapter 6.

a) Physical vapor deposition (PVD) b) Chemical vapor deposition (CVD)

Figure 6 : Reaction pathways for PVD and CVD. a) For PVD, the precursor is directly
condensated on the substrate. The main reactions in a PVD experiment (e.g. metal
evaporation on a metal substrate in UHV) leading to the nucleation schemes of Fig. 5
are marked in blue. b) For CVD, the mechanism contains a chemical reaction, which in
the case of graphene growth allows the backwards reaction of graphene-type carbon to
the methane precursor. The sketch is restricted to the relevant pathways for the graphene
CVD growth reaction.

The nucleation site: In the case of a pristine substrate, the nuclei appear statistically
distributed over the whole surface, formed by statistical inhomogeneities in the concen-
tration. This is referred to as homogeneous nucleation.

The surface often contains imperfections, such as step edges, crystal lattice defects or
contaminations of a foreign species. These can form bonds to the unsaturated rim atoms
of the seed, lowering Aggi, and Agrrqi, the critical nucleus size will then shift to a lower

value of r and favor the crystal nucleation. This process is called heterogeneous nucle-

17
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ation and requires a lower supersaturation of the precursor compared to homogeneous

nucleation, but it will only appear localized at the positions of the imperfections.

2.3.2. Graphene crystal growth in a CVD reaction
In chemical vapor deposition (CVD) growth of graphene, different precursor molecules
have been proposed as carbon source for the growth process. Besides methane, which

is mostly used, graphene growth has been reported by using gases such as ethylene,'?

105

hexane,'%* benzene!? and acetylene,!%® but also evaporated solid sources can be used

107 108 paraffinic 0il'% or even waste

as carbon precursor, such as polystyrene, ~’ camphor,
plastic.!'% Growth without any actively provided precursor from impurities and back-
diffusion from a vacuum pump!!! or the impurities from the substrate foil''? has also
been reported, which highlights the importance of a clean reactor environment to quan-
titatively understand the graphene growth process. While the first CVD growth recipes

13,113,114,115 it soon

using methane as a precursor molecule used no further reactive gases,
became evident that the addition of hydrogen to the gas phase allowed a more controlled
and qualitatively higher synthesis of graphene, as the adsorbed hydrogen on the surface
acts as a cocatalyst for the intermediate dehydrogenation reactions and enables the etch-
ing of carbon atoms from the graphene rim.'!® This activates the backreaction of the
overall methane decomposition reaction towards graphene, shown in eq. 2.1, which is
otherways inhibited by the recombination and desorption of released hydrogen atoms

from the methane dehydrogenation process into the gas phase and reactor exhaust.
CHy(g) = Cor(s) +2Ha(g) 2.1)

Despite the simple reaction equation 2.1, the hydrogen abstractions from methane pro-
ceed stepwise on the Cu surface as intermediate reaction steps. The different C H,
species appearing on the surface and the energetic barriers defining their abundance
and diffusivity are the topic of discussion, which are compiled in chapter 2.4 (Table 1).
Due to the large parameter regime for the CVD growth of graphene on copper, span-
ning over temperatures from 900 °C'!7 to 1120 °C,''® methane partial pressures be-
tween 2 x 10~* mbar''® and 120 mbar'?? and hydrogen partial pressures between 0 and
500 mbar,'?! the reaction rates on the sample may be controlled by different processes in
specific cases. A hint towards which process is rate-limiting can be monitored by the dif-
ferent graphene crystal shapes resulting from different growth approaches. In addition to
the formation of thermodynamically stable hexagonally shaped graphene islands, CVD
growth on Cu has led to flower/star shaped flakes,!?*> quadratic flakes,'?* 2-lobed!?* and

4-lobed flakes!'?® with either smooth!2® or dendritic rim.!?’
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2.4. Energetics of graphene on copper

The formation of graphene on Cu by decomposition of methane has been the basis of
several theoretical studies. Therefore, a large number of different energetic calculations is
available. The single reaction steps for the methane dehydrogenation and surface reaction
to graphene and gaseous hydrogen are graphically presented in an energy diagram in
Fig. 7.
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Figure 7 : Energy diagram of the single reaction steps leading from gaseous methane to
graphene. The pure adsorption energy of methane on Cu is very low and commonly ne-
glected, the first reaction step is mostly described as a dissociative adsorption, followed
by dehydrogenation steps until reaching adsorbed atomic carbon, which can then be at-
tached to a graphene edge in the last reaction step. The energetic barriers relevant for
the presented experiments are marked with arrows, while all other steps are only shown
schematically. The justification for this presentation is given in chapter 5. Reprinted with

permission from reference '*® . Copyright 2021 American Chemical Society.

The reaction of methane towards graphene and gaseous hydrogen begins with the dis-
sociative adsorption on the catalytic substrate, in this case the Cu(111) surface. The
non-dissociative adsorption of CHjy is associated with an almost negligible energy differ-

ence]37’ 145

and therefore mainly neglected at high temperatures. The dissociative stick-
ing coefficient of CH; on Cu was measured by Alstrup et al.'®3 to be So = 8.6 x 107°
on Cu(100) at 1000 K. Temperature-dependent chemisorption allowed to extract an acti-
vation energy of 201 kJ/mol which can be used to extrapolate the sticking coefficient at
arbitrary temperatures. At common reaction temperatures for graphene growth between

900-1085 °C this leads to values of Sp =3 x 1077 — 5 x 107, respectively.
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Table 1 : Summary of several relevant reported energetic values for the modelling of

graphene formation on Cu from methane. All values except ref.'?® refer to calculated
and not experimentally measured values. All values in eV.

Nist'?®  Gajewski!®® Li'3! Zhang'3? Galea!®® Liu'** Wang!® Various references

AfH [CHJ](1045°C) | 0.954

CH, = CH; + H,4(GS%) 0.75 094 079 0.99 0.89 0.41136
TS 1.57 1.63 1.77 1.94 1.88 1.56 1.31136 1.95!33 1.121%7
CH;3 = CHy + H,q(GS%) 0.83 0.85 0.83 0.95 0.9 0.73136
TS 1.36 1.53 1.53 1.42 1.47 1.39 1.26136
CH, = CH + H,4(GSx) 0.41 048 048 0.47 0.61 0.53136
TS 0.94 1.13 1.13 1.16 1.05 1 0.9313¢
CH = Cyg+ Hug(GS%) 1.22 0.85 1.48 1.33 1.24 1.57136
TS 1.84 1.65 1.97 2.11 221 1.87 1.97136
Cug = Cor(GSx) 2.1 -3.01 -0.69'38 -2.9139
TS 0.94138 1.17140 26141
Cud = Crua -1.5 -1.25 -1.8138
TS 1.22 0.25 0.77'38 0.3140 0.32142
Cyac = Cyr
Cu(111) -7.86 -7.40'43

Graphite | -7.45

Vacuum -7.94142

Cyae = Cuq
Cu(111) 5.1 -4.85 -5.38 -5.66 - -4.90142 144,145,146, 147, 148
Graphite

Corvac = Corm
Cu(111) -0.035'49 -0.030%0  -0.065'!

Graphite -0.047412 0054153 -0.04414

Dif fusionBarrierCu(111)

Monomer 0.5 0.06'44 0.31% 0.07156
Dimer 0.49 0.44144 0.49140 0.51%
Cerm(bondlength) 321A19 296 A150.157 (0204158

Edgefreeenergy(eV /nm)

Y74 5.52159
AC 7.38159
H> = 2H,4¢ 4.50
Hyae = Hyq -2.50 -2.51 .51~ -2.12160,133,137,148,161,162
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This is in fairly well agreement with calculated values for the sticking coefficient on
Cu(111) of So = 1.1 x 10~7 at 1027 °C.13!

The dehydrogenation reactions of CH, on Cu have been studied by several groups, the
summarized results are listed in Table 1. All dehydrogenation steps are determined to be
endothermal on copper, where the last step towards adsorbed carbon C,; is connected to
the highest activation energy of 1.65-2.21 eV. The first two dehydrogenation steps have
also been determined experimentally by iodomethane decomposition on Cu(110), lead-
ing to similar results.!®” The total energy necessary for the complete dehydrogenation is
between 3.12 eV (Li et al'3!) and 3.74 eV (Liu et al'3*). Gajewski et al'3? and Li et al'3!
also determined the formation energy of carbon dimers, which is exothermic (-1.50 eV
and -1.25 eV, respectively) and should therefore be considered if the carbon coverage is
high enough to enable C,; collisions.

The attachment of C,; to an existing graphene flake is strongly exothermic, with values
ranging between -2.1 eV 13! and -3.0 eV.!32 The activation energy of this attachment step
is calculated to be ~ 1 ¢V.!33:140 Theoretical calculations usually quantify the binding
energy to a substrate by referencing it to the respective structure in vacuum, allowing the
relative comparison to different substrate materials. As most tabulated values exist for
graphite (which can be considered as graphene on graphite), these values are also added
in Table 1. The adsorption of a single carbon atom onto a Cu(111) surface releases 4.85-
5.38 eV. The direct formation of graphene from atomic carbon additionally releases the
energy difference between C,y and Cg, of 2-3 eV.

Here, the limits in absolute accuracy of the theoretical calculations become apparent, as
the calculated energy of formation of freestanding graphene (calculated by Chen ez al'#?
to be -7.94 eV) is larger than the ones for graphene on Cu(111) (-7.86 eV,132 740 eVI+)
or graphite (-7.45 eV'?%). Actually, the difference between both energy values should
only be the energy of adhesion, which is in both cases below 0.1 eV, as also listed in
Table 1.

The reference system for the graphene formation reaction is usually the gaseous compo-
nents, as shown in eq. 2.1. In this reaction, the transformation of adsorbed hydrogen to
the product of gaseous H; species requires the knowledge of the H,; desorption enthalpy,
which was calculated by several groups to be between 2.12-2.51 eV. The dissociation en-
ergy of 4.5 eV is then set free when creating molecular hydrogen out of two hydrogen
atoms.

The carbon diffusion on the Cu(111) surface yields very different values in theoretical
calculations. The values used for calculations in this work are the ones reported by
Wu et al (0.06 eV)'** and Yazyev et al (0.07 eV).15% The diffusion of a carbon dimer
increases this diffusion barrier by about one order of magnitude.'3!-15¢ The interlayer
distance between Cu(111) and a single graphene layer is calculated to be approx. 3 A.

The calculated lower edge free energy of zigzag (zz) edges compared to armchair (ac)
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termination!>®

correlates with the experimental results that yield mostly zigzag edges
of graphene flakes grown on Cu.>% !16:164.165 While these calculated energies are valid
for freestanding graphene flakes, several studies suggest that under reaction conditions

159,166,131

the rim atoms of the graphene flakes are bound to hydrogen atoms, substrate

159,165,166 67

atoms. or sunk in the Cu surface.!

2.4.1. Estimation of c[H,;] on copper

Several studies have calculated the energetics of hydrogen adsorption on copper. While
the dissociation of hydrogen molecules requires 4.50 ¢V, the adsorption per hydrogen
atom on the Cu(111) surface releases ~ 2.5V, leading to an absolute exothermic reaction
for the dissociative hydrogen adsorption on Cu(111) with AH(H, — 2H,;) ~ —0.5¢€V.
To assess the surface concentration of hydrogen on the copper surface in equilibrium
at high temperatures, additionally to the adsorption energy the preexponential factors of
adsorption and desorption need to be known. The adsorption rate with respect to the

relative coverage of surface adsorption sites can be estimated by eq. 2.2:168

deads p “Eqqs
N S— kpT 2.2
it N T ) 2:2)

In this equation, m, p and T refer to the molecular mass, partial pressure and temperature

of H;. The factor x; is added for the case of dissociative adsorption, as a single adsorption
event creates two adsorbed particles. N¢, refers to the total amount of adsorption sites
on the sample, S(0) is a coverage-dependent sticking factor, which in the case of low
coverage can be neglected. The exponential term refers to the probability of a particle
sticking after the impingement on the surface. The activation energy E 4, of 0.62 eV
for hydrogen dissociative adsorption!® leads to a sticking at 0.4 % of all impingement
events (1045 °C).

The detachment rate on the other hand depends on the surface coverage 89, where g is the
amount of surface adsorbates desorbing as a single molecule and the detachment energy

E., leading to eq. 2.3:168

6 Ege
U — i Vi 0 ke i 2.3)

Vyes 18 the pre-exponential factor, which was estimated to be ~ 3 x 1011 by Wilmer et

al'’® and Genger et al'”!

on a catalyst similar to Cu(111). The desorption enthalpy was
determined by Anger et al'’? to be E;., = 0.78 ¢V. In the case of high H, pressures, the
surface can be assumed to be in equilibrium with the gas phase, leading to equalized ad-
and desorption rates. In this situation, the hydrogen surface coverage can be estimated.
At typical reaction conditions (pg2 = 20 mbar,T = 1045 °C), ¥y amounts to roughly

1% ML. Similar calculations have been performed by Kim ef al and J. Kraus.!”3-174
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2.4.2. Estimation of c[O,;] on copper
Oxygen appears as a contaminant in the used reaction gases and is introduced into the re-
action system through leakages, as will be discussed in chapter 9. The dissociative stick-
ing of O, on the Cu surface has an activation energy of E 4, ~ 0.1 —0.2 ¢V, 175176, 177,178,179
significantly lower compared to H,/Cu, which is why molecular oxygen can be dosed to
Cu(111) even at temperatures of 100 K.°? At graphene growth conditions the surface can
be assumed to be in equilibrium with the hydrogen gas phase, followingly the adsorbed
oxygen is bound to react quite fast with H,; and desorb from the surface. Assuming that
an adsorbed oxygen atom on the Cu surface will effectively be removed from the sys-
tem after collision with a single hydrogen atom (eq. 2.4), the reactive collision frequency
V(o,m) of an adsorbed oxygen atom with a hydrogen atom can be estimated according to
eq. 2.5:

Ouq+Hyq — OHyy (2.4)

—Ep
V(O,H) = d(O,H)E(O,H) TH * e kT (25)

Here, d(o, gy =2.73 A is the sum over the radii of both atoms, C(o,m) 18 the mean particle
velocity, which can be estimated assuming a 2D-gas at high temperatures according to
eq. 2.6, Ny is the number of hydrogen atoms per area A and Ej4 is the reactions activation

energy of Eq ~ 0.85 ¢V.180:179 Using the value of 0.01 ML H,; coverage at reaction
conditions, this leads to Ny /A = 1.76 X 1017 m—2,

_ T kgT
Som=\3 7 (2.6)

Equation 2.6 assumes a 2-dimensional gas on the sample surface and includes the moving
of both H,; and O,4. Inserting all values leads to a reactive collision frequency Vo.H) =
3 x 107 s7!. Using eq. 2.6 to calculate the mean velocity of adsorbed oxygen ¢p =
1000 ms !, V(o,u) leads to a mean free path of approximately 30 pm on the surface and
a lifetime of 7p = 30ns. The sticking coefficient of O, on Cu(111) can be estimated
to be S(0,) ~ 0.03 for reaction temperatures by extrapolating experimental data from
Habraken et al.'”” With an impingement rate according to eq. 2.7, the mean surface

concentration of O,; on the surface in steady state during reaction conditions will be:

T
S = #*So* 0 ~7.1x IO_HML*pOZ[IO_6mbar] 2.7

A/ 2775/{3TI7102 NCu

At common partial pressures of O, up to 10~* mbar (see section 3.1.3) the surface con-

centration would be in the range of ¥y ~ 1078 ML. At common growth conditions

(pa2 > 10mbar, pcys > 0.01 mbar) the oxygen leak is therefore not expected to influ-
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ence the experimental results. This may change at a lower total pressure or lower methane

partial pressure, as will be discussed in chapter 8.
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3. Synthesis of graphene by chemical vapor deposition
of methane on copper

3.1. Reactor-Setup

The graphene reactor setup is the key component for the successful synthesis of high
quality graphene in a defined, reproducible and predictable manner. The properties of the
experimental setup are listed in detail, as they will be needed for several features of the
subsequent data evaluation. As will become clear in the course of this dissertation, one
has to be quite careful when comparing results of CVD grown graphene from different
groups and it becomes almost impossible to reproduce experimental data obtained from
other setups exactly. This is mainly owed to the fact that the resulting product is barely
a single atomic layer of material, which is, when compared to the amount of educt and
even the amount of possible impurities, barely more than a side product in the ppm range,
as can be exemplarily seen in Table 2. Here, the estimated amount of different educts,
substrates and also impurities are listed in relation to the amount of graphene product

obtained after the reaction.

Table 2 : Educt material, substrate material and impurity material used in a typical
graphene growth experiment for the formation of single layer graphene within 40 min
at a total pressure of 10 mbar. The quantities are also put in relation to the amount of
obtained graphene product.

Component Flux Total amount | Ratio to graphene
Hydrogen gas flow 20 sccm 8 x 1072 mol 6x100:1
Methane gas flow 0.02 sccm 8 x 10~ mol 6x10%:1

Leak flux (air) 4x 107 %scem | 2x 1077 mol 1x10':1

Gas impurities (0, & Hy0) | 1 x 10 3scem | 5 x 1078 mol 4%100:1

Gas impurities (C-species) 1 x 10 3scem | 5 x 1078 mol 4%10°:1

Copper substrate (25 um thick) - 7 x 10™* mol 6x10%:1
Graphene product - 1 x 1078 mol 1:1

3.1.1. Components
The complete reactor setup is shown in Fig. 8 as a 3D model with accurate proportions

of the shown components. A corresponding technical drawing is shown in Fig. 9. The

25



Synthesis of graphene by chemical vapor deposition of methane on copper

gas feed is composed by four gas lines, CHy4 (flow range 0.1-10 sccm), H, (flow range
1-100 sccm) and Ar (flow range 1-100 sccm) gas are inserted via a digital mass flow
controller (Bronkhorst, NL) followed by a manual valve. The oxygen is dosed using
a leak valve (flow range > 107! scem)(Vacgen, UK). The pressure is monitored using
two baratron pressure gauges (MKS instruments, US) with a pressure range of 10~% —
100 mbar and 10~ — 103 mbar, respectively. The gas can be guided through the graphene
reactor system or via a bypass directly to a vacuum scroll pump. The reactor consists of
a quartz glass tube (inner diameter 14 mm) connected to the stainless steel tube system
with a home-built glass-steel-connector and heated by a tube furnace. The oven activity
is regulated via a home-built controller using a Type K thermocouple, which is placed in
the central part of the oven between quartz glass and inner oven wall. The samples in the
quartz tube can be placed on a ceramic support. Attached to Cu clamps, as shown in the
inset of Fig. 8, two samples can be dragged from the hot reactor zone to the cold, outer
reactor part via a magnetic transmission. One sample can be dragged in the direction
of the gas stream (downstream) and one sample can be dragged in opposite direction
(upstream). A third sample can remain in the hot reactor zone until complete cooling
of the system, leading to a total of three independent samples obtainable per reactor
cycle. Behind the reactor system, a throttle valve allows to regulate the pump speed

-1

of the connected scroll pump between 0.003 — 0.5 Ls™". This allows for independent

regulation of the gas flow rates and partial pressures in the hot reactor zone.
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Figure 8 : 3D figure of the graphene growth reactor setup with indication of the used components. Scale approx. 1:25. The inset shows a cross
section through the tube furnace, showing the position of the Cu sample pieces, the clamp system and the position of the thermocouple.
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Figure 9 : Scheme of the graphene growth reactor shown in Fig. 8, most importantly
showing the position of several valves and the numeration used to reference these valves
in the text.

3.1.2. Temperature profile and calibration

To determine the impact of the sample position in the reactor, the heating ramp and a
possible temperature offset between samples and thermocouple, a thorough calibration
of the temperature was done. Using a second thermocouple, the temperature profile as a
function of the distance to the quartz tube center was determined, as shown in Fig. 10a).
It shows no temperature drop within the commonly used sample position distance of
+2.5 cm to the tube center, leading to a possible sample length of 5 cm. Indicated are also
ceramic and stainless steel shieldings used at the outer oven zones for a better insulation
and temperature homogeneity of the hot reactor zone. Figure 10b) shows the temperature
profile of a calibration experiment as a function of time. The common reaction steps
associated with temperature changes are included in this diagram. The heating of the
system from room temperature to 950 °C takes 30 minutes until a constant temperature
is achieved. The following heating to 1050 °C and subsequently to 1095 °C takes 10 min
each. The removal of the samples after the performed experiment is relevant to sustain
the sample composition as present during the reaction. The fastest possibility of sample
removal is using the implemented clamp-chain-system. These samples can be removed
within one minute (green curve) from the reaction zone to the outer quartz tube segment
at room temperature. In contrast, the pure cooling of the oven takes several hours without
assistance (black curve). The cooling rate can be enhanced using additional ventilation
(blue curve) to allow cooling of the sample area by 100 °C in one minute. Below temper-
atures of 900 — 950 °C the graphene islands are commonly not affected in size or shape
in a CH4 + H, atmosphere.

The melting point of Cu was used as anchoring point for the absolute temperature cali-
bration of the system at high temperatures. For this calibration, a piece of Cu foil was
placed on a quartz glass slide and inserted in the sample area. The tested maximum
temperatures of the oven with/without melting of the Cu foil (see Fig. 10c) lead to an

absolute temperature calibration with an error of £1.5°C.
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a) Sample-position dependent temperature b) Time-dependent temperature
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Figure 10 : Temperature calibration curves: a) Position-dependent temperature of the
reactor quartz tube related to the reactor center. Dashed lines indicate commonly used
sample positions and positions of isolation shields. b) Time-dependent temperature pro-
file of the heating and cooling intervals commonly used for graphene growth. The colored
curves show the possible ways of sample cooling, either by removing the samples with
the described clamp system (green curve), by additionally ventilating the reactor during
cooling (blue curve) or by simply turning off the tube furnace without additional cooling
(black curve). c) Samples used to calibrate the absolute reactor temperature in the center
of the quartz tube. The left sample shows a Cu foil heated above the melting point of Cu,
while for the right sample the melting point was not surpassed.

3.1.3. Volumes, leaks and pump rates

The reactor system can be sub-classified into single sections separated by valves, as
shown in Fig. 9. Using an external defined volume, the volumes of these sections were
determined and are listed in Table 3. The sum over all reactor sections leads to a to-
tal volume of 745 + 4 mL. Using the same reactor division, the leak rate of gas into
each segment in static vacuum was measured. The determined leak rates show either
values up to the low 10~7 sccm range for segments purely connected with Swagelok-
or ConFlat-(CF)-connectors or values up to 107> scem for segments using ISO-KF (KF)
or viton-sealed connections. The only regularly opened connections are the two metal-
quartz transitions to and from the quartz tube. The inserted leak rate for this segment in
Table 3 is a mean value, the total leak rate of the system is controlled for each reactor
run. Assuming an idealized reactor system consisting of a chain of circular tubes with

different diameters and a conductance according to eq. 3.1, it is possible to estimate the
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residence time of gas molecules in the quartz reactor system: !3!

L=1214%1"" (3.1

The conductance L in L/s is calculated by inserting the tube diameter d and length [ in

cm.

Table 3 : Reactor volumes and leak rates. The single reactor segments are separated by
the valves shown in Fig. 10 with their determined reactor volumes and leak rates. The
segment volumes were determined by expansion of a defined volume into the reactor
system, while the leak rates were determined by resting in static vacuum for up to several
days. The only segment which is manipulated on a regular basis is the quartz reactor,
which must be removed after each reaction for sample removal and new sample place-
ment. The leak rate of this segment is therefore only a reference value, the absolute leak
rate is determined before each reactor run. The overall volume of the reactor system

amounts to 745 mL, while the overall leak rate is commonly below 1 x 10~% sccm. No-
tice that a majority of the leak rate stems from the reactor segments behind the sample
position, where the introduced impurities should be removed through the exhaust before
back-diffusion to the sample is possible.

Volume | Leak rate
# Part Enclosing valves | (mL) (scecm)

1 W Gas Inlet Oac, 1,3 244 | 37%10°8
II O Inlet & Low Pres. Meas. 0d,1,2,5 67.3 1.2x1077
III . High Pressure Measurement 2,3,4 51.1 2.5%x 1077
v Quartz Reactor 4,6 161 | 44x107
\Y Reactor Bypass 57,8 196 8.3x10°°
vi Exhaust 6.7 245 | 1.4x10°
Complete System - 745+ 4 | 6.7x 107>

Different typical reactor settings and their respective residence times are listed in Table 4.
With a completely open throttle valve the residence time is below one second (Argon/O;
pretreatment and Hj heating ramp), while it can strongly increase for reaction conditions

with higher pressures while maintaining low gas flux.
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Table 4 : Commonly used gas flow settings, partial pressures and retention times. As the
pressure measurement device is placed before the sample in the reactor, a pressure drop
may be present during the growth process between these two positions. The indicated val-
ues for different reactor settings show that a possible pressure offset can become relevant
with a completely opened throttle valve (Part Nr. 10 in Fig. 8). For common graphene
growth settings, this is only used during the sample pretreatment, while the range of used
reaction settings shows no large offset between measured and real pressures. Significant
change is observed for the sample retention times, which increases with reduction of the
effective pump speed.

pressure at | pressure in | time in
Reaction settings Total flux | baratron reactor reactor

Low pressure reaction settings | 20 sccm 20 mbar 19.8 mbar 8 sec
High pressure reaction settings | 40 sccm 150 mbar 150 mbar | 33 sec
Argon/O; pretreatment 20 sccm 5 mbar 1.1 mbar 0.5 sec
H; heating ramp 20 sccm 3 mbar 1.3 mbar | 0.6 sec

3.1.4. Impurities

Several sources of impurities are introduced into the reactive system during the graphene
formation reaction. These can roughly be divided into two subgroups, the contaminations
stemming from leakages in the reactor system and the impurities introduced together
with the reactant gases. The first group contains the leakage caused by the used fittings,
as described above, adsorbates on the reactor walls, contaminations arising from reactor
components and back-diffusion from the used vacuum pump. The leak of the overall
reactor system must be seen as a constant gas flux during the reaction, which cannot be
neglected and will be addressed further below together with the impurities from the used
gases. The overall leak rate used for calculations is 6.7 x 1073 scem, which is assumed
to consist of common air. As can be extracted from Table 3, most larger sources for
leakage are positioned behind the reaction space (exhaust, reactor bypass, half of the
quartz reactor), which allows the conclusion that this assumed leakage value is the upper
limit affecting the grown samples. With every changing of the samples in the reactor,
the system must be vented with air, which introduces several gaseous species into the
reactor, including water vapor and carbonaceous species. These are typically adsorbed
to the reactor walls and only desorb at a low rate without heating the complete tubing
system, which is not possible in this reactor setup. The typical evacuation procedure

therefore consists of an elaborate sequence of cleaning steps, listed in the following:

+ Evacuation of the reactor system overnight
*  Multiple purging of the reactor with the reaction gases

* Heating of the quartz tube in H, and Ar gas
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Typically, the measurable leak rate of the reactor does not drop any more after 12 h of
evacuation, indicating that volatile adsorbates are mainly pumped off. Possible remain-
ing residues can be dissolved by the purging of the (dry) gases. Additionally, the quartz
tube is typically heated in hydrogen gas (30-45 min up to 950 °C) and an extensive pre-
treatment procedure of several hours in argon gas is performed before the actual graphene
growth step. It can therefore be assumed that the reactor walls in immediate vicinity to
the samples are purely composed of fused silica and no substantial amount of impurities
arises from wall desorption after this extensive pretreatment.

The reactor component crucial for the contamination-free treatment of the Cu samples is
the above-mentioned quartz tube, which is also heated to reaction temperature together
with the samples. While the heating procedure reliably removes additional contamina-
tions from the reactor walls, the quartz material itself is subject to interaction with the
copper samples. Several literature references have identified silicon impurities as a rel-
evant contamination for the grown graphene samples, although the source is often also
assumed to be from immanent impurities in the Cu foil. Due to the large impact on the
outcome and quality of the grown graphene samples, the topic of silicon impurities in the
samples is discussed separately in chapter 9.1.

Common scroll vacuum pumps are based on oil lubrication for proper functioning. These
heated hydrocarbons commonly possess a relatively high vapor pressure of ~ 10™* —
1073 mbar,'® which may back-diffuse into the reactor system without the proper pre-
cautions. To prevent back-diffusion, a zeolite trap is installed between reactor and scroll
pump. Additionally, during the graphene formation step, an installed throttle valve re-
duces the conductance between the two systems and the flowing reaction gases inhibit

the diffusion in opposite direction.

Impurities independent of the reactor setup are the ones introduced together with the re-
actants. The absolute purities and the contained main impurities (O,, H,O, C-containing
species) are listed in Table 5 according to the data provided by the respective provider.
The purity of the Cu foil (Alfa Aesar, US), is only stated regarding the contained metal-
based impurities, which are also listed in Table 5. It does not include oxygen, as this nat-
urally forms an oxide layer while in contact with air, or carbon-based impurities, which
may be introduced into the sample during the milling process of the foil. An oxidative

1183

pretreatment procedure as introduced by Kraus ef al*® is used to remove this impurity

from the sample before starting the graphene growth.

Combining the reactor leak rate and impurities introduced by the reaction gases, the
present partial pressure of oxygen during the graphene formation under typical conditions
(1045 °C, fluxyorar =~ fluxp, = 20 scem, p(H,) = 20 mbar, p(CHy) = 0.02 mbar,H, :
CH,4 — ratio : w = 1000) can be estimated. At these conditions, the oxygen partial pres-
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Table 5 : Materials used for the graphene growth process and their purities as stated
by the producers. If given, the maximum amount of oxygen, water and carbon based
impurities is also inserted. The Cu foils used in this work are mainly from batch "2",

while batch "1" was used in former studies.!”*
Component Purity Impurity content
0, H,0 C-species other impurities (ppm)
Ag(15), Ni(2),
Fe(1.3), S(2.5),
Cu foil batch 1 99.8% nat. oxide | adsorbates | see chap- Si(0.31)
ter 9.2
Ag(8), Ni(5),
Fe(5), S(5),
Si (-), As(1),
Cu foil batch 2 99.9% nat. oxide adsorbates | see chap- Sb(1), Pb(<2)
ter 9.2
H; gas 99.9999% | <0.1ppm | <0.5ppm | <0.3 ppm -
CHy4 gas 99.95% | <30ppm - < 300 ppm -
Ar gas 99.999% | <20ppm | <2.0ppm | <0.4ppm -
O, gas 99.999% | - 2 ppm 0.4 ppm -

sure can be calculated according to eq. 3.2 as the sum of O, from all impurity sources

and amounts to p(0,) = 1.67 x 107> mbar:

f [ UX] eakage

* Protal + P(H2) * po2_in_m2+ P(CH4) *Po2_in_cra (3.2)
f ) UXTotal

P(02) = Po2_in_air*

In this equation, P2 _in_qir 1 the oxygen content in air of ~ 21%, fluxjcqrqqe 18 the total
reactor leak rate of 6.7 x 1077 scem, p(X) and poo iy x are the partial pressure of a
species and the respective oxygen impurity content in the respective gas.

Assuming a relative humidity of 50% at 25°C (p(H>0) ~ 15.6 mbar'3*) , the water
partial pressure can be calculated accordingly following eq. 3.3 to be p(H,0) = 1.1 x
107> mbar.

f [ UX] eakage

* * Protal + P(H2) % P20 _in_H2 + P(CH4) * PH2O in_CHA4
f ) UXTotal

(3.3)
The oxygen partial pressure is far below the needed pressure for the formation of Cu-

p(HZO) = PH20_in_air

oxides, which above 950°C is between 10~* — 1073 mbar.'®5 The influence of surface
oxygen on the reaction process is rather difficult to disprove, as no threshold concentra-
tion is known to trigger a certain reaction. The average concentration of adsorbed oxygen
atoms on the Cu surface O,; can be estimated knowing the respective partial pressure. An
estimation of the oxygen coverage on the sample surface is given in section 2.4, resulting

in ~ 1078 ML coverage at common reaction conditions.
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It is important to consider that the hydrogen surface concentration strongly decreases
with decreasing temperature, leading to a stronger impact of oxygen impurities at lower

temperatures, mainly during the cooling of the samples after the reaction.

3.1.5. Comparison UHV/reactor

As described in the previous sections, there are several differences between the described
reactor system and a classical ultrahigh vacuum (UHV) chamber. The base pressure,
the lack of temperature-based cleaning ("bakeout"), the leak rates and applied pressure
regime strongly differ from common UHV setups. Several critical points must therefore
be considered for the evaluation of samples originating from this setup.

As already described above, the lower limit of oxygen-based impurities is inherent to
the reactor setup and cannot be further reduced. Demonstrating the negligible impact of
these impurities can therefore only be done by showing that an additional increase does
not affect the reaction outcome, as is shown for oxygen in chapter 4.2.1.

It is not possible to freeze the growth process and possible intermediate reaction products,
as even the fastest sample removal takes roughly 60 s, in which the sample surface is
subject to change by temperature-dependent reactions and diffusion from the cooling

Cu-bulk. This must be kept in mind for subsequent surface-specific examinations.

3.2.  Graphene growth recipes

To ensure the growth of reproducible graphene samples with high quality, a standard
reaction recipe consisting of 6 main reaction steps has been developed, which is shown
in form of a diagram in Fig. 11. The pretreatment steps executed before the beginning of
the graphene formation are necessary to set the reaction temperature and clean the used
Cu foil. As the first moments after introduction of a reactive CH4 + H, mixture crucially
affect the nucleation of graphene flakes, a fixed reaction procedure is kept during this
time. After the CVD growth of graphene, the subsequent cooling step is very important
for the final surface composition of the cooled sample. The six preparation steps can be

summarized as follows:

1. The quartz tube loaded with up to three samples is heated in a H, atmosphere at
p(H) = 1 mbar to 950 °C. As further described in chapter 9.2, modification of the
gas phase during this first heating phase already has a strong impact on the reaction

outcome.

2. Following a protocol introduced by Kraus et al,'8?

an oxidative pretreatment step
is performed to remove any carbon-based impurities present on the sample surface

or in the Cu bulk. Oxidizing agent is O, gas added at a flux of about 5 x 10™* sccm
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Figure 11 : Example for a used reactor recipe. The common reactor run consists of six
consecutive reaction steps, where the main part of the reaction time is used to ensure
that the used substrates are reproducibly cleaned before the synthesis. Step 3 consists
of a defined succession of steps to exchange the oxidative pretreatment gases by the
reaction gases. While these gases are set and purged through the reactor bypass, the
samples are exposed to high hydrogen pressure of 100 mbar to prevent the accumulation
of impurities from the gas phase and allow a defined transition to growth conditions. The
following nucleation step is relevant for the formation of graphene nucleation seeds. The
subsequent growth step defines the size of the produced graphene islands and in the final
cooling step the samples are cooled to room temperature. Reprinted with permission

from ref. 128 . Copyright 2021 American Chemical Society.

diluted in Argon gas. The partial pressure of O, over the samples amounts to
~ 107> — 10~* mbar. During this procedure, the sample is heated to 1045 °C and
kept at this temperature for 60-300 min depending on the planned graphene growth
reaction. After this time, the temperature of the setup is set to the planned graphene

growth temperature and left to level off.

3. At the destined temperature, the oxygen flux is turned off and the argon is ex-
changed by a Hj flux, which is used to fill the reactor segment with a static gas
phase of 100 mbar. In the meantime, the desired methane and hydrogen flux for the
graphene formation reaction can be set and pumped via the reactor bypass. After
achieving stable flow conditions, the flow can be guided through the reactor to-
wards the scroll pump, while the desired total pressure is regulated via a throttle
valve installed behind the quartz reactor. For proper results, it is important that
the methane concentration slowly increases over the samples by mixing with the
residual gas from the H, purge. The total pressure at first must exceed the final

growth pressure and approximate this desired level by a gentle pressure decrease.
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The fulfillment of this requirement is essential, as starting from a low purge pres-
sure and raising the reactor pressure towards the CVD settings favors the increased

and uncontrolled nucleation of graphene flakes.

4.  The first CVD step of the graphene growth reaction is important to control the
number of formed graphene flakes, the nucleation density, as evaluated in detail in
chapter 6. The ideal nucleation conditions are kept for 2-5 min before changing the
conditions to the actual growth conditions, where further flake nucleation during
growth should be avoided. Directly after setting the growth conditions, one of the
grown graphene samples can be removed from the hot reactor zone to serve as a
reference. Following modification of the CVD growth conditions in step 5 can be

monitored on the samples that remained in the reactor.

5. The CVD growth step is the key step for the evolution of the graphene flakes nu-
cleated in step 4. Exposed to a specific gas phase composition, the effect on the
growing graphene flakes can be monitored by removing a sample after a defined
time from the hot reactor zone. In the case of three loaded samples, the third sam-
ple can be used to monitor the effect of an additional parameter change on the

samples.

6.  The cooling steps of each sample is at different instants of the experiment as de-
scribed above. The procedure nevertheless always consists of rapid cooling of the
samples in the unchanged reactive atmosphere. This is done in case of the first
two samples by dragging the samples into the cold reactor zone using the Cu chain
introduced in section 3.1, for the third sample the complete reactor setup is cooled

rapidly.
3.3. Characterisation techniques of graphene

3.3.1. Raman Spectromicroscopy

Raman spectroscopy is a very powerful method to identify graphene sheets due to their
characteristic Raman bands that result from specific electron-phonon coupling as dis-
played in Fig. 12. The Raman spectra obtained from single- and bilayer graphene are
shown in Fig. 13 with their most prominent bands, the so-called D, G and 2D peaks. The
G-band originates from a first-order scattering process of the doubly degenerate in-plane
transverse optic (iTO) phonon branch and the longitudinal optic (iLO) phonon branches
close to the -point of graphene (the center of the Brillouin zone), marked with an arrow
in Fig. 14.3%% The second signal typical for graphene is the 2D-band (also referred to
as G-band in literature) originating from a second-order scattering process involving two

iTO phonons near the K- and K’-point. The D-Band is caused by the combination of
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Intravalley Intervalley

Defect-mediated
scattering

..................................................................................................

Figure 12 : Processes in the electronic structure of graphene leading to the observed Ra-
man bands. The intravalley G-band is created by resonant excitation of an electron in the
Dirac cone and includes a phonon from the iTO or LO branches close to the center of the
Brillouin zone (-point) with vanishing wave vectors. Both intervalley Raman processes
leading to the D and 2D band combine processes at the K and K’ points of the graphene
Brillouin zone. The associated scattering processes are either an iTO phonon+defect

scattering (D-band) or two iTO phonons (2D-band). Adapted from reference 34 with
permission from Elsevier.

an inelastic phonon-scattering (iTO phonon) and an elastic scattering at a lattice defect,
leading to half the energy loss compared to the 2D-band. The symmetric requirement of
the defect-mediated scattering process is only allowed on armchair-type defect structures
or point defects.?

Due to the special electronic structure of graphene around the K-point referred to as
Dirac cone, the absorption of the incident laser radiation is always a resonant process, as
shown in Fig. 12, which greatly increases the intensity of the Raman signal.>* The shift
of the excitation position in the electronic structure nevertheless leads to a dispersion
of the Raman-Bands with incident laser energy,> which is relevant for the quantitative
analysis of Raman spectra. The defect-mediated D-band intensity is also strongly depen-
dent on incident laser energy, which is relevant to correctly assess the spectral informa-
tion.47- 186,187

Besides the examination of the graphene quality using the D-Band, the 2D-peak shape
and G/2D intensity ratio are typically used to determine the graphene layer number. This
quantized parameter is comparably easy to analyze in the case of Bernal-stacked, later-
ally homogeneous graphene samples.>* Increasingly difficult to distinguish is the layer
number for graphene stacks rotated at different angles up to rotation of 30°, where the
interaction between the single graphene layers strongly changes.!88 18944190 Eor tyr-
bostratic graphene, the single layers are electronically decoupled from each other and,
hence, the spectrum resembles the one of single layer graphene, complicating the assign-

ment.lg’ 191
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Figure 13 : Exemplary Raman spectra of a bare Cu surface, single layer graphene (SLG)
and bilayer graphene (BLG). The most prominent peaks are the G- and 2D-peak. The

expected position of the defect-mediated D-band is shown with an arrow. The respective

fits to these spectra are shown in reference!” .
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Figure 14 : Reduced representation of the phonon dispersion of graphene along high-
symmetry lines. Marked with arrows are the phonons associated with the Raman transi-
tions from the G-band (close to the Brillouin zone center) and the D/2D-bands (around

the K-point). Adapted from reference®! . Copyright 2008 American Physical Society.
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Electronic doping, e.g. caused by the interaction with an underlying substrate, can change
the peak positions of the Raman bands.*® This shift is always towards higher photon en-
ergies, regardless of whether or not the graphene is acting as electron-donor or electron-
acceptor, 192,193,194

Lastly, the Raman signatures are also affected by the compressive/tensile strain acting
on the graphene sheet. Distortions in the graphene lattice lead to a modification of the
phonon frequencies and hence a phonon dispersion differing from the ideal case as shown
in Fig. 14.19° This effect is described by the Griineisen-parameter, which links a change
in crystal expansion to a change in phonon dispersion.!®® This strain can either be applied
unidirectional, in which case a splitting of the Raman bands is observed.'®”-1°® For bi-
axial strain, the symmetry is retained and a shift of the complete peak is observed, where
the shift of the 2D-peak is roughly doubled compared to the shift of the G-peak.!9%-4%-200
This effect can also be used to measure stretching of freestanding graphene membranes
or accordingly a pressure difference acting on a graphene membrane.*®

To track all parameters influencing the Raman spectra of graphene, it is important to
combine this method with complementing characterization techniques, such as scan-
ning electron- or optical microscopy for the lateral information. The rastering of the
recorded Raman spectra on a sample enables the imaging of lateral spectral changes
(Spectromicroscopy). As graphene samples are often strongly inhomogeneous, laterally
resolved Raman Imaging has turned into a standard technique for graphene characteriza-

tiOIl.zO] ,202,203,204

3.3.2. Scanning electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) uses the differences in backscattering behavior of
matter when irradiated with high-energy electrons. A focused electron beam is rastered
over the sample surface while a detector records the subsequently emitted secondary
electrons of low kinetic energy (0 — 50 eV') originating from the surface-near region and
yielding a high topographic contrast. The escape depth of secondary electrons in con-
densed matter depends on the electron kinetic energy. For a mean kinetic energy of
10 eV this leads to an escape depth of approximately ~ 1nm.?% Additional to the to-
pographic contrast, the differences in emission between elements, which is most distinct
between metals and insulators leads to a material-specific contrast.?> Contrast in SEM
images is created by differences in the surface work function @, ., which is the mea-
sure between the Fermi energy Er of the material and the vacuum energy E,,. outside
of the material. A higher value of @, leads to a retaining of secondary electrons in
the sample and hence less brightness in the image. Exemplary SEM images acquired by
secondary electron collection are shown in Fig. 15. As the work function of graphene
(Pgraphene = 4.3 €V)?* is lower than that of Cu(111) (Pcy(111) =5 €V).2"7 it appears
brighter in the SEM image.
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a) Single layer graphene on Cu

Fresh sample Aged sample

surface oxide layer
Cu grain boundary

b) Single — and Multilayer Graphene

Cu facets

Graphene wrinkles
c) Freestanding graphene

—= Graphene wrinkle

Supporting Cu frame

Freestanding graphene layer

Figure 15 : Exemplary SEM images (secondary electron collection) of graphene islands
synthesized on Cu (a+b) and freestanding, spanning over holes in a supporting Cu grid
(c). a) Change of contrast in SEM images between single layer graphene and Cu for fresh
samples and samples aged in air. For fresh samples, graphene has a lower work function
than Cu(111) and, hence, allows the emission of more secondary electrons (see text). An
aged sample has an oxidized surface copper layer with a higher secondary electron yield,

appearing brighter than graphene.”?® Note that the change in the brightness of graphene
is caused by the adaptation of the image contrast. b) Differentiation between bare copper,
single- and multilayer graphene is possible by observing the stepwise contrast changes in
the SEM image combined with the hexagonal graphene structure. The stepwise increase
in graphene layer number in the SEM image can be accurately followed by Raman-
spectroscopy, as shown in chapter 7. Visible in these images are also graphene wrinkles
and the Cu facets forming below the graphene layers, marked with arrows. ¢c) SEM image
of a freestanding graphene membrane. The graphene membrane can mainly be identified
by impurities on the layer and wrinkles, appearing bright in the image.
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The work function of bi- and trilayer graphene increases slightly compared to SLG to
®,uni—rc = 4.5 eV, which is why these appear darker in the SEM images.?’® Higher
layer numbers show no more change in @y, and cannot be clearly distinguished. Cu
samples stored in air form an oxide layer, which has a higher secondary electron yield
than the bare metal, leading to a change in contrast compared to an unoxidized graphene
flake.

SEM also allows to image wrinkling of the graphene islands and facetting of the Cu
substrate, as marked with arrows in Fig. 15. A large amount of secondary electrons is
created by energetic losses of higher energy electrons when interacting with the sample,
also in deeper layers than the mean escape depth of secondary electrons. Therefore, a
single freestanding graphene membrane shows almost no secondary electron image at all
(Fig. 15c). The Membrane can only be identified by impurities on the membrane and
foldings in the graphene layer.

The detection of high-energy backscattered electrons (BSE) gives mainly information
on the element-specific material contrast caused by the atomic-number Z dependent
backscattering behavior of the elements.??® The higher energy of the observed electrons
leads to an increased mean free path in the solid® and is therefore less surface sensitive.
Energy-dispersive X-ray spectroscopy (EDX) The element-specific characterization of
samples parallel to the imaging in a scanning electron microscope is possible by using
energy-dispersive X-ray analysis. Atoms irradiated with high-energy electrons are ion-
ized, creating electron holes in the core shells. The subsequent relaxation of electrons
with higher energy leads to the release of element-characteristic photons in the X-ray en-
ergy regime. The detection of these X-rays therefore allows the elemental analysis with
the lateral resolution of the focused electron beam when using it as excitation source.
More information can be found in literature.?!°

BSE-SEM and EDX are not surface sensitive enough to detect SLG, but can be used to

analyze the substrate composition and identify contaminations.

3.3.3. Optical Microscopy

Optical microscopy has turned out to be a very fast method to analyze grown graphene
samples. Even though single layer graphene itself absorbs 2.3% of light in the visible
range,’ which is exceptional for a single atomic layer, it is rather difficult to identify
optically. Using a high magnification, it is possible to distinguish the faint contrast aris-
ing from the stepwise increase in graphene layers and the connected change in the Cu
foil support surface reconstruction and facetting.!>2!1 An exemplary optical image is
shown in Fig. 16 a) without and in Fig. 16 b) with enhanced contrast after image cap-
ture. A stronger contrast usually develops after the exposure to air, when with time a
thin oxide layer forms on the bare Cu, enabling the differentiation between no graphene

and graphene areas on the sample. This contrast can easily be made unambiguous by
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heating the sample in air to 200 — 300 °C, forming a thick oxide layer on the uncovered
Cu foil, which is prevented underneath graphene-covered Cu.>’ Thus, after heating to
250 °C, the contrast allows an easy distinguishing between graphene covered and un-
covered areas (see Fig. 16c)). Heating to 300 °C usually damages single layer graphene
(SLG) while preserving multilayer areas, giving an insight about the layer distribution in
the sample, as shown in Fig. 16 d).

a) Optical image b) Optical image — enhanced contrast

Graphene
wrinkle

20 ym
¢) Optical image — 250 °C oxidation d) Optical image — 300 °C oxidation
4
. 4 P
% i
«— Multi-LG

<+ Graphene
SLG

Bare Cu Bare Cu

Figure 16 : Graphene samples on Cu after different modification steps. a) Optical image
of fresh graphene on Cu, as directly obtained from the microscope, allowing the faint
differentiation of graphene covered/uncovered graphene. After digital contrast enhance-
ment shown in b), the differentiation is clearly easier, allowing also the identification of
multilayer areas, as marked in the figure. c) The oxidation of the sample in air at 250°C
creates an intensive coloring of uncovered substrate areas, allowing the easy identifica-
tion of graphene-covered sections. d) Heating of the sample to 300 °C mostly destroys
single layer graphene areas, while multilayer areas remain unharmed. This creates an
additional contrast between graphene areas of different thickness. (Experimental details:
E. 1)

In the case of transferred, freestanding graphene membranes, the identification of contin-
uous graphene layers is only possible through a slight contrast in the optical image. This
identification can be simplified by illuminating the sample with a focused laser beam
through the optical path of the microscope and observing a reflection on freestanding
graphene membranes. This is shown exemplarily in Fig. 17 a) and b). The respective

Raman spectrum acquired at this point is shown in Fig. 17c).
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Figure 17 : Raman spectra obtained from freestanding graphene membranes. a-b) Optical
images of the graphene membrane with/without laser irradiation, which allows the iden-
tification of spanned grid holes (see arrow). c¢) Raman spectrum at the position marked
in b). (Experimental details for graphene growth: E.2)

3.3.4. Photoelectron spectroscopy

Photoelectron spectroscopy uses the photoelectric effect to release photoelectrons from
a sample surface through irradiation with X-rays. These photoelectrons are then energy-
filtered by an electron analyzer and detected using a photoelectron multiplier.'®® These
photoelectrons contain element-specific information, allowing the retrieval of informa-
tion on the elemental composition and oxidation state of the uppermost atomic layers of
the sample.

The surface sensitivity is especially helpful when dealing with 2D-materials, which only
account for a negligible amount of the total sample atoms but are completely located
on the sample surface. Depending on the kinetic energy of the analyzed electrons, the
inelastic mean free path (IMFP) of the electron in the solid sample for Cu ranges be-
tween 4.88 A at 50 eV and 20.95 A at 1400 eV.2'2 Common laboratory-based setups
use the characteristic X-ray emission from an anode material irradiated with high-energy
electrons. This anode material is typically either magnesium (M gk = 1253.6 €V) or alu-
minum (Algq = 1486.6 ¢V). The kinetic energy of the released photoelectrons in front
of the sample surface is composed by the difference between the energy of the incoming
photon (E = hv) and the sum of the binding energy of the electron in the sample (Eg) and

the work function ®g,,,,,,;. needed to release the electron from the solid into the vacuum
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level, as calculated in eq. 3.4.
Ein =hv — (Ep+ D) (3.4)

The kinetic energy as filtered by the analyzer however references to the vacuum level of
the electron analyzer material, so that the measured kinetic energy refers to ®,41yer =
®. The work function of the analyzer, ®, can be determined once and then be used to
calculate the corrected kinetic and binding energies.

The created electron holes can be filled with electrons of higher energy. The energy
released during this process can be transferred to an emitted photon (X-ray fluorescence,
see EDX) or it can be transferred in a radiationless process to a further electron, which
is then released from the sample. This second decay mechanism is called Auger process
and the ejected electron is known as Auger electron. The original photon wavelength
does not influence the kinetic energy of the Auger-electron, which is why these signals
appear at fixed kinetic energies in contrast to photoelectrons appearing at fixed binding
energies when changing the energy of the excitation source.

Changes in the chemical environment of an atom commonly also lead to slight changes
in the binding energy of core electrons in the range of few 107! — 10° ¢V, which are
known as chemical shift. By analyzing such binding-energy shifts it is possible to extract
chemical information of the observed elements.?!

The photoelectron signal of an XPS signal is acquired by the electron analyzer in the
geometry sketched in Fig. 18. In the so-called magic angle of y = 54°2!4 geometry the

signal intensity is calculated as:
c
I = Iy * Njpradiated * T * O( ) *H*AQ (3.5)

Here, I refers to the total intensity of the signal, which is directly proportional to the area
under the peak curve in the acquired spectrum corrected by the respective underground
line. I is the intensity of the X-ray light source, Ny, qgiarea 1S the number of irradiated
sample atoms. For XPS, the penetration depth of the X-rays (= 250 nm at 30° incident
angle in Cu?!") is much larger than the inelastic mean free path (IMFP) of the released
photoelectrons. Thus, the intensity loss of the irradiating light for deeper layers can be
neglected. T refers to the transmission function of the analyzer. Each electron analyzer
model filters electrons of different kinetic energies with a particular yield, which must be
considered for comparison. The photoemission cross section ¢ relates to the ionization
probability between the incoming photon and the released photoelectron. These values
are specific for each element and electron orbital and can be extracted from tabulated
data.>'® AQ is the acceptance angle of the electron analyzer. The last factor () relates

to the escape probability of the created photoelectron from the sample. This value is
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Figure 18 : XPS sample geometry, clarifying the incident angle 3 and emission angle
with respect to the surface normal. The total angle between X-ray source and electron
analyzer is referred to as y with an analyzer acceptance angle of AQ.

mainly defined by the IMFP A and the emission angle o of the ejected electron of the

sample material following the relation:
a)(a) — eil*cjs(a) (36)

If the electron analyzer is placed at a certain emission angle o with respect to the sample
normal, the effective escape depth amounts to x.rs = x/cos(). In the case of normal
emission, the term cos(«) in eq. 3.6 becomes 1 and x. s = x. The depth contribution to
the overall XPS signal is shown in a diagram in Fig. 19a) and graphically in Fig. 19b).
As an example for the carbon C s photoelectron (binding energy Ep = 284 ¢V, kinetic
energy Ey;, = 1200 eV) released by an Al K, photon, the IMFP in Cu is A¢, (1200 V) =
18.6 A ~ 9 atomic layers). 63% of the carbon C 1s signal originates from the uppermost
9 atomic layers.

The absolute quantification of an elemental species based on the acquired signal requires
complete knowledge of all device-specific characteristics and the sample geometry. To
simplify the quantification, usually internal or external calibration samples are used as
standards. In the case of a sample composed of only two elements, one species can often
be referenced to the second one. For a bulk sample with a flat surface, three sample

structures as sketched in Fig. 20 can be calculated.
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Figure 19 : XPS escape probability @ as a function of escape depth and emission angle
o. a) Exponential decay of the escape probability with escape depth x.rs in units of
the inelastic mean free path (IMFP) A of the photoelectron. b) Illustration of the XPS
signal origin. I. e., 63% of the signal originates from a sample depth of 1A. c) The

effective escape depth x, rf is enlarged if photoelectrons are detected at an emission angle
a deviating from normal emission.

l Surface l a) Ideally homogeneous b) Ideally heterogeneous c) Layered

Side view

Figure 20 : Possible sample compositions leading to different photoelectron signal ratios
in photoelectron spectra. Two species can be present in one sample either a) in an ideal
homogeneous mixture b) completely separated laterally c) in a layered manner. The
photoelectron spectra obtained for these cases are discussed in the text.
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Case a): The first case refers to an ideally mixed sample. In this case, the escape prob-
ability @ can be neglected, as the sample composition does not change with the sample
depth. When comparing the obtained signal intensities of both sample components (in
this case named i and k), the incoming light source intensity is equal and cancels in the
intensity ratio. The amount of irradiated atoms can be replaced by the atomic fraction x;
and x;, of each species. In the special case of a two-component system, component x; can
be replaced by 1 —x;, as x; +x; = 1. The resulting intensity ratio is determined as shown
in eq. 3.7.
I; X% O; % T;

Case a) L (—m)rorn (3.7)

In the case of similar kinetic energies of the evaluated photoelectrons, this relation sim-
plifies to: ;
i Xi * Oj
Case a) : L = m (3.8)

Case b): This case represents a completely separated system, as would be the case if
large particles of component i are present on the sample surface that are thicker than ~
3 x IMF P of the released electrons. Modifications in the surface geometry are neglected
in this case. Equally to case a), I cancels. The total number of irradiated atoms Ny, qgiated
is now dependent on the relative surface area coverage of each component, y;, and the
molar volume of each species, V(,, :

N YitUmi (3.9)

N Yie*Vink
The escape probability ratio @;/ @y between both components can be calculated by inte-
grating over the complete sample depth from the sample surface (x = 0) to the sample
bulk (x = ). As shown in eq. 3.10, this integral equals A, which leads to the ratio w;/wy

to be the ratio of the respective IMFP A;/A; at the measured wavelength.

/ odx=|-2e t] =2 (3.10)
0 0
Within this simplified model, N and @ are not correlated. All these factors lead to
eq. 3.11.

ik Vi) * 01 % T Ay

I;
Caseb): — = 3.11
ae ) I (1 —yk) *V(m,k) * Of * Tk*lk ( )

In the case of similar kinetic energies of the photoelectrons, this relation simplifies to:

Caseb): L =Y Vni) O “H (3.12)
C L (= yi) * Vi) % Ok Ay '
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Case c¢): Most interesting for 2D-materials is the case utilized to describe layered sys-
tems. Assuming that species i covers species k with a layer of defined thickness d, we
must differentiate between both species. The surface species i can be calculated analo-
gously to case a), with the sample ratio being x; = 1 and the special case that the total
signal is only obtained from the surface to the depth d. The integral over w; from 0 —d
is: p o .

/ ; dx = [—Aie M]O:Ai*(l—e ) (3.13)

0

The signal of species k can also be calculated according to case a) with x; = 1 and the
addition that only the fraction @y = @(x = d, Ey;, 1) * @y leaves the sample. This leads to

the relation: .,

fod wjdx  Agy*x(1- e ")

“wp dx T
fd k lk (X4 A(i’z)

(3.14)

Please note that /1(,», ) refers to the IMFP of an electron with kinetic energy relating to
signal i through material i, while ),(,-72) refers to the IMFP of an electron with kinetic
energy relating to species k through material i. Only if Ey;,; ~ Ey;,x can these two
values be seen as equal. For the ratio between both signal intensities, these relations lead
to:
_d_
V(M,i) * O % Tj )L(i 1) (] —e M )

I;
C == : 3.15
ase c) L Vi *oext A T G-1)
) e i,

In the case of similar kinetic energies of the photoelectrons, this relation simplifies to:

L Viuip*0i A, 4
C o —=—"— (et —1 3.16
ase c) I~ Vory * o1 ” e ) ( )

Note that in case of non-normal emission d has to be replaced by d/cos(a), with o being
the emission angle (see Fig. 20).

Experimental Setup

A commercial XPS setup provided by VSW was used for sample characterization. A
load lock was attached to the setup for sample insertion into the vacuum system. The
used X-ray source (TA10, VSW) was not monochromatized. Unless otherwise stated,
spectra were recorded using the Al — K, irradiation. Photoelectrons were analyzed using
a hemispherical analyzer (HA100, VSW, @,,4/y..r = 5.15 eV) with a constant pass energy
of 22.4 eV and detected using a channeltron multiplier.

The transmission function of the analyzer was experimentally determined to be:!7*
T ~ (Egin) %7 (3.17)

Additionally to the XPS measurement in this vacuum chamber, the sample surface clean-

ing was possible by Ar-ion-sputtering and the sample could be heated up to 650 °C.
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Calibration to a single graphene layer

The XPS setup was calibrated to obtain the carbon/copper signal ratio for SLG. For this
calibration procedure, several completely covered graphene film samples were synthe-
sized and analyzed using the XPS spectrometer. The calibration procedure is described

in detail in Appendix 12.1.

3.4. Analysis and modification of grown graphene samples

After the graphene growth procedure, grown graphene flakes can be evaluated using op-
tical microscopy and the degree of recrystallization of the Cu substrate can also be deter-
mined. An essential part of the preparation of graphene-based devices is the detachment
from the growth-substrate and the respective transfer of the graphene layer to the de-
sired final substrate. These post-growth analyses and treatments are introduced in this

section.

3.4.1. Flake density and size analysis
The graphene flake size distribution of the final sample contains information about the
temporal evolution of the graphene flakes in the reaction atmosphere. In literature, mostly

217 or the

either individual graphene flakes are chosen to illustrate the acquired results
graphene-covered area (regardless of the individual flakes) is determined as a measure
of growth progress.!” In this work I separate the evaluation of the nucleation process
strictly from the following graphene flake evolution. The grown graphene samples are
oxidized in air to visualize the graphene flakes and allow analysis via optical microscopy.
The nucleation density is analyzed by determining the total amount and position of the
formed graphene islands. Dividing the sample surface into squares of 1x1 mm size and
color-coding them regarding the number of graphene flakes formed in this area, as shown
in Fig. 21, allows checking if the nucleation points are statistically distributed. The total
amount of nucleated flakes divided by the sample size leads to the nucleation density
Nuue- The flake sizes of the graphene flakes are measured by determining the hexagon’s
outer circle diameter D (see Fig. 22) and converting it into the inner radius r of a regular

hexagon according to equation 3.18.
D =2%R =2 2 (3.18)
= * = L*k —=Xr .
V3

The flake area of the hexagonally shaped graphene islands can be calculated by eq. 3.19:

A=2V3r (3.19)
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Figure 21 : Exemplary illustration of a statistically evaluated graphene flake sample. The
sample is divided in squares of 1x1 mm size and the graphene flakes in each square are
determined, visualized in different grayscales in the figure. This allows the assessment if
a statistical distribution of the flakes is present on the sample, as is the case for the shown
sample. The nucleation density of the complete sample is 1,.

A = Flake area
r = Radius of the inner circle
R = Radius of the outer circle

Figure 22 : Geometry of a hexagonal graphene flake and the relevant parameters for its
description.
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Figure 23 : Flake size distribution histograms for three samples grown for different times
t, normalized to the respective maximum value. The graphene growth velocity can be
extracted from the difference in distribution maxima from two samples divided by the

respective additional growth time. Adapted with permission from 28 . Copyright 2021
American Chemical Society.

Counting the appearance of flakes of a given radius r enables one to derive a histogram
of the grown graphene flakes on Cu, as shown in Fig. 23. The most precise method to
determine the graphene flake size evolution is to determine the differences in flake size
distribution between samples before and after the exposure to a specific growth condi-
tion. As described in the chapter Reactor setup, the experimental procedure allows the
parallel growth on three Cu samples, which can be removed from the growth atmosphere
at different times. On each sample, the monitored flakes are evaluated regarding their
flake radius, as shown in Fig. 23. The difference Ar divided by the difference in growth
time is defined as the growth velocity v. While the first extracted graphene sample serves
as a zero-point reference, growth velocities can be extracted for both following samples.
In most growth experiments the new formation of graphene flakes can be expected to
happen at the start of the reaction, leading to Gaussian curves as shown in Fig. 23. Ex-

ceptions to this case are determined in chapter 6.
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3.4.2. Cu surface analysis
Several literature studies have reported treatment protocols for the complete recrystal-
lization of the copper foil prior to graphene growth, leading to a single-crystalline sub-

31,218,219,26,220,221,222 Mainly, the procedure proposed by Reckinger et al’! is

Strate.
associated with the formation of copper oxide particles on the surface during the pretreat-
ment phase, which pin the underlying Cu grain boundaries, inhibiting their coalescence.
Sudden changing of the condition to a reductive H, atmosphere removes the oxide parti-
cles and enables abnormal grain growth, during which a very fast grain growth towards
(111)-type grains is observed.

This type of grain growth is similarly observed when applying the treatment outlined
in Fig. 11: At first the sample is heated in a hydrogen atmosphere to 950 °C and then
undergoes an oxidative treatment in an Ar + O, atmosphere. After this treatment, the
reaction gas phase is quickly changed to a reductive hydrogen atmosphere again. In the
first moments after this reduction, the strongest grain growth in the Cu foil is observed,
as also described by Reckinger er al.3!

If a sample is removed after the oxidative pretreatment step, slight oxidation is observed
in the form of round particles distributed over the sample. Such a sample is shown in
Fig. 24a), where the Cu grains do not exceed 100 um and the oxide particles are often
found at the grain boundaries. Already after a short exposure to hydrogen, the Cu grain
growth sets in and most Cu grains merge to one grain of several mm-cm in size. The
change of the sample shown in Fig. 24a) after 5 min exposure to 100 mbar H; is shown
in Fig. 24b). While the morphology still keeps the remainders of the original Cu grains,

the coloring during oxidation and the orientation of the enlarged minor facets grains?!®

(here referred to as twin crystals)223’224

in angles of 60° and 120° over a wide distance
proves the merging to one large Cu grain. This recrystallization process is strongly de-
pendent on the reaction temperature, below 1000 °C it is comparatively slow, at 1045 °C
(> Smin reduction) mostly about 80% of the sample consist of such ultra-large grains and
at temperatures above 1060 °C the sample mostly consists purely of such grains. After
graphene growth in H> + CH4 atmosphere at 1045 °C, the Cu foil shows strong recrystal-
lization, as is shown exemplarily in Fig. 24c). This optical image shows an oxidized Cu
sample. The main Cu grain obtained from the recrystallization stretches over most of the

central Cu foil.

52



Synthesis of graphene by chemical vapor deposition of methane on copper

a) After O,-pretreatment

Oxidized

Former grain
imprints

—

Same Cu grain
(with twin crystals)

Figure 24 : Copper substrate composition in dependence of the gas phase of the last
treatment step. a) In case of a purely oxidative atmosphere, the Cu grains remain in the
diameter regime below 100 um (marked with an arrow in the magnification). The grain
boundaries can be identified by the coloring after oxidation (inset), where all individual
grains show slightly different coloring. The magnified image shows slight formation of
copper oxide particles, which may grow during the cooling of the sample in the oxida-
tive atmosphere, as the formation of copper oxide particles is favored at lower temper-
atures.'® b) After the purging of the O,-pretreated sample with H,, the former grain
boundary imprints remain in the surface morphology. The uniform coloring of the foil
upon oxidation shows that all small grains merged to one large Cu grain. The formation
of twin crystals of identical orientation over large distances backs this up.??>2%* ¢) Low
magnification image of the common grain distribution of a pretreated Cu foil. One large
Cu grain extends over most of the sample area, while the grain restructuring is typically
lower at the sample edges. (Experimental details: a,b: E. 3 ,c: E. 4)
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From empirical observations, the recrystallization of the Cu grains seems to be sensitive

regarding:

The switching temperature (increasing recrystallization with temperature)

The applied pressure of hydrogen during abnormal grain growth (increasing recrystal-

lization with hydrogen pressure)

Residual impurities in the Cu foil (reduced recrystallization through pinning with im-

purities)

Deformations in the Cu foil, e.g. at the foil borders where the foil has been cut (re-

duced recrystallization at stronger deformations)

For most of the experiments performed in this work, Cu grain recrystallization condi-
tions were chosen similar to the ones leading to the sample shown in Fig. 24c), which

was grown according to the reaction recipe shown in Fig. 11.

3.4.3. Transfer techniques

If the synthesized graphene sheet shall be used on a different substrate than the Cu foil
for its final application, the graphene layer must be separated from the Cu substrate
and transferred onto a new target. The separation of graphene from the underlying Cu
mainly follows two different approaches. The graphene can be detached from the surface
while both the graphene sheet and the substrate material are preserved. This separa-
tion is achieved by the so-called bubbling transfer method.??>>2%6 The other option is
to chemically or electrochemically decompose the growth substrate. Both processes are
described in Fig. 25 and in detail also in reference !°. In the usually executed approaches
of both transfer procedures, the graphene must be protected by a polymeric layer, such
as polymethyl methacrylate (PMMA). Then the graphene+polymer stack can be sepa-
rated from the underlying substrate by using the Cu foil and a Pt foil as electrodes for
the electrolysis of water, where the hydrogen evolution reaction (HER) on the Cu side
softly lifts the graphene from the metal substrate (see Fig. 25, step iii [a]). The second
possibility is to remove the entire substrate either by electrochemical transport of Cu
to a Cu counter electrode, or by etching the Cu in a reactive solution, such as aqueous
iron(III) nitrate (Fe(NO)3)3(aq.)),??’ iron chloride (FeCl3(aq.))**® or ammonium per-
sulfate ((NHy)25,03(aq.))® (see step III [b] in Fig. 25). In both cases, the protected
graphene layer remains floating on top of the solution, which can be exchanged several
times by deionized water. The stack can then be fished with the desired new substrate,
dried to remove any water trapped in between the layers and finally, the protection layer

can be dissolved in hot acetone.
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Figure 25 : Typical transfer protocols for the formation of freestanding graphene mem-
branes after synthesis by CVD on Cu (Step I). The graphene is protected by a polymer
layer (Step II) and then separated from the Cu substrate either by gas formation in be-
tween graphene and Cu (so-called "bubbling transfer”, Step III a) or by etching of the
metal (Step III b). After cleaning in different solutions and their exchange with water
(Step 1V), the floating graphene-polymer stack can be fished with the desired holey sub-
strate (Step V), dried, and the polymer can be removed e.g. by dissolution in organic
solvent (Step VI), leading to the final product (Part VII). Reprinted with permission from

reference 19,

These transfer techniques have been often modified to increase the yield, quality or purity
of the obtained membranes. The etching approach for example imposes less stress on the
graphene membrane, which is why it is possible to remove the growth substrate while
only partly protecting the graphene layer with a protective frame.3”-22% Other groups per-
formed the etching transfer procedure by protecting the complete graphene layer with an
ultra-thin evaporated metal layer?? or by placing the destination substrate on top of the
g/Cu stack while etching the Cu layer.?3! The dissolution of the substrate though is often
also associated with an increased amount of impurity particles remaining attached to the
graphene membrane after transfer.”> This may be caused by insoluble impurities in the
original foil or residues of the etching solution.

The graphene transfer using the *bubbling transfer’ approach is usually performed with
thicker protection layers, so that the removal of this layer after transfer is especially
delicate. A thicker polymeric layer leads to a stiffening of the PMMA/graphene stack,
lowering the mechanical contact between stack and target and reducing the stability of the
graphene membrane. In order to reduce the stress acting on the membrane, drying of lig-
uid wetting films with high surface tension has shown to be critical, therefore the drying
by gradual exchange of the solvent with liquids of lesser surface tension’! or by passing

over the critical point of the solvent>*? (liquid to gaseous transition without boiling) have
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been used. As especially successful has proven a combination of solvent-exchange with

a special sample geometry avoiding the formation of solvent-filled cavities.”?

Several studies have tried to pinpoint the path leading to the cleanest results.>3>233 Nev-

ertheless, these modification steps in air and even in solution require additional post-

treatment steps before the samples are suited for UHV-applications. Precleaning steps

have been proposed, including the heating in presence of activated carbon,?3*

235

the heating
after deposition of Pt nanoparticles®>> or a very long and mild annealing step to desorb
any unwanted species from the sample.”!

Apart from these approaches, a large number of transfer procedures have been developed
for very specialized cases, e.g. for graphene on transparent polyethylene terephthalate
(PET)?3¢ and other polymers,??’ graphene/h-BN stacks>*® or graphene on hydrophobic
surfaces.”> To omit the transfer procedure, the direct growth of graphene is often pro-
posed on several substrates made possible by evaporating a thin Cu layer on the substrate
before growth.?40-241

This excerpt shows that a large number of transfer procedures are described in litera-
ture. Their evaluation is difficult, as the exact transfer failure mechanisms are mostly
unknown. In this work, I map out the parameters relevant for a successful graphene
transfer and design transfer recipes targeted precisely for the required sample features.

These are described in chapter 10.
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4. Thermodynamics of the graphene formation reaction

For the experiments regarding the thermodynamic equilibrium of graphene, the starting
system always consists of pre-grown, isolated graphene flakes, as sketched in Fig. 26.
This allows the modeling of the growth geometry as an isolated, single graphene flake
if the islands are at sufficient distance from each other. A detailed analysis on how to
achieve this starting position by controlling the graphene nucleation density is performed
in chapter 6. The implemented measures to suppress the influence of contaminants are

discussed in chapters 8 (oxygen) and 9 (silicon and carbon).

Starting sample composition
/ S / 4 . /
\ \

Figure 26 : The experiments performed regarding the thermodynamics and kinetics of
the graphene formation reaction use pre-grown graphene flakes as starting geometries to
monitor changes in the sample composition after exposure to specific reaction conditions.

4.1. Graphene decay in the reactive gas atmosphere of CH4 + H>

According to the relations given in section 2.2, the equilibrium constant of the graphene
formation reaction, K., is defined over the Gibbs free energy AgG®, or the ratio between

the activity of products and educts, as shown in eq. 4.1:

ARGO) _al8)egalth)zy _ 1#[p(H)eqp?) _ PHeq, - (4.1)

K, = — — —
i “p( RT a(CHy)eq p(CHy)eqp® ?

In eq. 4.1, a(X) is the respective activity of the species X. The activity of solid species
present in the reaction volume, in this case graphene, equals 1, and the one of gaseous
species can be approximated by the respective partial pressure divided by the standard
pressure p? of 1 bar. The ratio between hydrogen and methane partial pressure is abbre-

viated with the acronym w. The product of pressure and w-ratio set in an experiment is
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defined as mass action constant Qgy:

Qurp = P2, 4.2)

p
Setting reaction conditions Q. < K., thermodynamically favors the growth of graphene
flakes, reaction conditions above equilibrium (Q., > K,4) lead to graphene decay. When
plotted logarithmically in a diagram with p(H,) and the w-ratio as axis, the condition
Qexp = K, 1s fulfilled along a diagonal from the upper left to the lower right corner. This

is schematically shown in Fig. 27.

Log (p[H,])

Log (w-ratio)

Figure 27 : Graphene formation diagram with a logarithmic plot of the hydrogen partial
pressure and the w-ratio of hydrogen to methane. The thermodynamic equilibrium K,
of the graphene formation reaction from methane at a certain temperature shows as a
straight line in the logarithmic p(H,) — w—plot. At experimental conditions found below
this line in the diagram (blue zone), graphene formation is expected, while above the
K,4-line (red zone), graphene should decay.

An experimental series with stepwise increasing values of Q,,, was conducted to visual-
ize the effect of the reaction atmosphere on the graphene flake evolution and to localize
the position of K,,. Graphene flakes were nucleated at conditions far away from equilib-
rium for 2-5 min and then exposed to a certain value of Q.y,. A reference sample was
removed from the growth reactor after changing to growth conditions, a second sample
was left in the reactive atmosphere for 120 min.

Figure 28 shows optical images of representative flakes before and after this growth step,
as well as a histogram showing the complete distribution of measured graphene radii on
the sample. The mean graphene flake size clearly increases for the samples exposed to
Qexp values of 57 (a), 81 (b) and 88 (c), while a decrease is observed for Qcy, = 102.
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Here, the flake sizes after 120 min of exposure to the reactive conditions are smaller than
the originating nucleated graphene flakes. This leads to the conclusion that the value of
K,q at 1045 °C must lie somewhere in between 88 and 102. The precise value determi-
nation is specified in the next chapter, whereas in the following the different observed
shapes are described. Since Raman spectroscopy identifies more than 90% of the formed
flakes as single layer graphene (SLG), the experiments reflect the thermodynamics of the

SLG formation on Cu.
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Figure 28 : Experimental determination of the thermodynamic equilibrium line K. Pre-
grown graphene flakes (+ = Omin) are exposed to defined reaction conditions to explore
the growth/decaying behaviour at certain points in the p(H,) — w—diagram. Growth or
decay are identified by the development of the mean graphene flake radii over a reaction
time of 120 min. While the graphene flake evolution towards larger flakes is very clear
in sample a), it continuously diminishes for samples b) and c), grown at higher values
of Qeyp. For sample d) grown at Q.,, = 102, the flake radii decrease during exposure to
the reactive atmosphere, leading to the conclusion that the thermodynamic equilibrium is
surpassed in this experiment. (Experimental details: a: E. 60 ,b: E. 63 ,c: E.5,d: E. 6

)
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Graphene flakes exposed in the last step of the experiment to growth conditions show
an overall hexagonal shape. It was observed that the ideal hexagonal shape is strongly
favored closer to K, , while at conditions far away from equilibrium Q,,, << K, also in
some cases more dendritic shapes are observed.

Thermodynamically, the crystal edge with the slowest attachment rate (energetically most
favorable) will define the edge shape of the developed flake.>*>243 On the opposite,
the decomposition shape of crystals is defined by the edge with the highest detachment

2 242 in the literature dodecagonal

rate.”?*> For graphene on platinum?** and on copper
shapes are predicted for decaying graphene flakes in an intermediate phase, while the fa-
vored final structure should be armchair-like. Regarding this aspect, the results obtained
in this group rather show an overall rounded flake shape when changing to decaying con-
ditions, as e.g. displayed in Fig. 28d). The emerging shape can also be influenced by
morphological aspects or Cu grain boundaries. In case of an emerging round flake shape,
the detachment barrier for graphene rim atoms would be equal at all rim positions, with-
out setting a preferred etching edge.

While in literature the outer shape change of graphene flakes is mainly described for con-

ditions without methane (Qey, = 00)244.242

or far away from the thermodynamic equilib-
rium (Qexp > Keq)245’ 126 the presented results show that this shape modification already
takes place close to K., and can therefore be used as a criterion to determine the precise
position of the thermodynamic equilibrium. Experiments as shown in Fig. 28d) are diffi-
cult to realize due to the major drawback that the overall graphene flake growth or decay
at conditions close to the equilibrium slows down to zero, which consequently requires
extremely prolonged exposure times to measure an unambiguous flake size change. As
the flake shape changes from hexagonal to round happens according to the absolute
attachment- and detachment rates (which are not zero close to the equilibrium, only the
resulting overall reaction rate goes towards zero), it allows a faster determination of the

growth regime.
4.2. Determination of the thermodynamic equilibrium constant K,

4.2.1. Determination at constant temperature 7 = 1045°C

Using the flake shape criterion introduced in the previous chapter as feature for identifi-
cation of growth/decaying conditions, an experimental series was conducted to determine
the position of the thermodynamic equilibrium at T = 1045 °C. In these experiments, the
graphene reactor was loaded with three Cu foil samples, allowing the investigation of
two reaction conditions in one experiment, together with a referencing sample removed
directly after the nucleation step. The procedure is schematically illustrated in Fig. 29.
SLG flakes are at first nucleated far away from equilibrium (Qy, = 10 —25), then they are
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log(w =py, / Pch, )

Figure 29 : Scheme for the proceeding to accurately pinpoint the equilibrium line below
and above K., in a single reactor experiment. 1. Graphene flakes must be pregrown fur-
ther away from equilibrium to enable sufficient nucleation events on the sample. 2. The
reaction conditions are modified to conditions expected to be slightly below K., in the
"growth-zone". Immediately after setting these conditions, the first sample is removed
from the hot reactor zone. After a certain reaction time, the second sample can as well
be removed from the reactor. 3. Changing the reaction conditions again to higher values
of Qcxp leads to the acquisition of a third data-point, slightly above thermodynamic equi-
librium. The observed morphological change indicates the crossing of the equilibrium.

Reprinted with permission from reference 2*¢. Copyright 2021 American Chemical So-
ciety.

exposed to conditions expected to be closely below the equilibrium, where the graphene
growth should diminish to an almost undetectable value, nevertheless maintaining its
hexagonal shape. Subsequently, modification of the growth atmosphere to slightly higher
Qexp values above the equilibrium concentration will trigger the shape change (step 3),
which can be detected by optical microscopy after the reaction, as shown exemplarily in
Fig. 29b) and c). The procedure is designed in this particular way, as it combines the
possibility of testing two growth points per experiment with a simplified sample char-
acterization. As was discussed in the previous chapter, graphene growth very close to
the equilibrium produces flakes of almost ideal hexagonal symmetry, allowing a precise
determination of shape changes.

The results of the experimental series are summed up in Table 6.
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Table 6 : Experiments conducted to pinpoint the thermodynamic equilibrium for the SLG
formation reaction at 1045 °C with exemplary optical images. Reactions below K,, are

marked blue, above red.

Reaction steps 1+2 Reaction steps 1+2+3
# p (mbar) p (mbar)
w-ratio Optical image w-ratio Optical image
Qexp Qexp
Exp. E.5 p = 47.6 mbar p =49.1 mbar
w = 1839 w = 2095
Qexp =815 Qexp =102.9
Exp. E.7 p = 37.4 mbar p =39 mbar
w = 2458 w=2619
Qexp =919 Qexp =102.1
Exp. E.8 | p=28.7 mbar p =30.1 mbar
w =3381 w = 3641
Qexp = 97.0 Qexp = 109.6
Exp. E.9 p =43 mbar p =44.5 mbar
w =2256 w = 2429
Qexp =97.0 Qexp = 108.1
Exp. E.10 | p=33.6 mbar p = 34.6 mbar
w=2919 w = 3237
Qexp = 98.1 Qerp = 112.0
Exp. E.11 | p=123 mbar p =125.1 mbar
w =631 w =678
Qexp=T71.6 Qexp = 84.9
Exp. E.12 | p=127.8 mbar p = 140.1 mbar
w =650 w =707
Qexp = 83.1 Qexp = 99.1
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Each growth sample is listed with the corresponding hydrogen partial pressure, the w-
ratio and the mass action constant Q,,, as well as an exemplary optical image of one flake
on the oxidized sample. The border color of the image shows whether graphene growth
(blue) or decay (red) was observed. Each reactor run lead to two evaluable graphene
samples, which are displayed in the left column (sample removed after steps 1+2) and
the right column (sample removed after steps 142+3) of the table. All first samples
show a pronounced hexagonal shape, while the second samples mostly show a stronger
deviation from the ideal towards rounded shapes. This was not observed for sample E. 11
in Table 6, where the second sample kept its pristine shape, which is why this sample was
also assigned to be in the graphene growth regime.

The resulting values for Q,,, were inserted in a p(H,)-w-diagram shown in Fig. 30 using

the same color coding (growth = blue, etching = red).

200

25 +

| | |
500 1000 2000 4000
W = py,/ PcH,

Figure 30 : Experimental results from the reactions listed in Table 6 in a p(H,) —
w—diagram. Colored crosses mark the spots where experiments showed graphene growth
(blue) or decay (red). The resulting SLG equilibrium line is shown as a dashed line,
surrounded by the green highlighted confidence interval. The equilibrium line for the
formation of graphite as extracted from literature shows a clear shift towards higher sta-

bility (continuous line).?*” Reprinted with permission from reference 2*¢ . Copyright
2021 American Chemical Society.

Based on the mean value of Q.. of each growth/etch pair and a standard deviation based
on the distance between both data points, a value for K., was determined to be K.,
(1045 °C) = 99 £ 5. This value is inserted in Fig. 30 in form of a dashed line, with

the standard deviation shown in form of a green highlighted area. These experiments
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emphasize the fact that at each temperature one specific value for K, exists, while only
the product and not the individual values of its two components p(H;) and w-ratio is rele-
vant. This value for the thermodynamic equilibrium can be converted into the Gibbs Free
Energy AgG° using equation 4.1, which leads to AgG° (1045°C) = —50.4+0.5kJ mol .
No values were found in literature for the Gibbs free energy AgG° nor for the related re-
action enthalpy AgRH® or entropy AgS°. As the interaction between the copper substrate
and the covering graphene layer is known to be low, the value for the comparable case
of graphite (which can be described as graphene on graphite) was used instead.'?® This
value, tabulated in the NIST-Janaf tables amounts to ARGy, aphite = —54.6+0.5kJmol !,
which leads to a value for Kyqpnire(1045 °C) = 146. The Gibbs free energy lower by
about 4 kJ mol~! compared to single layer graphene on copper means that the formation
of graphite is thermodynamically favored. The magnitude of this shift becomes optically
visible by inserting the graphite equilibrium line in the p(H,) — w— diagram of Fig. 30,

where a clear shift can be observed compared to the data points acquired for g/Cu.

4.2.2. Influence of O, on the position of the equilibrium

The results compiled in chapter 8.2 show that, under certain conditions (namely in com-
bination with oxygen), impurities affect the growth of graphene flakes. The presence of
impurities typically leads to the formation of holes in the central area of graphene flakes,
while the outer rim remains unaffected. Thus, using the outer rim as flake shape criterion
for thermodynamic equilibrium of the graphene formation reaction should remain valid.
However, it might be possible that oxygen impurities cause the observed shift of the equi-
librium line of g/Cu and g/g in Fig. 30 by influencing the equilibrium concentration of
C,q on the substrate.

The concentration of adsorbed oxygen under typical CVD conditions during graphene
growth was estimated in chapter 2.4 to have a negligible value, which should not affect
the outcome of a CVD growth experiment. In order to prove this, graphene was grown
close to equilibrium conditions with additional dosing of oxygen (1 x 10™* sccm), re-
sulting in a partial pressure of 1.4 x 10~* mbar O (see chapter 3.1.3). Compared to the
inherent contamination of oxygen in the gas feed of O, (imp) ~ 1.7 x 10~> mbar this is
an increase by a factor 7. The used growth parameters are added in form of a black square
to the p(H,) — w—diagram in Fig. 31 and optical images of the grown graphene flakes
are also shown, depicting hexagonal graphene flakes without the evidence of etching at

these conditions very close to the determined equilibrium conditions.
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Figure 31 : Graphene growth under an increased oxygen partial pressure of 1.4 X

10~* mbar O,. The used experimental conditions are marked with a black square and
arrow. Growth of graphene at these conditions (see also optical images on the left side)
shows that the addition of oxygen to the reactive atmosphere cannot be responsible for
the shift between the equilibrium lines of graphene and graphite, as shown by the dashed
and continuous lines, respectively. Scale bars amount to 20 um. Adapted with permission

from reference 2*¢ . Copyright 2021 American Chemical Society. (Experimental details:
E. 13)

Thus, the performed experiment shows added oxygen impurity 7 times larger than the
one present a clean experiment does not noticeably shift the equilibrium line. This con-
trol experiment proves that the observed shift of the g/Cu equilibrium with respect to g/g
truly reflects the thermodynamics of the methane decomposition reaction on Cu towards

graphene.

4.2.3. Determination of the temperature dependence of the equilibrium line

To disentangle the respective contributions of the reaction enthalpy and entropy to the
Gibbs free energy, an experimental series at different temperatures was conducted analo-
gously to the experiments at 1045 °C shown above. The experiments were conducted at
temperatures between 970 °C and 1080 °C, closely below the melting point of copper at
1085 °C.2#7 Results of the experiments are displayed in a van’t Hoff plot in Fig. 32. The
respective data points are also marked in color, depending if the sample showed graphene

growth (blue) or decay (red). Similar to experiments at 1045 °C, the pressure and gas
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phase ratio can be substituted by the mass action constant Q. in the diagram, which
allows the temperature-dependent plot in a /n(Q.y,) — T —diagram of the performed ex-
periments. The results of experiments conducted at 1045 °C compiled in panel a) appear

as crosses at the respective point on the x-axis in panel b.
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Figure 32 : Temperature dependency of the thermodynamic equilibrium of the SLG/Cu
formation reaction. The data points presented in a) acquired at a single temperature
merge into a single x-axis value in the [n(Q,x,) — 1/T —diagram shown in b). Additional
experiments conducted at temperatures between 970-1080 °C are also inserted in b),
restricting the possible course of the T-dependent equilibrium line. Evaluation of the
slope of the equilibrium line in c) leads to the reaction enthalpy and the y-axis intercept
to the reaction entropy. Confidence intervals of the analysis are sketched as green area
in the respective plots. Reprinted with permission from reference 2*¢ . Copyright 2021
American Chemical Society.

The temperature dependence of the thermodynamic equilibrium K, can be derived from
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the Gibbs-Helmholtz equation 4.3, leading to equation 4.4.

d AG AH
— o 43
dr T T2 (4.3)
AS AH'1
In(K(T)) = — — —— 4.4
n(K(T)) = & — (44)

246 and appendix 12.2, assuming

The derivation of eq. 4.4 can be found in reference
H and S to be temperature independent. In the range of the performed experiments, this
leads to an error of +1% for the tabulated value of graphite and therefore marks the lower
limit of any calculated error to these values. A linear regression to the obtained datapoints
leads to values of AgH® = 91.8 £2.4kJmol ! and AgS® = 108.0= 1.8 /mol~'K~!. The
obtained regression is inserted in Fig. 32 in form of a dashed line. The fit error is marked
by a green highlighting. Graphically, the values for the enthalpy can be deduced from the

slope of the line according to:

=— 4.5)
1
dr R
And the entropy according to the y-axis interceipt amounting to:
AS
In (K(T)1/7—+0) = R (4.6)

Both values are visualized in Fig. 32c) showing an extrapolation to 1/T — +0, where
also the values extracted for graphite are inserted. Note that the experimentally de-
duced values all refer to the temperature range in which the experiments were per-
formed. The reference graphite data also refer to this temperature range and amount
to ARHgy,ppire = 92.010.9kI mol ™" and AgS;,, e = 111.241.1Jmol 'K~ All ther-
modynamic values are summarized in Table 7. The table shows that both evaluations,
temperature-independent and temperature-dependent are in accordance with each other
while in clear difference to the reference graphite values. While the fitted values for the
reaction enthalpy are, within the standard deviation, equal to the graphite reference, the
deviation of ARG° seems to stem from a lower value in reaction entropy.

The Gibbs free energy AgG° is directly related to the value of K., (7). As displayed
in Fig. 32c), graphene on graphite is more exergonic than graphene on copper in the
complete temperature interval from 0-2000 °C. If multilayer graphene on copper ener-
getically resembles graphite, then the formation of multilayer graphene on copper should
be thermodynamically favored compared to SLG. It can be concluded that the formation
of SLG/Cu is purely caused by kinetic restrictions and not due to the reactions thermo-

dynamics.
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Table 7 : Thermodynamic data extracted from the performed experiments of the van’t
Hoff analysis, the analysis of SLG at a fixed temperature and the reference values for
graphite from literature. Reprinted with permission from reference 2*¢. Copyright 2021
American Chemical Society.

DATA ANALYSIS | AgS°[Jmol 'K~1]  AgrH°[kJmol~'] ArG°[kJmol™!]

g/Cu vant Hoff 108.0£1.8 91.8+2.4 50.6+0.1
g/Cu (1045 °C)

(p(H2)-w-diagram) 50.4+0.5

g/graphite NIST-Janaf 111.2+1.1 92.0£0.9 54.6+0.5

The expected results for growth experiments in different parameter regimes, illustrated
in Table 8, show that there exists a specific parameter range between both equilibrium
constants where single layer graphene growth is expected to decay while graphene on
graphite should continue growing. As already stated, the properties of multilayered
graphene on Cu should resemble more and more the case of graphite with increasing
layer number. Multilayered graphene islands should hence grow a little bit faster at
Qexp < Key(SLG) and decay with a certain shift at Q.x, > Koy (SLG). Experiments con-

cerning the verification of this prediction are in detail described in chapter 7.

Table 8 : Graphical display of the different behavior of graphene on Cu and graphite sub-
strates at the exemplary temperature of 7 = 1045 °C. Below K,,(g/Cu) = 101, graphene
is expected to be stable on both substrates. Between both equilibria, graphene is ob-
served to decay on Cu substrate while expected to remain stable on graphite. Multi-
layered graphene islands on Cu are expected to resemble an intermediate between both
structures. Above K,,(graphite) = 146, graphene should decay in both cases.

T = 1045°C Qexp < 101 101 < Qe < 146 Qexp > 146

SLG on Cu

SLG on graphite




Thermodynamics of the graphene formation reaction

4.2.4. Comparison of the thermodynamic data with literature data

Related to the equilibrium concentrations of graphene growth on copper, Lewis et al**?
tried to determine the equilibrium concentration for methane decomposition to graphene
in a CH4 + H, atmosphere. The determination of the sum of all gas partial pressures
(p(CHy) + p(H,)) as crucial parameter for K., nevertheless makes the analysis of the
results wrong. The experimental parameters used to find areas without graphene growth
(low temperature, low total pressure, equal w-ratio) leads to the interpretation that the
absence of graphene formation was caused by the lack of enough methane for nucleation
rather than the crossing of the equilibrium concentration, which would be expected at
higher pressures according to Q.. = w* p(Hy).

Safron er al**°

performed experiments with graphene pre-covered Cu samples, analyz-
ing the methane concentration at which the graphene film grew complete/ remained in
partial coverage/ decayed after the performed reaction. The data points were collected
over the large temperature range between 850-1050 °C and were used to pinpoint the
position of the graphene equilibrium line. Comparison to our findings shows that these
experiments observe graphene growth at higher values of Q.,, where graphene should
already decay according to our results. The lack of control over C,H, impurities and car-
bon contaminations in the Cu foil in the performed experiments at that time might explain
this shift. These contaminations may deliver supplementary carbon to artificially support
graphene growth in unstable regions. At lower temperatures, the slow rate of graphene
formation/decay is expected to introduce a hysteresis, which postpones the observation
of growth/decaying effects.

For the reaction entropy AgS° no other comparable values could be found in literature.
For the reaction enthalpy on the other hand, theoretical predictions and comparable ex-
perimental results are more numerous. In theoretical studies, the reaction which is com-

monly calculated is:

Crac — Cgraphene on: Cu/Graphite/Vac 4.7

To be able to compare these literature values with our results they were combined with the
NIST-data for the reactions of (Cyac — Cgrapnire) and the formation enthalpy of methane
(CHy — Cgraphite + 2H>), as also listed in section 2.4.2%7 The values found in Litera-
ture by Zhang et al 250 Kittel,!43 and Li et al'3! are listed in Table 9 and show strong
scattering. Essentially, all derived values are not precise enough to allow constructive
comparison with our determined values.

More information is available on the delamination energy of graphene on both, Cu and
graphite, also summarized in Table 9. The main adhesion of graphene on weakly in-

251,252,253.254 which means that

teracting surfaces is caused by the van-der-Waals forces,
possible differences between both substrates should be inherently included in the adhe-

sion energy as an areal value in [J x m~?] or the equivalent atomic specification of the
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delamination energy in [eV /atom]. Experimentally and theoretically determined values

are summarized in Table 9.

Table 9 : Summary of reference values found in literature to contrast the obtained
value of the reaction enthalpy/formation energy. The experimentally derived value of
ARH® —91.8 kJ /mol relates to —0.951 eV, which can be compared to the compiled val-
ues. Theoretical calculations of this value show enormous variations of +100%. Indi-
rectly, contrasting the formation energy on both substrates g/Cu and g/g can be done by
comparing their respective adhesion energies. Several literature references for the exper-
imental and theoretical determination of these values are listed in this table.

Graphene on Cu Reference Graphene on graphite
CHy = Cgrx +2H,
Formation Energy Formation Energy
(eV /atom) (eV Jatom)
Results from this work>*® -0.951 + 0.025 NIST Database -0.954 + 0.009
Calculations
Zhang 20112 -0.544
Kittel 198643 -1.004
Li2017'3! -2.000
Corx = Cgryvac

Predicted value from experimental results compared to NIST-data: E,;(graphite) — E,;(g/Cu) = 0.00£0.03 eV /atom

Adhesion Energy Adhesion Energy

(J/m?) (eV /atom) (J/m?) (eV /atom)
Experimental values
Yoon 201132 0.72 1.18 x 10~ | Wang 20162 0.221+0.011 3.62 x 1072
Das 20132%¢ 12.75 2.09 x 10° | Xia 2019'32 0.31-0.34 5.40 x 1072
Xin 2016>7 0.74—1.53 1.86x 107! | Benedict 1998%%  0.21+0.09 3.44 x 1072
Na 2015 6 9.82 x 107! | Liu 2012260 0.1940.01 3.11 x 1072
Na 2016201 1.54 2.52x 107" | Wang 201522 0.33+£0.06 5.40 x 1072
Cao 2014263 0.51 8.34x 1072 | Li20142%4 0.227+0.005 3.71x 1072
Calculations
Vanin 201049 0.21 3.50 x 1072 | Xia 2019'52 0.29+0.06 4.74 %1072
Gong 2010"° 0.18 3.00 x 1072 | Girifalco 1955265 0.33 5.40 x 1072
Xu 2010'3! 0.40 6.50 x 1072 | Weippert 2018266 0.27 4.40x 1072
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It shows that the experimental determination of graphene adhesion on Cu is bound to
severe scattering of the results, which are all much higher than the respective theo-
retical predictions or the values determined for the detachment of a single graphene
layer from a graphite crystal. Theoretical predictions for the energy of cohesion of
g/Cu (0.03 — 0.06 ¢V /atom) and both theoretically and experimentally determined val-
ues for the energy of cohesion of g/g (0.03 —0.05 eV /atom) would lead to differences
of A= —0.03 — 4+0.03 eV /atom between g/Cu and g/g. These values are in very good
agreement with my presented experimental results, which assume the difference between
g/Cu and g/g to be 0.00 +0.03 ¢V. We can in summary confirm that the interaction be-
tween g/Cu and g/g is very similar regarding the enthalpy, additionally stating that there
might be a difference in entropy between both cases, causing a shift in thermodynamic
stability at reaction temperatures.

It is possible to additionally validate the received thermodynamic values with all liter-
ature references in which graphene growth is reported by CVD on Cu in a CHs + H;
atmosphere, as long as the needed values of temperature and mass action constant Q,,,
are stated. 81 literature references satisfying these requirements were analyzed and the
results inserted in the In(Qex,) — 1/T—plot of Fig. 32. The result, shown in Fig. 33,
consists of a large number of growth conditions mainly far away from equilibrium con-
ditions. Fewer are closely below K,,; the area commonly used in this work (Qex, > 20,
In(Qexp) > 3) is shown magnified in Fig. 33b).

Six references marked i-vi are in contradiction to the proposed thermodynamic limit,
which is also shown in the graphic in form of K., as a dashed line. Graphene growth
at these values could only be possible if there was an additional carbon source in the
reaction zone or the parameter calibration was not fully accurate. For the samples grown

in references i,'?!

ii,15 iii?®7 and iv'®* as marked in Fig. 33, the slight surpassing of
K., and the low reported growth rates indicate that the calibration of the fluxes may be
slightly wrong, but rather emphasize the position of the thermodynamic equilibrium in
this area. In the case of sample v?%® graphene was grown after melting of the Cu foil
on a tungsten substrate foil and subsequent cooling to resolidify the molten Cu. In the
case of present tungsten carbide (WC), this may lead to a continuous release of carbon,
influencing the carbon concentrations on the sample surface. The authors of reference
vi?®® show graphene growth at a high offset to K., and even report large graphene flakes
of 80 um flake diameter (without stating a reaction time). Comparison to our reported
results and all evaluated literature references indicates that the stated growth conditions
are wrong. Other than this outlier, all growth conditions presented in literature coincide

with the determined thermodynamic growth limit.
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Figure 33 : Discussion of graphene growth conditions presented in literature and their re-
spective results compared to the values presented in this chapter. Six literature references
declare graphene growth at conditions where, according to our thermodynamic results,
graphene decay should be observed (see numeration in the magnification to the right).
These references are discussed in the main text.

The presented experiments enable the comparability and calibration of CVD graphene
growth reactors. I. e., when performing the CVD growth on Cu in an arbitrary reactor,
the applied growth conditions can be related to a universal standard. The outlined exper-
iments explicitly determined thermodynamic data for SLG/Cu different to SLG/graphite,
which can be used for a qualitative discussion of SLG formation on support metals other
than Cu.

While theoretical calculations for the interaction energies between graphene and several
metal substrates exist,!49-175:270.271. 151 thiq is not the case for data affecting the reaction
entropy.

The gained insight is directly transferable for the growth by CVD on Cu using other
precursor molecules. As the thermodynamic potentials of the formation reaction of
other hydrocarbon molecules, such as CoHg, C;Hy and CoH; are tabulated in literature

databases,??

the prediction of graphene growth regimes is straightforward by exchang-
ing the thermodynamic data of methane by the ones of other hydrocarbons. The different
thermodynamic equilibria are plotted in Fig. 34 in addition to the experimentally deter-
mined equilibrium K., for methane. While the continuous line shows the equilibrium for

the reaction towards graphite, the dashed line for the reaction to single layer graphene
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on Cu shows in each case a significant offset. Sparsely available literature values for
reactions with these precursor molecules are inserted in form of color-coded triangles.
Due to their higher sticking coefficient and reactivity, larger hydrocarbons are often used

in UHV experiments'%

where the graphene growth is kinetically controlled via the total
carbon input and not by the equilibrium with the gas phase. Since the thermodynamic
equilibrium is strongly shifted towards the graphene formation for these molecules, al-
ready traces of larger hydrocarbons in the reactive CVD atmosphere of a reactor experi-
ment may lead to graphene growth. This becomes visually evident in the offset between
the equilibrium lines of methane and higher hydrocarbons in Fig. 34. Within the in-
dicated temperature-regime for the hydrocarbons already Q.y, values more than 1000
times larger than for the methane decomposition reaction should enable graphene forma-
tion on Cu. Also note that the 7~! dependency of the equilibrium constant relates to the
entropy difference of the decomposition reaction for the different hydrocarbon precur-
sor molecules, which is dominated by the impact of a different amount of released H,

molecules per carbon atom.
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Figure 34 : Thermodynamic equilibrium lines for graphene growth from different hy-
drocarbon precursors. Dashed lines show the expected equilibrium line for the growth
of graphene on Cu substrate, while the continuous line shows the expected equilibrium
on graphite, color-coded according to the inserted legend. As can be seen, graphene
formation for larger hydrocarbons is expected to strongly favor the graphene formation
reaction. Already traces of these gases are sufficient to maintain the graphene growth
at values of In(Qexp) > 10. The different slopes depend on the amount of formed hy-
drogen gas per carbon atom in the precursor molecule. Colored triangles mark literature

references for graphene growth using other precursors than methane. 06272273
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5. Growth kinetics

5.1. Modelling of graphene growth on copper

Graphene growth on Cu by CVD consists of several individual elementary reaction steps,
the dissociative adsorption of methane on the Cu surface, the dehydrogenation of the
CH, species and the integration of carbon to the graphene flake.!’* Although there are
several studies about the kinetics and energy barriers of individual reaction steps already
discussed in chapter 2.4, the modeling of the complete reaction chain is bound to large
uncertainties.!’* Several theoretical studies have tried to determine the concentrations
of reaction intermediates as well as the pathways of carbon attachment to the graphene

130, 140, 142

flake, proposing either the formation of carbon dimers, subsurface carbon!'#

or CH,, as graphene feeding adsorbate species'#> 13!

126,173

in addition to the graphene growth
fed from a C,; surface phase.
Several literature studies listed in the following tried to comprehend and predict graphene
growth kinetics using different approaches and simplifications to the reaction process:

- Loginova et al*’!-274

experimentally investigated in situ the graphene growth process
on Ru(0001). Due to the large adsorption energy of C,; on Ru, the carbon surface
concentrations can be measured before and during graphene nucleation and growth.
In situ tracking of the surface carbon coverage allows the extraction of the concen-
tration necessary for graphene nucleation, the oversaturation during graphene growth
and the equilibrium saturation between C,; and graphene after turning off the carbon
source. The growth velocity was found to scale according to the attachment of Cs

clusters to the graphene islands.

« Kim et ql'#1-173

presented a very early graphene growth model in which the over-
all reaction was split into three parts: The methane adsorption and dehydrogenation
process, the hydrogen recombination and desorption step and the attachment of the
carbon species to the graphene flake. Due to the early presentation of this model,
graphene growth recipes lacked control over the nucleation process and reaction con-
ditions were usually set very far from equilibrium conditions (e.g. Q.xp = 0.04 and
T =720 —1000°C), leading to a high nucleation density, continuous nucleation and
a fast graphene covering of the copper surface. These reaction conditions moved the
focus of the publication to the question at which conditions an incomplete graphene

layer is expected.
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Mehdipour et al?” transferred insights gained from the growth process of low-pressure
CVD on Ru and Ir to a growth model on the Cu surface, trying to imply all relevant
reactions to model the graphene nucleation and subsequent growth process. However,
the calculations for very low partial pressures (p(H») < 1072 mbar) do not match ex-

perimental graphene growth conditions.

Confronted to similar problems as Kim e al (saturated coverage, uncontrolled nu-
cleation, fast decay of growth rate), Celebi et al>’? tried to incorporate the process of
continuous nucleation into the growth model, finding that the plot of the total graphene
coverage versus the growth time can be fitted by a Gompertzian sigmoidal function.
As this conclusion is strongly limited to the used parameter space, the transfer to fur-

ther growth conditions is not possible.

Xing et al*’® assume additionally to the model by Kim et al that the overall graphene
growth rate (coverage increase per time) is directly proportional to the amount of bare
Cu foil, leading to a corrected growth speed . As this assumption is only correct if
a fixed percentage of the adsorbing methane molecules on the surface is incorporated
into the graphene islands, this model does only work for an extremely high nucleation
density where every arriving carbon atom is included in the graphene lattice. This is

not at all the case in most experiments conducted on copper.

Safron et al**” presented a growth model based on work by Zinsmeister?’’ for growth
of 2D surface layers upon constant intake of precursor material. The graphene growth
rate was determined to be dependent on the supersaturation above the equilibrium
concentration, referred to as critical methane concentration (CMC). The mean growth
rate of a single graphene flake was determined by calculating the ratio between overall
graphene coverage and formed nuclei, as the processes of continuous nucleation could
not be suppressed. Using this evaluation method, they experimentally found a linear
correlation between the flake growth rate and the difference between p(CHy) —"CMC”
and a correlation according to p(Hz)_3/ 2 regarding the influence of the hydrogen par-
tial pressure. Due to this correlation, CH,; was assumed to be the rate-determining

building unit (BU) for the growth reaction.

Eres et al'?’

could show that modification of the graphene growth atmosphere comes
along with a severe change in nucleation characteristics, leading to the insight that the

nucleation process should be observed separately from the subsequent growth process.
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Cabrero-Vilatela er al?’3 tried to experimentally detect the influence of a large num-
ber of parameters, including precursor partial pressure, catalyst thickness, exposure
time and cooling rate, hoping to locate a trend of these parameters on the resulting
graphene growth. Due to the low amount of experimental data and only qualitative

evaluation, no generalized information can be extracted from this publication.

Weatherup et al>’® examined the possible reaction pathways for ethylene on Pt, ob-
serving surface features that may influence the growth process (diffusion into the bulk,
accumulation along grain boundaries). These observations are mainly not applicable

directly to the growth process of graphene on copper.

Kraus et al.'?® proposed a growth model based on the elementary reactions listed by
Kim et al, but expanded to focus the growth template on a single, isolated graphene
flake instead of the entirety of graphene flakes on a sample. The proposed growth
model assumed the C,;-attachment to the grown graphene flake as rate-limiting step,
while all appearing surface species (Cyq, CHy 44, Hyq) were assumed to be in equilib-

rium with the respective gas phase species during CVD.

5.2. Presentation of the current graphene growth model

The model presented here is an advanced version of the model by Kraus e al., which
is in detail described in literature.!?17# Several new specifications were added to in-
crease the precision of the model and verify the validity of the model assumption. The
kinetic growth model uses the situation of an isolated, hexagonal graphene flake on the
bare Cu substrate to approximate the real growth conditions. The extended, bare Cu sur-
face allows to assume the gas phase species CH4 and H> to be in equilibrium with its
corresponding dissociated surface species H,q, CH3 44, CH3 49, CH,q and Cyy. A single
graphene flake on this substrate does not significantly reduce the surface concentrations
when growing close to the thermodynamic equilibrium as determined in chapter 4.2.
Note that the kinetic model describes the growth of graphene flakes, while the nucleation
of new flakes during CVD is separately discussed in chapter 6. Starting with the im-
pingement of diffusing C,; atoms on the grown graphene island edge along its perimeter
L, with an attachment energy barrier E,; to be overcome, leads to the following attach-

ment rate of C,; atoms to the flake:

dNc(att)  dCuy _Ey
= DxL RT 5.1
dr dx nre ©-1)
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Here, the first term relates to the diffusion of the C,;-species on the Cu surface according
to Ficks first law within the approximation of a 2-dimensional lattice gas. It includes
the concentration drop of C,; from the equilibrated Cu surface (|Cpq] = [Caaleq) to the
edge of the graphene rim ([C,4] = 0) and the diffusion coefficient D. [C,4] in this case
relates to the total amount of carbon atoms per area unit, while the related quantity ¥¢
relates to the amount of C,; atoms per substrate unit cell (|Cyy] = OcAcy ). According

to several literature references!20:138.140,165

the attachment energy barrier E; is in the
order of 1 eV or 100 kJ/mol. Assuming this to be the correct order of magnitude, only
a small fraction (at 1045°C approximately 0.1%) of the impinging carbon atoms will be
attached to the graphene lattice, which justifies approximating that the concentration drop

will take place within just one atomic distance ac,. This leads to:

d [Ca ] [Cad]eq _ ¢

= = 5.2
dx acu acuAcu 62
The diffusion coefficient on a 2-dimensional lattice is given by:
5 —Eaify
D=14ag,Vyge ®T (5.3)

with ac, being the nearest neighbor distance on the substrate lattice (in this case Cu(111)),
V.a the hopping attempt frequency (typically 10!3s~1) and Eyirr the activation energy
for the hopping event. This energy barrier is approximately 60 meV (5.8 kJ/mol) on
Cu(111)."** Inserting the diffusion coefficient D and eq. 5.2 into eq. 5.1 leads to:

dN, 1t 1 Eairs art
M =0.25%v g ac, V¢ Le™ ot eJZIﬂTT (5.4)
dt Acu

Additional to the attachment of C,; to the flake, the detachment of carbon atoms from the
flake edge is also taken into account in this model. Due to the lack of unambiguous results
regarding the detachment procedure, a simple, vibration-based detachment of a carbon
atom without interaction with external adsorbed species is assumed. The detachment
rate is therefore determined by the flakes rim atoms, the respective atoms vibrational
frequency representing the detachment attempt frequency Vv, and the detachment barrier

E;,; to be:
dNc¢(det 2L Eges
Cd(t et) _ ~ e it (5.5)
g

The processes for carbon att- and detachment are illustrated in Fig. 35 and the energetic
barriers are shown in the energy diagram in Fig. 36, which was already shown in chap-
ter 2. It is possible to describe the indicated energy barrier of the final attachment step
according to: Eyy = Eg,r + AgRH® — AgecH®, where AgH® is the previously determined
(chapter 4.2) reaction enthalpy of graphene and A4..H° is the decomposition enthalpy of
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Figure 35 : Graphical illustration of the parameters determining the graphene attachment
and detachment reaction rates. For the attachment reaction, the relevant terms are the
concentration gradient of C,; around the graphene flake, the diffusion coefficient D, the
possible interaction perimeter L of the island and the attachment energy barrier E,;;. For
the detachment of graphene, the graphene rim atoms possibly detach from the island at
each vibration (in this case called the attempt frequency V) if overcoming the necessary
detachment energy E ;.

methane towards C,;.
CHy = Cyq+H> (5.6)

This decomposition reaction also defines the surface concentration of carbon, which can
be either given in absolute numbers ([C,q] = atoms/m?) or relative to the Cu packing
density ([9.] = ML). The equilibrium constant of eq. 5.6 at low C,; coverage amounts

to:
,ARRGY;EC . 19C*G(H2)2

K. =
dec e a(CH4)

= Uc * Qexp (5.7)

Here, C,4 is treated as a non-interacting 2-dim gas with an activity approximated by ¢,

since:

(o)

o (5.8)

ﬁc ~

According to estimations made by Li et al 131 and Mattevi er al,'”® ¥, on Cu(111) is
below 10~7 or 10~® monolayers, respectively. The free Cu adsorption sites * = 1 — 0.
can therefore straightforwardly be assumed to be * ~ 1, which justifies eq. 5.7.

The increase of graphene atoms over time dN¢/dt leads to the size increase of the grow-
ing flake, which is treated as regular hexagon. As a result, the flake radius of a grown

hexagon with circumference L relates to the C atom increase per time:

N _AgdA _AgdAdr Ay dr

dr  2dr 2drdi 2 dr (5.92)
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Figure 36 : Energy diagram of the elementary reaction steps as used in the presented
growth model. As all adsorption and dehydrogenation steps are assumed to be immedi-
ately equilibrated, the rate-limiting step on which the growth model focuses is simply the
last reaction step of the carbon integration in the graphene crystal. Only the energy values
relevant for use in the kinetic model as presented are indicated in the diagram. Reprinted

with permission from reference 28 . Copyright 2021 American Chemical Society.

dA _ d(2V3r) 4N3r=1L (5.9b)

ith — = ———> =
W dr dr

Merging the attachment and detachment rate from eq. 5.4 and eq. 5.5 into one equation
and substituting dN /dt by dr/dt allows the cancellation of the flake perimeter L on both
sides of the resulting equation. The graphene growth velocity v = dr/dt as used in this

work is then defined as:

di" Ag _Ediff Adecso _ARHo 1 Ag _Eger
Vad Gcu€ KT e K e RT — —vgle” kT

b9 _ 5.10
dt [8ACM Ouep g >-10)

Both unit cell areas A, and Ac,, for Cu(111) amount to a§( /32 with ay being the lattice
constant (ag = 2.46 A, acy, =2.55 A). As known from the thermodynamic considerations
in chapter 4.2, the net growth at thermodynamical equilibrium K, is zero, i. e. att-
and detachment rates are equal. The detachment term can therefore be replaced by the

negative attachment term at Q,, = K4, which amounts to:

_ ARH°—TARS®

Kyg=e¢ & (5.11)

79



Growth kinetics

Table 10 : Parameters and constants relevant in the presented kinetic growth model and
their respective values and units.

Known parameters Value Fit parameters Unit
Gas constant R 8-314mOJW Decomposition entropy Ag,.S° WJH(
Graphene lattice constant ag 2.46A Detachment energy E ., %

Copper lattice constant acy, 2.55A

Attempt frequency v,q ~ 1083 57!

Diffusion energy Ey; sy 5.8 % Variables Unit
Reaction enthalpy ARH° 91.8 % Temperature T K

Reaction entropy AgrS°® 108#”( Mass action constant Qcy, unitless

As a result, the growth velocity v calculates as:

dr aﬁ _Eaigr Agecs® _AgH® 1 ARHO—TARS®  _ Eger
V=—=_—Ly e R ¢ K ¢ K| —e  RT le” ®r (5.12)
dt SaCu Qexp

The only two fit parameters remaining to be determined in this eq. 5.12 are the methane
decomposition entropy A;,..S° and the detachment energy barrier E;,, of carbon from the
graphene rim. All other values are known constants or are determined during the reaction,
as listed in Table 10. The determination of the two unknown parameters requires a large
dataset of determined growth velocities v at different conditions 7" and Q.y,, to enable a

plausible fit.

5.3.  Verification of the time independency of v(t) = dr/dt

According to the correlation described in eq. 5.12, the growth velocity v only depends on
the set reaction temperature and mass action constant Q,,,. Keeping these two parameters
constant should hence lead to the same growth speed v, 1. e. a linear increase of flake radii
with growth time. This assumption was tested to verify the fundamental validity of the
proposed growth model. Graphene was grown in the described reactor setup with three
loaded Cu samples, which could be removed individually from the hot reactor zone at dif-
ferent times, as described in chapter 3.1. Using the first sample as reference, the flake size
evolution of the second and third sample in the subsequent growth intervals was deter-
mined with high precision, as already described in chapter 3.4. Graphene samples were
grown after standard oxidative pretreatment and a short nucleation step at 7 = 1045 °C

and Q.y, = 45 for different times between 5-120 min. The radii of the observed flakes on
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the samples were statistically evaluated and a mean flake radius r was determined. The
mean flake radius is plotted versus the growth time ¢ in Fig. 37. Exemplary optical images
of single graphene flakes of each sample clarifying the flake size increase are shown in
Fig. 38. The evolution of the graphene flakes can be fitted with a linear equation leading
to a growth speed at these conditions of v(T = 1045°C, Qpyp =45) =92+ 3umh~1,
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Figure 37 : Graphene flake radius evolution at fixed growth conditions in dependence
of the reaction time. The respective linear regression through r(t = Omin) = 0 um is
added, indicating the expected linear evolution of the flake radius in time. Adapted with

permission from reference '?8 . Copyright 2021 American Chemical Society.

Wi

Figure 38 : Exemplary optical images of the graphene flakes as evaluated to determine
the data points shown in Fig. 37. Note that the mean flake radius is not determined from
single graphene flakes, but from the overall flake size distribution found on each sample.
(Experimental details: 0+5+10min: E. 4 , 15min: E. 49 , 20+30min: E. 14 , 374+90min:
E. 15, 60+120min: E. 16
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The described experiments prove the time independency of v, as predicted by the pro-
posed growth model. The increase in required carbon atom incorporation with increasing
flake radius at constant v is counterbalanced by the likewise increasing number of col-
lisions between diffusing C,; and the graphene flake rim. The increasing depletion of
surface carbon species by the flake attachment process does not influence the growth
procedure due to the large bare Cu surface allowing an equilibrated decomposition reac-

tion (eq. 5.6) of methane.

5.4.  Graphene growth at conditions leading to equal Q. ,-values

While the graphene samples shown in Fig. 38 are grown at equal mass action constant
Qexp originating from equal H, : CHy-ratio w = 1250 and p(H,) = 36 mbar, the varia-
tion of these parameters with unchanged mass action constant should lead to unchanged
graphene growth rates, as only the combined value Q. is represented in the growth
equation 5.12. An experimental series was conducted at Q,,, = 45 with varying rela-
tions of p(H,) and w. The used conditions are summarized in Table 11 together with the

resulting growth speed values.

Table 11 : Graphene growth velocity determined for four samples grown at different
combinations of p(H,) and w — ratio, but leading to the same mass-action constant Qcy.
Additionally stated is the methane partial pressure for each reaction, which varies over
more than one order of magnitude.

w-ratio p(H,) (mbar) Qexp v (um/h) p(CHy) (mbar)
Exp. E. 51 300 147 441 75+ 16 0.49
Exp. E.17 498 90.9 45 120 £ 30 0.18
Exp. E.17 747 60.9 45 88 £+ 30 0.08
Exp. of Fig. 37 and 38 1200 36 45 92+3 0.03

The evaluated reactions are performed in a broad parameter range between w = 300 —
1200 and p(H,) = 36 — 150 mbar. Regardless of the large spreading of the CVD param-
eters, the resulting Q,y,-value remains constant and so does the detected growth speed v,
which remains between 70 — 120 um h~!. It is particularly noted that the methane par-
tial pressure during the reaction shows large variations for the performed experiments,
spanning over more than one order of magnitude, as also listed in Table 11. The methane

impingement rate on the Cu sample, being directly proportional to its partial pressure, is
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therefore not relevant under these growth conditions. This correlation also agrees well

with the expectations from the derived kinetic growth model.

5.5. Fitting the unknown reaction parameters Ag..S° and E4,; to
experimental data

Variation of the growth parameters T and Q,,, and monitoring of the growth speed v
allows estimating the unknown parameters A;,..S° and Eg,.;. In order to receive a large
dataset from experiments spanning over a large parameter space, experiments were per-

formed at conditions according to the following four conditions:

Exposure to conditions close to the thermodynamic equilibrium (see dataset from
chapter 4.2)

Graphene growth at varying values of Q., and constant temperature 7' = 1045 °C
Graphene growth at varying temperatures and constant mass action constant Q,y, = 45

Graphene growth at combinations of T and Q. that lead to graphene growth speed
of about v = 100 umh~". The value was chosen, since graphene flakes grown at these
conditions lead to a low statistical error in the flake size evaluation while maintaining

fairly short growth times.

The extracted growth speeds v from the conducted experiments are summarized in Ta-
ble 12. The experiments acquired at one temperature can be displayed in a single p(H,) —
w—graph as shown in Fig. 39a) for 7 = 1045 °C. The growth speed is illustrated by the
area of the inserted hexagons. In this diagram, the experiments at equal p(H,) and w
merge in one point. The experiments shown in Fig. 37 therefore merge in the hexagon
marked with an arrow, while the experiments at equal Q,,, are shown on one diagonal.
Experiments, in which no absolute growth speed was measured, but only whether the
graphene sample was exposed to conditions above or below the thermodynamic equilib-
rium line K., are shown with green (growth detected) or red markers (decay detected).
The equilibrium line as determined in the experiments in chapter 4.2 is marked with a red
line. The growth speed of all performed experiments was used collectively to perform a
Levenberg-Marquardt fit to the fit parameters of A;,..S° and E,;. The resulting global fit
leads to a value of v for each pair of T and Q,,,. Regarding the experimental series at
T = 1045 °C with varied Q.y,, described above, the fit leads to an inverse proportional
relationship between v and Qey,, which is shown in the red curve of Fig. 39b). The exper-
iments performed at 1045 °C are shown with black markers in the same figure, showing

the same inverse proportional relationship as the fit.
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At variable temperature, as done in series Q,,, = const., the term regarding the carbon
detachment from the graphene island is also altered, which leads to a deviation from the
linear relationship between 7 and log(v), as shown in Fig. 39¢). The corresponding ex-
perimental values show a slight overestimation by the fit at lower temperatures, which
is counterbalanced by a slight underestimation at higher temperatures. Note that the fits
shown in Fig. 39b) and c) are extracted from the same global fit taking into account all ac-
quired experimental results. The result of the fit is displayed as 3D-plot of v vs Qexp & T
in Fig. 39d), where the respective lines of constant Q,, and constant 7" are marked in
color. Growth speeds extracted from experiments are marked as black spheres, where
a cut-through shows the superposition with the fit-surface and a potential displacement
to the surface is shown with lines parallel to the axis. The offset between predicted and
determined growth speed v is commonly lower than a factor 2, the exact values are also
listed in Table 12.
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Table 12 : Experiments used for the determination of the kinetic growth model.

Temperature Qexp-value Determined growth speed v Predicted growth speed v Deviation Experiment
0 - (& () - #
1084 45 10504105 451.46 130% Exp. E.50
1075 45 545480 316.49 70% Exp. E. 18
1060 45 360+60 172.12 110% Exp. E. 19
1045 427 89+11.6 100.27 11% Exp. E. 15
1045 42.7 98.9+27.9 100.27 1% Exp. E. 15
1045 45.5 101.3£10.6 89.56 13% Exp. E. 16
1045 45.5 77.5£17.2 89.56 13% Exp. E. 16
1045 70.7 34.7+15.8 31.38 11% Exp. E.20
1045 20.2 312+88.8 294 6% Exp. E.20
1045 92 6.8+7.2 7.06 4% Exp. E.7
1045 87.9 10.1£6.9 10.83 7% Exp. E.21
1045 87.5 6.9+1.7 11.21 38% Exp. E.5
1045 814 19.448.8 17.57 10% Exp. E. 63
1045 66 345454 38.86 11% Exp. E.22
1045 56.6 47.249.1 57.55 18% Exp. E. 60
1020 29.52 118.5+£13.2 62.68 90% Exp. E.23
1020 45.1 26.4+13.2 29.66 11% Exp. E.23
1015 45 12£20.8 23.54 49% Exp. E.24
1000 24.57 72.2+13.4 34.64 110% Exp. E.25
1000 45.1 9.6+5.3 11.19 14% Exp. E.25
975 21.69 41.7+6 13.56 200% Exp. E.26
975 45 1.24+0.64 2.85 <2um Exp. E. 26
950 5.86 57+14.6 23.08 150% Exp. E.27
950 452 -0.8+£1.2 0.47 <2um Exp. E.27
900 1.4 66+13.2 10.48 530% Exp. E.28
1078 125.85£2.15 0 -3.47 - Exp. E.28
1070 116.75£2.15 0 1.48 - Exp. E.29
1045 91.14+8 0 7.86 - Exp. E. 12
1045 105.05+6.95 0 -2.97 - Exp. E. 10
1045 102.5+5.5 0 -1.21 - Exp. E.9
1045 103.3+6.3 0 -1.77 - Exp. E. 8
1045 97+£5.1 0 2.9 - Exp. E.7
1045 95.247.7 0 4.35 - Exp. E.5
1020 86.65+6.15 0 -0.34 - Exp. E.30
1010 82.5+2.4 0 -0.65 - Exp. E.31
995 72.25+4.55 0 0.04 - Exp. E.32
970 60.3+4.6 0 0.05 - Exp. E.33
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Figure 39 : Experimental results and respective expected growth values of the single uni-
versal fit to the kinetic growth model as presented in this chapter. a) p(H,) — w—diagram
at 1045 °C as also used for the determination of the thermodynamic equilibrium in chap-
ter 4.2 enhanced by experiments with determined graphene growth velocity v, imaged by
hexagons of different sizes according to the determined growth velocity v. At Q,,, = 45
the experiments listed in Table 11 and Fig. 37 are presented. This diagram shows the
increase of the growth velocity v with increasing distance to the equilibrium line K.
b) Excerpt of the universal fit at 7 = 1045 °C and the respective acquired experimen-
tal data. Both fit and data points show a linear evolution of v(1/Q,x,). c) Excerpt of
the universal fit at O, = 45 and the respective acquired data points. While the fit to
the universal growth model shows a slight overestimation at low temperatures, it un-
derestimates the growth velocity at high temperatures slightly below the melting point
of the Cu substrate. d) 3-D-plot of v vs Q. & T, derived by the global fit. All data
points are inserted as black spheres, possible offsets from the fit surface are marked with
horizontal/vertical lines. Red and green spheres mark the thermodynamic experiments
pinpointing K., at v = 0. Red and green lines mark the excerpts shown in b) and c),
respectively. e) Best-fit result of the detachment energy E,,; as a function of the decom-
position entropy S;.. (black curve), showing a linear compensating relationship of one
from the other. The least-squares x> value shows a universal minimum, indicating the
best fit result. Highlighted in blue is the area of confidence of the fit. Reprinted with

permission from reference '?8 . Copyright 2021 American Chemical Society.
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Fig. 39d) also displays the full parameter range of the conducted experiments. Between
T =900 —1080°C, p(Hz) =20 — 200 mbar, w = 300 — 4000 and Q,, = 1 — 125, the
applicability of this growth model has been proven. The agreement of the growth veloc-
ities with the model shows that several of the assumptions made are reasonable and do

not influence the growth rates occurring in real experiments. These assumptions include:

The equilibrated decomposition reaction of methane towards C,; on the Cu sur-
face: If the pre-equilibriated surface species was a hydrogenated species CHy, then
a different scaling relation of the growth velocity with respect to the hydrogen partial

pressure would have been expected, as also shown by Kraus et al.!?¢

The carbon species attached to the graphene flake is C,;: The carbon species at-
tached to the graphene flakes in these experiments is assumed to be the monomer C,,.
Literature references estimate a C g concentration below 10~7 ML,'31-173 which al-
most inhibits the statistical collision of two carbon atoms on the surface. Literature
studies suggesting the dimer formation on Cu calculated with hydrogen to methane
ratios that are not related to experimental data. For example the argumentation of Li
et al'3! is based on calculations with a H, — CH4 w-ratio of 0.01 and a mass action

constant Q,y), = 1078,

The diffusion on the Cu surface lattice can be modeled by a 2D lattice gas at the
common reaction temperatures: The effect of surface inhomogeneities or anisotropies

in the diffusion is not found to be of defining relevance at these conditions

Additionally, the performed fit provides values for the decomposition entropy of methane
AgecS® =260+ 20J mol~'K~! and the detachment energy barrier of carbon atoms from
the graphene flake Ej,; = 451 £26kJmol~' =4.7+0.3¢V. In eq. 5.12, both values
have a compensating effect, which accounts for the relatively high errors of the two cor-
related values. Variation of one parameter leads to an almost linear change of the other
parameter, as shown in Fig. 39¢). The x? error value of the fit indicates a shallow min-
imum, which is highlighted in Fig. 39e), where the standard deviation is visualized as
blue hatched area.
Both fit parameters can be indirectly compared to literature data. The detachment en-
ergy E;.; can be calculated via the C,; attachment energy barrier towards graphene E;
and the energy difference AU for carbon in the C,; and in the SLG phase, respectively,
according to:

Eger = Ean + AU (5.13)

The value AU can be estimated to range between 2.5 eV and 2.9 eV 128 which leads to
E, i = 1.8—2.2 ¢V when using the fitted value E;,; = 4.7 V. The energy barrier of about

2 eV for carbon attachment to SLG on Cu very much matches the one experimentally
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found for g/Ru(0001). Again, theoretically computed values for SLG/Cu reported in the
literature strongly differ and range between values of E;; = 1 eV, 138.145 1 2 o140 gpq
2.6eV.141
When not providing attaching C,; atoms, the fitted energy barrier E;,, = 4.7 eV relates
to a nominal flake decay with a flake radius decrease per time according to:

A Eger

Vdet = ——gvg xe RT (5.14)
ag

The value for g/Cu leads to a radius decrease in time between 1 umh~! at 900 °C and
~ 100 umh~! close to the melting point of Cu. Figure 40 displays the respective plot of
the temperature range between 800 °C and 1080 °C, which will be further discussed in
chapter 5.6.
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Figure 40 : Graphene decomposition rate assuming only the graphene detachment reac-
tion as a function of the reaction temperature, spanning over 4 orders of magnitude in the
relevant temperature regime.

The fitted decomposition entropy Age.S° = 260+ 20J mol 'K~ can be used to cal-
culate AU in an alternative estimation and also to derive the C,; concentration J¢ in
thermodynamic equilibrium with graphene flakes. Subtracting the entropy of the CHy
decomposition reaction towards C,; from the one towards graphene leads to the formal
reaction:

CH4(g) = Caacu+2H2(8)  (Adec) (5.152)
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CHs(g) = gr,Cu‘I‘ZHZ(g) (AR) (5.15b)

= Cyrcu = Caacu (5.15a—5.15b) (5.15¢)

This reaction equation describes the phase coexistence of 2-dim graphene flakes and the
2-dim C,y gas on Cu. At thermodynamic equilibrium (AG = 0) eq. 5.15¢ leads to the

following relations:

AH—-TAS =0 (with A= Agec —AR) (5.16a)

or: T(AgeeS — ARS)) = (AgecH — AgH) = AU (5.16b)

With the knowledge of AgS = 108.0 + 1.8 Jmol 'K ~1 and the fitted value of Ag,.S° =
260 +20J mol 'K~ this leads to a value of AU = 2.1 +0.3 ¢V, which is in fair agree-
ment with the estimated value of AU = 2.5 —2.9¢V as described above and other val-
ues received from theoretical calculations showing strong variations (AU = 0.69 eV, 38
2.1eV,131 2.9¢V,13 3.0eV132). With the known value AgkH = 0.95 ¢V, the resulting
value for Ay..H = 3.01+0.3 ¢V is slightly lower than the respective values found in liter-
ature ranging between Ay,.H = 3.7 eV and 4.6 eV 280, 131,130,132,133,136

For adsorbed atoms on surfaces, the entropy is mainly defined by the configurational
entropy of the adsorbed species on the substrate lattice. The entropy therefore dimin-
ishes with increasing coverage due to a lower amount of distribution possibilities. This
relation allows to determine a surface coverage with the knowledge of the respective
entropy. In the case of C,; on a Cu(111) lattice, the only additional degree of free-
dom (DOF) to the 2 translational DOF is the out-of-plane substrate-C,; bond length.
As this bond is quite strong (E,q; = 4.9 — 5.2 ¢€V), the respective vibrational contribu-
tion to the entropy is assumed to be low. Relation 5.16b for the phase equilibrium
5.15c can then be used to calculate the entropy difference between C,; and SLG/Cu
as AgeeS — AgS = 152 J (mol K)~!, which equals to S¢,, Jcu — Sg/cu- Since the graphene
formation entropy AgS = 108 J (mol K)~! has been determined and the one for graphite
formation is calculated as ArSgrqphite = 111 J (mol K)~! from NIST tabulated values,
where also the absolute entropy of graphite Sg.qphire = 30.7 J (mol K)*1 is found, the
one for g/Cu results as Sg/c, = 27.7 J (mol K)~'. As a result, S¢,y /cu calculates as:
Scad/cu = Sg/cu+ DdecS — ARS = 180 J (mol K) ™!

The configurational entropy of the N adsorbed carbon atoms on the M possible substrate
sites can be calculated by:

Sconfig = kx1n( ) (5.17)

N!(M —N)!
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Including the difference in atomic density for the graphene and the Cu(111) lattice of p =
2.15 and using Stirlings approximation, the configurational entropy can be determined as:
1-9 1 1
C) +—1In
¢ p 1—9¢

The derivation of this equation from eq. 5.17 is shown in Appendix 12.2, which al-

Sconfig = R]In(

] (5.18)

lows to relate the entropy Scuq/cy to the equilibrium C,y coverage ¥¢ by approximat-
ing Sconfig & Scaa- The applicability of this relation was tested in reference 128 for the
case of graphene on Ru(0001), where both the surface coverage ¥¢ and the entropy Sc_,
are available as experimental data.®®27* For graphene on Cu with the derived value of
Sconfig = Scaa = 180J mol -1k lata temperature of 1045 °C, the concentration ¥¢ of
C,q in thermodynamic equilibrium is ~ 4 x 10719ML. Using the slightly shifted values
for graphite (Sg,qphire = 30.7J mol —1K—1), a similar value of 3 x 10~ 1ML is estimated.
This low equilibrium concentration is even lower than the predicted values of < 10~7ML'3!
and < 1078ML!73 reported in literature. This finding explains the high sensitivity of the
CVD synthesis route with respect to carbon based impurities, where even the possibility
to grow graphene using the oil vapor pressure back diffusing from a downstream po-
sitioned vacuum pump was reported.'!! Note that using the equilibrium constant for
the methane decomposition reaction on Cu (eq. 5.6), the evolution of the surface carbon

concentration can be determined also for deviations from K,:

OS¢ * (p(H) /p?)?

Kdee = (p(CHy)/p?)

= Ocxwx (p(Hz)/P®) = ¢ * Qexp = Qdec (5.19)

The concentration evolves linearly with Q,y,, as this decomposition reaction is assumed
to always be in equilibrium (Q e, L Kiec) .- Commonly used parameter settings between
1-0.01 times K., consequentially lead to concentrations of C,4 between 4 X 10710 —4 x
10~8ML. Using the proposed model for the graphene growth on Cu it is therefore not only
possible to correctly predict the graphene growth velocity over a large parameter range,
it is also possible to issue a statement about the detachment energy E;,;, = 4.7+ 0.3 eV

and to quantify the C,4 concentration on the Cu surface during CVD growth

5.6. Experimental exploration of the decay term in the kinetic model

After having identified the rate limiting reaction steps for the attachment of adsorbed car-
bon atoms to the graphene flakes the question arises if the model also correctly predicts
the decay rate of graphene when exposing a sample to conditions above the thermody-
namic equilibrium K,,. As already discussed in chapter 4.2, no quantitative determina-
tion of the decay rate has been performed up to now in literature. When exposing grown

graphene flakes to a pure hydrogen atmosphere, the vanishing methane partial pressure
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leads to a mass action constant approaching Q,,, — oo, inhibiting the new attachment of
carbon to the graphene flake. The back-reaction of carbon detachment from the graphene
flake should be the only factor determining the flake size change.

To explore the behavior of graphene flakes in pure hydrogen atmosphere, an experiment
was conducted where graphene flakes were pre-grown at Q,,, = 46, T = 1045°C and sub-
sequently exposed to pure 36.5 mbar H, atmosphere for 15 minutes. A graphene sample
was extracted before and after the exposure to pure H,>. The graphene flakes detected on
the sample after oxidation in air were examined by optical microscopy and the flake size
distribution of the flakes was determined, as shown in Fig. 41. Before exposure to pure
hydrogen, the sample shows graphene flakes of a regular hexagonal shape and a mean
radius of 35+ 9 um. After etching in hydrogen atmosphere, the flakes show an overall
rounded shape as described in chapter 4.2. The flake radii were also determined and
corrected by the factor /7 /2+/3 to calculate the radius of the equivalent ideal hexagon
hosting the same amount of carbon atoms as the observed circular flakes. The appearing
hexagonal holes on the inside of the graphene flakes were not subtracted from the total
area, as these holes can be attributed to reactions with oxygen impurities on the surface

(as will be discussed in chapter 8.1.1).
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Figure 41 : Determination of the graphene decomposition rate without the addition of
methane to the gas phase. Black: Exemplary optical image and histogram showing the
flake size distribution as determined before the exposure to pure hydrogen gas phase.
Red: Optical image and flake size distribution after exposure to 36.5mbar H, atmosphere
for 15 min at 1045 °C. A decay rate of v = —24 umh~! is determined for this step.
(Experimental details: E. 48)
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Omitting the oxygen induced hole formation inside the flakes and determining the mean
flake radius as 35 +£9 um and as 29 4 8 um after the 15 min H, exposure leads to a decay
rate of dr/dt = —24 umh~'. According to the nominal detachment rate at 1045 °C (see
Fig. 40), a detachment rate of —74 umh~' would be expected. The observed detachment
rate of dr/dt = —24 umh~" is about 3 times lower than expected but of the correct order
of magnitude. The discrepancy can be attributed to two different causes. If during growth
a certain amount of carbon is diluted in the Cu bulk in a sort of steady-state, this carbon
might migrate to the surface and refill the surface concentration when changing the gas
phase conditions. This would lead to a certain delay in the graphene flake size decay
until the Cu bulk is carbon free. At these reaction conditions, all impurities in the reactor
system affect the outcome of the experiment, traces of carbon in the gas feed or from the
reactor walls may also lead to a virtual methane partial pressure above zero.

It is also possible that the graphene decay rate is lower than expected if the detachment
of carbon from the graphene flake is not the rate-determining step. The following hydro-
genation steps as well as the associative desorption from the surface may limit the forma-
tion rate of methane as well. J. Kraus estimated the maximum desorption rate of methane
by recombination of CH3 44 and H,; under common reaction conditions (7" = 1075 °C,
p(H>) = 10mbar, p(CHy) = 0.01 mbar) to be in the order of 10~*MLs~" on Cu(110).'74
This is about 0.4 ML decay per hour or 0.1 ML decay in 15 min as in the performed
experiment. With a graphene coverage on the sample of approximately 5-10%, this hy-
drogenation may influence the observed decay rate of graphene flakes.

However, the performed experiment shows that the introduced kinetic growth model also
predicts the correct order of magnitude decay rate for samples above the thermodynamic

equilibrium K., where the detachment rate outplays the C,4 attachment to the flakes.

5.7. Evaluation of the literature graphene growth coincidence with
the proposed growth model

Several literature references have been explored to extract the used growth parameters
and the resulting growth velocity for comparison with the predictions of the kinetic

growth model.
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Table 13 : Literature data of ambient pressure CVD (APCVD) growth studies and extracted growth velocities in comparison with the prediction
of the kinetic growth model (see text). Supplementary explanations are provided on the next pages. Table data adapted with permission from

reference 28 . Copyright 2021 American Chemical Society.

. flake radius r Nuc. dens. Vi NC provided
APCVD Year T (K) pcr4 (mbar) Ppr2 (mbar) Qexp tcyp (min) (wm) 1/ Teror NG consumed Viheo (Hm/h)
Gao!?! 2010 1273 332 498 75 1 0.9 40000 0.0041 137 022
Han?8! 2011 1333 2.96 9.87 3.00E-02 0.05 8.7 3600 38 17 392910
Robertson®%2 2011 1273 3.28 246 18 10 22 40000 ) 227 1]
Wu?83 2011 1263 332 249 19 3 0.2 250000 82 1151 32.8
Yul64 2011 1323 0.00774 323 135 15 6.5 2500 g should decay 3
Nie284 2012 1223 0.0296 12.8 6 30 5.2 8000 2B 2.6 244
Mohsin08 2013 1348 0.046 100 217 300 433 0.2 g should decay 1376
Vlassiouk?%3 2013 1323 0.0266 48.2 87 75 217 195 o 58 172
Wu?86 2013 1353 9.9 495 25 8 13 400 9.0 4673 873
Ogawa2®? 2014 1348 0.00976 24.4 61 20 17.3 200 B 12 185
Suzuki?$8 2014 1323 0.00982 17.7 32 20 8.7 1000 74 7 194
Li%® 2015 1348 0.025 10 4 180 650 0.005 25 7978 5426
Nguyen??0 2015 1348 0.0286 476 79 180 303 1 0 210 100
Zhang®! 2015 1323 0.00735 19.6 52 30 21.7 80 20 16 85.6
Chen”? 2016 1318 0.476 47.6 5 7 10.4 1000 17 77 1475
Chen’? 2016 1333 0.485 29.1 2 7 238 400 36 46 7293
Ding?? 2016 1348 0.0147 19.6 26 120 433 1 B 35 676
Jung!%3 2016 1273 0.0469 62.5 83 15 6.5 900 g should deacy 25
Phan?? 2016 1323 0.0286 47.6 79 240 650 0.25 2 175 27.6
Ta?%3 2016 1333 27.3 63.6 1.50E-01 0.083 32 10000 38 68 87184
Wang?% 2016 1348 0.965 33.8 1 60 217 0.25 87 18478 18770
wu0 2016 1323 0.0222 27.8 35 2 8.7 400 o 39 1
Wu240 2016 1303 0.075 20 5 60 650 0.1 |5 218 731
Xu?? 2016 1273 9.8 9.8 9.80E-03 0.05 52 1 2 242 128021
Zhang?® 2016 1323 0.0049 19.6 78 15 173 400 0.4 17 288
Zhang?% 2016 1323 0.00735 19.6 52 30 217 4 20 315 85.6
Stehle?#? 2017 1338 0.0117 244 51 60 10.8 400 16 49 171
Burton®%® 2019 1338 0.5 100 20 10 108 4 o 350 643
Zheng!18 2019 1393 6.17 6.17 6.17E-03 0.067 48.5 50 407 23 1.80E+07
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Table 14 : Literature data of low-pressure CVD (LPCVD) studies (see text).!?® Copyright 2021 American Chemical Society.

LPCVD Year T (K) Pror (mbar) pes (mbar) P2 (mbar) Qe icvp (min) ey o o qCarorided. Vo (m/h)
Liu?? 2011 1253 0.5 0.25 0.25 2.50E-04 20 13 50000 562676 59 2.20E+06
Vlassiouk! 1 2011 1273 na 0.00013 0.466 2 30 35 2500 105 0.17 735
Jia®7 2012 1293 0.13 0.0165 0.127 9.78E-04 6 217 400 13187 0.94 2.90E+06
Kim'#! 2012 1273 4.1 0.373 373 3.73E-02 0.017 0.9 250000 10.6 0.04 33623
Wang!23 2012 1318 13 0.0133 133 13 155 156 1 0.8 21 481
Yan?7 2012 1333 143 0.308 144 67 80 173 2 0.6 1265 765
Zhang?8 2012 1273 0.27 0.0197 0.267 3.62E-03 30 43 900 40316 48 346725
Hao?! 2013 1308 0.13 0.00132 0.133 1.34E-02 150 346 1 2704 3.6 374716
Regmi®?® 2012 1273 0.67 0.167 0.5 1.50E-03 1 22 10000 6349 4.6 838166
Vlassiouk?33 2013 1298 6.7 0.000566 1.01 2 75 13 600 177 ] 1851
Wu300 2013 1308 0.07 0.022 0.044 8.80E-05 1 6.5 2500 146334 0.46 5.70E+07
Eres'?’ 2014 1313 0.2 0.00952 0.19 3.79E-03 120 217 3 14825 19 1.60E+06
Han?"! 2014 1273 275 0.05 25 13 5 26 100 s 49 838
Yan?* 2014 1343 146 0.225 146 95 115 52 25 s 1341 402
Ghosh3?2 2015 1273 24 0.119 239 5 2 L1 10000 74 26 245
Liang!19 2015 1293 0.05 0.000199 0.0498 1.25E-02 5 22 2500 8501 0.13 224427
Miseikis03 2015 1333 25 0.0271 0.543 1.09E-02 10 476 10 4162 37 1.20E+06
Zhao304 2015 1303 na 0.0146 0.732 3.67E-02 360 433 1 1569 57 112716
Cabrero-Vilatela?’8 2015 1323 50 0.00217 4.71 10 15 8.7 900 23 1.3 786
Chaitoglou’® 2016 1313 0.2 0.04 0.16 6.40E-04 20 13 1000 243821 11 9.50E+06
Cheng?300 2016 1333 na 0.00345 23 2 60 108 3 77 18 8320
Hao?30 2016 1308 na 0.0667 0.133 2.65E-04 8 173 400 145951 9.8 1.90E+07
Hao280 2016 1308 na 0.00133 0.133 1.33E-02 60 173 800 21824 073 377555
Hsieh®" 2016 1313 13 0.00213 133 1 80 433 1 22 2.1 7266
Jung!%® 2016 1273 0.67 0.000583 0.666 1 10 22 10000 127 0.16 1633
Kraus'$3 2016 1348 2 0.002 2 2 60 86.6 4 127 15 11036
Li?08 2016 1333 100 0.249 9.98 4.00E-01 1 35 2500 153 25 32222
Yin3% 2016 1303 6 0.00998 5.99 4 40 8.7 3600 85 3 1106
Agrawal’10 2017 1350 144 0.205 144 101 480 650 0.1 05} 8951 4z2
Das®!! 2017 1273 933 0.222 44.4 9 14 6.1 500 48 223 25
Huet?!? 2017 1323 750 0.08 72 65 30 106 1 025 573 52.6
Kraus!2® 2017 1233 15 0.06 15 4 60 217 1 2 5638 582
Luo’!3 2017 1313 0.13 0.0121 0.121 1.21E-03 20 10.8 400 155233 12 5.00E+06
Qi’l4 2018 1313 0.17 0.005 0.165 5.45E-03 30 130 5 4301 42 1.10E+06
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Supplementary information to Tables 13 and 14:

Literature references in which all necessary information was given to predict graphene growth velocities according to the outlined kinetic growth
model and were experimental data were provided from which experimental graphene growth velocities could be deduced. Due to the lack of
statistical information, the extracted data points are subject to large variations and no error margins can be given. In the case of several given
growth conditions, one or in some cases two representative growth conditions were used. All parameters used to determine experimental and
predicted growth speed are listed in the tables, as well as an estimation of the observed nucleation density. The ratio between predicted and

experimentally observed growth speed is listed in column ZL;; As discussed in the main text, the ratio of the provided impinging and consumed

NC,pruvided

— The predicted growth speed is listed in the last column.

surface carbon atoms for graphene growth are listed in column
Colorcode:

-: Data with conflict - provided carbon supply (Nc, providea) does not match the carbon required for the reported graphene growth (Nc consumed)s
i.e. % < 1 or graphene growth was reported at CVD conditions were graphene formation is thermodynamically unstable. Such cases result
from wrong CVD parameter readings or carbon impurities of the system. These cases can be disregarded for obvious reasons.

Green: Reported flake growth velocity vy, does not deviate from the predicted value v;j,, by more than an order of magnitude.

Yellow: Methane overdosing by more than a factor of 100 compared to carbon amount required for the observed graphene growth.

BIG€: v, lower than 1000 pm/h.

Sum: 63 data sets from 59 studies reported in literature.
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A total of 63 growth conditions from 59 literature references were found in which all
relevant parameters were listed to enable comparison with the kinetic growth model. The
graphene growth can be done using reactor systems at atmospheric pressure without the
use of a vacuum pump (also known as Ambient Pressure CVD), or the graphene can be
grown in a leak-tight system with a constant pumping of the reactive gases at p;,; < lbar
(also known as Low Pressure CVD). The partial pressures of H; and CHy are often quite
similar between APCVD and LPCVD, as Argon gas is used to fill the reactor system
to ambient pressure for APCVD. Nevertheless, literature references report differences in
growth behavior for both growth techniques.?® These differences mainly refer to pa-
rameters, such as the nucleation density and Cu evaporation, which need to be discussed
separately from the graphene growth velocity. All references and the used growth pa-
rameters are listed in Table 13 for APCVD growth conditions and Table 14 for LPCVD
conditions.

The applied growth parameters of the literature data are visualized in Fig. 42 in form of
a Qexp — T'—graph. The fixed graphene equilibrium line and the predicted growth veloc-
ities are inserted in the graph. The used markers for the literature data indicate the used
growth system (APCV D = circle, LPCV D = cube). The color-coding is used to inform
about the accordance between predicted and experimentally observed growth velocity.
Black markers show concordance with less than one order of magnitude deviation, red
markers show experimentally observed growth velocities that are more than one order
of magnitude lower than the predicted values and blue markers are used for experiments
grown at conditions where graphene should be thermodynamically unstable according to
the results presented in chapter 4.2.

Experiments reported at growth conditions that lead to a growth velocity of up to 1mmh~!
show coincidence within the predicted order of magnitude. At growth conditions further
away from equilibrium the predicted growth velocity exceeds the experimentally ob-
served one by more than a factor of 10. These observations are independent of the used
growth system. Thus, at growth velocities above v = 1 mmh~', there seems to be an
additional limitation occurring for larger growth velocities. In several cases, the kinetic
growth model predicts growth velocities larger than 10 cm per hour. For these large
growth velocities, the available carbon from the methane decomposition on the Cu sur-
face may be insufficient to feed the demand of the growing graphene flakes. In order to
clarify this potential limitation, a rough comparison of provided and consumed carbon
is done in the following. The consumed carbon on the Cu surface can be estimated by
the average flake size and the determined nucleation density on the sample. These val-
ues were extracted from provided images in the respective publications. The number of

consumed carbon atoms per flake is given by eq. 5.20:

P
Cu

NC,consumed =% 2\/§ * (5.20)
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Figure 42 : Presentation of literature data according to our graphene growth model. The
reaction conditions used in the literature references are inserted in a Q,y, — T —diagram.
The logarithmically plotted mass action constant relates to the orders of magnitude of the
growth velocity according to our model, as inserted in form of (mostly) parallel lines.
Coloring of the data points indicates either agreement of literature and predicted values
in the same order of magnitude (black), stronger deviations than one order of magnitude
(red) or the disagreement between growth/etching behavior at the respective reaction
conditions (blue). All data-points are listed in Tables 13 and 14. Highlighted in grey
is the growth regime where prediction and experimental results fit very well. Reprinted

with permission from reference 2% . Copyright 2021 American Chemical Society.

Here, r is the inner radius of the graphene flake hexagon, p is the difference in atomic
density between graphene and Cu(111) of 2.15 and A¢,, is the Cu(111) unit cell size. The
provided amount of C atoms on the surface is determined by the amount of methane im-
pingement on the surface (eq. 5.21) multiplied by the sticking coefficient Scy4 of methane

on Cu(111) at the reaction temperature.

PCH,
\/ZJT*mCH4 xkpxT

% Sca (5.21)

N, provided —

The sticking coefficient Scy, is extrapolated from the value of 8.6 x 1072 at 1000 K
with an apparent activation energy of 201 kJ mol~'.19 These values were measured
for Cu(100) but are assumed to be similar for Cu(111). The resulting ratio between
Nc providea and N¢ consumea 18 listed in Tables 13 and 14. All experiments in which the
growth velocity v is overestimated by the model show a respective ratio lower than 100.
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I. e., in the respective cases less than 100x more methane molecules are dissociatively
adsorbed on the Cu surface than are required for the growth of the observed graphene
islands. Thus, the failure of the growth model in predicting the growth velocity seems
to require an overdose of about a factor 100. Note that the estimated ratio does not
include the surface blocking by the already grown graphene flakes, which limits the
actual carbon supply at high coverage. In many literature studies high total coverage
is reached, which increases the discrepancy between carbon supply and consumption
(Nc provided /Nc consumed) in the respective experiments. One exception is the experiment
by Xu et al.?’ In this study, the chosen CVD parameter conditions (Qexp =~ 10~2) would
lead to a predicted growth velocity of 13 cmh~! in agreement with the experimentally
observed value of 6 cmh™'. In this study, a very high partial pressure of methane of
9.8 mbar provided a carbon supply 250 times larger than the used carbon.

Thus, within the order of magnitude the kinetic growth model seems to correctly predict
high growth rates as long as the overdosing requirement is fulfilled. All in all, the kinetic
growth model seems to work very well and deviations of the predicted growth rates seem

to occur due to:

Growth rates larger than predicted by the growth limitation of the attachment process
to the graphene flake can only be explained by mis-calibration of the reactor system
or an additional carbon source in the system. This may be present in the form of con-
taminations in the gas phase or contaminations originating from the growth substrate
(in this case the Cu foil).

Growth rates lower than predicted may arise in parameter regimes where a different
reaction than the attachment of C,; to the graphene flake becomes limiting, as these
situations are not included in the current growth model. In these cases, including all
red marked literature references in Fig. 42, the predicted growth speed may only state

an upper limit to the possible growth speed.

5.8.  Growth velocities observed at deficient gas phase supply

The comparison of experimental values with the ones reported in literature predicts a
correlation between the maximum possible growth velocity v and the applied methane
partial pressure, i. e. the carbon atoms arriving on the Cu surface. To examine this hy-
pothesis, an experimental series was done at 7 = 1045 °C with a constant methane partial
pressure of pcys = 0.01 mbar but an increasing distance to the thermodynamic equilib-
rium, i. €. Qeyp-values of 10, 5 and 2.5. Each experiment was conducted with either two
or three Cu samples, removed after different reaction times 7 to increase the significance

of the respective data points. In order to account for the effect of continuous graphene
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flake nucleation throughout the experiment at these conditions (see chapter 6), the size
increase of the largest graphene flakes was determined rather than using a mean island
size distribution, which would underestimate the growth rate. In Fig. 43, the determined
growth speed values are added to the predicted growth rate expected at sufficient carbon
supply. The three growth values far away from equilibrium show equal growth speeds
of =~ 500 um h1, regardless of their Q,y,-values. While this value roughly coincides
with the expected growth speed at Q,,;, = 10 (first data point), growth speeds at sufficient
carbon supply would amount to 1400 and 2900 um h~! for Qexp =5 and Qeyp = 2.5,
respectively.

3000
Experiments used for
g 20004 Kinetic growth model
€
=
o
0
3
< 1000 Leveling off at 500 um/h for
......................... pon PG00 mbRM
0~ T T T T
0.1 0.2 0.3 04
1/Qexp

Figure 43 : Deviation of predicted growth velocity v by the growth model and experi-
mental results at particularly low methane partial pressures. The diagonal line shows the
growth speed v predicted by the kinetic growth model, while the experiments at differing

Qexp and p(CHy) = 0.01 mbar show a levelling off at a growth velocity of v 500 umh~!.
(Experimental details: E. 34, E.35, E.36)

In order to examine in more detail the correlation between methane partial pressure
p(CHy) and the limiting growth velocity, an expanded experimental series was done by
variation of p(CHj) and Q. at a constant temperature of 1045 °C. The extracted growth
speeds are plotted against 1/Q,y, in Fig. 44a) and against p(CH,) in Fig. 44b). Again,
the levelling off in dependence of the methane partial pressure is observed. The chart
shown in Fig. 44b) proves that v scales linearly with p(CHy) at low methane pressure
(p(CHy)-limitation). The fitted line for p(CHy)-limitation up to p(CHys) = 0.02 mbar
leads to the empirically determined formula:

. nwm PCH,
Hy),1045 °C] = 50030 K2, _PClh__ 2
Vmax[P(CHy), 1045 °C] = 500+ 30 h >l<0.01 mbar 622

For values larger than p(CHy4) = 0.02 mbar the limiting growth velocity slightly changes
its slope, indicated by dashed lines.
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Figure 44 : Experiments conducted at 1045 °C indicating a growth velocity levelling off
at low methane partial pressures. a) Plotting v vs 1/Qcx, shows a leveling off directly
related to the methane partial pressure, as indicated in the diagram. At enough provided
methane, the attachment limitation leads to growth velocities as predicted in the growth
model. b) Plotting the same data against the methane partial pressure shows the linear de-
pendence of v related to p(CHy) and a leveling off if the attachment limitation is reached.
(Experimental details: E. 34, E.35, E.36, E.37, E. 38, E.39, E. 40, E. 41,
E.42)

The presented results clearly show that, while the attachment of C,; is the limiting growth
step at sufficient supply of carbon to the surface, the growth limitation can also change
towards a p(CH,)-limitation type. Once this limiting growth regime is reached, changing
the kinetic driving force (the distance to thermodynamic equilibrium) does no longer
have an impact on the observed growth speed. Most interestingly, this limiting graphene

growth velocity is not dependent on:

The total nucleation density: At samples with different nucleation densities and also
in the course of a single reaction with significant continuous nucleation of new flakes
during CVD growth (see chapter 6), the determined growth speeds remained unaf-
fected by the flake density on the Cu foil.
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* The reaction time: The growth velocity v = dr/dt remains constant over time also
in the p(CHy)-limited growth regime. All data points shown in Fig. 44 were at least

measured for two different growth times ¢, as is shown in Fig. 45.
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Legend: Legend:

T=1045 °C

Qexo = 2.5, p(CH,) = 0.01 mbar
+ Qg = 10, p(CH,) = 0.002 mbar = P(CH,)

+ Qg = 10, p(CH,) = 0.01 mbar I$: 1828 g
+ Qexp = 10, p(CH,) = 0.03 mbar +T=1045°C
+ Q= 2.5, p(CH,) = 0.02 mbar + T=1070°C

+ Qe = 2.5, p(CH,) = 0.04 mbar

Figure 45 : Flake radius increase over time for CVD experiments performed at p(CHy)-
limited growth conditions. No nucleation step was included in the reaction sequence and
the largest graphene flakes were used to determine the flake radii. The straight lines show
linear fits through the data points, fixed at r(r = 0) = 0. a) Reactions performed at con-
stant temperature of 1045 °C. Only an excerpt is shown for sake of clarity. b) Experiments
performed at constant Q,, = 2.5 and p(CH,) = 0.01 mbar, at varying temperature.

Combining these two findings of strong dependence on p(CHy) coupled with indepen-
dency of the sample surroundings and the overall flake size leads to the hypothesis that
the carbon atoms effectively feeding the graphene growth are exclusively the ones arriv-
ing within a certain distance of the graphene rim. This defines a certain area of capture
around each graphene flake, where methane molecules arrive and feed the growing is-
land. This situation is sketched in Fig. 46.

Assuming a constant width A of the capture zone around each island rim leads to an ef-
fective feeding area of A * L,;,, where methane molecules can adsorb from the gas phase.
If each adsorbing gas phase molecule landing in the capture zone feeds the growing flake
with the required carbon atoms, the carbon attachment rate is proportional to the flake
rim L,;,. Since also the flake radius is proportional to L,;,,, the resulting growth velocity
v = dr/dt should not depend on the island size.

The argument of a constant growth velocity v works similar as during the derivation of
eq. 5.12 and provides the explanation of the experimental finding of the linear flake ra-
dius increase per time plotted in Fig. 45 for the p(CHy)-limited growth regime. Other

reaction limitations can be excluded:
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Figure 46 : Proposed model for the observed p(CH,)—limitation of the growth speed at
low methane partial pressures. If the carbon atoms relevant for the growth of a graphene
island are the ones arriving in a certain distance to the island rim, then a so-called "area
of capture" around each graphene flake determines the growth rate of the flake. As this
"area of capture" increases equal to the island rim length, this leads to a constant island
growth until merging with neighboring islands. This scenario would for example be
expected if the mean lifetime of an adsorbed carbon atom on the Cu surface is limited by
the backreaction to gaseous methane.

A broad C,; concentration gradient between the graphene rim and the bare Cu area.
With changing value of Q) the C,4 equilibrium concentration on bare Cu should also
increase, which then leads to an increased amount of diffusion and attachment to the
graphene flake. The experiments show that a reduction of Q,,, by a factor of 4 (see
Fig. 44), which leads to a quadrupled equilibrium concentration of C,;, has no impact

on the graphene growth velocity.

Feeding of the graphene flake growth reaction from the Cu volume has been shown
not to be the case.!” Additionally, the carbon dissolution in the Cu volume must also
be fed by the adsorbing methane molecules, which would thus also depend on the

surface coverage and nucleation density.

The radius of the predicted area of capture can be estimated by comparing the amount
of dissociatively adsorbed molecules with the carbon atoms incorporated in the graphene
island. Using the already introduced estimation of the sticking coefficient by Chork-
endorff er al'® and the fitted growth limit dependency on p(CHy) (eq. 5.22) leads to

an area of capture of ~ 100 um at 1045 °C. The calculation of this value is outlined in
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Appendix 12.4. The estimated value of A = 100 um at 1045 °C depends on the reac-
tive sticking coefficient of methane, which was extrapolated in the approximation and
therefore only leads to an order of magnitude estimation. However, since no decrease of
the growth speed was observed for graphene flakes that approach neighboring flakes at
distances of about 50-100 um, the estimation seems to deliver a slightly overestimated,
but reasonable value for A.

Temperature dependency of the p(CH,)- limited growth velocity An experimental se-
ries with a constant gas phase composition (p(H,) = 5mbar, p(CHs) = 0.01 mbar) at
varying temperatures was conducted in order to give an insight into the apparent acti-
vation energy of the limited growth process. The determined growth speed is plotted in
form of black markers in Fig 47a) plotted against the reaction temperature 7. Plotted
in blue are the growth speeds predicted by the kinetic growth model assuming the pre-
equilibrium of the C,4-phase. Plotted in black is a fit to the data points implicating the
temperature-dependent impingement rate of methane molecules on the surface (first term
in eq. 5.23) and an apparent activation energy E,, for the decomposition of methane on

the surface and attachment to the graphene island (second term in eq. 5.23).

CH, Eq
~ p(CH) P (5.23)
\/2mxmep, xkpx T

Here, mcy4 refers to the molecular mass of the methane molecule of mcy4 = 2.66 X
10720 kg. Fig. 47b) shows the Arrhenius plot used for the determination of the appar-
ent activation energy E,,,. The fit leads to an apparent activation energy of E,,, =
382+ 8kJmol ™' =3.96£0.09¢V.
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Figure 47 : Temperature dependence of the methane limited growth velocity. a) Graphene
island growth velocity of the p(CHy)-limited growth conditions (black points) com-
pared to the expected values from the kinetic growth model of eq. 5.23 (blue line).
p(CHy)—limited growth was conducted at p(H,) = 5Smbar and p(CHs) = 0.01 mbar.
b) Arrhenius plot of the growth velocity /n(v) against the inverse temperature 1/7T. The

fit leads to an apparent activation energy of 382+ 8 kJ mol~'. (Experimental details:
E.43, E. 44, E.45)
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Comparison of the p(CH,)-limited growth with literature data

Having identified an additional CVD growth regime for the CVD growth of graphene
on Cu provides the possibility to re-evaluate the literature data compiled in Tables 13
and 14 and shown in Fig. 42. As discussed in chapter 5.1, a large amount of literature
values in which graphene was grown far away from thermodynamic equilibrium did not
match the growth velocities predicted. As primarily evaluated, the provided carbon for
these cases was particularly low compared to the consumed carbon for the graphene flake
growth. Assuming a p(CHy)-limitation of the growth kinetics, as done in the model of
eq. 5.23, the measured growth kinetics can be discussed to be either attachment-limited or
p(CHy)-limited. The information is added in the Tables 15 and 16, in which color coded

markers refer to the used limitation (@ = attachment — limited, b = p(CHy) — limited).

Colorcode:

a: Growth limited by carbon attachment to graphene island (attachment-limitation)

B: Growth limited by deficiency of the provided methane (p(CHj4)—limitation)

BB: Growth thermodynamically prohibited

Green: Deviation by less than a factor 10 (between predicted and experimentally ob-
served value)

Yellow: Deviation by more than a factor 10

BBE: Deviation by more than a factor 50
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Table 15 : Literature data of ambient pressure CVD (APCVD) growth studies as shown
in Table 13, extended by the predictions of the p(CH,4)—limited growth model. Table

data adapted with permission from reference '?®. Copyright 2021 American Chemical
Society.

APCVD Year T (K) (55)2‘;) VCH4 limit Limit Vrexultingﬂwu Vexpt Vr‘e:;,;,e °
Gao'?! 2010 1273 3.32 47544 TD 0.22 54 0.004
Han?$! 2011 1333 2.96 220382 B 220382 10440 21

Robertson?82 2011 1273 3.28 46971 a 51 13 3.9
Wu?83 2011 1263 332 35580 a 33 4 8.2
Yu!®* 2011 1323 0.00774 442 D G should 26

decay
Nie?8+ 2012 1223 0.0296 95 a 24 10 23
Mohsin?68 2013 1348 0.046 5055 ™D G should 87
decay
Vlassiouk? 2013 1323 0.0266 1520 a 17 17 1.0
286
Wu 2013 1353 9.9 1236376406 a 874 98 9
Ogawa®®’ 2014 1348 0.00976 1073 a 185 52 3.6
Suzuki?$8 2014 1323 0.00982 561 a 194 26 7.4
Li% 2015 1348 0.025 2747 B 2747 217 13
Nguyen?%0 2015 1348 0.0286 3143 a 100 101 1.0

Zhang?®! 2015 1323 0.00735 420 a 86 43 2.0
Chen’? 2016 1318 0.476 23800 a 1475 89 16
Chen’? 2016 1333 0.485 36110 a 7293 204 36
Ding?%? 2016 1348 0.0147 1615 a 676 217 3.1

G should
155

Jung 2016 1273 0.0469 672 mD decay 26

Phan?? 2016 1323 0.0286 1635 a 28 162 02
293

Ta 2016 1333 273 2 030576406 a 87184 2313 38

Wang?%* 2016 1348 0.965 106048 a 18770 217 ]

Wwu? 2016 1323 0.0222 1269 a 171 261 0.7

Wu240 2016 1303 0.075 2496 a 731 650 1.1

Xu?’ 2016 1273 9.8 140340 a 128021 62400 2.1

Zhang?* 2016 1323 0.0049 280 a 29 69 0.4

Zhang?» 2016 1323 0.00735 420 a 86 43 2.0

Stehle?4? 2017 1338 0.0117 993 a 171 11 16

Burton?° 2019 1338 0.5 42426 a 643 650 1.0

118
Zheng 2019 1393 6.17 5 074176406 B 5074170506 13432 48

105



Growth kinetics

Table 16 : Literature data of low-pressure CVD (LPCVD) studies as shown in Table 14,
extended by the predictions of the p(CHy)—limited growth model. Table data adapted

with permission from reference 2% . Copyright 2021 American Chemical Society.

LPCVD Year T (K) (r’:g;j) VCHA limit Limit  Vewsingiieo  Vewpr st
Liu?? 2011 1253 0.25 1996 B 1996 3.9 512
Vlassiouk!!6 2011 1273 0.00013 1.9 B 1.9 7 03
Jia 2012 1293 0.0165 416 B 416 217 L)
Kim!#! 2012 1273 0.373 5342 B 5342 3176 7
Wang!? 2012 1318 0.0133 665 a 481 603 0.8
Yan?’ 2012 1333 0.308 22932 a 77 130 0.6
Zhang?* 2012 1273 0.0197 282 B 282 8.6 33
Hao?! 2013 1308 0.00132 50 B 50 139 04
Regmi®® 2012 1273 0.167 2392 B 2392 132 18
Vlassiouk?83 2013 1298 0.000566 16 B 16 10 g
W00 2013 1308 0.022 839 B 839 390 22
Eres!?’ 2014 1313 0.00952 416 B 416 108 38
Han®"! 2014 1273 0.05 716 a 84 312 03
Yan?* 2014 1343 0.225 21738 a 40 27 5
Ghosh02 2015 1273 0.119 1704 a 245 33 74
Liang!"? 2015 1293 0.000199 5 B 5 26 0.2
Miseikis®®? 2015 1333 0.0271 2018 B 2018 286 7
Zhao** 2015 1303 0.0146 486 B 486 72 67
\Sﬁzg’;‘z’;g 2015 1323 0.00217 124 B 124 35 8%
Chaitoglou®®® 2016 1313 0.04 1748 B 1748 39 44.8
Cheng?%® 2016 1333 0.00345 257 B 257 108 24
Hao?% 2016 1308 0.0667 2545 B 2545 130 19.6
Hao?%0 2016 1308 0.00133 51 B 51 17 )
Hsieh" 2016 1313 0.00213 93 B 93 325 03
Jung!% 2016 1273 0.000583 8.3 B 8.3 13 0.6
Kraus'83 2016 1348 0.002 220 B 220 87 5]
Li%08 2016 1333 0.249 18539 B 18539 210 88
Yin3% 2016 1303 0.00998 332 B 332 13 255
Agrawal’1° 2017 1350 0.205 23713 a 44 81 0.5
Das’!! 2017 1273 0.222 3179 a 125 26 48
Huet®!2 2017 1323 0.08 4572 a 53 212 03
Kraus!26 2017 1233 0.06 262 a 59 22 2
Luo!3 2017 1313 0.0121 529 B 529 32 16.3
Qi3 2018 1313 0.005 218 B 218 260 0.8
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For reactions conducted far away from the thermodynamic equilibrium, the attachment
limitation predicts large growth velocities, 18 experimental conditions predict growth
speeds larger than 10° umh~'. As is shown in Table 15 and 16, in most of these condi-
tions the methane partial pressure is not high enough to support these large growth speeds.
Combining the information from attachment- and p(CHj4)—limitation, only two graphene
growth conditions reported by Xu?’ and Zheng!!® lead to predicted growth speeds larger
than 10° um h~!, and these are also the largest reported experimental growth speeds,
only slightly falling short of 10°> umh~!. Fig. 48 shows the updated Qy, — T —diagram
with the correctly predicted p(CHy)-limited growth speed colored in green using an ac-
ceptance factor of £50x to the experimentally observed growth value. Additionally, the
literature data is also plotted in a p(CH4) — T —diagram using the methane dependence as
shown in eq. 5.22 and the temperature dependence of eq. 5.23 with E,,, = 382 kJ /mol.
Only three literature references cannot be correctly predicted using the described kinetic

models of attachment- or p(CHy)-limited graphene growth.

Predicted v at Predicted v at
p(CH,)-limited growth Attachment-limited growth
Temperature (°C) Temperature (°C)
950 1000 1050 1100 900 950 1000 1050 1100
102 L L L | | B | 1 1 | P
] Graphene unstable °

o' 10° 3 v=opmn (equilibrium)
’g 10° Zheng 2019
Q0
S
~ 10

<t
(I) " Zheng 2019
Q 10
o
-3 3 APC\’D//L:CVD
10 10— 3 Vit .: Vpred
10'4 10'4 —: vm;,::,::ontra’:c;smT“D
T T T T T
12I50 1 3|00 13|50 14|00 1200 1250 1300 1350 1400

Temperature (K) Temperature (K)

® p(CH,) determines v
[ ] Qexp determines v

Figure 48 : Literature data discussed in the framework of a p(CHy)-limited (left panel)
and attachment-limited growth kinetics (right panel). In addition to Fig. 42, the dia-
gram indicates in green color literature growth speeds that can be explained with the
p(CHy)—limitation assuming an error factor of £50. Only three data points contradict

the proposed growth limitations (red). Literature references by Xu et al?’ and Zheng
et al''® referred to in the text are marked with arrows. The right diagram is adapted with
permission from reference 28 . Copyright 2021 American Chemical Society.
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6. Understanding and controlling the nucleation of
graphene flakes

The growth of graphene crystals through chemical vapor deposition on a catalytic sub-
strate begins by the fusion of several carbon atoms to a new nucleus, which can then grow
by the incorporation of further carbon atoms. The nucleation density determines whether

single graphene flakes or a continuous graphene film form during CVD (see Fig. 49).

a) Minimum nucleation

\
Application: Analyze flake size evolution,
growth speed v, growth kinetics +

b) Low nucleation thermodynamics

Defective grain boundaries

Application: Graphene transfer, devices

c) High nucleation

p . - P . /// y
.‘ P " <« /,/// —_—
- P / y

\' y

Application: (low quality graphene)

Figure 49 : Relevance of the nucleation density for the outcome of graphene growth
experiments. a) Minimum graphene nucleation leads to the evolution of very large single
graphene flakes, mainly used for the examination of graphene growth. b) Low nucleation
leads to a closed graphene film in an accessible time range, which is mainly required for
graphene-based applications. ¢) Too high nucleation leads to a high amount of defective
graphene grain boundaries, which decrease the graphene quality.

A very low nucleation density allows the growth of large, isolated graphene flakes, while

a higher nucleation rate can ease the formation of a closed graphene layer within rea-
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Understanding and controlling the nucleation of graphene flakes

sonable time. At a very high nucleation density however, a large number of coalescing
crystallites with a large number of grain boundaries appear if the graphene flakes are not
aligned (see Fig 49). These grain boundaries deteriorate the mechanical stability of the

grown graphene film.

i, Qexp < Keg flakes

|| Qexp < Keq no flakes
----------------------------------------------- K

CI’)UC

[Cad]

eq eq

i. Qexp > Koy no flakes

Cfeed

Time

Figure 50 : Schematic evolution of the [C,4] concentration over time for different mass
action constants Q.. If the set Q. lies above the equilibrium constant K., no graphene
growth should be allowed. For Q.., < K., graphene flakes should grow over time. As

long as [C,4] does not exceed the concentration needed for nucleation, ¢, no graphene
flakes will form. Case ii will show no graphene flakes, while case iii will enable the
nucleation and subsequent growth of graphene flakes. According to the results obtained
from chapter 5, the growth feeding phase is assumed to be [C,y].

An important difference between the outlined nucleation processes for physical vapor
deposition (PVD) in Fig. 6 and the CVD g/Cu system is the dosing of the precursor. If
carbon atoms are dosed in a PVD experiment, carbon is delivered to the surface by direct
evaporation and consumed by incorporation to the graphene crystals. The CVD synthe-
sis route also allows the backreaction of dehydrogenized carbon C,, from the surface to
gaseous methane. An equilibrium C,; concentration can form without graphene growth
on the surface, as outlined in the [C,4| — t—diagram in Fig. 50 (case i). No graphene
will form if the established C,; concentration on the surface stays below the threshold
for nucleation, ¢,,.. Note that c,, may be above the graphene equilibrium concentration
ceq(Keq) and it is possible that no graphene will form even at parameters where already
formed graphene flakes would grow (case ii.). Only when applying case iii. of Fig. 50
graphene flakes would nucleate and form on the Cu surface.

In this case, the C,; consumption on the surface would be shared by the backreac-
tion to methane and the graphene flake attachment, the C,; concentration should there-
fore decrease after the nucleation of graphene flakes. Comparing both reaction path-
ways shows that at common reaction conditions (T = 1045 °C, Q. = 10, p(H>) =
20 mbar, p(CHy4) = 0.02 mbar), the carbon input on the surface from the gas phase is
approximately 2 ML/min (So(1045°C) =~ 3 x 107%). After graphene growth at these
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conditions for 60 min, the sample is approximately half covered with graphene, which
corresponds to less than 1% ML/min. If the adsorbed carbon concentration C,; on the
bare Cu surface is constant during the reaction, eq. 6.1a must be valid and the rate of
desorbing carbon atoms Ndes(,,p,ion must be approximately 2 orders of magnitude larger
than the carbon atoms incorporated into graphene crystals, Ngm phene growth- The graphene

nucleation therefore does not significantly influence C,; on the bare Cu surface.

Nadsorption = Ndesorption + Ngraphene growth (613)

Ndesorption >> Ngraphene growth (61b)

Several studies have dealt with the graphene nucleation topic from a theoretical point of
view, mainly focusing on the case of homogeneous nucleation on pristine surfaces>!'>316
or the nucleation on substrate anomalies such as atomic step edges.’!” For the sam-
ples grown in this work, the envisioned nucleation density is so low in the range of
1-10 flakes/mm? - that at these length scales further impurities are commonly present on
the catalyst surface that may catalyze the nucleation process. In these cases heteroge-
neous nucleation is expected to take place. While homogeneous nucleation is a purely
statistical process and should solely depend on the set growth conditions, heterogeneous
nucleation is localized to defects or the impurity particles and strongly dependent on
their condition. As the exact composition and origin of impurity particles is commonly

not known unless they are artificially placed on the sample,3831°

it is very complicated
to predict their appearance and activation other than in an empirical manner. Pretreatment
methods to remove potential contaminations from the sample prior to growth have been
developed, for example by an oxidative pretreatment as introduced by Kraus et al.'®3
This kind of pretreatment is also used for most samples shown in this work, as in de-
tail described in the methods-section 3.2. It is also possible that the active addition of
a further component (in this case the addition of O,) inhibits the nucleation process as
suggested in ref. 2! . According to the authors, the oxygen passivates the nucleation sites
on the Cu surface and strongly reduces the nucleation density.

The as-received industrial Cu substrate foils used in this work show a large amount of
surface contaminations, as well as surface oxidation.?! Photoelectron spectra of the un-
treated Cu sample as received from the provider show contaminations of carbon (organic
contamination, oil residues, carbonaceous species), oxygen (surface oxidation) and nitro-
gen (possibly organic contaminations). Especially high amounts of oxygen are detected,
as shown in Fig. 51. Note that the concentration of impurities influencing the nucleation
process may well be below the detection limit of the XPS setup, which means that the
detected impurities shown in Fig. 51 may have nothing to do with the nucleation rate of

graphene flakes during CVD growth.
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A sample cleaned by the oxidative pretreatment step and subsequently shortly exposed
to a reductive hydrogen atmosphere, such as commonly performed before the growth of
graphene samples, is shown in Figure 52. The optical appearance shows only features
assigned to the copper foil, such as the milling marks running in parallel lines from top to
bottom remaining from the foil rolling and a copper grain boundary in Fig. 52a). Almost
not visible in the optical image are single black dots in the sub-um size regime, marked
with arrows in Fig. 52a) and b), respectively. Raman spectra acquired at these positions
show the presence of further materials, among others amorphous carbon®?? or remaining

particles of oxidized copper Cu,O.
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Figure 51 : XPS spectrum of an as-received Cu foil without any pretreatment. Apart
from the Cu-related signals a significant amount of oxygen, nitrogen and carbon can be
identified, as shown in the magnifications below.

Such dark spots are often found in the center of graphene flakes, where the graphene
growth originates in the first moments during the growth phase.

In the case of heterogeneous nucleation, a cluster of carbon atoms may form around
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Figure 52 : Impurity particles remaining on the sample surface after pretreatment fol-
lowed by a short hydrogen purge. Particles identified as black dots in a) and b) indicate
the rare remainders of accumulated impurities after sample cleaning. These particles are
very scarcely found on the sample surface (all other features in image b can be attributed
to grain boundaries) with similar density as the subsequent graphene flake nucleation
during CVD growth (not shown). ¢) Raman analysis of these particles (colors of the spec-
tra according to the colors of the arrows in a-b)) shows an increased amount of carbon

(around 1500 cm~!) and copper oxide (around 600 cm™ 1), while the reference spectrum
acquired at a featureless site shows no Raman features at all. All scale bars amount to
20 um unless otherwise noted. (Experimental details: E. 2)

an impurity, which is energetically unstable until reaching a critical size where the car-
bon attachment becomes energetically favorable.>?! This critical nucleus size defines at
which [C,y] nucleation sets in. As the carbon cluster may be energetically stabilized at
impurities, the critical nucleus size is lower for heterogeneous nucleation, which leads to
an island formation at a lower supersaturation of C,g.

The nucleation behavior under different starting conditions was studied in a series of
experiments. The conditions under which growth was performed, are summarized in
Fig. 53 in a p(H,) —w—diagram. [C,,| increases from the upper right to the lower left
corner with further deviation from the thermodynamic equilibrium, leading to a higher
chance of graphene flake nucleation at individual defects/impurity particles. The results
of the experiments marked as colored triangles in the diagram are shown in Figs. 54
(sample 1), 55 (sample 2) and 58 (sample 3). At the temperature of 1045 °C, graphene
nucleation was not observed above a Q. value of approximately 80. This coincides with
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1045 °C 1

1084 °C

I R P4 T 1% I S R R
100 1000 100 1000

W = py,/ Pch, W = Ph,/ Pch,

Figure 53 : Graphene growth conditions of samples discussed in this chapter, plotted in a
p(H,) —w—diagram. This type of diagram indicates the distance of the growth conditions
to the thermodynamic equilibrium (solid line), as described in the text. The temperature
and distance to equilibrium are used as parameters to characterize the nucleation behavior
on the sample.

findings by Kraus e al,'*® who did not observe graphene formation at these conditions,
nevertheless without pinpointing this phenomenon to the nucleation of flakes.

Sample 1: (T = 1045°C, Qecxp = 45) At a Q,yp value of 45 and T = 1045 °C nucle-
ation is observed on the sample in a very scarce and almost unrecognizable manner. As
shown in Fig. 54, over a sample area of 30 mm? only 3 graphene flakes formed at these
conditions. Nucleation at high values of Q.,, commonly leads to a low amount of nucle-
ated graphene flakes which cannot guarantee a high enough absolute number of flakes for
proper statistical evaluation. After growth under such conditions, the flakes are often only
found at the sample rim or around large impurity particles (see Fig.54b-c). Remarkably,
the nucleated graphene flakes can be grown for an arbitrary time without the nucleation
of additional graphene flakes. Fig. 54c) shows graphene flakes grown for 30 and 60 min
to a diameter of about 500 um size on an almost empty Cu foil (nucleation density of
~ 0.1 flakes/mm?).

Sample 2: (T = 1045°C, Q.xp = 22) When choosing a parameter set with lower Qcy,
thus favoring the formation of graphene through a higher concentration of C,; on the
surface, the amount of graphene flakes statistically formed on an oxygen pretreated sam-
ple increases further. For sample 2) grown at Q,,, = 22, the graphene flake formation
is statistically evaluated in Fig. 55. Figure 55a) shows the position-dependent flake den-
sity of the sample in a 2D-diagram, where a single square stands for an area of 1 mm?.
The image illustrates that the nucleation events do not appear particularly clustered and
are not dependent on the position relative to the gas flow direction. The main part of

the present graphene flakes is not in close vicinity to other flakes, as also clarified in
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Sample 1)
a)
) 11 mm
T 1
I
E : ® 30 mm? °
< | ® 3 graphene Flakes
I
I

Figure 54 : Nucleation behavior of a sample grown at the conditions marked 1) in Fig. 53.
a) Sample area of the characterized sample, showing nucleation of three graphene flakes

over an area of over 30 mm?Z. b) At the sample rims, enhanced nucleation is observed.
Graphene flakes grow from the sample rim to the substrate area. c¢) Graphene flakes found
in the central area of the sample after 30 and 60 min of growth time. While the nucle-
ation density does not increase with total reaction time, the few present graphene flakes
increase in size. d) Examples for graphene flake nucleation spots with clear particles (up-
per row), with surface inhomogeneities (lower left image) and with smaller nucleation
seeds (lower right image), all images are acquired after sample oxidation, increasing the
visibility of the central particle. Note: Figs. b and c) were acquired after significant
storage time in air, therefore the graphene areas appear only very faint. (Experimental
details: a-c: E.46)

Fig.55c), showing a histogram of the flakes found in the 1x1 mm? area-squares. A single
area fragment was found with an increased flake density, where 18 flakes were found in a
single area-square. Summing up to a total of 91 flakes counted on the sample, this leads
to a mean nucleation density of 0.4 flakes/mm?. Exemplarily, a graphene flake is shown
in Fig. 55b). It shows a hexagonal symmetry and in the center a nucleation spot is visible
in form of a dark point. Evaluation of all flakes shows that at these growth conditions,
65% of all flakes contain nucleation dots detectable in the optical microscope and 96%
of the graphene flakes have an overall hexagonal flake structure.

The determined flake radii » are summed up in form of a histogram in Fig. 55d), which
roughly depicts a Gaussian distribution. Notably, the counted flakes drop to zero for flake
sizes between 0-10 pum.

This sample formed enough graphene flakes for a statistical evaluation. Due to the low
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Figure 55 : Statistical evaluation of the nucleation behavior of a sample grown at CVD
conditions 2) in Fig. 53. a) Scheme of the sample area divided into area segments of

1x1 mm? with the respective nucleation density marked by the gray-scale intensity. No
correlation of the flake nucleation positions can be identified, nor is a significant influence
of the gas flow direction detected. b) Exemplary graphene flake with nucleation spot in
the flake center. c) Only a single area segment contains more than five flakes, while
the vast majority shows no graphene nucleation at all. d) Histogram of the flake size
distribution of the identified graphene flakes, showing an almost Gaussian distribution of
the flake sizes. Note: As the flakes in close proximity may influence each other in terms
of growth behavior, the area segment with increased nucleation density was not used to
evaluate the mean flake radius. (Experimental details: E. 47 )

island density, the graphene flakes are statistically distributed over the sample and do
not collide with each other during growth until reaching an island size close to the mm
regime, fulfilling the desired growth geometry of isolated graphene islands.

Nucleation appears at clearly visible heterogeneous seeds and at positions without visible
nucleation spots. Note that a lack of optically visible nucleation seed does not mean that
homogeneous nucleation is happening, as a heterogeneous nucleus may as well be down
to a single atom small. Fig. 55d) shows an overall symmetric Gaussian distribution, in-

dicating that all graphene flakes originate from the same time period.
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6.1. Distinguishing between homogeneous and heterogeneous
nucleation

Figure 56 sketches an experiment which allows to decide whether graphene flakes are
formed during CVD synthesis upon heterogeneous or homogeneous flake nucleation. A
first sample is grown by applying the pretreatment and CVD protocol that leads to a low
flake nucleation density as the one of the experiment leading to the sample displayed in
Fig. 55.

The applied CVD conditions are modified after the foil pretreatment and the expected
concentration of the graphene feeding phase is qualitatively plotted versus the treatment
time by the dashed curve. Since the attachment limited growth regime was shown to take
place from a pre-equilibrated C,,; 2-dim lattice gas as feeding phase, the vertical axis
displays the concentration of this quantity, although the feeding phase during nucleation
might consist of a different species. For simplicity, [C,,] will be used in the following to

express the concentration of the phase that leads to flake nucleation.
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Figure 56 : Illustration of the experiment performed to distinguish between homogeneous
and heterogeneous nucleation during graphene flake formation.

As sketched in Fig. 56, the concentration increases with time when applying CVD con-
ditions with Q. < Keq and nucleation followed by flake growth sets in if [C,4] exceeds
the required concentration c;,.

In comparison to sample i), a second sample ii) is synthesized by applying the identical
pretreatment and CVD growth conditions, except that during CVD at first Q) > Koy
conditions are set that, according to thermodynamics, cannot lead to graphene formation.
However, the concentration of the feeding phase [C,,]| will increase during the treatment,

but since it does not exceed c,4, no flake growth can occur.
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If then identical CVD conditions as to ones chosen for sample 1) are set, the conditions
required for flake nucleation are met. In case of homogeneous nucleation an identical
graphene island distribution would appear on both samples, when growing for identi-
cal times. This stems from the fact that homogeneous nucleation results from statistical
events that lead to the formation of critical nuclei and - at the time when the required
nucleation conditions are met - both samples 1) and ii) are identical. If, however, during
the treatment of sample ii), a foreign material or defect exists or is created that does not
follow the thermodynamics of the clean g/Cu system, the required facilitated graphene
flake nucleation during CVD synthesis at Q.,, < K., may take place. Thus, the result-
ing heterogeneous nucleation would lead to an altered flake density after CVD growth of
sample ii).

The experiments performed following this strategy are outlined in Fig. 57, where the
applied treatment is compiled in a) and graphically sketched in b). The chart indicates
that the CVD synthesis of sample 1) delivered graphene flakes with an island density of
0.5 flakes/mm?. The resulting density obtained on sample ii) increased to 30 flakes /mm?.
Thus, the flake nucleation increase by a factor of 60 during synthesis of sample ii) clearly
demonstrates the heterogeneous nature of the flake nucleation process.

This experiment shows that the nucleation of graphene flakes on the Cu surface cannot
be purely caused by the carbon intake from methane decomposition on the metal surface,
which would be the case for homogeneous nucleation. In this case, both samples would
require to feature similar nucleation behavior, as the evolution of [C,,] after surpassing
the nucleation threshold (see Fig. 56) is equal and homogeneous nucleation by definition
only depends on [C,,] and T. This identical overcritical concentration of C,; on the Cu
surface should lead to similar statistical growth distributions, which were not observed
in the shown experiments. In this section I was able to show that the Cu substrate after
pretreatment still contains (a very low amount of) optically identifiable impurity parti-
cles (Fig. 52), graphene growth on one substrate position may occur simultaneously with
large graphene-free areas (> 5x5 mm) and that identical growth conditions can lead to
significantly different nucleation behavior. The nucleation in these experiments is there-
fore of heterogeneous nature. Theoretical studies on homogeneous nucleation are thus

not applicable in this situation.
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a)
Temperature Time Gases Qexp
RT --> 950 °C 30 min H2/02
950 °C --> 1045 °C 15 min Ar/O2
1045 °C >120 min Ar/O2
1045 °C 5 min H2
1045 °C 40 min X iii) H2/CH4 120
1045 °C 3-5 min H/CH4 25
b) 1045 °C Grow and remove samples H2/CH4 45
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Figure 57 : Nucleation behavior dependence on the exact pretreatment succession. a)
Growth protocols for the two samples evaluated regarding their nucleation behavior.
While sample 1) corresponds to the described common pretreatment method, in sam-
ple ii) an additional step was introduced before the graphene flake nucleation, where
a H,/CH, mixture was introduced, at which knowingly graphene growth does not
set in (Qexp > Key(1045 °C) = 101). Graphene nucleation therefore happens at the
same gas phase composition in both samples. The growth protocols are also imaged
in form of graphs below the table in b), together with the observed nucleation densi-

ties: Sample i) shows a Ny < 1flake/mm?, it is significantly higher in cases ii with
Nnue = 30flakes/ mm?. (Experimental details: E. 4, E.49)

6.2. Graphene nucleation dependence on the temperature and Q..

Sample 3: (T = 1084 °C, Q.x, = 45) The observed flake nucleation enters a new regime
when setting growth conditions more strongly favoring the graphene growth, i. e. at lower
values of Q. or at higher temperatures. The results for a sample grown at a tempera-

ture of 1084 °C and a Q,,p-value of 45 are shown in Figure 58. The histogram of the
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evaluated graphene flake sizes is shown in Fig. 58a) and a typical optical image of the
oxidized sample after CVD is displayed in Fig. 58b) as example. The graphene islands
show a strong variation of the island size between 0-180 um flake radius, which also
appears in the flake size distribution. The resulting histogram extracted from sample 3)
greatly deviates from the one of sample 2) with an almost regular Gaussian shape, also
shown in Fig. 58 for comparison. Also in contrast to flakes grown following the syn-
thesis protocol of sample 2) is the fact that now only few flakes show visible nucleation
spots. Due to the larger amount of small flakes, the nucleation density is in the order of
10 flakes/mm?.

Sample 3)
a) b)

Sample 3) ) Early

Continuous nucleation
£ 104 nucleation
=}
S Late
% Sample 2) nucleation
L5 Gaussian

nucleation

curve
0 100 200

Flake Radius (um)

Figure 58 : Statistical evaluation of the nucleation behavior of a sample grown at condi-
tions 3) in Fig. 53 at elevated temperatures. a) The evaluation of the flake sizes shows
a broad distribution curve. For comparison, the panel also displays the distribution ob-
tained from sample 2) b) Optical image showing that graphene flakes of all sizes are
found on the sample. As all flakes are assumed to grow at equal speed, they must have
formed at different times in the experiment. (Experimental details: E. 50 )

The broad island size distribution indicates the presence of very large and small islands
on the Cu surface (see Fig. 58b). Such a behavior can be explained when considering con-
tinuous nucleation of graphene flakes over the complete growth period. In such a case,
flakes nucleated at the beginning of the CVD synthesis grow large while the ones nucle-
ated at the end do not have the time to reach a large size. In order to extract the flake
growth velocity during CVD one has to track the growth front of the largest graphene
flakes, which for this sample would be approximately 180 um. This characteristic nucle-
ation behavior can be assigned to continuous nucleation and may be caused by 2 different

effects:

1. At these conditions homogeneous nucleation is present on the sample

2. Further impurity particles arriving on the sample surface over time create time-
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dependent heterogeneous nucleation. These particles could for example consist
of particles detached from the reactor wall or diffusing to the surface from the
substrate bulk.

From the experimental results presented here, both scenarios could be a possible expla-
nation. Additional experiments with a changed sample geometry - such as shielding of

the sample from the reactor walls - could resolve this question.

6.3. Evaluation of several performed experiments regarding their
nucleation behavior

To achieve statistically more meaningful information about the impact of the chosen
growth parameters on the nucleation process, 73 CVD experiments were evaluated re-
garding the nucleation processes observable on the samples. The data set stretches over
a large parameter space including temperatures between 900-1084 °C, pressures up to

60 mbar and Q,,,-values between 1.5 and 117.
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Figure 59 : Observation of continuous graphene flake nucleation depending on the used
growth conditions. The /n(Qexp) — 1/T —diagram shows the result of the evaluation of
73 experiments regarding the occurence of continuous nucleation after the first phase
of exposure to the reactive atmosphere. The results show a clear distinction between
CVD synthesis regimes in which continuous nucleation is observed or not. The transi-
tion between both regimes follows a temperature dependence with similar orientation as
the thermodynamic equilibrium of graphene growth (K,,(7'), but with a slightly more
inclined slope.
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The samples were examined with respect to two aspects:

The nucleation of new nuclei over the course of the experiment (continuous nucle-

ation)
The overall density of nucleated graphene flakes (1,,,¢)-

The results are shown in the diagrams of Fig. 59 and Fig. 60. The diagrams are plotted in a
Vant Hoff plot type with the inverse temperature as x-axis and the natural logarithm of the
Qexp-value as y-axis. The dashed line at the top of the diagram shows the thermodynamic

equilibrium line (K,,) for graphene growth.
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Figure 60 : Nucleation density as a function of (Qexp,7) CVD parameters. The nucle-
ation density is color coded along 10* with 0 < x < 3. b) Nucleation density at con-
stant ln(Qexp) ~ 3.2 as a function of temperature. c) Nucleation density at constant
T = 1045 °C as function of Q,,,. The data subset b) and c) are indicated in panel a).
All displayed samples have gone through the same pretreatment recipe as described in
chapter 3.2, with variations in the overall pretreatment time, which may also account for
the large variations in the results.
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Figure 59 allows a clear division between a graphene growth regime without continuous
graphene nucleation (blue squares) and one with continuous nucleation (red squares).
The continuous nucleation is observed at conditions strongly favoring the graphene growth,
at lower values of Q.,. The parameter regime without continuous nucleation is observed
close to the K., line with increasing temperature, limiting the possible reaction settings
in which a controlled graphene growth can be executed without the formation of new
graphene islands during CVD growth. Roughly, it can be stated that below a certain
Qexp(T), continuous nucleation occurs. This means that, as shown in Fig. 61 an addi-
tional important supersaturation level can be introduced in the diagram of Fig. 50: The

concentration above which continuous nucleation is observed, ¢coninuous-

Continuous flake nucleation

C oo
continuous
flakes
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Figure 61 : [C,4] surface concentrations during graphene growth. Above [Cpg| = Cegs
two supersaturation levels seem to play a role. ¢, as threshold for nucleation at the
beginning of the CVD process and ¢ ontinuous @bove which continuous nucleation during
the complete CVD growth is observed.

Figure 60 shows the roughly estimated nucleation density of several growth experiments.
All samples shown in this Figure underwent the same oxygen pretreatment procedure
with slight variations regarding treatment time and oxygen content. Mainly, the observed
parameter space can be divided in three separate sections. No nucleation is observed
in close vicinity to the dashed equilibrium line (K,,), as already described before. Ex-
periments with graphene nucleation are observed only when applying CVD conditions
sufficiently far from the K.4(7)-line. In a certain area of the parameter space the nu-
cleation density stays below 1 flake/mm?. Similar to the transition towards continuous
nucleation, an increase in nucleation density by 1-2 orders of magnitude is found in the
same parameter regime and with similar temperature dependence.

The strong spreading of the nucleation values, but also the clarity of the overall nucle-
ation trends regarding the temperature and the Q,,, dependence become more apparent
when looking at cuts through the 2D-plot, as shown in Fig. 60b+c). Apart from the
phenomenological parameter dependency ruling the nucleation events during CVD syn-
thesis, the charts (especially Fig. 60b+c) can be used to search for growth conditions that

favor the formation of single, large flakes or growth at high nucleation density.
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6.4. Nucleation conditions at high pressures

In contrast to the obtained findings described in the previous chapter for experiments
conducted at p;,y < 60 mbar, another change in nucleation behavior was observed
for samples grown at pressures above approximately 100 mbar H, partial pressure. In
Fig. 62a), high pressure experiments (blue circles) are compared to low pressure ex-

periments (yellow-red circles). These data points show a strong increase of the mean
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Figure 62 : Nucleation behavior of graphene samples grown at high pressures above
60 mbar. a) Blue circles mark the nucleation density of graphene flakes grown at in-
creased pressure, which greatly exceeds the one obtained at lower pressure (red and
yellow points). b-d) Optical images of graphene flakes grown at 150 mbar, w = 300,
T = 1045 °C for 100 min. (Experimental details: E. 51 ) b) Large islands are observed
that are surrounded by small islands in their close vicinity. c-d) Close-ups show the case
of isolated small fakes (i-ii) and flakes that are incorporated into the large island. e)
Histogram of the flake distribution of the sample shown in d), where small flakes in the
vicinity were not included. The narrow Gaussian line shape similar to the one shown
in Fig. 55 indicates that the growth of the large islands seems to be unaffected by the
formation of the small graphene islands.

nucleation density by two orders of magnitude in comparison to the one observed in low
pressure experiments. Optical images of graphene flakes grown at high pressures also

show differences to their counterparts grown at low pressures, as presented in the opti-
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cal images in Fig. 62b-d). Around the rim of the grown graphene flakes, at a distance
of up to 20 um, significantly smaller graphene flakes can be identified. These are not
observed at larger distances to the main flakes. Fig. 62c) shows these new flakes in dif-
ferent stages of incorporation into the main flake. While flake i can be barely identified
with the used microscope, flake ii is already significantly larger but still separated from
the main graphene island. Flakes iii and iv are then already in contact to the main, large
flake with an increasing amount of the flake area being incorporated into the main flake.
Figure 62d) shows a graphene flake grown for a longer time at high pressures. It shows
a large graphene flake of approx. 200 um flake-radius. When looking at the rim of this
flake, one can still identify two small, newly formed graphene flakes right next to the
main island rim. These are also shown magnified in the two insets in the upper right
and lower left corners. While there are several small flakes formed around the rim of the
large graphene flakes, the flake size distribution of the main graphene islands shows no
significant broadening of the distribution, as depicted in Fig. 62¢). Note that the small
flakes appearing at the rim of the large flakes are subsequently incorporated into the large
flakes and therefore do not form independent new graphene flakes.

When comparing high-pressure growth experiments to graphene grown at lower pressure,
it becomes clear that at least one new nucleation site is activated at high pressures when
regarding the increased total nucleation number at the beginning of the reaction. The
fact that small graphene flakes form around the larger graphene flakes at high pressures
also indicates that some processes on the molecular level are significantly changed when
increasing the total pressure. This phenomenon could be explained by the presence of
secondary nucleation, where the nucleation of new crystals is induced by the presence of
a parent crystal.’>> However, also other processes can account for the flake nucleation,
but in some form, the formation of the small nuclei must be enabled by the large flakes,
as they only appear in their direct vicinity. Interestingly, this process is independent of
the process referred to as continuous nucleation in the previous section.

As observed by Kraus et al 126

graphene films grown at high pressure show an increased
amount of multilayer graphene areas. Similar to the nucleation of single layer graphene
flakes, also the formation of bilayer graphene needs a nucleation point from which the
growth sets in. At CVD synthesis below 60 mbar it is often observed that one nucleation
seed acts as starting point for the first and several further graphene layers.”* Whereas
CVD growth at higher pressures typically leads to a multitude of small multilayer flakes
below one large, single-layered graphene flake.!?® The observation of nucleation of small
islands in the vicinity of large flakes might explain this, as small graphene flakes can be

integrated in two ways into the main flake, which is sketched in Fig. 63:

By over-/undergrowth of the small flake, immediately leading to a small multilayered
flake
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By incorporation into the single-layer-graphene lattice. If the small graphene flakes
are rotated with respect to the main flake, several defects with dangling bonds will
develop along this boundary line that may lead to the nucleation of additional layers

below.

/ \ Incorporation

Overgrowth - Defects
-> Multilayers - Multilayers (?)

ﬂ
. s

Figure 63 : Possible interaction between a large, expanding graphene flake and a small
graphene flake formed close by. The small graphene flake can either be overgrown, di-
rectly leading to multilayered graphene areas. Otherwise, the small flake can be inte-
grated into the large flake area, leading to defects at the grain boundary. These defect
lines may also act as nucleation points for further graphene layers.

6.5. CVD synthesis strategies with control of the flake nucleation

To enable graphene growth with control of the resulting flake size, it is necessary to
decouple the graphene nucleation from the graphene growth process itself. Such a de-
coupling is induced by introducing a new CVD step into the graphene growth procedure,
which in the following will be called nucleation step.

The nucleation step is added to the CVD protocol after the foil pretreatment, which con-
sists of the heating ramp and the oxidative treatment followed by the hydrogen purge.
Before establishing the actual CVD growth step, the nucleation step is introduced for a
short time to force the formation of graphene flakes before growing them in the subse-
quent growth step.

The procedure is displayed in Fig. 64. The idea behind the concept is outlined in Fig. 65,

where again for simplicity the concentration of the growth-feeding phase is assigned to
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[C.q] and plotted versus the CVD treatment time. This assignment is the most likely
scenario (see chapter 5), but the arguments are independent of the actual microscopic

process inducing the flake nucleation.
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Figure 64 : Growth recipe including the introduced "Nucleation Step" to control the
nucleation behavior independently from the graphene growth behavior in the subsequent
growth step. The "Nucleation Step" consists of a short exposure to the reactive CHy +
H; gas phase further away from the equilibrium concentration than the actual growth
step. Hence, possible nucleation sites should grow graphene flakes in these first minutes
of the reaction and no continuous nucleation should be observed after this step. The
amount of expected graphene flakes is determined by the conditions set in this step, while
subsequent graphene growth does not affect this value.

Nucleation step
A

Cnuc

= [Cad]

Cfeed

Time

Figure 65 : C,; concentration evolution for an improved synthesis protocol. At first,
a nucleation step is set at conditions with [Cpy] > cpye, in Which graphene nuclei form.
After a certain, short nucleation time, the conditions are changed to a lower value of
[Caa], where the formed nuclei will grow in size (see text).
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As is indicated in Fig. 65, the [C,4] concentration rises when setting the synthesis con-
ditions. In order to induce the controlled formation of graphene flakes the concentration
has to exceed the level required for graphene nucleation, c¢;,.. After a certain growth
time, the CVD parameters are set closer to thermodynamic equilibrium, at best below
Ceontinuous> SO that no new graphene flakes are formed during the growth step. The suf-
ficiently high [C,4] concentration temporarily ignites the heterogeneous seeds during the
nucleation step, which is suppressed as much as possible during the subsequent growth
step of the synthesis protocol. All in all, we can summarize two main issues of the con-

cept:

1. Onuc < Qexp: The nucleation step should always be executed at conditions further
away from the equilibrium concentration than the subsequent growth. Otherwise,
a lowering of the mass action constant Q,,, leads to an increase in the adsorbed

carbon concentration C,; and hence might activate new nuclei.

2. tgue =2 —5 min: Generally, the nucleation step should be kept short. In case that no
continuous nucleation is observed at the chosen CVD settings, it can be expected
that all nucleation events take place in the first moments of the nucleation, regard-
less of the duration. On the other hand, if the parameter regime is entered where
continuous nucleation takes place (cconrinuous), the duration should be kept as short

as possible to reduce the spreading of flake sizes.

The results presented in this chapter are derived by experiments that monitor the phe-
nomenological response of the system, which is inherent when dealing with minority
species that induce a condensation process. The achieved results are strictly relevant only
to the used reactor. They may even change with slight modifications to the reactor setup,
the gas purity, the quartz tube age or even the batch of copper foils. The basic principles
of nucleation deduced from the outlined experiments can nevertheless be transferred to
any similar growth reactor. After performing a calibration procedure to deduce the nu-
cleation events observed at certain CVD conditions, the relative changes when varying

the parameter space will be similar, even when using a different reactor setup.
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7. Selective growth of multilayer graphene flakes

The method of graphene growth by chemical vapor deposition (CVD) on copper is known
for its high yield of single layer graphene flakes enabled through the surface mediated
growth on this catalyst.>!>13 Due to the surface-mediated growth it may be expected that
the formation of second- or multilayer graphene is kinetically controlled. Indeed, it has
been shown in the previous section that the formation of multilayer islands in graphene
seems to require a nucleation seed.

Other metals with higher carbon bulk solubility grow graphene mainly through segre-
gation from the bulk of the metal catalyst, allowing for additional layers to form below
the first one.??3 15 Nevertheless, several synthesis routes for bi- and multilayer graphene
on Cu have been published.?80-126:114.324 The amount of multilayers formed on the sur-
face according to these studies can be influenced by increasing the total pressure in the
system, ?° by a special cooling rate,''* by gradually increasing the methane partial pres-

324 or by a special sample geometry.?80

sure
Bilayer graphene is typically relevant due to its special electronic properties. While the
mechanical characteristics of few layer graphene mainly scale linearly with graphene
layer number, the electronic properties are non-scalable in this thickness regime,’? in-
cluding e. g. the formation of a tunable bandgap.”” The electronic structure highly de-
pends on the rotational alignment of the formed graphene layers and intercalated atoms
inbetween.>2¢ This opens a playground for the design of materials with novel properties,
but it also requires the controlled formation of graphene with desired film thickness.

The literature instructions on how to grow primarily multilayer graphene on copper sub-

strateSZSO, 126,114,324

perform their growth at CVD conditions where the formation of a
specific layer number is kinetically driven (see section 4.2). However, the results of
the thermodynamic considerations from chapter 4.2 indicate the existence of a param-
eter range where the reaction thermodynamics should lead to the exclusive formation
of few-layer graphene. The chart shown in Fig. 66a) displays the graphene stability
regime for T=1045 °C. The blue colored parameter space shows the graphene growth
zone (growth Regime A), whereas the red area indicates the graphene instability regime
(growth Regime C). The dashed black line shows the thermodynamic equilibrium line for
single layer graphene (SLG) as determined in chapter 4.2 and the continuous black line
indicates the graphite equilibrium line as extracted from the NIST-Janaf tables.?*’ The
discrepancy between both equistability lines is caused by slight differences, most proba-
bly in the reaction entropy of the formation reaction. The two equilibrium lines enclose
a new growth Regime B, which is shown in yellow color in Fig. 66a), where SLG should
decay while graphite should not.

Graphene with an increasing number of layers should rather resemble graphite energeti-
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cally, which can be thought of as infinite-layered graphene. The stability of bi-, tri- and
higher layered graphene stacks is assumed to lie somewhere between these two extrema.
As a result, within the yellow shaded CVD parameter regime SLG would be thermody-
namically unstable while multilayer graphene should still be thermodynamically stable.
Figure 66b) sketches three types of experiments that were performed to prove this issue.

They are outlined in the following chapter.

a) b) Approach I: A+ long B

Approach II: A + short B/C + A

Approach Ill: A+ Cycle (short B/C + A)

Figure 66 : a) p(H,) — w—diagram showing the different growth regimes, specifically
indicating the CVD parameter regimes where SLG on Cu is stable (A), and the one
where graphite turns unstable (C). Applying CVD parameters of the regime inbetween
(B) should lead to the decay of SLG while keeping multilayer graphene stable (see text).
b) Potential reaction designs to achieve the formation of graphene multilayer flakes in
direct proximity to the bare substrate, without the formation of SLG. Starting with pre-
grown graphene islands, the flakes can either be exposed to growth Regime B (yellow)
for a long time, until the SLG areas are decayed while the multilayer regions are stable
or even increase in size. Otherwise, the pregrown graphene flakes can be exposed to
unstable conditions (Regime C), assuming that the central multilayer region will decay
after the decay of SLG. With the proper timing, the remaining multilayer islands can
be exposed to growth conditions again, assuming that pure multilayers continue to grow
without the evolution of a new SLG area. Lastly, a switching between growth and etching
conditions can be used to selectively etch SLG areas while promoting multilayer growth.

4 5 6 7 89 2 4
1000

W= py./ Py,

7.1.  Experimental verification of simultaneous growth and decay of
graphene with different layer numbers

For the experimental verification of the proposed growth mechanisms in the yellow
shaded growth Regime B of Fig. 66b), graphene flakes were pre-grown by applying CVD
parameters in the growth Regime A (blue) and subsequently the conditions were changed
to shift into the yellow shaded growth Regime B (as listed in Table 17 and as is sketched
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in the p(H,) — w—diagram shown of Fig. 67a).

In growth Regime B no nucleation events are expected, therefore pre-grown graphene
flakes were used for these experiments. The two-sample experiment was conducted at
T =1080°C.

Table 17 : Experimental conditions for a sample exposed to SLG-unstable condi-
tions close to thermodynamic equilibrium after nucleation (i) and pre-growth (ii) of the

graphene islands. At the reaction temperature of 1080 °C, K., = 125 and Ky, qphire = 181.
(Experimental details: E. 52)

# T =1080°C w-ratio  p(H) Qexp  torow Optical Image

i) Nucleation 1361 20.0mbar 27.2 3 min
ii) Regime A O, <K, | 3380 36.0mbar 121.7 10min Fig. 67b) - blue
iii) Regime B Q,,, > K., 3516 364 mbar 127.8 10 min

iv) Regime B Q., > K., | 3516 36.8mbar 129.2 10min Fig. 67b) - yellow

After nucleation and growth in Regime A (step i and ii in Table 17), almost perfect
hexagonal graphene flakes form on the sample, as shown in the blue framed optical image
in Fig. 67b). After 20 min of exposure to the conditions of growth Regime B (step iii and
iv in Table 17), the remaining sample was removed from the reactor. This sample shows
a strong decay of the graphene flakes, as graphene flakes turned into the rounded shape
as known for decaying samples (see chapter 4.2). In several cases, additional, small
hexagonally shaped graphene flakes appeared inside decaying graphene islands, attached
to or in the direct vicinity of decaying graphene flakes (see Fig. 67b).

Raman measurements taken at the indicated positions in Fig. 67c) are displayed in panel
d). They show a typical SLG pattern for the rounded island, and a broadened multilayer-
characteristic spectrum for the smaller, hexagonal islands. These experimental results
indicate that, indeed, there is evidence for the simultaneous decay of the larger SLG
segments and simultaneous growth/stability of the multilayered islands at the applied
CVD conditions of Regime B. Although the multilayer islands are comparatively small,
as would be expected for graphene islands grown for such a short time period, it was
possible to show that these are more stable than the SLG equivalent material. It cannot
be unambiguously stated whether the multilayer islands are really thermodynamically
stable or if the decay is kinetically hindered, as processes in this regime may be very slow.
The direct vicinity to the decaying SLG graphene at a notable kinetic rate nevertheless

suggests a thermodynamically driven process.
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Figure 67 : Experimental results of the sample exposed to conditions according to Ta-
ble 17. a) After growth (blue triangle) the graphene flakes are exposed to decaying con-
ditions (red triangle). b) Optical images of the graphene flakes after exposure to the
reactive conditions as shown in a). While the sample shows ideal hexagonal flakes after
growth (blue), the flakes show the typical rounded shape after etching (yellow). Special
observations in this sample are the isolated, small hexagonal islands remaining after the
partial etching of the graphene flakes. c-d) Raman analysis of a decaying SLG island
together with the smaller hexagonal islands, which show the Raman-fingerprint of mul-
tilayer graphene. The bare Cu surface shows no Raman signal (black). Adapted with

permission from reference >*¢. Copyright 2021 American Chemical Society.

7.2.  Approaches to receive large areas of multilayer graphene

The growth procedure presented in the previous section shows a way to selectively etch
SLG while keeping thicker graphene intact. This observation leads to a graphene growth
procedure towards the formation of multi-LG. Although exploiting this new growth regime,
the resulting multilayer structures are still quite small compared to the remaining SLG ar-
eas. Technological relevance is reached only if exclusively multilayer areas can be grown
at extended size.

The etching process needs a bare Cu surface in equilibrium to establish the predicted
pre-equilibrium state of surface adsorbates and enable the particle exchange between gas
phase, surface adsorbates and graphene flake. Therefore, it is not possible to first grow
a complete graphene film and then etch away the single layers, as there would be no Cu

surface left for gas adsorption. As the etching rate in Regime B (yellow area in Fig. 66) is
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quite low when slightly exceeding the equilibrium concentration, it is necessary to estab-
lish a special reaction recipe to achieve the selective multilayer growth. Three different
approaches depicted in Fig. 66b) to reach this goal are presented in the following:
Approach 1. Nucleate graphene flakes far away from the equilibrium (Regime A), etch
away the single layer fraction and simultaneously grow the bilayer fraction in growth
region B. This method is quite time demanding, as most of the growth process is taking
place in growth region B where all net processes are very slow due to the close vicinity to
the equilibrium concentration K,,. Basically, this method proposes a strongly elongated
version of the experiment described in Fig. 67, in which all SLG components decay and
the multilayer fraction grows at low growth speed.

Approach II. Nucleate graphene flakes far away from the equilibrium (Regime A), etch
away the complete single layer fraction (Regime B) and grow the whole flake as a mul-
tilayer by applying CVD parameters of growth Regime A. This approach assumes that
if the complete SLG flake is etched and only multi-LG remain, subsequent exposure to
growth conditions (Regime A) does not form new SLG, as sketched in the second row of
Fig. 66b).

Approach III. Nucleate graphene flakes (Regime A) and cycle phases of single layer de-
cay (Regime B/C) and overall graphene growth (Regime A) to continuously increase the
multilayer fraction of each grown flake. This method does not rely on the requirements
of approach II to exactly hit the narrow CVD-Regime B. Instead, also cycling between
Regimes A and C should result in a graphene film with extended multilayer fraction if
the multilayer decay proceeds at a slower rate with respect to the SLG decay.

Generally, it must be noted that the planning of such experiments purely on the basis of
p(H,) — w—diagrams is only possible due to the exact knowledge of the flake evolution
both in thermodynamic and kinetic respect.

Different samples were grown according to the outlined synthesis approaches, which are

discussed in the following:

7.2.1. Experimental realization of approach I

The synthesis of approach I follows the recipe:

Nucleate graphene flakes far away from the equilibrium, etch away the single layer
fraction and simultaneously grow the bilayer fraction by applying CVD conditions
of growth Regime B.

The effect of long exposure in growth Regime B was explored in this experiment. The
exact conditions are listed in Table 18. Graphene flakes were nucleated at conditions far
away from equilibrium, exposed for 60 min under growth conditions close to thermo-
dynamic equilibrium for the evolution of regular hexagonal flakes and additionally kept

overnight for 14.5 h at conditions in growth Regime B.
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Table 18 : Applied experimental reaction conditions at 1075 °C according to synthesis
approach I used to enlarge the relative multilayer ratio by long exposure to CVD reaction
conditions of Regime B, which is enclosed by the thermodynamic equilibrium line for
graphite (Kg,qpnire = 175) and SLG formation (K,; = 122). (Experimental details: E. 53

)

# T =1075°C w-ratio p(H>) Oexp  torow

i) Nucleation (Regime A) 320 200 mbar 64 3 min

ii) Growth near K., (Regime A) 320 350 mbar 112 60 min

iii) Regime B 357 425 mbar 152 14.5h

The optical images of graphene flakes (Fig. 68b) show a regular hexagonal pattern. The
observed graphene flakes have a mean radius of 32 pm, which relates to a growth velocity
of 1.3 umh~"! during the last reaction step, as the medium flake radius after growth step

ii) was ~ 12 um.
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Figure 68 : Experimental results of the approach of long exposure to conditions in the
growth Regime B. a) Reaction conditions maintained during 14.5 h, as shown in Table 18.
b) Optical images (left: original data, right: contrast-enhanced data) of a graphene flake
after exposure to the conditions in a), showing a fast increase in contrast in the central
part of the graphene flake. c) SEM images of a flake treated equally to b), showing
the stepwise increase in contrast (graphene layers) every ~ 2 um. Magnification with
positions of Raman-spectra measurements. d) Raman spectra acquired at the positions
shown in ¢), showing the stepwise increase from O to 3 graphene layers.
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Already in the optical images, at enhanced contrast, the inner part of the graphene flake
appears dark. The contrast-enhanced greyscale-image shows this effect more clearly.
A staircase-like contrast increase towards the graphene flake center can be observed by
Scanning electron microscopy, as shown in Fig. 68c). Here, the contrast increases step-
wise from the flake rim towards the flake center every 2 — 3 um. The outermost graphene
edge shows a darker contrast, which can be assigned to the onset of Cu oxidation below
the graphene flake during the short exposure to air in-between growth and measurement.
A linescan of Raman spectra shows the evolution of the Raman-signals with increasing
contrast, which correlates with an increasing layer number. An excerpt of the linescan
positions is shown in Fig. 68c) and the corresponding spectra are shown in Fig. 68d).
While the spectrum of the rim stripe shows the shape and intensity distribution com-
monly contributed to SLG, the next spectra can be fitted with the known parameters for
Bernal stacked bi- and trilayer graphene, respectively, as done in reference!?® . The attri-
bution of Bernal stacked graphene layers is justified by the parallel alignment of the layer
edges seen in Fig. 68.

Again, it is rather difficult to unambiguously state whether the formed, thin SLG area
around the flakes is thermodynamically stabilized by the available multilayer regions
nearby or if the complete decay is kinetically hindered. Nevertheless, it is unambiguous
that the formation of multilayer graphene flakes is strongly favored at conditions very
close to thermodynamic equilibrium. The long exposure to these conditions overnight
enables the formation of extended multilayer areas, but at a very low growth rate of
1 umh~'. It remains to be examined whether it is possible to steer the multilayers to-
wards a favored number of layers by slightly changing the reaction conditions during
CVD.

The exact determination of the layer number from the SEM and Raman data turns out to
be rather difficult for higher layer numbers. While the stepwise increase in layer num-
ber can be observed for the first few layers in the secondary electron image, the contrast
change is not distinguishable for the central part of the graphene flake. In the case of
Bernal stacked multilayer graphene, the intensity of the G-peak should scale approxi-
mately linearly with the number of superimposed graphene layers. The evolution of the
G- and 2D-peaks is shown in the form of a waterfall-plot in Fig. 69a). The G-peak signal
area normalized to the SLG area is plotted against the spectrum number in Fig. 69b),
the position of locally acquired spectra is indicated in the SEM image of Fig. 69c). The
G-peak intensity increase in the first few Raman spectra can be correlated to the stepwise
contrast change in the SEM image. The G-peak area of n-layer graphene is a multiple of
the SLG G-peak area up to n = 3, as indicated in Fig. 69b). An exception is observed for
the first two graphene-spectra, which show a much higher intensity due to decoupling of
the SLG from the Cu substrate as a result of the oxygen intercalation along the graphene

island edge.
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Figure 69 : Evolution of local Raman spectra acquired along a line-scan from a graphene
flake on the sample described in Fig. 68. a) Waterfall plot of the G and 2D-band of the
spectra from the graphene-free Cu area to the center of the island. b) Integrated G-band
intensity of the respective Raman spectra normalized against the integrated peak inten-
sity obtained from SLG, plotted against the spectrum-number #. The data set shows the
stepwise thickness increase of the graphene flakes as identified by Raman-spectroscopy.
While the first Raman spectra show no graphene-signal at all (bare Cu), the following
spectra show a strongly increased Raman intensity, which can be explained by the decou-
pling of graphene by the forming oxide layer between graphene and Cu. The following
spectra show a clear stepwise intensity increase along the respective increase of the flake
thickness (1, 2, 3 layers), followed by a strong intensity increase of the G-band signal at
higher layer numbers. This observation indicates the electronical decoupling of the out-
most graphene sheet from the Cu substrate above three layers thickness. ¢) SEM image
superimposed with the spots of the locally acquired Raman-spectra. Spectrum number
19 is marked red in each diagram to facilitate the referencing.

This is also visible in the SEM images, where oxidation between graphene and Cu sub-
strate is initiated from the graphene flake edge after exposure to air and appears as a
slight rim with dark contrast around the graphene flake in the SEM images. Note that the
SEM images were measured after approximately 60 min sample exposure to air, while
the Raman spectra were measured 24 h after removal from the reactor setup and exposure

to air. The oxidized rim should therefore be larger in the measured Raman-spectra than
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the one imaged by SEM. Above the third graphene layer, at spectrum number # = 19,
the Raman intensity increases much stronger per recorded spectrum than before. As the
graphene island thickness increases at an increased slope, a stepwise intensity increase is
not resolvable due to the lateral resolution limit of the Raman experiment. The Raman
G-band reaches two more intensity plateaus (at spectra 25 and 35) before reaching the
center of the linescan.

The strong increase in Raman-signal intensity for higher layer numbers may indicate that
at this layer number the highest graphene sheet does not interact with the substrate metal
anymore and therefore exhibits the spectral characteristics of electronically entirely de-
coupled graphene. This hypothesis is strengthened because in the 2D-band a new peak
species appears at 2719 cm™! after spectrum # = 19. This species is indeed observed in
highly oriented pyrolytic graphite (HOPG) by Dresselhaus et al.>* I conclude that above
four layers of graphene on Cu, the Raman spectrum approximates the one of HOPG. Us-
ing a defined graphene crystal with known layer number, it might be possible to calibrate
the Raman intensity also for higher layers to reliably determine the thickness of unknown

samples.

7.2.2. Experimental realization of approach I1

The synthesis of approach II follows the recipe:

Nucleate graphene flakes far away from the equilibrium, etch away the complete
single layer fraction and grow the whole flake as a multilayer in growth Regime A.
To test the behavior of graphene exposed to decaying followed by growth conditions, an
experiment was conducted according to the parameters listed in Table 19. Graphene was
nucleated and pre-grown at Q,,, = 45 (Regime A), then exposed to decaying conditions
for 60 min in CVD Regime B and subsequently again to growth conditions (Regime A)
for 30 min. It should be noted that the applied nucleation conditions at high pressures of

150 mbar favor the formation of multilayer graphene islands, as discussed in chapter 6.4.

Table 19 : Applied experimental reactor conditions at 1045 °C according to synthesis
approach II. The nucleated graphene flakes were exposed to SLG decaying conditions
followed by growth conditions. At the reaction temperature of 1045 °C, K., = 101 and

Kgraphire = 146. (Experimental details: E. 54)

# T = 1045°C w-ratio  p(H;) OQexp  tgrow

i) Nucleation (Regime A) 300 150 mbar 45 20 min
ii) SLG decay (Regime B) 900 150 mbar 135 60 min

iii) Grow (Regime A) 500 150 mbar 75 30 min
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After exposure to nucleation and decay conditions (step ii in Table 19), the graphene
flakes show the rounded shape typical for exposure to CVD conditions where SLG/Cu
is unstable, as can be seen in the optical images in Fig. 70a). In case that Regime B is
not hit, but the stability line of multilayered graphene is surpassed (Regime C), SLG and
multi-LG decay equally. Returning to growth conditions in Regime A again leads to the
formation of hexagonally shaped flakes (or flakes with hexagonally oriented angles), as
shown in Fig. 70b). SEM images of these flakes, displayed in Fig. 70c), resolve a large

amount of multilayer graphene in these flakes.

Synthesis approach I
a)A+C by A+C +A

Growth:

hexagona
——R &

d)

Growth Etching Growth

&

Figure 70 : Experimental results of a sample treated according to approach II. Precise
reaction conditions are listed in Table 19. a) Graphene islands after exposure to etching
conditions, showing overall rounded flake rims. b) Graphene flakes after subsequent
exposure to growing conditions, showing again the development of straight rim lines. c)
SEM images of flakes treated equally to b), showing the increased evolution of graphene
multilayers and especially the direct transition from bilayer graphene to graphene-free
copper substrate, which is commonly not observed for graphene flakes grown at one
single reaction mixture.
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Interestingly, the multilayer area of the graphene flake expands until the outer rim of the
graphene flake, where a direct transition from multilayer graphene to bare Cu is observed
(see magnified images of Fig. 70c). This flake geometry is not possible to achieve with
one single growth step, as always SLG will form the outer graphene rim. Sketched in
Fig. 70d), initial SLG flakes with multi-LG in its center will turn to flakes with direct
transition from multi-L.G to Cu after the first CVD treatment in Regime B. Flakes with
this morphology will then continue to grow in this shape after returning to growing con-
ditions in Regime A.

After the observation that SLG growth on Cu is only controlled kinetically in section 4.2,
the outlined experiment proves that under the correct starting conditions the evolution
of graphene on Cu tends to produce bi-/multilayer graphene. Using the synthesis ap-
proach II, it becomes possible to minimize the amount of SLG while simultaneously
increasing the desired amount of multilayer regions. Nevertheless, the demands on the
experimental precision is very high and it is almost impossible to accomplish a defined
n-layer graphene film in ex situ growth experiments due to the natural spreading of exper-
imental results (flake size distribution, flake density, multilayer nucleation). Achieving
this goal could more easily be obtained by cycling growth and decay conditions, as dis-

cussed in the next section.

7.2.3. Experimental realization of approach III

The synthesis of approach III follows the recipe:

Nucleate graphene flakes and cycle CVD treatment phases of single layer etching
and overall graphene growth to continuously increase the multilayer fraction of the
graphene flakes.

The third method presented to increase the multilayer fraction in Cu-CVD grown graphene
makes use of the general graphene flake build-up. In most cases, multilayer islands nu-
cleate in the central part of the SLG flake, creating a smaller multilayer island surrounded
by a larger SLG area. At CVD conditions in the unstable Regime B/C, the graphene de-
cay starts from the flake edge towards the center. This decay therefore affects SLG areas
first. Cycling growth intervals, in which entire graphene flakes expand, with decay in-
tervals, in which selective SLG decay takes place, should lead to graphene flakes with a
higher multilayer fraction in the end.

Accordingly, cyclic growth/decay conditions listed in Table 20 were applied to promote
the formation of multilayer graphene. Again, a two-sample loading experiment was con-
ducted, where the first graphene sample was removed from the reactive atmosphere after
step 1) and examined after oxidative contrast enhancement in air at different temperatures,

as shown in Fig. 71a).
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Table 20 : Applied experimental reaction conditions at 1075 °C according to synthesis
approach III. The nucleated graphene flakes were cycled between growth and etching
conditions. At the reaction temperature of 1075 °C, K,y = 122 and Kg,4ppire = 175 (Ex-
perimental details: E. 55)

# T =1075°C w-ratio p(H>) OQexp  torow

i) Nucleation (Regime A) 375 200 mbar 75 5 min

ii) Regime B 375 400 mbar 150 60 min
ii) Regime A 375 200 mbar 75 5 min
iv) Regime B 375 400 mbar 150 30 min
V) Regime A/B 375 350 mbar 131 60 min
Synthesis approach Il
Only A A+ Cycle (C +A)

300 °C

SLG

Multi-LG

Figure 71 : Experimental results of a sample treated according to approach III, as listed
in Table 20. a) Optical images of the graphene flakes after the first growth period, heated
to 250 °C (left) and 300 °C (rigth). Samples heated to 300 °C allow the identification
of small multilayer islands, covering approximately up to half the graphene island. b)
Optical images after the cycling of growth and etching periods in the reaction conditions.
Samples heated to 300 °C show a large multilayer fraction, surrounded by a small SLG
rim. Noteworthy is the observation that several flakes show the complete absence of SLG
rims along some flake edges. c) Possible reaction pathway explaining the absence of
SLG areas on some of the graphene edges. This pathway implicates that if a SLG area
is completely etched in the decay phase, the subsequent growth phase will enable the
collective growth of the bilayer front without the separation into two growth fronts.
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The oxidative contrast enhancement at 250 °C in air shows the general existence of reg-
ular hexagonal graphene flakes on the bare Cu surface. An additional heating in air to
300 °C attacks the SLG fraction of the flakes and, thus, allows distinguishing between
SLG and multi-LG.

The graphene flakes after growth step i) show mainly SLG areas with partly small multi-
layer graphene (Multi-LG) islands in the center. Some of these multilayer areas take up
a maximum of =~ 50% of the graphene area, but this ratio shows strong deviations with a
large fraction of flakes also showing no multilayer area at all.

The sample exposed to two cycles of etching and growth with graphene flakes as obtained
after reaction step v) was removed from the reactor and imaged by optical microscopy, as
shown in Fig. 71b). The samples heated to 250 °C in air for contrast enhancement show
almost no change compared to the samples of step i) regarding shape and size. More im-
portant is the distribution of SLG/Multi-LG areas in the sample, which becomes visible
after heating in air to 300 °C. Small areas coloring in a darker grey color show remaining
SLG areas, but the largest flake fraction isl composed by yellow/orange colored multi-
layer areas. Through the clear transition between SLG and Multi-LG, it is possible to
determine the interlayer rotation for several flakes. In the exemplarily shown graphene
flakes of Fig. 71b), the interlayer rotation can be found either as Bernal stacked graphene
with aligned flake layers or turbostratic rotated layers. The information can be deduced
from the alignment of the respective flake edges, which are known to be zigzag edges and
produced along the lattice vector of the honeycomb lattice.’> Regardless of the rotational
alignment of the graphene layers, all flakes show areas with a direct transition from mul-
tilayer graphene to bare Cu.

Using this synthesis instruction, it becomes possible to steer the reaction results on this
substrate known for its high yield of SLG samples towards graphene flakes with almost
pure multilayer thickness. To explain the formation process of large Multi-LG flakes with
small remaining SLG areas as visible in the optical images, I propose a mixture of the
processes known from approaches I and II: At first, SLG flakes with a small Multi-LG
fraction are nucleated and grown when applying CVD conditions of Regime A. However,
the cycling between Regimes B and A or even between C and A will at some point de-
liver graphene flakes with an abrupt transition of the multilayer region towards the bare
Cu support. After this process, respective exposure along the synthesis approach III will
enlarge such Multi-LG flakes, maintaining its multilayer geometry.

Using the knowledge gained from the thermodynamic and kinetic analysis of graphene
growth, the specific synthesis of highly defined samples becomes possible, as shown in
this chapter. The formation of multilayer graphene is accessible using the approach of
graphene flake exposition to conditions in the intermediate growth Regime B between
the stability lines of SLG and graphite. To accomplish the full flexibility regarding the

formation of samples with defined thickness, shape and size, several topics remain to be
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examined more thoroughly. This includes the formation of multilayer nuclei with pre-
defined interlayer rotation, the experimental differentiation between the formation of bi-,
tri- and higher layers of graphene and the growth rate of bilayer graphene edges compared

to the ones of single layer graphene.
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8. Etching of graphene by oxygen

In the following chapter, I will discuss the decomposition reactions observed for graphene
flakes by reaction with oxygen. To disentangle the contribution from oxygen and the one
from the reactive methane + hydrogen atmosphere, experiments are first performed in a

pure Ar + O, atmosphere and subsequently in a CHy + H, + O, atmosphere.

8.1. Graphene decay experiments reported in literature

The decomposition reaction of graphene flakes is far less studied than the opposite for-
mation reaction. The studying of the back-reaction is particularly difficult, as the edge
termination of graphene crystals in the CVD operando state is not completely understood.
It is therefore not known, whether the detachment of a carbon atom from the graphene
rim is either a purely statistical process, induced by the collision with an adsorbed hydro-
gen atom or affected by atoms bound to the flake rim, such as hydrogen or metal atoms
(see section 2.4). Several experimental studies discussed the decay of graphene flakes.
Mainly, such experiments consisted of exposing grown graphene flakes to a hydrogen
atmosphere with2+4108,245,242,296,327,328 o without32%-217.330:331 the addition of argon
as carrier gas. Different approaches were only reported by Kraus e al,'?% who etched

by increasing the hydrogen-to-methane w-ratio and Liu et al,>3?

who drastically lowered
the hydrogen flow after growth in an Ar + H + CH4 atmosphere.

Despite having applied similar CVD conditions, the reported results differ significantly.
While all references report the formation of hexagonal holes inside the graphene films,
Choubak et al?? identified that the purification of the used hydrogen by removing the
oxygen contamination prevents the formation of such hexagonal holes. All references
working with graphene flakes instead of continuous graphene films observed a flake
shape change when exposing the samples to a reducing hydrogen atmosphere, either

interpreted as dodecagons?!7-24? 244,245

or rather an overall rounding of the flake shape.
While the strong increase of the hydrogen-to-methane w-ratio by Kraus et al also leads
to the rounding of graphene flakes, it is not observed in the experiments reported by Liu
et al when strongly decreasing the w-ratio. The etching of trenches in the flakes was

mainly observed by Wang er al>** 1,24

and Zhang et a who cooled the sample between
the growth and etching process, enabling the formation of wrinkles in the graphene flakes
during the cooling process. Etching was observed along these wrinkles when reheating
the sample.

In the following, a set of reactions is described, that was performed in order to disen-

tangle the different informations obtained from the literature references. The outcome of
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CVD synthesis protocols may be caused by an oxygen gas impurity in the feed, e. g. an
air leakage of the reactor system. This is why I studied the graphene etching in a pure
Ar + O, atmosphere as well as in a reactive H, + CH,4 mixture, to which O, was added

intentionally.

8.1.1. Etching of graphene flakes in Ar 4+ O»

To examine the impact of possible oxygen impurities on the decomposition reaction of
graphene, grown graphene flakes were exposed to argon gas (which contains oxygen
contamination in the ~ 2 ppm regime) directly after the growth of graphene flakes. An
argon flow of 30 sccm and a pressure of 20 mbar (4 X 10~* mbar O,) was set at the
growth temperature of 1045 °C for different time periods while turning off the methane
and hydrogen gases. Before the Ar/O; treatment, the pre-grown graphene flakes have a
hexagonal structure with smooth edges, as shown in Fig. 72a).

After 2 min of oxygen treatment in Ar, a large amount of hexagonal holes developed in
the flake, with higher density towards the flake rim (Fig. 72b). The holes are of different
sizes up to a maximum extension of about 2 um diameter. The flake rim remains straight,

except for intersections where etched hexagons interrupt the straight flake edge.

O,-etching

a) 0 min etching b) 2 min

pristine

graphene hexagonal holes

from rim

‘/'q No graphene left,
' only imprints

Fast etching, new
holes continuously
form

Figure 72 : Degradation of graphene after exposure to traces of oxygen (present as con-
tamination in argon gas) at 1045 °C. The optical images show graphene flakes after a)
0 min, b) 2 min ¢) 5 min, d) 20 min of exposure to 20 sccm of Ar at 20 mbar. These
reaction excerpts show the continuous decay of the graphene flakes with reaction time.
Fig. d) shows no more graphene, the visible contrast is formed by impurities on the sam-
ple surface, as discussed in chapter 9.1. (Experimental details: a: E. 56, b-c: E. 57, d:
E.58)
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After 5 min Ar 4+ O, exposure, the already strongly advanced flake decay could be im-
aged, as shown in Fig. 72c). Only patches of the flake remained intact. Hexagonal holes
with a variety of hole sizes up to a maximum of about 7 um are shown to be distributed
around the remains. Still, the rim of the flake has quite sharp edges, where at several
positions partially remaining hexagonal holes can be identified in the displayed images
of Fig. 72.
After 20 min exposure, there are no intact remainders of the graphene flakes on the sam-
ple (see Fig. 72d)). An imprint allows to identify the original flake position.
The reaction equation between graphene-type carbon atoms with traces of oxygen is a
simple oxidation towards mostly carbon monoxide (eq. 8.1a) and to some extent carbon
dioxide (eq. 8.1b).

Cor+ 04 — CO (8.1a)

CO+04 —COy (8.1b)

When assuming a simple dissociative adsorption of oxygen on the bare Cu surface, fol-
lowed by diffusion until collision with a carbon atom, one would expect a decay of the
graphene flake beginning from the outer rim, but the decomposition advances from sev-
eral point sources inside the flake area. The size distribution of the created holes indicates
that the defect sites are continuously formed during the induced graphene flake decay. As
will be shown in chapter 9 extensively, the center of the nucleation sites where graphene
removal is ignited, mostly contains a contaminant particle. The progression of the formed
hexagonal holes from the rim towards the center of the flake shows that the formation of
these holes is not induced by (random) impingement of oxygen or contaminants from the
gas phase, as this should create statistical hole formation on the entire graphene flake.
The formation process must contain a diffusion process from the bare Cu surface below
the flake, until a reaction most probably with an impurity atom or particle pins the ox-
idized particle to a specific location. This process is schematically presented in Fig. 73,
where the impurity particle is marked in red and the diffusion path of the oxygen is in-
dicated with arrows. Theoretical calculations indicate that the diffusion of oxygen below
the graphene film might be favored after the passivation of the graphene edge.’*? After
sufficient impingement events of the diffusing O,; atoms with the postulated impurity
particle, either strain from the growing particle or a chemical reaction with the graphene
film in contact to the particle may create a defect in the carbon lattice (Fig. 73i1) through

which further gas particles may adsorb on the surface (Fig. 73iii).

144



Etching of graphene by oxygen

O,

@ Impurity particle

Figure 73 : Possible formation sequence of holes in the previously intact hexagonally
shaped graphene island. Oxygen is dissociatively adsorbed on the Cu surface and diffuses
below the graphene sheet, until reacting with an impurity particle. This particle grows
until it penetrates the graphene layer. After the rupture of the graphene layer, direct
dissociative adsorption is possible on the impurity particle, increasing the amount of
oxygen present in the etched cavity.

The growth rate of the created holes indicates that the amount of reacting oxygen atoms
is not constant for each hole, as this would expect the hole size to increase as the square
root of the reaction time. This would be the case if the oxygen dissociative adsorption is
focused on the impurity particle in the center of the hole. However, the maximum hole
sizes of 2 um (2 min) and 7 um (5 min) indicate that with hole size an increasing amount
of oxygen is provided, which can be explained by increasing adsorption on the newly cre-
ated bare Cu surface, leading to exponentially accelerated hole growth. The kinetics of
the two models are compared in Fig. 74 together with the experimentally extracted data
points. The derivation of the two fit curves is done in Apppendix 12.3. The orientation
of the holes is always parallel to the graphene flake rim, which means that the holes are

zigzag-terminated.?3°
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Figure 74 : Hole size evolution of the largest hexagonal holes inside the imaged graphene
sheets as a function of oxygen exposure time . The curves describe fits to these data
points according to two different oxygen adsorption mechanisms. The blue curve as-
sumes dissociative adsorption on the complete bare Cu area of the hole, which leads to
hole formation with the hole radius exponentially increasing with time. The red curve
assumes pure adsorption on the impurity particle in the center of the hexagonal hole,

leading to hole formation with a hole radius scaling with v/¢. The models are explained
in Appendix 12.3.

The outlined experiment proved that oxygen impurities create zigzag terminated hexag-
onal holes in the graphene flakes. The fact that the flake rim does not show a significant
shape-change is important when comparing the oxygen-induced etching with the CVD-

induced decay above K.

8.1.2. Reaction of oxygen with continuous graphene layers

Figure 75 shows scanning electron microscopy (SEM) images and Fig. 76 shows optical
images of a sample where a complete graphene film was grown before changing the
reactive atmosphere to pure Ar and slowly cooling the sample to room temperature in
this atmosphere. The largest part of the sample shows pristine, continuous graphene, but
at some particular places on the sample, large holes in the graphene film can be identified,

such as the one shown in Fig. 75a).
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Etching of a complete graphene film trenches &

%
v

Former bila er /

Figure 75 : SEM images of a continuous graphene film exposed to an oxidative atmo-
sphere after synthesis at 1045 °C and subsequently cooled in the oxidative gas phase. The
continuous graphene film remained intact, except for areas where visible nuclei initiated
etching of the graphene film. A typical case is shown in a-c): a) The image shows an
etched hole (bright feature) in the graphene layer (dark areas). A bright impurity particle
is positioned in the center of the etched zone. b-d) Magnifications of the previous im-
age. b-c) Former multilayer islands remain intact in the etched areas. The etched front
proceeds in form of etched hexagonal holes and small trenches, as marked with red ar-
rows. d) Small impurity particles seem to be present in the center of each small hole
etched in the graphene film. All hexagonal holes are oriented equally, indicating a single
crystalline domain. (Experimental details: E. 59)

Over an area of approximately 400x400 um in Fig. 75a), the graphene is completely re-
moved in an oval-shaped area, where several details can be observed. The rim of the
etched area has a fractal appearance, consisting of small, hexagonal-shaped holes, as
can be identified in the magnified images of Fig. 75¢c-d). The hexagonal holes are dis-
tributed within a 20-30 pm wide rim. Additionally to these hexagons, several almost
straight trenches are identified in the graphene film, running mainly in two perpendic-
ular directions, as can be seen in the upper right corner of Fig. 75b). Noticeably, the
trenches running from the bottom to the top direction of the image, are parallel to the
facets formed on the Cu surface (see section 2.2) and the overall oval shape of the large
etched hole is also oriented along these trenches. The trenches running perpendicular to

the copper facets are less developed and numerous.
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Figure 76 : Optical images of the sample shown in Fig. 75, which was exposed to oxygen
atmosphere after the CVD growth of a continuous graphene layer at 1045 °C. Figure a)
shows the areas of the graphene film etched by the exposure to oxygen (circled in dark
blue) and impurity particles, at which the decay process may have started (marked with
a teal arrow). The optical images of the front and backside of the Cu foil show matching
areas of graphene etching, regardless if oxygen capturing nuclei are only found on one of
the etched areas (frontside or backside). This symmetry indicates that oxygen diffusion
through the Cu substrate can enable graphene decay on the opposite side. The inset 1)
shows a magnification of the etched area with an oxygen capturing nucleus in the center,
surrounded by the intact graphene film. b) Possible mechanism of graphene etching by
oxygen: Defects or large impurity particles in the graphene layer allow the dissociative
adsorption of O, and etching of a hole in the graphene, on which further oxygen can
adsorb, increasing the size of the etched hole. In addition, oxygen can diffuse through
the Cu foil onto the opposite side and induce graphene etching without the presence of a
nucleation seed. (Experimental details: E. 59)

Inside the graphene etched area, several star-shaped graphene islands remain present.
These resemble small multilayer areas commonly sparsely present in single layer graphene
films.

Figure 76a) shows optical images of a different area of the same sample. A set of several
etched areas (marked blue) are stretched over an area of ~ 4 x 1 mm and can be found in
the almost identical, mirrored form on the backside of the sample, which is also shown
in Fig. 76a). There are several large impurity particles in the center of the etched regions.
While they are quite evenly distributed on the front side of the sample (marked with teal
arrows) only one of these particles could be identified on the backside. The exclusive
formation of these etched areas around large impurity particles shows the inertness of the
grown graphene layer against collisions from the gas phase. Oxygen molecules present

in the gas phase need bare Cu surface or defects in the graphene layer to stick to the
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surface. The evolution of aligned hexagonal holes is the main type of graphene decay
that can be identified. Smaller contamination particles can be found inside several of
the small hexagonal holes, which most probably are formed according to the process de-
scribed in Fig. 73 and subsequently increase the sticking of oxygen from the gas phase,
accelerating the hole size evolution.

The symmetry of the etched graphene areas on both sides of the Cu foil shows that the
diffusion of oxygen on the sample does not only happen on the surface of the metal foil,
but also bulk diffusion through the metal volume is present. If the continuous graphene
film is once disrupted, then the arriving oxygen will also form holes on the opposite side
of the sample after oxygen bulk diffusion. The comparable sizes of the etching front on
which the small hexagonal holes are found (20-30 um) and the foil thickness (25um) are
consistent with this picture that a volume process must be responsible for the formation
of the hexagonal holes.

Noticeably, the oxygen does not equally affect SLG and Multi-LG, as thicker graphene
islands remain intact for a longer time while the first layer is already decayed, as observed
in the SEM images of Fig. 75.

8.2. Influence of oxygen impurities in the CVD-atmosphere

After discussion of the effect of oxygen on grown graphene samples, I want to discuss the
influence of oxygen impurities in the CVD hydrogen+ methane atmosphere on the grown
graphene samples. The pure H, + CH,4 mixture is expected to induce a decay of graphene
flakes if the mass action constant of the reactive gas atmosphere is increased above the
equilibrium concentration ( Q.y, > K,q) or if the methane flux is stopped completely
(Qexp = ). If the reactive H, + CHy atmosphere contains an O, impurity, graphene
decay may be induced by an unbalanced mass action constant or by oxygen-induced
etching, depending on the O, impurity contamination. The separation of both effects is
the topic of this section.

In literature, the hexagonal hole evolution was ascribed to the decay of graphene in a
methane-defficient reaction atmosphere, showing similar results as the experiments de-
scribed before in a pure Ar 4+ O, gas phase. As estimated in section 2.4, the maximum
oxygen coverage present on the Cu foil during CVD in the used reactor setup under typi-
cal reaction conditions (20 mbar, 1050 °C) should be ¥ ~ 10~ ML within an O, partial
pressure of ~ 2 x 107 mbar.

The hexagonal shaped holes inside the graphene film can be used as an indicator for the
increasing influence of oxygen during graphene growth. According to Choubak et al,’?°
using an oxygen trap to achieve a clean gas atmosphere should completely inhibit the

formation of these hexagonal holes.
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Figure 77 : Illustration of the influencing factors on the evolution of hexagonal holes
in graphene layers. The size of the impurity particle determines the O, uptake at this
position. The partial pressures of oxygen, hydrogen and methane influence the surface
concentrations of each component and hence also the resulting hole size.

The sketched model of Fig. 77 displays the key processes of CVD growth in an O; con-
taminated atmosphere. In order to include the findings of the last chapter, the model
considers a hexagonal hole in the graphene film with an impurity particle in its center.
Due to the inertness of the graphene film and neglecting bulk diffusion, the hole repre-
sents an isolated catalyst surface enclosed by an inactive surrounding.

Oxygen is provided by the increased sticking coefficient on the impurity particle (ap-
proximated as S = 1) and dissociative adsorption on the bare Cu surface, and carbon is
provided by CH4 decomposition on the bare Cu surface with the known sticking coef-
ficient used in different publications. 3126 Assuming the adsorbed hydrogen to be in
equilibrium with the gas phase, the coverage of about 10~> ML (under typical reaction
conditions, see chapter 2.4) leads to a reduction of impinging oxygen before it can reach
and oxidize the flake rim. In this case, the oxygen impurity of the CVD atmosphere is
expected not to influence the reaction at all, i. e. the postulated carbon removal would be
restricted to the impurity particle itself. This expectation is in accordance to the obser-
vation of an intact graphene film with defects in the close vicinity of impurity particles
(see chapter 9.1). If, on the other hand, the O, influence of the impurity during CVD
is increased, the hole size should increase. In the following, experiments are conducted,

that determine the impact of the factors:

Increased oxygen partial pressure

Increased impurity content of the Cu foil in the bulk by high pressure pretreatment

(see chapter 9.1)
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Increased mass action constant Qey, = 150 >> K., (1045 °C) = 101 (reduction of the

methane partial pressure)
Closing methane valve after growth (Qgy, = )

Having conducted the respective experiment, the samples were removed from the reactor
and the formation of holes in the graphene film was analyzed by optical microscopy, as-
suming that the formed holes were not altered during the sample cooling. The respective

optical images of the samples are shown in Fig. 63.

i) Normal growth

Different impurities
Same Q,,,

»9ame“ impurities
Different Q.,,

i) H, + CH, + 0,1

iv) H, + CH, |+ 0,

Nucleate iif)H,+CH,+ 0,

Flakes (+high pressure pretreatment)

Figure 78 : Factors influencing the hole formation during CVD growth of graphene
flakes. 1) Optical image of a graphene flake with the shape of a regular hexagon as
grown under typical CVD conditions. ii) and iii) Formation of hexagonal holes inside
the graphene flake, induced by an elevated oxygen background pressure or increased im-
purity content in the substrate foil through a high-pressure hydrogen pretreatment (see
chapter 9.1). The observed holes have narrow size distribution, peaking at few um. Sam-
ple ii) contained an oxygen impurity of ~ 40 ppm, compared to an intrinsic oxygen
impurity content of ~ 1 ppm in the other cases. iv) and v) Applying CVD parameters far
from equilibrium in the graphene instability region by lowering (iv) or stopping (v) the
methane partial pressure also leads to the formation of hexagonal-shaped holes. However,
also a flake shape change towards rounded flakes is observed. (Experimental details: 1)
E. 60,ii) E. 61 ,1iii) E. 62 ,iv) E. 56, v) E. 63)
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At first, a control experiment was conducted at Q,, = 56, 1045 °C without the intentional
addition of further oxygen or other impurities to the sample. The resulting flake is shown
in Fig. 631) with straight graphene edges and no holes in the graphene flake. When
keeping the resulting reactive atmosphere but adding oxygen to the gas mixture (p(0;) =
8 x 10~* mbar), hexagonal holes appear in the flakes, as shown in Fig. 63 ii). The filling
of the Cu foil with silicon-based impurities (see chapter 9.1) leads to a similar result with
hexagonal holes (Fig. 63iii).

The increase of the Qc,-value to 170 or even the complete shutting of the methane feed
also lead to the formation of such holes (Fig. 63iv and 63v), combined with the change
of the overall flake shape to a rounded form. This shape change of the outer rim is not
observed for purely oxygen-influenced samples and appears exclusively in combination
with graphene decay at conditions above K.

The shown experiments indicate that the parameter correlation is in accordance with the

expectation of the model shown in Fig. 77:

No hexagonal holes appear under typical growth conditions of the used reactor in a

reactive atmosphere with an oxygen concentration < 1 ppm
Increasing the oxygen partial pressure favors the hole formation
Increasing the amount of impurity-particles favors the hole formation

Applying reaction conditions far from K, in the graphene instability region in an O,
contaminated atmosphere favors the hole formation in connection with a rounding of

the overall graphene flake shape.

An increase in the oxygen (i1) or impurity content (ii1) increases the effective oxygen flow
into the defective Cu foil area and leads to the formation of optically visible holes. Also,
lowering the carbon supply by reducing or total cancellation of the methane flow leads to
the formation of larger holes.

The observation of hexagonal holes in graphene films is attributed to the increasing influ-
ence of oxygen and further impurities on the sample. However, the outer shape change
of graphene flakes (rounding of flakes) is not caused by oxygen but by the decay in
CH4 + H,.
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9. Contaminations influencing the CVD growth of
graphene and the characteristics of grown graphene
samples

9.1. Silicon contaminations

A relevant source of contaminations during graphene growth by CVD on copper is the
appearance of silicon oxide particles on the samples. These particles were observed in
a large number of literature studies, such as references !16-281,334.335,305,336 ~ Although
SiO, particles are mentioned in a large number of graphene-based publications and sev-
eral groups have studied their appearance, the processes leading to SiO, particle forma-
tion on Cu are still not fully understood.

While in early studies appearing particles were not identified as SiO, but rather referred
to as "dust particles”,!'® characterization methods such as EDX and Auger electron spec-
troscopy (AES)**7 resolved the main component to be silicon, which was confirmed in a
multitude of publications by ICP-OES33> (Inductively Coupled Plasma - Optical Emis-
sion Spectrometry) and EDX 334,338,339

Despite the unambiguous identification as silicon oxide particles, the origin of these con-
taminants is debated, as a large number of accumulation pathways for the silicon in the
Cu substrate were described in literature. Several authors ascribed their origin to the
inherent contaminations in the copper foil.33>3¢ However, this assignment can be ex-
cluded because Zhang et al** and Lisi e al*3° have shown that the shielding of the
growth substrate from the outer silica reactor tubes prevents the formation of such par-
ticles. According to the manufacturers of the Cu foil (see chapter 3.1.4), the impurities
present in the as bought Cu foil are less than 0.5 ppm. Assuming a Cu foil with 25 um
thickness to have approximately 10° atomic layers, this amounts to less than 5% of a
single monolayer Si distributed over the whole Cu volume, which would also not be suf-
ficient to explain the observed impurity particles. The silica must therefore be introduced
into the copper growth substrate from the hot silica walls during the reaction.

According to Ruiz et al,** the origin of these impurities may lie in the copper inter-
calation into the reactor tube’s silica crystal structure and the subsequent "precipitation
onto the sample", which is also assisted by Suzuki er al.?®® Geng et al>3® describe a di-
rect deposition of SiOx nanoparticles from the reactor wall in argon atmosphere without
proposition of a reaction pathway, Gomez-Martinez et al**° also describe the evaporation
and oxidation of silicon monoxide molecules by oxidation of a pure silicon wafer piece,

though performing this reaction in a quartz tube without considering the quartz walls as
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additional silicon source in the discussion. Ge et al*3® describe the full reduction of silica
from the reactor walls to atomic silicon, which is then evaporated from the reactor walls,
oxidized in the atmosphere after changing to oxidative conditions and subsequently de-
posited on the Cu sample substrate.

While all these recent studies from the last 10 years deliver strongly diverging explana-
tions for the appearance of silicon-based impurities related to the specific case of impuri-
ties on the graphene growth substrate, there also exist older studies by Tso and Pask3*!-342
from 1982, who examined the reaction of fused silica and silicate glasses with hydrogen
gas. At temperatures of =~ 1400 °C in a hydrogen atmosphere, fused silica shows a mass
loss of about 10 mg per hour per cm?, which was shown to be activated with an activation

energy of 343 kJ mol~! for the following reaction:
SiO,(s)+ Hy(g) — SiO(g) + Hy0(g) 9.1)

Using these results, the etching rate of fused silica from the reactor walls can be estimated
at common CVD graphene growth conditions of 7' = 1050 °C and p(H,) = 300 mbar.
Extrapolation from 1400 °C and atmospheric hydrogen pressure using the stated activa-
tion energy leads to an etching rate of ~ 0.01 mg (cm”h)~!, resulting in an etching rate
of 3 x 1073 mg (cm?h)~" at 300 mbar. Assuming an inner quartz tube piece of 5 cm
length (@ = 15 mm) to be equally temperated, this leads to a surface area of 24 cm? and
an etching rate of ~ 0.08 mgh~' = 1.3 x 107% mol h~!. With the common Cu surfaces
of the samples used as reference (= 1.2 x 5 cm size with front- and backside, ~ 10 cm?
total area), this would relate to approximately 40 ML per hour of silicon removed from
the quartz tube, being more than enough to explain the quantities of silicon observed in
several studies referred to above, even if only a fraction of the decomposed silicon is
deposited on the Cu sample. At 950 °C, this amount is lowered to 2.5 ML/h at 300 mbar.
At common CVD reaction conditions with 10-20 mbar H;, this roughly amounts to the
quantity of Si-based impurities already present in the Cu substrate from the fabrication
process.

The hypothesis of silicon monoxide being the volatile species transporting silicon from
the reactor walls to the copper sample is backed up by the vapor pressures of the silicon-
containing species at the reaction temperatures. The equilibrium vapor pressure of SiO
above a mixture of silicon and fused silica is 1072 mbar at 1050 °C,*** while the vapor
pressure of pure silicon ranges between 10~8 — 107° mbar.3** Si0, is reported to de-
compose only by comproportionation of SiO, with Si or decomposition of SiO, emitting
molecular oxygen and the above mentioned, volatile SiO species.?*

Several literature studies characterize silicon oxide species by means of Raman spec-
troscopy and photelectron spectroscopy. Crystalline SiO; structures, such as Cristobal-

lite, show sharp Raman signals with highest intensity at 23 cm™!, 420 cm™!, 787 cm™!
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Table 21 : Several literature references for elementary silicon and different silicon oxide
signals as detected by photoelectron spectroscopy.

Si 2p signal assignment

Reference Si Sio Siz 03 Si0,
Nguyen 1989348 99.8 101.6 102.4 103.2
Anwar 199034 - 101.8 - -
Alfonsetti 1993+19943%0:351 99.8 101.9-102.2 102.7 103.8
Yamamoto 199532 99.5 - - 103.5
Grunthaner 1979333 - 101.8 103.1 -
NIST data base?!® 103.0-104.1
Used fit parameters 99.5-99.8 101.6-102.0 102.7-103.1 >103.5

and 1080 ¢m—!,3*¢ while suboxides like SiO and Si»O3 show signals at 444 ¢m™! and
502 cm~!'.347

Literature data differ when trying to relate the oxidation number of silicon to the XPS
binding energy of Si 2p. While the signal of pure silicon is assigned to the signal at
99.5-99.8 eV, signals between 103.0-104.1 eV are assigned to the fully oxidized SiO;
species. Table 21 shows a list of literature references for silicon with several oxidation
numbers between 0 and IV. The values in the last line are used as fitting parameters for
the respective species unless otherwise noted. The full width at half maximum (FWHM)

of the signals is set to 1.4 eV according to Nguyen ez al.3*

9.1.1. Experimental procedure to determine the influence of silicon on Cu
substrate surfaces:

To verify which reaction mechanism enriches the substrate foil with silicon contamina-
tions, a reaction was performed according to Table 22 with two samples, of which sample
a) was exposed to a high pressure hydrogen atmosphere of 300 mbar, while the second
sample b) was not. After the reaction and cooling in identical, oxidizing conditions, the
sample was analyzed using photoelectron spectroscopy. The respective Si 2p spectra are
shown in Fig. 79. While the sample with high-pressure hydrogen treatment shows a clear
silicon signal, the one of the purely oxidatively treated sample is at the detection limit
of the spectrometer. The fitted signal components show a high amount of silicon be-
tween the oxidation numbers +II (Si0) and +III (Si»03), the contamination is therefore
not completely oxidized on the sample surface. Assuming, as has been shown in most
literature references, that the silicon oxide contamination agglomerates to form particles
of few nm diameter, the XPS signal contribution can be calculated in a simplified way
assuming the complete separation between copper and silicon on the surface and no lat-

eral inhomogeneities (see model b presented in Fig. 20 in the methods section 3.3.4).
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Table 22 : Experimental reaction conditions for two Cu samples without graphene
growth, but with either pure oxidative pretreatment (sample b) or the oxidative pretreat-
ment followed by a high-pressure hydrogen- and subsequently an oxidative-treatment
(sample a). (Experimental details: E. 64 + E. 65)

# T =1050°C Conditions Sample a) Sample b)

i) Pretreatment | 200 min, 1 mbar Ar, 1073 mbar O, Yes Yes

ii) Hydrogen exposure 90 min, 300 mbar H, Yes No

iii) Re-oxidation 90 min, 1 mbar Ar, 10~3 mbar O, Yes (Same as i)
XPS Si coverage (from Si 2p/Cu 3p signal ratio) 8% < 1%

The ratio between the Si 2p and Cu 3p signal leads to a surface coverage of 8% SiOy
particles, using the molecular mass and density of SiO and the inelastic mean free path
of the released Si 2p photoelectron from SiO,. For sample b), treated purely in oxidative
atmosphere without the exposure to H,, the area coverage is < 1%, but above the detec-
tion limit of the setup.

The sample described above shows very clearly that the silicon contamination in the
Si 2p
550
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Figure 79 : XPS spectra to the samples described in Table 22. While sample a) shows
a strong silicon suboxide signal, the signal of sample b) is present, but almost at the
detection limit.

copper sample can be a major issue for the defined growth of graphene layers, covering
almost 10% of the sample surface in this experiment. While the origin of the contam-
ination from the reactor wall was already sufficiently proven in literature by shielding
of the sample from the reactor walls, this experiment shows that the material transport
process requires a high pressure hydrogen treatment to accumulate silicon in the copper
substrate, completely agreeing with the results presented by Tso and Pask.3*!-342 In this
experiment, a pressure of 300 mbar H, was used to accelerate this accumulation process.
Common growth reaction protocols at lower pressures would nevertheless as well intro-

duce silicon into the copper sample during the course of the graphene growth reaction.
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The silicon detected in sample b) might be attributed to the contaminations inherently
present in the copper foils. The estimation of 5% monolayers of impurities present in
the sample would decrease upon agglomeration to a signal in the order of magnitude
observed in b). While this amount does not play a crucial role for the overall graphene
quality of the sample, this amount may already be enough to significantly influence the
nucleation behavior, since small impurity clusters may act as nucleation centers during
graphene growth.

Unknown is the exact distribution of the silicon in the sample and its response upon ex-
posure to oxidative or reductive atmospheres. In the calculations above, the silicon oxide
particles were assumed to form on the sample surface, as this was described in the liter-

ature sources listed above. A video recorded by Wang et al>®

during heating of a copper
foil in an environmental scanning electron microscope apparatus shows the formation of
such silicon particles in an atmosphere containing an increased oxygen partial pressure.
These particles diffuse on the substrate surface, but are not observed to vanish into the

Cu bulk.

9.1.2. Silicon reaction after accumulation in the Cu substrate:

A set of experiments was performed to clarify the response of silicon oxide particles on
the substrate surface upon exposure to oxidative or reductive atmosphere. Copper foils
were at first cleaned from carbon impurities by an oxidative pretreatment, followed by the
enrichment with silicon in a high pressure hydrogen atmosphere. The growth conditions
are listed in Table 23. After the Si filling of the copper foil, the samples were exposed to
different partial pressures of oxygen in argon carrier gas. Sample c¢) was exposed to low
(10~> mbar) oxygen partial pressure and sample d) was exposed to a high partial pressure
of 1073 mbar. In both cases one sample (marked c1 and d1, respectively) was removed
from the hot reactor zone after one hour of oxidative treatment. A second sample in each
reactor run was subsequently treated in a reductive atmosphere with 300 mbar hydrogen
for further 60 min and then removed from the reactor (marked c2 and d2, respectively).
The experimental results are summarized in Table 24 and in more detail discussed in the
following section.

Samples c1) and d1)

The samples exposed to high-pressure hydrogen followed by an oxidative treatment show
large amounts of silicon oxide on the sample surface. SEM images of sample c1) (Fig. 80)
show particles of up to 2 um size and approximately 10° particles per mm?. The EDX
spectra (Tab. 25) recorded on the marked spots in the SEM images prove the silicon oxide
nature of these particles. A second feature can be determined in the SEM images in form
of round patterns, which show an increased carbon content in the EDX spectrum. The
sample d1) treated with a higher oxygen partial pressure leads to round structures of up

to 20 um size, as imaged by SEM (Fig. 81). These particles show similar features as
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Table 23 : Experimental reaction recipes for four samples with increased silicon content,
where the Si was dragged to the surface by different oxygen partial pressures and subse-

quently removed by a second high-pressure hydrogen treatment. (Experimental details:
E.66 + E.67)

# T =1050°C Conditions Sample c) Sample d)

i) Pretreatment 80 min, 1 mbar Ar, 10~ mbar O, Yes Yes

ii) Hydrogen exposure 60 min, 300 mbar H, Yes Yes

iii) Re-oxidation 60 min, Ar/ O, atmosphere p(02) = 107> mbar p(02) = 1073 mbar

— remove sample c1) — remove sample d1)

iv) Reduction 60 min, 300 mbar H, Yes Yes

— remove sample ¢2) — remove sample d2)

the ones in sample c1) and might be agglomerates of these smaller particles. None of
these structures show a distinct Raman signature. XPS spectra of both samples (Fig. 82)
show that the silicon quantity is significantly higher for sample d1) regardless of the
agglomeration effect. Assuming thick silicon oxide particles, the quantification of the
Si 2p signal with regard to the Cu 3p signal leads to a surface coverage of 7% (sample
cl) and 22% (sample d2). The oxidation state of the silicon also changes for sample d1).
With an increase in the oxygen dosing the amount of fully oxidized SiO, is the most
abundant oxidation state of the silicon.

The differences between both samples show that the silicon surface content does not
saturate after 60 min treatment in 107> mbar O,. As the complete silicon is assumed to
accumulate in the copper bulk during the high-pressure H, treatment (which is equal for

both samples), there must still be a significant amount of Si in the bulk of sample c1).
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Table 24 : Summary of the results from characterizational methods of experiments ¢) and

d) presented in Table 23 regarding the observation of Si impurities on the sample surface
(Yes) or their absence (No).

# Method Si detected?
Sample c¢) Sample d)
XPS 7% (Fig. 82) 22% (Fig. 82)
SEM Yes (Fig. 80) Yes (Fig. 81)

2um

‘3
Samples 1) o

removed after the
oxidation step iii

EDX Yes (Tab. 25) -
Raman No No

XPS No (Fig. 85) < 1% (Fig. 85)
SEM Yes (Fig. 83) Yes (Fig. 84)

2um 2um

Samples 2)
removed after the subsequent
reduction step iv

EDX No (Tab. 26)

Raman

Sample c1)
b)

Figure 80 : SEM images of sample c1) exposed to a lower oxygen partial pressure in
different magnifications. The colored squares in d) show the areas of EDX measurement
for bare Cu (blue), silicon particles (green) and circular features (yellow).
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Table 25 : EDX elemental analysis from the areas of sample c1) shown in Fig. 80. While
the blue and green areas coincide with the expected pure Cu and silicon oxide contents,
the feature found in the yellow area seems to originate from an increased carbon content

in this area.

Sample c1)
Element | Area Area B Area
C 23% 12% 13%
0] - 12% -
Si - 7% -
Cu 77% 69% 87%

Sample d1)

M 5.00kV TLD 4.14um 50000x

Figure 81 : SEM images of sample d1) exposed to a higher oxygen partial pressure in

different magnifications.
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Figure 82 : Characterization of samples c1) and d1) by XPS. The observations regarding
the quantity of silicon particles formed on the sample surface are in agreement with the
acquired XPS data. A significantly larger amount of silicon oxide at higher binding
energies is found on sample d1). The position of the highest signal even shows a slight
charging of the micron-sized silicon particles (see SEM images in Fig. 81), as the peak is
found above the maximum possible oxidation state of Si(IV).

Samples ¢2) and d2)

After subsequent exposure of the second half of these samples (c2 and d2) to the reductive
hydrogen atmosphere, the surface constitution shows strong modifications. In sample c2)
the silicon oxide particles on the sample surface decay almost completely (Fig. 83). Very
small particles of ~ 50 nm diameter remain on the surface in a high abundance of ~ 10°
particles per mm?. These cannot be characterized neither by EDX (Tab. 26) nor by XPS
(Fig. 85).

Sample d2) also shows a significant reduction in the amount of silicon found on the
sample surface. The former Si particles of up to 20 um diameter transform into a higher
number (= 10% 1/mm?) of small particles with diameters of up to 200 nm (Fig. 84). The
XPS signal is strongly decreased (Fig. 85), but does not vanish completely as in sample
).

Both samples show a strong reduction of the silicon content upon exposure to hydrogen
conditions. As it was shown that these conditions accumulate silicon in the Cu bulk,
the silicon must dissolve in the Cu foil during this reductive treatment. Nevertheless, a
certain fraction of the particles remains on the surface in both cases. The outlasting of

these particles must be caused by one or more of the following processes:
Silicon oxide particles decompose very slowly by reduction through the reaction with

adsorbed hydrogen H,;. Even the high H, pressure treatment for one hour is not

enough to completely reduce these particles.
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Crystallized silicon dioxide particles with stable crystal structure may not be affected
by adsorbed hydrogen on the Cu surface and therefore remain as stable residues of the

former particles mainly composed of a silicon suboxide SiO,

Silicon oxide particles might nucleate at impurities composed of other elements that
stabilize the SiO, particles, inhibiting the H> induced decomposition and dissolution.

In such a case potential impurities are below the EDX detection limit.

The experiments described above allow observing the precise reaction of the silicon
species in the sample with different gases commonly used for the synthesis of graphene
by CVD. This reaction of the silicon contamination (sketched in Fig. 86) on the exposure
to oxidative atmospheres (dragging to the surface as SiO, with x = 1 —2) and reducing
atmospheres (accumulation of SiO from the reactor walls, dissolution of surface oxides
in the Cu bulk as SiO, with 0 > y < x) greatly allows to increase the control over this
contamination during the growth reaction of graphene. The following conclusions can be

drawn:

I A reducing hydrogen atmosphere at high temperatures > 1050°C leads to the accu-
mulation of silicon in the Cu substrate bulk. This also applies for CVD conditions

of graphene growth in a CH4 + H, atmosphere.

I  Thesilicon species dissolved in the substrate bulk are dragged to the sample surface

upon exposure to an oxidative atmosphere.

Il Oxidative treatment at the beginning of the reaction process according to the reac-
tion recipe presented in section 3.2 has only a small impact regarding the silicon

impurity, as no high-temperature hydrogen treatment is performed beforehand.

As soon as the two conditions I and II are executed in this order during synthesis, the
formation of silicon oxide particles on the copper surface is expected. If single layer
graphene with the highest amount of purity is the aim of the reaction, it is crucial to
omit an oxidative treatment after high-temperature hydrogen conditions. On the other
hand, it is possible to specifically introduce impurity particles onto the growth substrate,
which can lead to defined growth of multilayer graphene, as repeatedly stated in litera-

ture.335’ 288,308
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Sample c2)

Figure 83 : SEM images of sample c2) exposed to a lower oxygen partial pressure and
subsequently reduced in a high-pressure hydrogen atmosphere. While low-magnification
images suggest a uniform Cu surface, higher magnification allows the identification of
small particles in the size regime of few tens of nm up to ~ 100nm. EDX spectra are
acquired at the larger particle in d) (green square) and over a larger surface region (yellow
rectangle).

Table 26 : EDX elemental ratios of the areas shown in Fig. 83. No silicon content can
be identified, only an increased carbon signal is found between the larger and smaller
particle areas. Due to the large difference in measured area, the carbon content may also
be caused by different impurity deposition during measurement.

Sample c2)
Element | Area Area
C 11% 24%
0) - -
Si - -
Cu 89% 76%
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Sample d2)

........

Figure 84 : SEM images of sample d2) exposed to a higher oxygen partial pressure and
subsequently reduced in an high-pressure hydrogen atmopshere. Contrary to sample c2),
here the remaining particles are significantly larger up to some 100 nm in size and still
show the particular shape observed for silicon oxide particles.

XPS - Si 2p

- — - Sample ¢1

. —— Sample ¢2

200 ) /)f«\ _“V\f"_ﬁ o i ‘_('A.Tf.{/"‘
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Figure 85 : Characterization of samples c2) and d2) by XPS after high-pressure hydrogen
treatment. XPS spectra before hydrogen treatment (c1 and d1) are inserted as dashed
lines. While in sample c2) the silicon is below the detection limit, a small residual signal
in sample d2) shows the incomplete removal of silicon from the surface.
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Figure 86 : Modification of the silicon impurities accumulated in the Cu foil upon ex-
posure to reductive hydrogen atmosphere and oxidative oxygen atmosphere at 1045 °C.
Hydrogen accumulates Silicon in the Cu bulk, oxygen drags this silicon to the surface
forming silicon oxide particles. Repeating the hydrogen treatment again dissolves most
of the SiO, in the bulk, while the total amount of accumulated Si in the Cu bulk increases.

In chapter 8, the decomposition reaction of graphene by the addition of oxygen to the gas
phase is described (Figs. 72 and 75). The decomposition of the graphene layer is observed
to originate from specific impurity particles formed on the Cu surface, showing exactly
the same characteristics as the particles observed in this chapter. After the full decompo-
sition of graphene flakes (Fig. 72d), an imprint on the Cu surface remains, marking the
former position of the graphene flake, which is also composed of the inhomogeneously
formed silicon oxide particles during the etching process. In all these cases, the silicon
was introduced into the Cu foil during graphene growth and subsequently the formation
of silicon particles was enabled by introducing oxygen into the reactive system.

Similarly, an analysis of CVD literature studies reporting the formation of silicon oxide
particles shows that all studies providing sufficient information on their growth procedure
list the successive exposure of the sample to a hydrogen atmosphere and subsequently the
(unintentional in most cases) exposure to oxygen impurities. These are mostly expected
to be introduced as contaminations in the used Ar carrier gas, which in most cases is used
at a high flow rate. The effect of oxygen contaminations increases during the cooling pro-
cess of the sample. Due to the much lower activation energy of the dissociative sticking
of oxygen (E,qs = 0.1 —0.2 eV') compared to hydrogen (E,;s = 0.6 €V) O,; accumulates
on the surface when cooling down the sample because hydrogen does not dissociatively
stick on the Cu foil anymore to react off the oxygen impurity. Table 27 lists the litera-
ture references and my interpretation to what might have caused the formation of silicon

oxide particles on the respective sample surface.
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Table 27 : Literature references where the formation of silicon particles was described
and/or observed in the published data. All samples were in the course of the described
experiments exposed to H, atmosphere. The addition of O, after/during synthesis is often
not stated directly but can be assumed from the used reaction conditions, as noted in the

third table column.

Si particles

Previous H»

Source observed? atmosphere? 0O, added after synthesis?
Han 2011281 Yes Yes 1000 sccm Ar d}lrlng sample
growth and cooling
Vlassiouk 500 sccm Ar during sample
2011116 Yes Yes growth and cooling
Growth and cooling in only
Kim 2013337 Yes Yes 0.2-0.4 mbar H, increases ef-
fect of reactor leak
Ruiz 2014334 Yes Yes No information
Suzuki 2014288 Yes Yes 500 and 1000 sccm Ar dprmg
sample growth and cooling
Kasap 2015335 Yes Yes 200 sccm Ar Wl.thout H; dur-
ing sample cooling
Chaitoglu Cooling in vacuum without
2016305 Yes Yes H,
Intentional ~ formation in
338
Geng 2016 Yes Yes 1500 scem Ar
Gomez-Martinet Yes Yes Intentional ~ formation in
2016340 600 sccm Ar
Li 2016308 Yes Yes 180 sccm Ar dprmg sample
growth and cooling
Yasunishi 145 sccm Ar during sample
201634 Yes Yes growth and cooling
Zhang 20165 Yes Yes 1000 sccm Ar dyrmg sample
growth and cooling
Lisi 201733 Yes Yes 750 scem Ar during sample
cooling
Ge 2018336 Yes Yes 1000 sccm Ar during sample
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9.1.3. Interaction of silicon contaminations with graphene

In order to test the influence of the silicon oxide particles on the graphene flakes, graphene
was grown on Si contaminated samples and, vice versa, Si contaminations were tried to
segregate to the surface of graphene covered samples.

Graphene growth on samples with silicon oxide particles

Graphene was grown on the sample on a Cu substrate after the accumulation of Si con-
taminations in the Cu foil and their dragging to the surface by exposure to oxygen gas, as
described in Table 22 (Sample a). After growth of a complete graphene film, the sample
was removed from the reactor and characterized by Raman microscopy, SEM and EDX.
Raman and SEM data are shown in Fig. 87.

The sample still shows a large number of Si particles after graphene growth. Observable
are agglomerated particles merged to a large compound, as shown in Fig. 87a) and single
distributed particles as shown in Fig. 87c). The larger Si compounds show an intense
Raman signal which can be attributed to cristoballite (see Fig. 87b). A small D-band
can be identified, which is not present in the graphene spectrum acquired slightly be-
side the particles, i. e. the graphene film contains defects only in their closest vicinity.
EDX measurements also confirm the SiO, composition of the particles. The scanning
electron microscopy images and the Raman spectra locally acquired around the particles
show that these SiO, particles are found in the center of multilayer graphene islands.
This indicates that the particles most likely act as nucleation centers for few-layer islands
in the graphene film. The respective fits of the Raman spectra are shown in Fig. 87f),
where at least four-layer graphene can be identified. The presence of Si particles prior to
graphene growth significantly increases the multilayer fraction on the sample. At these
growth conditions (w = 1000, p(H>) = 20 mbar) typically less than 5% of the surface are
covered with multilayer graphene. The presence of Si particles increases this value to
roughly 40%.
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Graphene growth on Cu surface with Si particles
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Figure 87 : Graphene growth on silicon-rich sample surfaces. a) Optical image of a
graphene covered Cu surface with an agglomeration of silicon oxide particles. Crosses
mark the positions of Raman-spectra measurements shown in b). While beside the
particle only the characteristic graphene signals can be identified, additional signals at
low wavenumbers appear on the particles. These signals belong to cristobalite, a high-
temperature modification of silicon dioxide.*® The D-band is detected on the silicon
oxide particle but not in its vicinity, indicating defects in the graphene film exclusively
in the closest vicinity to the SiO,-particles. c-d) SEM images of the same sample iden-
tifying silicon oxide particles in the center of graphene flakes as nucleation seeds. EDX
measurement performed at the colored rectangles in d) approves the silicon oxide nature
of the bright particle. Raman spectra acquired in the vicinity of the nucleation seed at
positions of changing contrast are shown in e) and f). Fits to these spectra approve the
increasing layer number around the silicon oxide particle, indicating that the nucleation
of multilayers is facilitated at these specific nucleation points. (Raman spectra measured
at a wavelength of 633 nm) (Experimental details: E. 59 )
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Dragging of silicon to the sample surface after graphene growth
Graphene can also be grown on a Si filled Cu foil before dragging the Si contamination

to the surface by the following treatment:

i High pressure hydrogen treatment (Si accumulation in Cu bulk)
ii H, + CH, treatment (graphene growth)

iii  Ar + O, treatment (Si pulling to the surface)

In this case, the silicon particles are not formed prior to the graphene growth but are
dragged to the sample surface after growth of graphene upon exposure to O,. The silicon
on the surface may change the characteristics of the graphene layer, as will be shown in
the following.

Note that the O, exposure might also attack the graphene itself, as was already described
in chapter 8.1.1. As was concluded in chapter 8.1.1, oxygen exposure at 1045 °C removes
the graphene layer from the sample. Therefore, the subsequent oxygen treatment step was
also done at lower temperatures, to determine whether at some temperature the silicon in
the bulk is still mobile while the oxygen does not react with the grown graphene.

The growth conditions for four samples grown at 1045 °C and subsequently exposed to
oxygen traces at 750 °C are listed in Table 28. Sample I was grown without the accu-
mulation of Si prior to the reaction, Samples II and III were grown to an incomplete
coverage (flakes) to preserve bare Cu areas on the sample during the O, treatment and
in Sample IV a complete graphene film was grown without any uncovered Cu areas in
between. All samples were characterized by photoelectron spectroscopy to survey the
amount of Si on the sample surface.

The XPS Si 2p spectra are shown in Fig. 88a). Sample I (Graphene flakes, no Si ac-
cumulation by high pressure H, treatment) shows no Si signal, as expected because no
Si accumulation step was performed. Optical microscopy images (Fig. 88d) indicate
that oxygen does not etch the graphene flakes at this temperature. Samples II and III
(Graphene flakes, Si accumulation by high pressure H, treatment) show an increased
Si 2p photoelectron signal after O, exposure at 750 °C. The acquired Si 2p signal from
sample III (30% graphene, 70% bare Cu) exceeds the one of sample II (90% graphene,
10% bare Cu) by a factor of about 6, which scales well with the area of the Cu foil which
is not covered by graphene. The scaling of the Si accumulation with the uncovered Cu
foil area is also in agreement with the SEM images displayed in Fig. 88 b+c, where thick
particles almost completely cover the graphene-free Cu surface, while these are not de-
tectable on the neighboring graphene covered Cu foil. A fully covered graphene film
does not lead to a measurable Si intensity after oxygen exposure, as shown in the data of

sample IV.
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Table 28 : Reaction protocol for four samples grown under different conditions regarding
the silicon accumulation in the substrate volume through high-pressure hydrogen treat-
ment and the graphene covered area after sample growth. All samples were treated with
0, at 750 °C after the graphene growth reaction.

Before g growth After g growth
Si accumulation 0, (4 x 10 > mbar)
300mbar Hp, 60 min Graphene growth Gr. Coverage in 20 mbar Ar Si detectable
Exp at 1045 °C at 1045 °C of the Cu foil at 750 °C by XPS?
E.68  Sample I No Flakes <30% 60 min No
E.69 Sample II Yes Flakes >90% 10 min Yes (low amount)
E.70 Sample III Yes Flakes <30% 60 min Yes (high amount)
E.71 Sample IV Yes Complete Film 100% 60 min No
a) XPS Si 2p s b) SEM Sample I
— sio
— Si,0; Si covered Cu Graphene
Sample | — Si0,
o ittt St
S Sample II —_—
s e eyt S s i
2 1200 NX higher signal
c
1000—§?mp|e \V)

T T T T T
108 106 104 102 100

Binding energy (eV)

- Si “cc‘i\;él,'e_/d Cu Graphene

Figure 88 : Experimental results of the samples I-IV as described in Table 28. a) Si 2p
XPS spectra of the samples. While sample I without Si accumulation shows no Si signal,
samples II and III show intense Si 2p peaks. For sample IV with a complete graphene
coverage, no measurable Si 2p signal is detected. b) SEM images of sample II showing
that Si is greatly accumulated on the graphene free Cu areas, which accounts for the
bright contrast (see text). The Si 2p intensity scales with the bare, graphene free Cu foil
area. d) Optical images of samples I and III show no defects in the graphene flakes. Lines
and contrasts on the graphene flakes originate from the ex situ heating procedure to make
the flakes visible.

170



Contaminations influencing the CVD growth of graphene and the characteristics of grown
graphene samples

Characterization of a complete graphene film (sample IV) with local techniques:
The Si 2p resolution limit of the XPS experiment amounts to the photoemission inten-
sity from a Cu surface covered by ~ 1% Si. To detect the effect of lower amounts of
segregated silicon, local characterization techniques were additionally used. Sample IV
already described in Table 28 was also characterized by rastering a graphene covered sur-
face section and acquiring Raman spectra at each spot. An optical image with increased
contrast of the analyzed area is shown in Fig. 89a) with two multilayer areas appearing
darker on the upper left and lower right side of the image. The array of red dots in the
image shows the positions where Raman spectra were measured.

For simplicity, only an excerpt of spectra is displayed in Fig. 89b)-e) that were ac-
quired along line I and II. The respective fits are compiled in Fig. 89b+c) (Line I) and
Fig. 89d)+e) (Line II). Both lines show spectra taken along the steps of the multilayer re-
gions. The spectra from Line I can be fitted according to single-, bi- and trilayer graphene
measured by 633 nm laser wavelength as done by Ferrari®® which was already used for
the fits displayed in Fig. 87. The 2D signal of the single graphene layer can be fitted
by a single Lorentzian curve, while several Lorentzians are required for the multilayers.
In contrast to the data acquired along Line I, the Raman data acquired along the second
multilayer island (Line II) show a splitting of both graphene peaks, without the presence
of a defect-mediated D-band. The three spectra recorded on bilayer graphene can be fit-
ted by two Lorentzian curves for the G- as well as the 2D-band. The signal intensity ratio
of both species ranges between 2:1 and 3:1.

While the spectra from Line I follow the reference spectra also found in literature,>? the
spectra along Line II show an unknown peak splitting. The spectra appear as two in-
dependent SLG graphene layers (fits with one single Lorentzian) shifted in their peak
positions. The G-band position can be plotted against the 2D-band position to achieve
information on the influence of strain and doping on the graphene. Fig. 89 shows the
fitted peak positions in a grid of isotropic strain and isotropic doping lines according to
values published by Ding et al.>>> The plotting of the G- and 2D-band positions allows
to determine strain and doping of the graphene layers. The plotted data shows that the
two peaks are almost identical in the electronic doping while strongly differing in the
mechanical strain of the graphene layers.

The absolute values for strain and doping induced peak shifts derived by Ding et al can-
not be used for the performed experiment because of the different laser wavelengths used
(532 nm by Ding and 633 nm in this experiment). However, the qualitative trends of the
recorded spectra are well transferrable. In the plots of Fig. 89¢)+f) the Raman signal with
the higher intensities belong to the red markers in the bottom right of plot f), while the
low intensity features belong to the blue markers. According to the coordinate system
introduced by Ding, the low intensity features belong to graphene with low compressive

strain.
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Figure 89 : Raman mapping experiment conducted on sample IV synthesized as de-
scribed in Table 28 with Si accumulation, graphene growth and additional O, treatment
at 750 °C after growth. a) Positions of Raman spectra acquisition are marked by a red
raster. All spectra displayed in the following graphs are marked with thicker circles. The
optical image shows two multilayer islands with up to three graphene layers thickness.
b-c) Raman spectra measured along Line I shown in a). The stepwise increase from
1-3 layers is confirmed by the Raman fits in c), in agreement with the known Raman
spectra for Bernal-stacked graphene. d-e) Raman spectra acquired along Line II shown
in a). Bilayer graphene positions show a splitting of both G and 2D Raman signals in
two peaks with an intensity ratio of approximately 3:1. Individual fitting of each com-
ponent allows the classification of each peak according to the strain-doping diagram as
shown in f). While the G and 2D peak positions indicate the same electronic doping,
they significantly differ in their strain induced peak shift. The Raman signals with lower
intensity show a higher amount of strain. g) Proposed scenario explaining the observed
results: Intercalation of silicon impurities between the graphene layers decouples the up-
per graphene layer from the lower one. This decoupling results in an increase of the
overall Raman signal intensity for the upper layer and a reduction of the formed strain
on the graphene during cooling, which is usually caused by the interaction between the
cooling Cu surface and the covering graphene sheet. The lower graphene sheet on the

other side remains in atomic contact with the Cu support, leading to a low signal intensity

and a peak shift caused by high compressive strain.

172



Contaminations influencing the CVD growth of graphene and the characteristics of grown
graphene samples

The observations can be explained by a model with two stacked graphene layers (as ex-
pected optically from Fig. 89a)) which are decoupled by an intermediate intercalated
layer of a different material. In this case, the decoupled upper layer shows a stronger
intensity of about three times the intensity of the SLG signal. This is equal to the case of
decoupled multilayer graphene layers described in previous chapters, e.g. in Fig. 87. Itis
known that graphene on the growth Cu substrate mostly shows a compressive strain,'’
while the decoupled graphene layers are typically strain-free, which can be distinguished
in the peak-position-plot of Fig. 89f). A possible scenario leading to the observed data is
sketched in g): The intercalation layer results from silicon from the Cu bulk. The oxygen
from the gas phase, could in this case penetrate the graphene through the nucleation cen-
ter of the multilayer island, which in many cases is a larger particle allowing adsorbates
to penetrate the graphene layer. The O,; would in this case meet the silicon diffusing
from the bulk in between both graphene layers, creating the resulting silicon oxide inter-
calation layer. As shown in the dataset taken from the first multilayer island along Line I,
this intercalation does not take place in absence of defects. As a result, traces of silicon
oxides are not expected to be observable by lab-based XPS as long as the graphene film
contains a low amount of defects and nucleation sites that allow the diffusion of oxygen

below the graphene layer.

9.2. Carbon contaminations

The second main contamination playing a major role in the defined synthesis of high
quality graphene are carbon-based impurities. As has been made clear in the previous
chapters, the control over the carbon content on the sample surface is crucial to accom-
plish a defined nucleation process, growth velocity and layer thickness. When trying to
control the carbon surface concentration one also has to control the carbon content of the
Cu bulk. The influence of the overall carbon content in the Cu bulk on the nucleation
behavior and a method to detect residual carbon traces in the Cu bulk by XPS have been
extensively discussed by Kraus ef al.'83:126:174 Summarizing this work, an oxidative pre-
treatment is used to remove the present carbon contaminations from the substrate prior to
graphene growth. By using the right cooling rate after the reaction, it is possible to dif-
fuse carbon from the substrate bulk to the surface and subsequently detect the segregated
carbon by XPS.

The solubility of atomic carbon in Cu at common graphene growth temperatures is very
low. According to Lépez and Mittemeijer>>® Cu can dissolve ~ 7 ppm of C at 1020 °C,
which would amount to a single atomic layer of carbon dissolved in the ~ 10° atomic lay-

ers of Cu contained in a 25 um thick substrate foil. In the copper substrate foils used for
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graphene growth, carbon contaminations are present in a much higher concentration, as

could be detected by several groups?>7-338,359, 112

using secondary ion mass spectroscopy
(SIMS), in which the defined stripping of atomic layers enables to form an elemental
depth profile of the sample. Several of the mentioned studies prove that these carbon
impurities are not equally distributed in the foil, but increase towards the sample surface
and are laterally enriched in lines of quite regular distance.®® The stronger impurity
content along these lines is caused by the rolling process of the foil, during which most
probably long-chained oil residues are inserted into the foil. The connection of these
impurities to the nucleation behavior is straightforward and is reported in a large number
of publications.!26-338:357.360. 141 A fier the nucleation process, carbon diffusion from the
substrate bulk to the surface feeds the growth of multilayer islands. Several groups have
proposed the coating of the substrate backside with materials that react with arriving car-
bon, therefore depleting the Cu bulk and lowering the amount of carbon atoms that may
lead to multilayer formation. This material could for example be a tungsten layer*®! or a
nickel foam.3>’
Most literature studies dealing with the topic of carbon contaminations and substrate
pretreatments ultimately reveal a method to react the carbon from the sample prior to
growth. 3338 What is less discussed in these works is the reaction pathway from the
large agglomeration of impurities to the atomic carbon species able to react with arriv-
ing oxygen. This is particularly relevant for the oxidative pretreatment method presented
by Kraus et al'®? and also used in this work (see chapter 3.2), where a low oxygen ad-
dition is used to exclusively form surface O,; species. Thus, a certain mobility of the
carbon impurities is necessary to reach the surface and react with the O,; species. As the
configuration of the carbon impurities is unknown, their mobility cannot be estimated.
Literature studies indicate that the carbon from the impurities becomes more mobile and
distributes in the sample upon exposure to hydrogen gas.3>?-39%:363 The influence of the
carbon impurities depending on the growth protocol is analyzed in the following.
The impact of the carbon impurity consistency becomes apparent when comparing sam-
Table 29 : Experimental protocol for two samples synthesis routes A and B with strongly
differing results. The main difference in the reaction recipe consists in a different gas
phase composition during the heating ramp of the reactor. Samples -1 were grown for
few minutes at low total pressure in CVD conditions, leading to graphene flakes, while

samples -2 were grown for extended time at high pressures, leading to a continuous
graphene film.

Experiment Heating ramp Pretreatment CVD Graphene growth
E. 48 Sample A-1 Ar + Oy Ar + Oy Nucleation: 5 min,w = 1300, p(H,) = 20 mbar
E. 72 Sample A-2 Ar + O, Ar+ O, 90 min,w = 300, p(H,) = 100 mbar
E. 4 Sample B-1 | H; (+ 02)traces Ar + O, Nucleation: 5 min,w = 1300, p(H,) = 20 mbar
E. 73 Sample B-2 | Hy (+02)iraces  Ar + O3 90 min,w = 300, p(H) = 85 mbar
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Figure 90 : Diagrams showing the typical reaction protocols for CVD graphene growth
(reference samples B in Table 29) and the modified pretreatment experiments performed
in samples A described in Table 29.

ples after slightly modified pretreatment protocols. Samples A-1 and A-2 described in
Table 29 were grown after heating and pretreatment in an oxidative Ar + O, atmosphere,
while the common reaction protocol (samples B-1 and B-2) used throughout this the-
sis consists of a heating ramp in 1 mbar hydrogen atmosphere (oxygen contamination
~ 10~* mbar) prior to the treatment in the Ar 4+ O atmosphere. The graphical sketch of
both protocols is desplayed in Fig. 90.

After pretreatment, one Cu foil from samples A-1 and B-1 was removed from the reactor
and analyzed by ex situ XPS. The carbon C 1s (Fig. 91) content in sample A-1 is sig-
nificantly higher than in the respective reference sample B-1, indicating that the sample
still contains a higher amount of carbon impurities before graphene growth. After CVD
growth of graphene flakes, the difference in carbon content of the samples becomes ap-
parent in the nucleation density My, displayed in Fig. 91b). The nucleation density on
sample A-1 is more than one order of magnitude higher than the one of reference sample
B-1, preventing the growth of single, isolated graphene flakes. Thus, the higher amount
of remaining (carbon) impurity particles in the Cu foil can explain the increased nucle-
ation of graphene flakes.

These experiments indicate that the heating in hydrogen atmosphere is important to mo-
bilize the carbon impurities, which subsequently can react on the sample surface with

0,4 during the oxidative pretreatment.
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Figure 91 : Comparison of two graphene samples grown at equal conditions with a dif-
fering gas phase composition during the heating of the reactor before the oxidative pre-
treatment. While sample B-1 was heated in reductive hydrogen atmosphere (with traces
of oxygen), referred to as “ideal low nucleation recipe”, sample A-1 was already heated
in the oxidative Ar + O, atmosphere subsequently used for the oxidative pretreatment.
Two samples removed from the reactor after the pretreatment step show a significantly
larger Cls signal in XPS for sample A-1 compared to sample B-1. The difference in
carbon content leads to a much higher nucleation density for sample A-1, as evidenced
by optical microscopy in panel b).

Samples A-2 and B-2 were grown using the same pretreatment sequence as in A-1 and
B-1, respectively, combined with CVD growth of a complete graphene film at a high to-
tal pressure, as listed in Table 29. Shown in Fig. 92 are optical and SEM images of the
sample surface. Sample A-2 heated in air for contrast enhancement shows strong dam-
age of the graphene along the milling marks of the Cu foil, whereas sample B-2 shows
no contrast change compared to the non-oxidized sample, indicating an intact graphene

layer protecting the Cu from oxidation.
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Figure 92 : Characterization of samples A-2 and B-2 described in Table 29 with similar
growth conditions but a modified gas mixture during the heating ramp. a) Optical images
showing an accumulation of defect sites and impurities in Sample A along parallel lines
of the milling marks in the Cu substrate. b-c) SEM images of both samples showing
a large amount of different contrast areas in Sample A-2. Instead, sample B-2 shows a
homogeneous grey level of the grown graphene film with a certain amount of well-defined
multilayer islands. Both samples show bright spots assigned to silicon impurities. d) C 1s
XPS spectra of both samples. While both samples show similar amounts of the carbon
species at Ep = 284.45 ¢V assigned to graphene, sample A-2 shows an additional carbon
species at lower binding energies. The graphene signal comparison to a reference SLG
spectrum indicates the existence of multilayer areas. Due to the presence of additional
species of unknown nature, no normalization of the spectra was performed. e) Si 2p

signals of samples A-2 and B-2, confirming the presence of silicon on both samples
close to the detection limit.
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The SEM images of the (non-oxidized) samples support this impression. In sample A-2
(Fig. 92b), no assignment of the different contrast areas to SLG, multilayer graphene, or
amorphous carbon can be made. Strong variation of the contrast on an ~ 10 um length
scale indicates the coalescence of many small graphene flakes, aggregated towards a low
quality graphene film. Reference sample B-2 (Fig. 92c) allows a clear differentiation
of SLG and Multi-LG (darker, flower shaped islands), additionally bright spots indicate
the presence of silicon impurities and dark lines indicate graphene wrinkles. The homo-
geneous contrast of sample B-2 indicates the much higher graphene quality of defined
thickness.
XPS spectra of both samples are shown in Fig. 92d) (C 1s) and e) (Si 2p). The C 1s peak
indicates the presence of more than a monolayer of graphene (Ep = 284.45 ¢V3%4105) on
both samples. However, an additional unassigned carbon species with considerable in-
tensity (>1ML) is observed on sample A-2 at a binding energy of 284.0 eV. This species
could be assigned to amorphous carbon with a significant amount of sp> hybridization, as
the signal lies between the expected values of graphite and diamond.?%> The tiny compo-
nent at ~ 286 eV appears on both samples and is assigned to carbonate adsorption from
the gas phase which is not relevant for the crystalline quality assessment of the grown
graphene.
The Si 2p spectrum in Figure 92¢) shows signal at the detection limit for both samples,
verifying the presence of silicon contaminations on the sample surface, most probably in
form of the bright particles that can be resolved by SEM.
Summing up the results obtained by OM, SEM and XPS, the samples show a similar
amount of multilayered graphene, there is a large amount of an additional carbon species
present in Sample A. This component is not homogeneously distributed, but present
mainly along the substrate milling marks. Optical microscopy images show that the
graphene at these positions is of minor quality. Additional information about the nature of
the non-sp>-hybridized carbon impurity in sample A is acquired by Raman spectroscopy

which is discussed in the following section.

9.2.1. Analysis of Sample A by Raman spectroscopy of freestanding graphene
Additional information about the non-sp?-carbon species inside the CVD grown graphene
on Cu is gained by Raman spectroscopy, especially when removing the graphene film
from the Cu substrate. Fig. 93 compiles optical microscopy together with Raman data
acquired from sample A-2 in its supported and freestanding state.
Graphene on Cu: Fig. 93a-b) shows Raman spectra acquired from the fresh, untreated
graphene sample. The blue spectrum measured on an agglomeration of the amorphous
carbon species, shows a strong defect band at an increased signal intensity. The red spec-
trum is obtained in between two areas of amorphous carbon, showing no defect band and

a significantly lower overall intensity.
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Figure 93 : Raman spectra of Sample A-2 after different sample treatments. a-b) Ra-
man spectra acquired on the fresh sample directly on the observed impurity particles
(blue) showing a strong Raman signal indicating decoupling from the Cu substrate and a
large defect-mediated D-band. The red spectrum acquired beside these impurities shows
almost defect-free graphene. c-d) Raman spectra acquired after graphene transfer by
etching of the Cu substrate in etching solution. The impurities detected in a) remain on
the graphene membrane and show a 3-dimensional structure by optical microscopy. The
blue Raman spectrum acquired at the particles shows additionally to the spectrum in b)
a broad peak around 1500 ¢! assigned to amorphous carbon. This signal is missing at
the red spectrum acquired beside the impurity particles. e-f) Graphene mechanically de-
tached from the Cu foil by the bubbling transfer technique. The Raman spectrum shows
no broad amorphous carbon signal.
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The graphene layer was transferred to obtain freestanding graphene membranes using
two different transfer methods:
Freestanding graphene: The sample shown in Fig. 93c-d) was transferred by chemical
etching of the Cu substrate from below the graphene layer. This sample shows opti-
cally very abundant contaminations, which are also visible in the blue Raman spectrum
in part d), showing in the very broad peak between 1300 — 1600 ¢! superimposed by
the graphene D and G bands. This broad signal (hatched dark) belongs to amorphous

carbon320

and is not present at the reference position beside the impurity particles (red
spectrum).
The second transfer method (bubbling transfer), separates the graphene mechanically
from the Cu substrate by formation of hydrogen gas between both layers and succes-
sively lifting the graphene layer up (see chapter 3.4.3). The respective optical image is
shown in Fig. 93e), where the areas affected by the amorphous carbon are visible in op-
tical microscopy because it leads to multilayer areas in this region. The Raman spectrum
taken at such a multilayer region is shown in panel f. The absence of the broad band be-
tween 1300 — 1600 cm~! indicates that after bubbling transfer no amorphous carbon but
solely (defective) multilayer graphene is present in the freestanding graphene membrane.
The fact that the broad background Raman signal indicating amorphous carbon is not
present for the fresh sample on Cu nor the freestanding graphene obtained by bubbling
transfer, but only in case of wet chemical etching transfer, can be explained by the differ-

ent transfer methods illustrated in Fig. 94.

Transfer by

Transfer by Cu mechanical

dissolution under detachment from Cu

I graphene (etching) (Bubbling Transfer)
polymer

N o)
Cu * +
T T

Figure 94 : Sketch of the proposed mechanism leading to different results after the
graphene transfer by chemical etching and bubbling transfer. While impurity particles
present in the Cu substrate volume remain attached to the membrane in the first case, the
mechanical separation between both layers without decomposition inhibits the accumu-
lation of contaminations on the graphene membrane.
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In the etching approach everything which dissolves in (or after reaction with) the etching
solution (in this case Fe(NO3)3) will be removed from the sample, but everything else
will remain in the solid state and connected to the graphene film. This is well observable
in the optical image of Fig. 93c), where the impurity particles seem to be extended below
the graphene membrane. In contrast to this, the bubbling transfer approach mechanically
detaches the graphene sheet from the Cu surface, and everything connected more strongly
to the Cu substrate will remain on this substrate.

All in all, it can be concluded that large particles of amorphous carbon are embedded in
the Cu bulk along the milling marks and remain interconnected with the grown graphene

film after CVD growth at high pressures, causing a high amount of defects.

Heating in Ar/O,

Heating in H,
coico, RO / \
2

l exposure

CVD at low .
o(H,) / VVD at high p(H,)

Sample A-1 Sample A-2 Sample B-1 & B-2

O, exposure

h

—

CVD at
arbitrary p(H

PR

Figure 95 : Condensed model of a literature search and experimental results from this
work compiled in Table 30 on the effect of carbon impurities in the Cu foil on the CVD
growth of graphene. While the hydrogen treatment of a sample enables the decompo-
sition of dense carbon impurity particles and their distribution over the sample volume,
oxidative treatment removes atomic carbon dissolved in the Cu volume and diffusing to
the surface. However, the exclusive exposure to oxygen does not fully remove compact
carbon based particles from the Cu volume (see text).
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A model summarizing the effect of carbon contaminations on the outcome of CVD
graphene growth is sketched in Fig. 95. The discussion of findings reported in literature

regarding this model are summed up in Table 30. The model contains two key points:

Treatment of the sample with hydrogen turns the carbon impurities in the sample bulk

into a mobile species.

Treatment of the sample with oxygen removes the mobile fraction of the impurities,

mainly from the sample surface.
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Table 30 : Experimental evidence for the individual steps described in the model presented in Fig. 95 and respective literature citations and

comments to these sources.

Step Evidence for the model
Source Method Comment
A 3D concentration profile of the Cu foil shows inhomogeneous dis-
0 Braeuninger-Weimer3 TOE-SIMS trlbutlop of carbon impurities, clustering at high concentrations along
Cu rolling marks. H, exposure was shown to lead to a homogeneous
carbon redistribution in the sample.
Kraus'7# XPS The surface of the untreated Cu foil is covered by carbon contaminants.
Ta)&Ib) This work - Sample A-1 XPS Th'e C'u foil shows no fiepletlon of the car'bon content even after long
oxidative pretreatment if it was not heated in hydrogen gas.
Exposing the Cu foil without complete carbon depletion to CVD con-
Ic)-1 This work - Sample A-1 Nucleation analysis ditions leads to a strongly increased nucleation density compared to a
carbon depleted Cu foil.
. Inhomogeneously distributed, amorphous carbon is detected after high-
Ic)-2 This work - Sample A-2 XPS, Raman, SEM, OM pressure CVD growth on the Cu foil without full carbon depletion.
Cu foil exposed to high pressure hydrogen leads to the formation of
Ge,?%3 Khaksaran,!'? Kraus'74 Growth analysis (bad quality) graphene islands and amorphous surface carbon without
an external carbon precursor.
Ila) Khaksaran, 366112 Kraus!7# Raman nge as step Ic)-2 above, mobilization of carbon in the Cu volume upon
high-pressure hydrogen treatment.
1Ib) Kraus, 83126 Ge 363 Khaksaran' 12 XPS, Nucleation analysis The Cu foil shows no more carbpn ?ontent after the succession of hy-
drogen treatment followed by oxidative treatment.
. Kraus, '*? . . . Using the correct succession of pretreatment steps it is possible to grow
IIc) This work - Sample B-1 Nucleation analysis, Growth analysis

graphene with a very low amount of nucleation seeds on the sample.
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10. Graphene transfer methods

The formation of high-quality freestanding graphene membranes requires the synthesis of
defect-free graphene, the stress-free removal of the graphene film from the Cu substrate
and a gentle transport to a new, holey substrate. While the previous chapters focused
on graphene growth experiments, this chapter describes the transfer process. All of the

known graphene synthesis and transfer methods3¢7-73-368

allow a wide range of differing
production pathways. The used sample parameters are listed in the following and ex-
amined regarding whether or not the freestanding graphene can serve as a gas-tight but

electron transparent membrane for low energy photoelectrons (Ey;, < 1000 eV):

The graphene layer number: The most prominent feature of graphene membranes is
that they can be synthesized as a single atomic layer. Nevertheless, samples may also
be composed of few graphene layers and still fulfill the experimental requirements of a
leak-tight and electron transparent membrane. The transparency regarding low energy
electrons decays exponentially with the layer thickness, but 2-4 graphene layers still
show sufficient electron transparency in many cases,” which greatly simplifies the

synthesis strategy.

The mechanical stability: Pristine graphene has shown to have ultra-high mechanical
stability and estimations for the possible pressure difference acting on a graphene
layer have been presented in several references.!’#369%:370.86 Thege refer to Hencky’s
solution for the calculation of the deformation of circular membranes under uniformly
distributed stress. The resulting formula to estimate the stress resistance of a round
graphene membrane is shown in eq. 10.1:

Extx8°
Ap=3.00—"""2" (10.1)
a

Here, Ap is the resisting pressure difference, £ = 1 T Pa the elasticity module of
graphene, ¢ the layer thickness (1% 3.35 x 10719 m for n-layer graphene), § is the
bulging of the membrane and a is the radius of the membrane hole. Assuming roughly
that the graphene membrane bursts if the bulging expansion of the membrane is one
tenth of the cavity radius (8§ = 0.1 xa), which is backed up by experimental data,?> the

formula can be rewritten as:

Ext

An ideal SLG membrane with a diameter of 200 um would then resist a pressure

difference of up to 100 mbar.
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The total membrane area: The required membrane area used as electron-transparent
membrane should match the field-of-view (FOV) of the respective instrument in which
the graphene sample should serve as sealing membrane. The required area may range
from several mm? of sample area (e.g. lab-based XPS), to areas of 200x50 um (e.g.
synchrotron beam irradiation) or illumination areas of around 1x1 pum (Raman Laser
spot size). Note that this membrane area must not necessarily be achieved by a single
graphene membrane, but can rather be obtained by an array of several small mem-

branes, which may also comply with the requirements set by the mechanical stability.

Transfer success rate and leak rate: Graphene acting as a sealing membrane re-
quires a defect-free film over the entire freestanding area, transfer methods must there-

fore minimize the acting stress on the transferred graphene.

Resistance to temperature change: Depending on different post-synthesis treatment
methods it may be required to heat the sample to a certain temperature. In this case,
substrates and support structures need to resist such temperatures. Most importantly,
different expansion coefficients in ultra-thin samples may lead to strong stress between

membrane and support.

Sample goals: The transfer methods developed in this work mainly aim for the applica-
bility in UHV-compatible, pressurized cells for the analysis in synchrotron facilities. In
this case, a sample would require about 1-6 layer total thickness, a pressure resistance
up to 100-1000 mbar (for bilayer graphene, following eq. 10.2, this would allow mem-
brane diameters of 400 um (at 100 mbar) or 40 um (at 1 bar)). A total membrane area
of 200x50 pm, complete leak tightness (UHV-side at pressures below ~ 10~ mbar) and
the possibility to degas the sample in UHV to temperatures above at least 100 °C defines
the requirement on the envisioned membrane material. Note that test samples described
in the following often allow extracting more information when differing in single points
from these strict requirements. Large hole arrays for example will not suit the needed
sample area or leak tightness but allow a much larger transfer number giving insights
about the statistics of the transfer success rate.

In section 10.1, new treatment steps for the transfer of graphene films are presented. To
achieve UHV-compatible, leak-tight graphene membranes, the range of graphene layer
numbers is exploited in section 10.2 by forming an artificial multilayer graphene stack.
Exchanging one of the two merged graphene layers by a patterned material also allows
the fabrication of reinforced ultra-thin graphene layers down to a single layer thickness,
while allowing larger hole structures. The increasing complexity of the sample pro-
duction allows a large number of modifications. In this way, it is possible to use thin
metal grids as reinforcement (section 10.3.1), but also the reinforcement with patterned

graphene is possible (section 10.3.2). The controversy between the in experimental prac-
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tice commonly achieved graphene membranes (large connected membrane areas with
<100% total coverage) and the - in our case - desired product (a single aperture with
100% coverage) is addressed in section 10.4 together with a proof-of-principle experi-

ment showing a way to transfer single intact membranes from one target to another.

10.1. Enhanced treatment steps required for the transfer of graphene
layers

10.1.1. Bottom-up preparation of an ultra-flat, clean Cu foil

Industrial Cu foils are not perfectly flat, they rather contain milling marks as inherent
morphology from the metal cold rolling. They appear as regular, parallel stripes in op-
tical microscopy, as shown in Fig. 96a). After graphene synthesis, the Cu grain volume
restructuring also comes along with morphological changes on the sample surface. Grain
boundaries with higher surface free energy lead to trenches in the Cu foil. Note that these
morphological inhomogeneities may remain as imprints (= 100 um apart) even if the Cu
grains subsequently grow larger (mm — cm diameters). The foil milling process also leads
to an increased amount of carbon-based impurities rolled into the foil, as discussed in the
previous chapter. A way to prepare a fresh metal foil with an extremely flat surface (see
Fig. 96b) and without an increased amount of impurities is described in the following and
sketched in Fig. 96¢). A Cu foil is heated in vacuum by a radiofrequency (RF)- coil, as
described by J. Kraus.!”* The foil is heated to temperatures above 800 °C, where an ele-
vated vapor pressure leads to the evaporation of Cu to an arbitrary substrate, in this case
a flat quartz-glass piece or an ultra-flat silicon wafer. The method allows the formation
of a Cu layer of several 100 nm thickness, which is too thin to be mechanically removed
from the substrate. It must therefore be thickened by electrochemical deposition of Cu
on top of the respective thin layer (step ii in Fig. 96¢). In this way, thicknesses in the um
regime can be obtained in the range of a few hours. The thickened Cu layer can then be

removed mechanically from the substrate.
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a) Technical Cu foil with graphene b) Artificial, ultraflat Cu foil

RF-coil

Cu-foil

Flat Cu surface
=~ 100 nm

Flat Cu surface
(protected from thickening,
equal to front side)

Cu grains —>

Figure 96 : Comparison of optical images of the technical Cu foil (a) after graphene
growth, showing milling marks (parallel lines) and grain boundaries (linked lines), and
in situ formed Cu foil (b) according to the procedure described in (c) without any mor-
phological defects. c) Production of a flat Cu foil. In vacuum, a Cu foil is inductively
heated via a radiofrequency (RF)-coil. At elevated temperatures, the increased vapor
pressure of the Cu foil covers a quartz glass piece located below the foil. Cu layers of
about 100 nm can be deposited in this way in the course of one hour on the quartz plate.
The thin Cu layer can be thickened by subsequent electrochemical Cu deposition in an
electrolyte with a Cu counter electrode. This creates small Cu crystals of approx. 5 um
diameter on one side of the Cu layer (see SEM image inset). The fortified amorphous
Cu layer can then be removed from the quartz glass slide, providing a flat surface on one
side of the Cu foil.

187



Graphene transfer methods

10.1.2. Formation of supporting, ultra-thin metal grids

Freestanding graphene membranes must be stabilized by some sort of holey structure.
The interaction between the two materials is a key point for the successful production
of membranes with enhanced mechanical stability. Here, a way is presented to prepare
such a stabilizing metal film with a thickness below ~ 50 nm on top of any substrate or
graphene surface. The synthesis protocol is sketched in Fig. 97. A patterned metal foil
(e.g. a Cu TEM grid, typically used in this study) is covered on one side with a thin
evaporated metal layer using an equivalent procedure as the Cu evaporation described
before. For the outlined protocol, it is important to use a more noble metal than the
Cu-TEM grid. In the current study, Ag was evaporated and afterwards the Cu substrate
was removed electrochemically from below the silver layer. The remaining thin Ag film
was floating on the electrolyte/etching solution, which was then exchanged by water.
The generated metal grid can be laid on top of the graphene layer in a final preparation
step and after cleaning it can act as a support structure for freestanding graphene (see
Fig. 97).

o

=

Figure 97 : Procedure for the formation of thin metal supporting grids. 1) In vacuum,
a more noble metal (e.g. Ag) is deposited on a patterned metal grid (e.g. Cu). With
this evaporation technique, layers of 50-100 nm can be evaporated. The coated grid can
then be placed on an electrolyte solution, in which the less noble grid metal is dissolved.
Remaining is then only the thin metal layer on the solution, as also shown in the optical
inset image. Note: The optical image shows a thin Ag grid already positioned below a
graphene/PMMA stack, which is also visible in the image. To the right side of the image
a silver rod can be seen which connects the grid to the electric circuit.
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10.1.3. Structuring of graphene with a photoresist

Similar to the formation of metal supporting grids, it is also possible to produce 2-
dimensional, patterned graphene structures. These patterns can be imprinted into a con-
tinuous graphene layer using a photoresist, as shown in Fig. 98. A graphene film (image
1) is coated with a photoresist (ii), illuminated with UV-light (iii) and developed, leading
to the patterned photoresist shown in image (iv). The exposed graphene is removed by
Ar-ion-sputtering (v) and the photoresist is removed by washing in acetone, leading to

land

the patterned graphene film (vi). The patterning of graphene is known in literature3’
frequently used to create electronic devices or heterostructures.”®372:373.374 However, it

has not been used so far for the fabrication of freestanding graphene membranes.

Figure 98 : Patterning of graphene using a photoresist. Graphene is coated with a pho-
toresist layer and subsequently illuminated through a mask with the desired hole struc-
ture. Using a positive photoresist, the illuminated holes are removed after developing of
the photoresist and Ar-ion sputtering of the sample leads to selective graphene etching in
these places. After removal of the photoresist in acetone solvent, the patterned graphene
remains. The optical image shows an oxidized, patterned graphene layer with a 20 um
hole structure.
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10.1.4. Selective removal of graphene from the Cu backside

After CVD growth, both front- and backside of the used Cu foil are covered with graphene.
For several treatment methods, such as the chemical etching of the Cu substrate, it is nec-
essary to remove the graphene film from the sample backside. Several ways to do this are

256 or the removal by bombardment

reported in literature, such as the etching in plasma
with high-energy ions.”® Here, I mention an additional, fast way to remove the graphene
from the sample backside. After coating of both the front and backside of the sample
with PMMA, the bubbling transfer procedure is applied to the sample, with the differ-
ence that the sample is not inserted vertically but horizontally into the solution (shown in
Fig. 99). While the frontside remains dry, the backside graphene/PMMA stack is released

as known for the bubbling transfer.

- = -

Figure 99 : Selective removal of graphene from one side of the Cu foil. Graphene can
be coated with PMMA polymer from both sides. After drying, the sample is horizontally
placed in the electrolyte solution and the bubbling transfer is started, leading to the selec-
tive removal of the backside PMMA/graphene stack which is immersed in the solution.
The procedure can be applied if a Cu sample with graphene on one side of the sample is
needed.

10.2. Formation of artificial stacks of mutliple graphene membranes

The experimental results of several groups working on the synthesis of graphene on Cu
have shown that while the formation of almost exclusive SLG is possible, the formation
of a homogeneous graphene film with a constant layer number larger than one is rather
difficult. Growth conditions favoring the synthesis of thicker graphene layers mostly lead
to the formation of pyramid-like flake-stacks of several different thicknesses (with the
pyramid facing into the Cu substrate, “inverted wedding cake”-morphology>’>). While
the targeted synthesis of bi- and trilayer graphene seems possible using a combination
of different growth conditions (see chapter 7 and ref.>*%), further development steps are
required to achieve this goal. Currently, the easiest way to produce defined multilayer
graphene stacks is therefore to grow single layer graphene and transfer one layer on top
of a second one. This has been done by several groups with a high success rate, show-
ing that the artificial combination of single layer graphene to a bilayer graphene stack is

possible and effective.?6%-376:377.72 Moreover, laying two graphene layers with randomly
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distributed point and line defects on top of each other compensates local imperfections
and leads to a mechanically stable membrane.

Nevertheless, the joining of two graphene layers in a mostly liquid environment also leads
to the encapsulation of impurities and solvent residues, which may increase the effective
thickness of the graphene membrane. These encapsulated liquid cells can even be char-
acterized in UHV.?’3:37% Additionally, any impurities attached to the graphene layers will
also be encapsulated in the artificial multilayer stack. It has been shown that the graphene
transfer by etching of the growth substrate leads to more contaminations than the alter-
native bubbling transfer method (see chapter 7 and ref.?4%). In the following, I present a
synthesis route for clean multilayer graphene membranes, as sketched in Fig. 100.

After graphene growth, the graphene layer is protected with PMMA and transferred by
bubbling transfer to a super-flat Cu film (see Fig. 96). After drying, the PMMA layer can
be removed by heating the sample to 400 °C in a H, atmosphere. This also removes all
liquid impurities from the sample and Cu surface. A second, identical transfer on top of
the first layer and subsequent drying plus heating creates the artificial graphene multi-
layer. The heating of the sample to 400 °C prevents the formation of large liquid bubbles
between both graphene layers. When using SLG as initial graphene films artificial bilayer
graphene can be transferred to the final sample substrate, e.g. by chemically etching the
Cu film. Note that the graphene layers were only mechanically transferred on top of the
ultra-flat Cu film and are therefore not connected to any impurity particles present in the
Cu, as is the case in samples described in section 9.2. As a result, the chemical etching of
the Cu film should not significantly increase the amount of impurities on the membrane.
Figure 101 displays a sample produced by the treatment described above, which is also
described in reference !° . The optical images show a single hole with 100 um diameter,
covered by the graphene membrane. Enhancing the contrast of the optical image and
recording the image with illumination from the backside (Fig. 101b) allows the identi-
fication of few, still existing impurity particles as dark/bright areas on the membrane.
At such positions, one may expect that the membrane will rupture when exposing it to
mechanical stress. As during the synthesis of the artificial bilayer two graphene layers
were positioned on top of each other, liquid droplets will be trapped between both lay-
ers. If such droplets are entirely enclosed by the two graphene films, heating the sample
stack to 400 °C to remove the PMMA layer will also induce an enormous pressure on the
graphene membrane. However, as soon as one of the graphene membranes breaks, the
liquid should be released so that the second graphene layer remains intact. An UHV leak

19 verifies that

test, performed on this sample by T. Kratky and described in reference
this ideal case is almost met in reality. Applying a pressure of 10 mbar on one side of
the membrane increases the pressure in an UHV setup by less than 1 x 10~ mbar on the

opposite side of the membrane which is pumped by a 75 Ls~! turbo molecular pump.
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Figure 100 : Synthesis route for the production of freestanding artificial bilayer graphene
membranes. The first graphene layer is transferred by bubbling transfer on a flat Cu
surface produced as described in Fig. 96. After removal of the PMMA layer, a second
graphene layer can be placed on top of the first, also transferred by bubbling transfer.
Final removal of the PMMA layer by heating in low pressure hydrogen to 400 °C leads to
the collapse of trapped liquid droplets between both graphene layers. The resulting super-
flat, artificial bilayer graphene can then be transferred to the final patterned substrate
structure. The sketch displays the transfer onto a single-hole aperture.

a) Frontlight image b) Backlight image

As recorded Contrast enhanced Contrast enhanced

50 ym 50 ym
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Figure 101 : 100 um hole covered by artificial multilayer graphene. The optical image
is shown also with an enhanced contrast, where impurities and defects in one of both
graphene layers can be detected. These are also visible with the illumination from the
back of the sample in b). The properties of the sealing membrane are discussed in the
text and also in reference '
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The measured pressure of 1 x 10™° mbar relates to a nominal leakage rate of less than
2.75 x 10~ mbar L s~ !, which would correspond to a hole in the membrane with ~
130 nm diameter on the 100 um-diameter membrane area.'® This sample proves that also
large single membranes can be produced in a leak-tight manner and withstand consider-
able pressure differences.

The overlaying of two continuous graphene layers is a useful method to eliminate poten-
tial defects in a single membrane and to reliably synthesize completely sealed membrane
samples. Nevertheless, the combination of two graphene layers with possible capturing
of (solid) impurities in between increases the membrane thickness which then reduces
the electron transparency of the membrane. To overcome this drawback, the synthesis

route has been expanded by an additional step presented in the following section.

10.3. Combination of patterned materials with a continuous graphene
layer

Instead of overlaying of two continuous layers of ultra-thin material, it is possible to pat-
tern one of both layers in order to act as a reinforcement frame for the second, ultra-thin,
continuous layer. The approach has been realized using a metal support grid and also
using a patterned graphene layer as supporting structure. Both strategies are discussed in
the following. The benefits of an inherently fortified membrane show up in several prop-
erties during transfer and in the final state of the sample, as sketched in Fig. 102. A classic
freestanding membrane sample needs a support structure with a close-meshed hole struc-
ture, because freestanding graphene membranes are weak when being suspended over
holes with large diameters (see eq. 10.2). This is changed with an inherently supported
membrane, as the alternation of thicker and thinner membrane areas already acts as sup-
port. The 3-dimensional support structure can therefore contain larger holes.

The flexibility regarding the choice of support structure allows the adaptation to applica-
tions of the final sample. In this way the sample geometry can for example be optimized
to increase the measurement interaction area. Fig. 102a) shows the classical and opti-
mized sample-geometries for an XPS measurement (photon in, photoelectron out) of a
membrane sealed, pressurized gas cell. Most of the gas cell can be illuminated with X-ray
photons, as these also penetrate the supporting grid, strongly reducing the shadow cast on
the gas. The large reinforced hole structures are also less frail regarding capillary forces
that appear during drying of the membrane structure, as imaged in Fig. 102b). This situ-
ation occurs for example after the protecting polymer layer has been dissolved in acetone
and the sample is dried in air. The role of the polymer is also relevant for the provided
contact area between graphene and reinforced substrate. While thicker polymer layers

provide more support to the graphene below (see Fig. 102c), it also leads to a stiffening
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of the graphene/polymer stack. If the graphene/polymer stack and the support structure
are not absolutely flat and coplanar, which is generally the case, the stiffening reduces the
contact area between graphene and the desired support grid. As a result, delamination of
graphene while removing the polymer layer is often observed. For reinforced samples,
the thickened areas are already integrated in the graphene layer before the final transfer.
Thus, the bare SLG areas are exposed to the solvent only in the holes of the reinforce-
ment structure. Lastly, if the material of continuous and supporting layer are equal, the
influence of the thermal expansion during annealing is greatly lowered compared to the

classical sample setup, as shown in Fig. 102d).
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Figure 102 : Differences between the classical freestanding graphene sample and the re-
inforced graphene layer approach. a) The flexibility in the sample geometry allows to
increase the illuminated sample region and hence, also increases the obtained measure-
ment signal. b) The omitting of small capillary holes reduces the strain acting on the
graphene membranes when a solvent is drying around the membrane. ¢) The polymer-
protected graphene layer is commonly not ideally flat and therefore not in perfect contact
with the substrate grid. While in the classical sample setup this may lead to large SLG
areas exposed to the solvent without contact to the support, the graphene film is in close
contact with a thin reinforcement layer. d) A membrane in direct contact to a mesh-
support consisting of a 3-dimensional grid is exposed to large volume variations upon
heating and cooling if the substrate material has a significant thermal expansion coeffi-
cient. The thermally induced stress is greatly reduced if both continuous and patterned
support layer are made of the same ultrathin material.
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10.3.1. Graphene + Metal

As already shown in Fig. 97, it is possible to create very thin metal grids of noble met-
als without the use of a photoresist or other possible contaminants. The protocol for
the synthesis of a Ag grid as reinforcement for a graphene layer is shown in Fig. 103.
PMMA coated graphene is removed from the growth substrate by bubbling transfer,
picked up with the Ag coated Cu grid and dried in air. Then, the Cu is electrochemi-
cally removed from the grid and the remaining Ag/graphene/PMMA stack is fished with
a final substrate. As the last step, the PMMA protection layer is removed, leading to the
freestanding, reinforced graphene membrane. Optical images of some graphene/silver
sample stacks are shown in Fig. 104, where the interplay between the large, thick support
structure and the thin Ag supporting grid becomes apparent. If synthesized in the way
described in Fig. 103, the Raman signature indicates clean suspended graphene layers, as
shown in Fig. 104b).
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Figure 103 : Synthesis route for freestanding graphene layers supported by a thin, pat-
terned metal grid. The protected graphene layer is released from the growth substrate by
bubbling transfer and then "fished" from the solution with a silver-coated copper grid.
The Cu layer can then be removed as described in Fig. 97, leading to the thin Ag layer
attached to the graphene/PMMA stack. Fishing the stack with the final sample substrate
leads to the Ag-supported graphene membranes after the removal of the PMMA layer.

The transfer of graphene assisted by a thin supporting layer in close contact to the
graphene was presented by Lin ef al in literature.3® They present a way to evaporate
a patterned Au layer on top of the graphene film and subsequently create freestanding
membranes out of this graphene/gold stack. Although this procedure leads to the same
structural results, published Raman data show that the direct application of photoresist to

the graphene layer and the direct evaporation of Au onto the graphene leads to significant
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defects in the graphene film. This is omitted in the procedure described here, in which
no photoresist is used and the continuous graphene layer is not present during metal
evaporation. The actual support of the metal layer provided under applied stress on the
membrane must be further examined, as freestanding metal films (thickness 10-100 nm)
may rupture at strains as low as 1 — 2%, while supported metal films resist strains of up to
A 20%.33! Other thin materials which are often used for the support of graphene films are
silicon nitride and glassy carbon.3>383 So far, it has only been reported that graphene
was transferred onto such reinforcement substrates. The stabilization of the transfer pro-

cess itself by one of these materials as discussed here was not reported before.
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Figure 104 : Different samples showing freestanding graphene membranes fortified by a
regular silver grid. a) Covered 200x200 um patterned Cu grid covered with a patterned
Ag layer with 20 um diameter holes and a continuous graphene layer. b) Single hole
aperture of 100 um diameter covered by a 10 um Ag layer and a continuous graphene
membrane. ¢) Raman spectrum recorded on a sample transferred according to the proce-
dure described in Fig. 103, showing no signs of the defect-induced D-band. The optical
image is contrast-enhanced and shows the reflection of the laser spot on the area from
which the Raman spectrum was recorded (see arrow).

However, one difficulty of this sample arrangement is the superposition of thin material
layers with different thermal expansion coefficients. The stack composed of closely con-
tacted Ag (high thermal expansion coefficient) and graphene (negative thermal expansion
coefficient) does not withstand thermal annealing. Since thermal cleaning procedures are
mandatory in order to use freestanding graphene under UHV conditions, an alternative

reinforcement protocol was developed, which is presented in the next paragraph.
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10.3.2. Graphene + Graphene

Similar to the metal supporting grid, an ultrathin graphene layer can be patterned to also
form a supporting grid for a second, continuous graphene layer. There exist several ways
to achieve the combination of both graphene layers, which may differ in the acquired
sample strength and the remaining impurities on the membrane. Fig. 105 shows a very
simple way to produce an artificial, patterned graphene stack from the front- and backside
of a Cu foil where graphene was grown. After patterning the graphene film lithographi-
cally and dissolving the Cu foil by chemical etching, the patterned backside merges with
the continuous graphene film on the frontside. The results of the synthesis protocol are
presented in Fig. 106. Fig. 106a) shows the patterned backside of the graphene layer on
Cu. Figure 106b) displays the optical image of the final reinforced graphene membrane
after successful transfer onto a 200 um hole array on silicon nitride. The high transfer
success rate can be seen in the large optical image, while the cleanness of the samples
can be observed at higher magnification. Finally, optical microscopy combined with Ra-
man spectroscopy data is shown in Fig. 106c). Here, arrows point to the laser spot on
the freestanding graphene membrane from which Raman data were taken. The acquired
Raman spectra show almost perfect graphene, although a tiny D-band close to spectral

resolution still indicates the presence of a certain amount of defects in the membrane.
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Figure 105 : Complete transfer procedure leading to a patterned artificial bilayer
graphene sample. A Cu foil covered with graphene films on front- and backside is pro-
tected with PMMA on one side and covered with a photoresist on the backside. The
backside is illuminated, developed and sputtered as described in Fig. 98. Subsequently,
the Cu in between both graphene layers is removed by chemical etching, leading to the
merging of both graphene films. After cleaning in several solutions the sample stack can
be removed from the final water surface, transferred to the final target support and dried.
Finally, the protecting PMMA layer on the continuous graphene layer is dissolved in hot
acetone.
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In contrast to the graphene+metal support structure, the pure graphene sandwich mem-
brane has a single thermal expansion coefficient. Only by choosing the correct sub-
strate material (e.g. silicon nitride with the low thermal expansion coefficient of o ~
1.5 ppm K~1),3* the degassing of samples in UHV is not hindered due to the thermal
stress during annealing any more.

This newly created sandwich membrane material can be seen as both laterally and ver-
tically patterned heterostructure. While heterostructures are already the topic of several
research reports,’%> the inherently fortified heterostructure with thicker and thinner seg-
ments for the formation of stabilized membrane materials has not been discussed so far.
Combining both, the stability of thicker graphene with the ideal, atomically thin segments
greatly reduces the gap between the required sample properties, e.g. for pressurized,

vacuum-compatible cells analyzed by in operando photoelectron spectroscopy.
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Figure 106 : Sample synthesized according to the procedure described in Fig. 105. a) Op-
tical image of the oxidized sample showing the structure of the backside graphene film.
b) Optical images of the final reinforced graphene layer (20 um holes) on a 200x200 pm
silicon nitride support grid. ¢) Local Raman spectra recorded on the freestanding part of
the synthesized membrane (see blue and red arrows). The graphene layer can be iden-
tified by Raman spectroscopy. While the reinforced segments show an optical contrast,
this is almost not visible for the single graphene areas where arrows point to the reflection
of the laser spot. The respective Raman spectra show the signature of perfect SLG with
a tiny defect-induced D-band close to the spectral resolution of the instrument.
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10.4. Selective transfer of ideal sample areas to single hole apertures

As shown in the sections above, there are two main substrate geometries used for the
transfer of graphene: A regular array of holes or a single hole aperture. Transfer onto an
array of holes leads to good information about the transfer statistics and a higher chance
of a particularly well covered segment. Nevertheless, such samples cannot be used to
create a leak tight, UHV compatible cell, as the amount of defects on a large membrane
will increase. Reducing the number of holes to a single isolated aperture increases the
chance of successfully sealing the sample, but most of the transferred sample (typically
at least 3x3 mm in size) is wasted on the unpatterned substrate surface. The ideal utiliza-
tion of a graphene sample would be to transfer a large graphene layer onto an array of
holes. From the results acquired after a graphene transfer, the best area of the suspended
graphene membrane could be chosen in order to subsequently seal a second sample sub-
strate with a single hole aperture. A method to achieve such type of transfer is shown in
Fig. 107: If the chosen area of the hole array sample covered with graphene is exactly
positioned above the single hole aperture, a single droplet of solvent can be used to cre-
ate a liquid layer between both substrates, which assures intense contact of both surfaces.
After the evaporation of the droplet, the adhesion between both samples will allow the

smaller (single hole aperture) substrate to connect to the graphene layer.
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Figure 107 : Method for the selective transfer of membranes from one substrate to an-
other. To increase the chance of producing a pristine graphene membrane, transfer proce-
dures are often performed onto hole array structures. It is possible to transfer a selected
hole from a grid substrate to a single hole aperture by placing both samples on top of each
other and introducing a single droplet of acetone between both samples. The evaporating
solvent will create a strong contact between both samples, leading to the sticking of the
graphene membrane to the one with the smaller hole size. If the single hole aperture is
smaller than a single hole in the grid structure, this transfer procedure can be applied.
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A successful proof of principle experiment is imaged by optical microscopy as shown in
Fig. 108: a) The Ag-grid type supported graphene membrane shows 4 ideally graphene
covered, 200x200 um sized holes on the main grid. One of these membranes is placed
on top of a single, 100 um diameter aperture, as shown in Fig. 108b). The exact position
is fixed with a tweezer pressed against the substrates. After applying a small acetone
droplet between both samples and evaporation of the liquid, the graphene/silver mem-
brane is attached to the single hole aperture. The resulting sealing membrane is imaged
in Fig. 108¢).
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Figure 108 : Optical images of a Ag-grid type reinforced graphene membrane trans-
ferred onto a local hole. a) The covered grid substrate shows four well-covered holes of
200x200 um size. b) One of these holes is placed on a 100 pum diameter single hole aper-
ture. The grid is positioned using a fixed tweezer. c) After application and evaporation
of an acetone droplet, the Ag-fortified graphene layer is attached to the single hole of the
target substrate.

The procedure will greatly facilitate the synthesis of ideally closed, single hole aperture
samples. Moreover, the sample substrate is only in the final transfer step exposed to an

acetone droplet and does not get in contact with polymers or contaminating solvents. In
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principle, the transfer step may be done in vacuum, but a method would be required to
increase the contact area between both sample substrates, which replaces the effect of the
acetone droplet. A sample substrate could then be prepared in UHV and covered with
graphene without exposure to air, which would allow to synthesize new surface structures

in UHV which are then sealed with graphene.
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11. Summary and Conclusions

CVD growth of graphene was analyzed regarding nucleation density, growth rate, multi-
layer formation, contamination influence and finally the transfer success rate of the result-
ing freestanding graphene membranes. By separate analysis of the topics it was possible
to individually develop parameter-dependencies of these characteristics and pinpoint key
steps of the synthesis routes.

When approaching the thermodynamic reaction equilibrium conditions K., of the
CVD graphene formation reaction from methane, the flake growth rate converges to-
wards zero. To reliably distinguish graphene growth and decay at vanishing growth
speeds, the flake shape was identified as reliable criterion, which changes from a hexag-
onal shape during flake growth towards a rounded shape during graphene island de-
cay. Using this shape change as criterion for graphene growth or decay the equilibrium
constant K,, value at 1045 °C was pinpointed. Subsequently, the temperature depen-
dence of K., was determined, allowing the determination of the reaction enthalpy of
ARH® =91.84+2.4 kJmol~! and reaction entropy AgS® = 108.04 1.8 Jmol 'K~
Using this information, a kinetic growth model was developed that describes the flake
growth fed by a pre-equilibrated C,; lattice gas. The growth model contains two un-
known parameters, the detachment energy E, ., of carbon atoms detaching from the
graphene flake and the entropy Ag..S° of the methane decomposition reaction. Using
a large dataset of experimentally determined graphene growth velocities v these two fit
parameters are determined to be Eg,; = 451 26 kJ mol 1 =4740.3¢V and Ay,.S° =
260+ 20J mol~'K~!. The complete parameter set allows to predict the flake growth
velocity for any chosen CVD growth condition, which is displayed in a 3-dimensional
plot with the mass action constant Q., and temperature 7" as axis. For a better overview,
a plot at one temperature can be used as shown in Fig. 109, where the equilibrium lines
of graphene and graphite formation, as well as several predicted growth velocities can be
directly related to the set parameters p(H,) and w of the CVD synthesis.

The fit value of A;,.S° allows estimating the entropy of the adsorbed carbon atoms S¢,4
on the Cu surface, which is related to the coverage [C,4] according to the effect of the
configurational entropy of the C,; phase. The C,; coverage is calculated to range be-
tween 10710 — 10~® ML under reaction conditions. The experimental growth rates from
59 literature references were compared to the predictions of the growth model, with the
conclusion that the model correctly predicts the growth velocity v up to a certain distance
to K., with velocities v up to 1 mm h~!. Further away from equilibrium, the provided
carbon from the gas phase seems to be the limiting factor, reducing the observed growth
rate. A systematic study of experiments under p(CH,)-limiting conditions indicates a

proportionality between the CH, partial pressure and the growth rate.
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T = 1045 ﬂ

Figure 109 : p(H;) — w—diagram for graphene growth at 1045 °C, including the ther-
modynamic equilibrium conditions for graphene (K,4) and graphite (K4 ppire), as well as
several kinetic growth velocities v predicted by the established growth model.

This empirically determined correlation is approved by the literature references which
could not be explained solely by the kinetic growth model. The proposed growth process
leading to a direct p(CHy)-limitation indicates that each grown graphene flake develops
a capture zone on the surrounding Cu surface, inside which all adsorbing methane from
the gas phase provides the required carbon material for flake growth.

The nucleation of new graphene flakes depends on the impurities present on the sample
surface and the chosen reaction conditions. The study of nucleation rates under differ-
ent growth conditions on pre-cleaned Cu substrates allows to determine several critical
C,.q concentration levels on the surface. It could be shown that graphene flakes form
upon heterogeneous nucleation. The effect of two different C,; concentrations could be
identified:

[Cud] > cnue = Nucleation at stationary impurity particles sets in. When slightly lower-
ing [C,4| afterwards, graphene can be grown without nucleation of new islands during

flake growth.

[Cud] > Ccontinuous > Cnuc : Continuous nucleation over the course of the complete CVD

growth reaction is observed on the sample.
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Making use of the above finding, the introduction of an artificial nucleation step allows
disentangling the flake nucleation and flake growth. It then becomes possible to grow
graphene at conditions where due to the absence of nucleation events commonly no
graphene flakes are observed.

The evaluation of the thermodynamic properties of graphene on Cu indicates that the
formation of single layer graphene (SLG) is less exergonic than the one of graphite and,
hence, also as multilayer graphene. This is visible in the shifted equilibrium lines in
the Q.yp — T — chart of Fig. 109. The shift indicates that a parameter regime between
both equilibrium lines exists, at which SLG becomes unstable while multilayer graphene
should remain stable. I was able to verify this hypothesis using several experimental ap-
proaches, leading to the targeted growth of multilayer graphene flakes with a minimum
SLG share.

The influence of oxygen impurities on the graphene decay process was analyzed to en-
sure the negligible influence under common growth conditions. Oxygen contaminations
can be reliably identified by observing the formation of hexagonal holes in the graphene
flakes, while the graphene rim remains straight. This can reliably be distinguished from
thermodynamically induced graphene decay, during which the graphene decay sets in
from the island rim, also leading to a flake shape change.

Silicon and carbon impurities have been identified as highly relevant for the under-
standing of graphene growth on industrial Cu foils in quartz glass reactors. The silicon
contamination originating from the quartz tube wall was shown to be accumulated in the
Cu foil by high-temperature, high-pressure hydrogen treatment. This dissolved Si con-
tamination can be segregated and pinned on the foil surface upon oxygen exposure. This
process can be very reliably observed on pure Cu as well as on Cu partially covered with
graphene flakes. On Cu entirely covered by graphene, oxygen induced Si surface enrich-
ment could be identified only at defects in the graphene film. When growing graphene on
a Si enriched Cu surface, graphene is observed to nucleate at such silicon oxide particles.
However, the intercalation of larger amounts of silicon between grown graphene and the
Cu substrate is not possible. Carbon contaminations present as impurities in the Cu foil
can severely diminish the graphene quality and influence the formed layer number. In
addition to the already known oxidative pretreatment, the foregoing treatment in hydro-
gen was identified to be necessary to increase the cleaning effect of the oxygen treatment
regarding carbon contaminations in the Cu foil.

The transfer of grown graphene films was optimized with the aim to produce a leak-
tight gas cell for the separation of a high-pressure sample from an ultra-high vacuum envi-
ronment. This is possible using an artificially prepared stack of two graphene films, span-
ning holes in the 100 um diameter regime. Here, leak tight membranes were achieved that
relate to a single defect hole of ~ 130 nm diameter on the 100x100 pm sized membrane.

I. e., a membrane with the defective area fraction of 1: 108 was achieved. To increase
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the transparency of sealing membranes, a continuous graphene layer was combined with
a patterned metal and also with a patterned graphene layer, leading to an intrinsically
reinforced, ultrathin membrane material. The efficiency of the graphene membrane for-
mation can be enhanced by a proposed second transfer mechanism, which allows the

transfer of a single membrane from a mesh to a second substrate with a single hole.

The gained insights into the graphene growth and transfer processes described in this the-
sis can be used to develop growth recipes for custom-tailored graphene samples. Using
the data obtained from thermodynamic and kinetic experiments, it is possible to design a
complete reaction sequence before starting the growth process. Key demands for the con-
trol of multilayer areas and contaminants were mapped out, and also the strengths and
weaknesses of known transfer techniques were described. Depending on the research
topic or application device, this work offers a large amount of information on how to im-
prove the synthesis pathway. Fundamental values of graphene on Cu were derived from
the experimental data, enhancing the data available also for theoretical calculations in the
future.

Using the presented data as a reference, it is facilitated to transfer the gained knowledge
onto graphene growth on different substrates, by different precursor molecules, at dif-
ferent growth conditions or even the growth of other 2D materials by chemical vapor

deposition.
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12. Appendix

12.1. Calibration of the XPS signal ratio C/Cu for SLG

12.1.1. Theoretically predicted photoemission ratio ratio between C and Cu

The theoretically expected values for the signal intensity ratio between the C 1s peak
and several Cu signals is determined according to case c) of a layered sample system
presented in the XPS methods section. The used values are listed in Table 31. The ratio
of molar volumes between graphene/graphite and copper is 1.34 : 1, and the thickness of

a single graphene layer is set to 3.35 A.

Table 31 : Ionization cross section ¢ of Alxq radiation in Megabarn (Mb) with regard to
the noted atomic orbitals of C and Cu,3® as well as the inelastic mean free path of the
emitted photoelectrons Ay through the respective materials.5®

o(Mb)  Ep Ac Acu
Cls | 0013 284eV 21.0A 186A

Culp| 0033 76eV 239A 21A

Cu3s | 0.013 122eV 232A 205A

Cu2p | 03438 932eV 11.7A 10.8A

According to eq. 3.7 in section 3.3.4, the ratio between the C 1s signal intensity for
SLG/BLG and the respective signal from the copper substrate is determined and listed in
Table 32. The low kinetic photoelectron energy leads to higher surface sensitivity of the
Cu 2p-photoelectrons compared to the ones originating from the Cu 3s and Cu 3p core
levels. As a result the Cu 2p is the signal most sensitive to changes between single and

double layered graphene.

Table 32 : Calculated signal intensity ratios for single- and double layer graphene be-
tween the C Is and several Cu signals excited by Alk radiation and detected at normal
emission.

Cl1s/Cu3p Cl1s/Cu3s C1s/Cu?2p

SLG 0.100 0.255 0.011

BLG 0.214 0.547 0.0277
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12.1.2. Experimentally determined ratio

A single layer graphene sample was grown at 945 °C according to the experimental
recipe E. 74 and a photoelectron spectrum of the sample was recorded immediately af-
ter growth. The areal intensity ratios of the fitted C 1s and Cu(2p, 3s, 3p) signals are listed
in Table 31, showing a nominal amount which exceeds the theoretically predicted value
by a factor ~ 2.3x. It is largely unknown how the carbon dissolves in the Cu bulk during
graphene growth and whether or not it accumulates during cooling of the Cu foil after
CVD growth. Kraus e al'8 have characterized bare Cu samples after heating to reaction
conditions and observed that carbon dissolved in the bulk can segregate to the substrate
surface during cooling. The process seems to depend on the cooling rate and, as a result,
the expected C 1s/Cu 2p intensity ratio of a covering graphene layer on graphene covered
Cu surface remains unknown. It may be possible that non-graphene carbon segregates
from the Cu bulk and contributes to the measured carbon signal intensity in addition to
the covering graphene layer. Note that the normalization with SLG/BLG used here as-
sumes all carbon to be above the Cu atoms. A carbon species distributed in the Cu volume
would be underestimated by the referencing to single- and bilayer graphene. Also, trans-
port through air may cause adsorption of impurities and increase the amount of carbon
based species, although this would be expected to result in the increase of carbonaceous
or other organic species at > 286 eV.

In order to eliminate or decompose the potential contaminants, the sample was heated in
UHV to 450 °C at a maximum background pressure of 8 x 1078 mbar and subsequently
again photoelectron spectra were recorded after sample cooling in UHV. Ex situ Raman
spectroscopy showed that the complete graphene film remained intact and no defects
were introduced by this heating procedure, as can be seen in Fig. 110b). The C 1s spectra
before and after heating are shown in Fig. 110a), their respective fitted integral intensities
are listed in Table 33. The C 1s intensity has dropped by about one third after the heat-
ing process, the overall peak has slightly shifted towards higher binding energies, from a
maximum of ~ 284.65 eV before to ~ 284.75 eV after heating.

The unchanged Raman spectra before and after heating show that the carbon in the
graphene layer is not affected by the heating process in UHV. Thus, there must be carbon
of a different species present, which does not contribute to the Raman signal. The nomi-
nal quantity of this graphene species is in the order of up to 1 ML graphene (2 atomic Cu
layers), which coincides with the observations made by Kraus et al.'8? They observe that
Cu samples cooled from reaction conditions (950 °C, H, gas phase) without any grown
graphene islands show a C 1s signal amounting to ~ 2 ML of carbon on the surface. As all
Cu signals before heating are damped almost equally according to the normalized peak
areas shown in Table 33, it seems that this carbon species is not purely on the surface, but
rather homogeneously distributed over the probed Cu layers (see Table 33). Otherwise,

stronger damping of the Cu 2p signal would have been expected compared to the less

207



Appendix

surface sensitive Cu 3p and Cu 3s species. After heating, the amount of carbon detected
is still too high by about 20-40%. As atomic or amorphous carbon on the sample surface
would not desorb from the surface by itself during heating to these temperatures in UHV,
other processes cause the C 1s signal reduction upon annealing. The agglomeration of
this carbon species on the surface may be possible, or the diffusion into the substrate
bulk. The reaction of carbon with adsorbed oxygen and subsequent desorption cannot
explain the strong decrease in C 1s intensity, as the detected oxygen signal on the sample

is very low (see Fig. 110c).
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Figure 110 : Calibration SLG sample used to determine the minimum C 1s signal of
a continuous graphene layer. a) XPS C Is spectra as-synthesized and after heating in
UHV to 450 °C, showing a significant reduction in absolute C Is intensity. b) Raman
spectra show the same spectral signature of the graphene film before and after the UHV-
annealing. ¢) O 1s XPS spectrum showing the removal of oxygen species on the sample
during heating. d-f) Cu core level XPS spectra before and after annealing in UHV.
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Table 33 : Experimentally determined C 1s intensities of the sample shown in Fig. 110
and the relative amount compared to the expected ratio for SLG. While the carbon content
before heating is too high by a factor of around 2.4x, this is reduced to a factor of 1.4x
after the sample heating in UHV.

C1s/Cu3p C1s/Cu3s C1s/Cu?2p

Reference SLG 0.100 0.255 0.011

Reference BLG 0.214 0.547 0.0277

CVD growth at 945 °C

before heating in UHV to 450 °C 0.23 0.61 0.025
Normalized to theoretical prediction (tab. 32) 2.3 2.4 2.3
CVD growth at 945 °C
after heating in UHV to 450 °C 0.14 0.36 0.013
Normalized to theoretical prediction (tab. 32) 14 14 1.2

According to Blume ez al,>%* the C 1s signal from the carbon in the graphene layer may
shift towards higher binding energies after heating in UHV due to the coupling to the
Cu substrate, caused by the detachment of intercalated oxygen species. The shift in the
peak position of the C 1s signal may therefore be related to the graphene and not to the

non-graphene carbon contaminant.

12.1.3. Dependence of the C 1s/Cu signal ratio on the CVD growth temperature

If the second carbon species present in the grown graphene samples was caused by the
segregation of dissolved carbon during the sample cooling from CVD growth conditions,
a correlation between the carbon signal and the growth temperature would be expected.
A series of SLG samples was grown at different temperatures to test this hypothesis.
XPS spectra of each sample were measured directly after synthesis and after heating
in UHV to 450 °C. The fitted peak intensities are listed in Table 34. It can be seen
that at all temperatures, the carbon signal before heating in UHV is significantly larger
than expected for SLG. The ratio drops after the heating process. As for the analyzed
samples the amount of formed multilayer areas varied, the multilayer ratio was estimated
by optical microscopy after the oxidation of the sample. The C 1s intensity was then

normalized by eq. 12.1:

I measured ( 12.1 )

INorm -
XsLG *Is1G + XBLG * IBLG
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Table 34 : Results of the XPS characterization of several continuous graphene samples
grown at different temperatures. All samples show a strongly increased C 1s content
before heating in UHV. After heating, the C 1s/Cu ratio drops significantly to a factor of
1.2-1.7 after multilayer ratio correction (see text).

Normalized signal to theoretical prediction C 1s/Cu3p C 1s/Cu3s C 1s/Cu2p

Exp. E. 74 before heating 23 24 23
(945 °C, 0% BLG) after heating 1.4 1.4 1.2
Exp. E.75 before heating 29 29 3.0
(970°C, 0% BLG) after heating 1.7 1.7 1.5
Exp. E.76 before heating 2.5 2.5 24
(1045°C, 16% BLG) after heating 1.5 1.5 1.3
Multilayer corrected: after heating 1.3 1.3 1.1
Exp. E.77 before heating 29 29 2.7
(1060°C, 26% BLG) after heating 1.9 1.9 1.7
Multilayer corrected: after heating 1.5 1.5 1.3

In this equation, ) refers to the determined ratio of SLG and BLG, and Iy refers to the
predicted C 1s/Cu (2p, 3s, 3p) ratios as listed in Table 32. These multilayer-corrected
values are also inserted in Table 34. For the normalization, all multilayer areas were as-
sumed to be bilayer graphene areas.

No clear trend can be observed for the temperature dependence of the signal for the
additional carbon species. The first carbon signal is approximately 1 ML higher than ex-
pected in each sample and drops after the heating procedure. After multilayer-correction,
all samples show approximately the same C 1s/Cu signal ratio within the experimental
precision. As all grown graphene samples lead to the same carbon to copper ratios of ap-
proximately 1.4 times the theoretically expected value for SLG, this value is used as ref-
erence for CVD grown single layer (UHV heated) graphene in this work. This means that
the ratios used as SLG-graphene calibration are: C 1s/Cu2p=0.013,C 1s/Cu3s=0.36,
C 1s/Cu3p=0.14.

12.1.4. Calibration by removing the graphene layer
A second, destructive measurement method can be used to control the results acquired
above. In this case, the measured sample SLG/Cu can be sputtered with Ar™ ions to

remove the graphene layer. A subsequent XPS measurement delivers the values of the
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undamped Cu signals for this sample. This procedure was already applied by Kraus et al
and is in detail explained in reference °° . By performing this type of measurement with
Algq and Mgk radiation, the damping of the Cu signals (Cu 2p, Cu 3s, Cu 3p) can
be determined for 6 different electron kinetic energies. The ratio values obtained for
an unheated and heated graphene sample are plotted in Fig. 111 together with the pre-
dicted electron damping by Tanuma et al.38 It is very well visible that the values for the
heated graphene sample show damping as predicted by calculations for SLG, while the
unheated samples show damping according to BLG. The usage of the above-mentioned
C/Cu ratios for SLG by the described, undestructive XPS procedure is approved by this
second quantification method. The presence of a significant surplus of carbon of about

one additional monolayer is also seen for the unheated samples using this method.
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Figure 111 : Electron transmission of graphene samples before (blue) and after (black)
heating of the sample in UHV to 450 °C. The reference of the electron transmission is
obtained by sputtering the sample for 20 min with Ar" ions (Acceleration voltage: Ej,, =
1 kV, Ion flux: [;,, ~ 6 uA) and measuring the graphene free Cu surface afterwards. The
red lines mark the calculated values for a single atomic graphite layer (SLG), two graphite

layers (BLG) and TLG, all at 0° emission angle.%3

12.1.5. Origin of the additional C 1s signal
After the experiments described above, the question remained unanswered, whether the

additional carbon signal in the XPS spectra originated from the reactor growth and cool-
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ing process, or from the exposure of the sample to air. To clarify this uncertainty, two
experiments were conducted. First, a sample of graphene flakes (coverage <50% ML)
was grown in reaction gas and subsequently cooled to 750 °C in the reaction gas mixture.
At this temperature, the CH4 + H, mixture was replaced by an Ar gas flow (20 sccm,
20 mbar), which contains traces of oxygen impurities. These are enough to react with the
carbon on the sample (see also chapter 8.1.1). This treatment was kept for 60 min to de-
plete the carbon from the sample. After this time, the sample was removed from the hot
reactor zone and analyzed by XPS, which is shown in Fig. 112a). The C 1s spectrum is
normalized to the intensity of the Cu 3p signal to be able to compare the intensities to the
signal of the heated SLG sample shown as a reference. The C 1s signal, regardless of the
heating procedure in O, still shows a C 1s coverage of approximately 2 ML compared

to a graphene flake coverage relating to ~ 50%.

a) XPS C1s b) XPS C1s/Cu3p ratio
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Figure 112 : Characterization of specially treated graphene samples to identify the origin
of the unknown carbon signal detected by XPS for freshly grown graphene samples. a)
XPS C 1s spectrum of a flake-covered graphene sample (coverage < 50%). Instead of
direct cooling in reaction gas, the sample was cooled to 750 °C in reaction gas, treated
in an Ar/O, atmosphere for 60 min and subsequently cooled in this same atmosphere
to room temperature. Comparison to the reference SLG spectrum shows a significantly
higher C 1s signal for the flake-covered sample, indicating that the additional carbon con-
tent does not originate from the reactor cooling process. b) Normalized XPS C 1s/Cu 3p
intensity ratio of a completely covered (multilayer) graphene sample. The sample was
repeatedly heated in UHV and subsequently exposed to laboratory air, showing that the
C 1s content is accordingly reduced after UHV-heating and recovers after ventilation of
the sample. The stability of the graphene layers over several heating/ventilation cycles
was tested by Raman-spectroscopy. (Experimental details: a: E. 68 , b: E. 77)

In a second experiment, the multilayer sample also described in Table 34 was alternat-
ingly heated in UHV and then exposed to air. The intensity of the C 1s/Cu 3p XPS
spectra measured after each step are plotted in Fig. 112, the respective spectra are shown
in Fig. 113. It shows that, while the C 1s signal lowers after the heating procedure in
UHY, it returns to the original value after the exposure of the sample to air. This process

can be repeated several times with the same result.
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The two experiments described above show that the origin of the additional C 1s signal
intensity observed for untreated samples in UHV does not purely originate from the cool-
ing process in the reactor after the graphene synthesis procedure. For the sample cooled
in an Ar(0,) atmosphere, the treatment for 60 min at 750 °C should be enough to remove

surface carbon from the sample.
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Figure 113 : Respective XPS spectra of the samples shown in Fig. 112. One sample is
measured by XPS after synthesis (black curve “as synthesized”) and subsequently after
annealing in UHV (blue curve “as synthesized”). The same procedure is repeated twice
after exposing the sample to air and re-inserting it into UHV.

With a graphene coverage lower than 50%, the blocking effect of the graphene towards
gas adsorption cannot explain this retained C 1s signal. As for the sample repeatedly
heated in UHV, the return of the C 1s signal only allows two possible scenarios. Ei-
ther an external carbon source replenishes the carbon adsorption sites on the surface or

the present carbon is dissolved into the substrate bulk (XPS signal vanishes) and again
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dragged to the surface (XPS signal returns). For the first possibility, the sample com-
pletely covered with graphene would only allow direct adsorption on top of the graphene
layer. A diffusion process below the closed graphene layer would be expected to take
much longer than the air exposure time of 2 h. For the second possibility, the diffu-
sion of carbon from the bulk to the sample surface in air at room temperature should not
be possible. While the exact nature of the carbon content in the Cu sample cannot be
identified, the described experiments help to improve the handling of the samples and
the correct interpretation of obtained data. Generally, carbon XPS spectra of graphene
samples without an additional UHV treatment should be interpreted in a very restrained

manner.
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12.2. Derivation of the correlation between the carbon coverage and
the configurational entropy S¢on fig

12.2.1. Configurational entropy of a fixed number of adsorbates on a fixed number
of adsorbate sites

When distributing N carbon particles on M copper adsorption sites, this creates a total of

Q possible distributions:
M!

Q—___ 7
(M —N)I—N!

(12.2)

This leads to a configurational entropy resulting from this number of microstates of:

M!
Sconfig = kpIn(Q) :kgln{m} (12.3)
The factorials can be resolved using Stirlings relation, according to which 9! ~ ¥ In(%) —
U

Seonfis = kp{[MIn(M) —M] — [(M —N)In(M —N) — (M — N)] — [NIn(N) — NI}
(12.4)
Neglecting the comparably small contributions from the linear terms and introducing the
ratio of carbon coverage relative to the total number of copper atoms % = N/M, the
equation can be converted in the following steps:
1. M 1

Sconfic = N kg {[gln(ﬁN)] ~ (5= 1)In(M-N) —ln(N)} (12.5a)

Seonfic = Nks {%[m(%) +In(N)] - (% _ 1)[ln(% ~ 1) +In(N)] — ln(N)} (12.5b)

1 1 1 1 1 1
Sconfic = N ks {5 In(5) = (55 = DlIn(5; = 1)] + 5 (V) = (= DIn(¥) +In(N)

(12.5¢)

1 1 1 1
Sconfig:NkB{51n<5)—(5—1)11'1(5—1)} (125d)

1 1 1
Sconfig:NkBg {ln(g)—(l—ﬁ)hl(E—l)} (1256)

1 1 -0 1— v

Sconfig:NkBg {ln(g)—ln( 5 )+ O In( 5 )} (12.5%)

215



Appendix

1 1 1-9
Sconfig:NkBg {ln(l _19)—|—l91n( 5 )} (12.5g)

Calculating the entropy for 1mol of carbon atoms, the product of carbon atoms and the

Boltzmann constant is the gas constant R, leading to:

1-9 1 1
Sconfig:R{ln( 5 )—}_Eln(l—ﬁ)} (12.5h)

12.2.2. Configurational entropy of an equilibrated graphene system with a fixed
total number of atoms on a fixed number of adsorbate sites

To estimate the configurational entropy of the adsorbed carbon atoms, C,g4, in thermo-
dynamic equilibrium, we describe the system as sketched in Fig. 114. The total number
of carbon atoms on the substrate is assumed to be constant, composed by the amount of
carbon atoms in the graphene crystals and all C,; atoms. The amount of adsorbing and
desorbing carbon species from the gas phase is constant and does not modify the equi-
librium entropy. The total number of adsorption sites on the Cu substrate M;,; is split up
into the substrate sites blocked by the graphene island (Mg,) and the ones available for
carbon adsorption (M,;). Carbon atoms are assumed to adsorb on one particular site per
substrate Cu atom, while the lattice constant of the graphene flake is different from that

of the Cu lattice by a factor p, as given in eq. 12.6.
Ngr =Mgrxp (pcu =2.15) (12.6)

If a carbon atom is detached from the graphene island, the respective N,; value is in-
creased by one, following eq. 12.6. Accordingly, per detached atom a fraction of adsorp-

tion site is created, increasing M,; by this amount.
dNyq = —dNg, (12.7)

In equilibrium, the Helmholtz free energy Ag.s of the system is minimized. Ag,y is the

Legendre-transformation of the inner energy U regarding the entropy S, which leads to:

A=U-TS (12.8)

Inserting the values for both the graphene island and C,4, this leads to:

Ages = Aud +Agr =Uua + Ugr - T(Sad + Sgr) (12.9)
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Adsorbate atoms:
N, + Ngg = Nior = const.

Ngr Nad
b Mg Maq

Adsorption sites:
M, + Myq = My, = const.

Figure 114 : Sketch illustrating the used parameters and conversion factors for the esti-
mation of the configurational entropy. While the total amount of adsorbed carbon atoms
on the sample and the total amount of surface Cu sites remains constant, the different lat-
tice constant of graphene with regard to Cu(111) as described by eq. 12.6 leads to shifts
in the values of N,; and M.

As Age 1s in its global minimum state in equilibrium, the derivation regarding the amount
of adsorbed atoms, must be zero.
dA !
—82 = 0 (in equilibrium) (12.10)
dl’lad
Here, the molar quantity n,, is replacing the atomic value N,; = n,4 * N4. This leads to
the formulation:
Sad

U(m, ad) — U(m, gr) — T(a

NA *Sad -
Nad

— S, ) =T Stm ¢r) (12.11)

As stated in the beginning, the total number of carbon atoms, N, is assumed to be con-
stant, and of course the total number of available Cu surface sites, M;,;, is also constant.
The entropy of the adsorbed carbon atoms distributed over M,,; adsorption sites is given

by eq. 12.12, as also presented in eq. 12.2.
Sad = kp*xIn(Q) (12.12)

with Q being the sum over all possible microstates expressed as:

M,,!

Q=
(Mad _Nad>! _Nad!

(12.13)

If the number of adsorbed C-atoms is increased by one, this must be removed from the
graphene crystal, creating the respective amount of adsorption sites M,,;:
oMy 1

N o (12.14)
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Using Stirling’s relation, as in eq. 12.4, the derivative of S,; with regard to the number

of adsorbed atoms, N,;, leads to:

98ad _ k 0 {MaaIn(Maa) = (Maa — Naa) 0(Maa — Nad) — (Maa — Nad) — Naa In(Naa) }
6Nad a]Vad

(12.15a)

9Sud _
32’; = kB{%Mad +MadMLad% - (% - 1)ln(Mad_Nad) - (Mad _Nad)M(% - 1) _ln(Nad) _NadNLad}
(12.15b)

) + In(

9Sad { ! Mad (12.15¢)

Mad - Nad

Introducing the ratio of carbon coverage relative to the total number of copper atoms

Mad - Nad ) }
Naa’

¥ = N,q/M,q4, the relation converts to:

1 1 1-9
=kps —1 1 12.16
o Sty +n 50} 12,16
Comparing the relation from eq. 12.16 to the one obtained without the exchange between
C.q and graphene, eq. 12.5g, we see that while the first term is constant in both cases, the
second one only becomes relevant in the current model, as p~! > ©¥~! ~ 0. Inserting
eq. 12.16 into eq. 12.11 and solving the equation regarding dS,;/dn,y, we receive the
relation:

Uim, ad) = U(m, gr) 9S4 { 1 1 1—9

T +S(m,gr):%:R Eln(l_ﬁ)—Hn( 19

)} (12.17)

Using this relation, it is possible to correctly predict the coverages of adsorbed carbon for

128

graphene in equilibrium with a bare Ru(0001) surface, as presented in reference “° using

data published by Loginova et al.?1:274
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12.3. Correlation between the oxygen sticking and the etching rate of
a hexagonal hole

The etching of graphene in a hexagonal hole by oxygen depends on the rate of oxygen
adsorption on the surface. For a hexagonal hole in the graphene island with an impurity
particle in the center, the oxygen input on the surface can either scale according to the
sticking on the impurity particle (case a in Fig. 115) or according to the sticking on the

bare Cu surface (case b).

a) b)
0O, 0O,
Hex- hole area
Ahole

Impurity particle
(area Aimp)

Figure 115 : Scenarios of the possible oxygen adsorption sites in a hexagonal graphene
hole. Either the oxygen mainly dissociatively adsorbs on the central impurity particle
(case a) or on the complete bare Cu surface (case b).

Case a: The oxygen input in the hexagonal hole is constant. If every oxygen atom reacts
with one carbon atom from the graphene sheet, the etched carbon atoms are constant in
time (eq. 12.18a). This leads to a scaling of r o< \/Zt), as calculated in eq. 12.18b-12.18e.

dN
— —k 12.18
- ( a)
dN AgdA AgdAdr Ay dr

s _ s T8 12.18b
dt 2 dt 2 drdt 2 dt ( 8b)

Ag dr
Ag dr _ 12.18
~ 2 (12.180)
Ag
:>/7Ldr:/kdt (12.18d)
A
/7g4\/§rdr:Ag \/§r2:/kdt:k*t (12.18¢)
Y (12.180)
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Case b: The oxygen input and the carbon etching scale with the area A of the hole
(eq. 12.19a). This leads to a scaling of r o< et (eq. 12.19b-12.19¢).

dN

o —Axk (12.19a)
‘ZL;’ _ %Z_‘;‘ (12.19b)
%‘2_? Ak (12.19¢)
N /d_A o /d, (12.19d)
A
= In(A) = In(2V3r?) =oc t (12.19)
= o O (12.19f)
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12.4. Estimation of the Area of Capture from the limiting growth
velocity and the adsorbed methane

To estimate the radius r4,c of the Area of Capture around a graphene flake, the methane
molecules Np,yyigeq arriving inside the Area of Capture are compared to the carbon atoms
incorporated in the graphene crystal Ncopsumea at p(CHy) limited conditions. The condi-
tions used for the calculation are 7 = 1045 °C, p(CH4) = 10~ 2mbar and v = 480 umh~".
At this temperature the sticking coefficient of methane is Scyq4 = 3 X 10~°. To facilitate
the calculation, a graphene rim segment of 1 um length is used for the calculation, as also
sketched in Fig. 116.

CH,

Figure 116 : Sketch of the proposed Area of Capture leading to the observed graphene
growth behavior under limiting methane intake. The methane adsorbed inside the Area of
Capture is assumed to arrive at the graphene flake, while every methane arriving outside
is not relevant for the growth of this flake. The calculation of the Area of Capture is
performed exemplarily on a rim section of 1 um length.

By knowing the growth velocity v, the area increase of the graphene flake and the C,y
atoms incorporated in the flake can be calculated according to eqs. 12.20b-12.21a. The
adsorbing methane molecules on the bare Cu surface are calculated according to eq. 12.21b.
An area Apoc = [ * rpoc 1s needed to adsorb enough methane molecules for the observed
growth velocity v. Using eqs. 12.21b+12.21c, this leads to an Area of Capture radius of
approximately 100 um.

v=480 umh ' =0.13 ums~! (12.20a)
A=v+l=0.13ums '« 1l um=13x10"B3m?s7! (12.20b)

. A 1.3x 107 B3 m?s7!
Neonsumed = XD S s 10%atomss”! (12.20¢)

05%A, 0.5%5.24x 10202
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1

— 16 -2 1
mCH4*27'C*kB*T*SCH4_5X10 atomsm =5 (12.21a)

NProvided = p(CH4) \/

NConsumed = NProvided *Asoc = NProvided * 1% 1400 (12.21b)
N,
Faoc = L 41 = 95 um (12.21c)
Nprovided
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13. List of Experiments

All graphene growth experiments used in this thesis are shortly summarized in the fol-
lowing pages. The experiments are sorted by order of appearance in the text, where they
are referenced with the respective numbering.

The indicated reaction steps indicate the main reaction process occurring during this step.

The used abbreviations are:

Pre-A: Pretreatment method A refers to the reaction steps: 1. Reactor heating, 2.
Oxygen pretreament and 3. Gas setup, as shown in the diagram of Fig. 117. If these
were conducted using the standard pretreatment procedure described in chapter 3.2
and shortly summarized in the following, then no additional comments are inserted in
the description of this text.

1. Reactor heating: The reactor is heated from room temperature to 950 °C with a gas
flow of 20 sccm H; at a total pressure of ~ 1 mbar. Added to the hydrogen atmosphere
is a low flux of oxygen at a ratio of around H; : O, ~ 50000 : 1. After reaching the
temperature of 950 °C and keeping the gas phase for further 15 min follows step 2.

2. Oxidative pretreatment: The hydrogen is turned off and at the same time the Ar
valve is opened at 20 sccm while retaining the oxygen leak flow. The reactor temper-
ature is set to the desired pretreatment temperature (commonly 1045 °C, noted in the
table of experiments) and kept at this temperature for the time stated in the table of
experiments.

3. Gas setup: After the oxidative pretreatment, the oxygen leak flow is closed and
after a short time the Ar valve is closed while the hydrogen valve is opened again. The
reactor is shortly purged with hydrogen and then filled up to 100 mbar with hydrogen.
In the meantime, the desired gas ratio for the graphene growth is set via the reactor

bypass.

Nuc: The nucleation phase is commonly the first insertion of a methane-hydrogen
mixture at conditions allowing graphene flake nucleation, as described in chapter 6.
The used reaction conditions (w-ratio, total pressure, Q,p, reaction time, temperature)

are listed in the table of experiments.

G: The growth step follows the nucleation phase and defines the development of the
formed graphene islands. There may be several growth steps at different conditions, or

the nucleation and growth step may be combined at equal conditions in experiments.
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Cfill: Experimental conditions set after pretreatment, at which no graphene islands
are expected to form, are referred to as carbon-filling steps to indicate that the Cu
foil bulk is filled by carbon from the gas phase until the equilibrium concentration is

reached.

Etch: After graphene formation, the addition of oxygen or the lowering of the methane
partial pressure may lead to the decay of graphene islands, referred to as etching steps
in the table.

Si-fill: High-pressure hydrogen treatment of the cleaned Cu foil inserts Si into the
foil volume, as described in chapter 9.1. This treatment is therefore abbreviated at

silicon-filling of the Cu foil.

O2-pull: Insertion of oxygen at lower temperatures may lead to the formation of
silicon oxides on the sample surface without affecting the graphene quality, which is

described in chapter 9.1 and referred to as oxygen-pulling of the silicon.

Comments on the correct reading of the reaction conditions:

If no temperature is noted in a particular reaction step, then the temperature is not

changed regarding the step before.

The table column "Samples" refers to the point, at which samples were removed from

the hot reactor zone. Up to three samples may be present in a single reactor run.
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Figure 117 : Example for a used reactor recipe. The common reactor run consists of six
consecutive reaction steps, where the main part of the reaction time is used to ensure that
the used substrates are reproducibly cleaned and before the synthesis. Step 3 consists of a
defined succession of steps to exchange the oxidative pretreatment gases by the reaction
gases. While these gases are set and purged through the reactor bypass, the samples are
exposed to high hydrogen pressure of 100 mbar to prevent the accumulation of impurities
from the gas phase and allow a defined transition to growth conditions. The following
nucleation step described in chapter 6 is relevant for the formation of graphene nucleation
seeds. The subsequent growth step defines the size of the produced graphene islands and
in the final cooling step the samples are cooled to room temperature. Reprinted with

permission from'?® . Copyright 2021 American Chemical Society.
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1 2002_10
Pre-A 180 1045
Nuc 375 200.0 75.0 5 1075
G-1 400.0 60
G-2 375.0 60 i
G-3 1000 70.0 70.0 5 i
G-4 25 iii
2 1903_10
Pre-A 100 1045 i
G-1 1127 20 22.5 110 ii
3 1903_11
Pre-A 120 1045 i
H2 100.0 5 i
4 2105_01
Pre-A 120 1045
Nuc 1266 20.1 25.5 5 i
G-1 1266 36.1 45.7 5 i
G-2 5.0 iii
5 1907_13
Pre-A 120
Nuc 1181 20.0 23.6 2 1045 i
G-1 1837 47.6 87.4 120 ii
G-2 1837 49.1 90.2 60 iii
6 1907_10
Pre-A 120
Nuc 1252 19.9 24.9 2 1045 i
G-1 1878 54.5 102.4 120 i
7 1907_14
Pre-A 120
Nuc 1236 20.0 24.7 2 1045 i
G-1 2465 374 92.2 60 i
G-2 2465 39.0 96.1 32 iii
8 1908_02
Pre-A 180
Nuc 1233 20.0 24.7 2 1045 i
G-1 3385 28.7 97.1 90
G-2 3385 30.1 101.9 5 ii+ii
9 1910_08
Pre-A 180
Nuc 1261 20.0 25.2 3 1045 i
G-1 2258 42.9 96.9 45 ii
G-2 2258 445 100.5 30 iii
10 1910_09
Pre-A 180
Nuc 1248 19.6 24.5 3 1045
G-1 2921 33.6 98.2 60 i
G-2 2921 34.6 101.1 60 ii
11 1908_03
Pre-A 180
Nuc 1262 20.0 25.2 2 1045 i
G-1 631 123.0 77.6 120 i
G-2 631 125 78.9 60.0
12 1912_03
Pre-A
Nuc 1253 20.4 25.5 5 i
G-1 650 127.8 83.0 34 i
G-2 650 140.1 91.0 32 iii
13 1911_06
Pre-A 360 1045
Nuc 1257 19.9 25.0 3 i 02 off
G-1 2748 35.2 96.7 15 ii 1.1 10-4 sccm 02 added
G-2 2748 35.2 96.7 15 iii 02 off
14 2105_03
Pre-A 120 1045
Nuc 1289 20.0 25.8 5 i
G-1 1289 36.9 47.6 20 i
G-2 10 iii
15 1910_04
Pre-A 240
Nuc 1467 20.1 29.5 60 1045 i
G-1 1178 36.3 42.8 30 i
G-2 30 iii
16 1910 01
Pre-A 300
Nuc 1253 20.0 3 1045 i
G-1 1253 36.3 60 i
G-2 1253 36.3 60 iii
17 2002_07
Pre-A 180 1045
Nuc 1254 20.9 26.2 4 i
G-1 747 61.0 45.5 30 ii
G-2 498 91.0 45.3 30 iii
18 1911_10
Pre-A 180 1045
Nuc 1244 20.2 25.1 3 1075 i
G-1 1239 55.6 68.9 30 i
G-2 1239 36.6 45.3 11 iii
19 1911_13
Pre-A 180 1045
Nuc 1240 20.0 24.7 3 1960 i
G-1 1240 45.8 56.7 31 ii
G-2 1240 36.6 45.3 10 iii




Experiment # Step pressure (mba Temperature (°C) Samples

20 1911 08
Pre-A 180 1045
Nuc 1007 20.1 20.2 10 i
G-1 1996 36.4 72.6 62 ii
G-2 1996 17.6 35.0 20 iii
21 1907_12
Pre-A 120
Nuc 1245 20.1 25.0 2 1045 i
G-1 2458 35.6 87.5 120 ii
22 1907_09
Pre-A 120
Nuc 939 18.8 17.7 2 1045 i
G-1 1878 35.0 65.7 120 ii
23 1912 01
Pre-A 180 1045
Nuc 1239 20.0 24.8 3 1020 i
G-1 1239 36.3 45.0 35 i
G-2 1239 23.8 29.5 21 iii
24 1911_15
Pre-A 180 1045
Nuc 1246 20.0 24.9 3 1015 i
G-1 1241 36.3 45.0 30 i
G-2 170 158.2 26.9 31 iii
25 1911 09
Pre-A 180 1045
Nuc 1245 19.8 25 3 1000 i
G-1 1240 15.9 20 30 ii
G-2 1240 36.3 45 60 iii
26 1912_02
Pre-A 180 1045
Nuc 1239 20.1 24.9 5 975 i
G-1 1239 363 45.0 30 i
G-2 622 17.5 10.9 35 iii
27 1911 11
Pre-A 180 1045
Nuc 620 9.5 5.9 15 950 i
G-1 1240 36.5 45.3 60 i
28 1911_12
Pre-A 180 1045
Nuc 623 9.5 5.9 15 950 i
G-1 40 34.2 14 32 900 i
G-2 1235 36.3 44.8 75 iii
29 1910_10
Pre-A 360 1045
Nuc 1257 19.6 24.6 3 1070
G-1 2475 46.2 1143 30 i
G-2 2475 47.5 117.5 30 i
30 1910_03
Pre-A 240 1045
Nuc 1247 203 25.3 60 1020 i
G-1 2494 32.1 80.1 20 ii
G-2 2494 35.0 873 30 iii
31 1911 02
Pre-A 120 1045
Nuc 1260 19.8 25.0 3 1010
G-1 2002 40.1 80.2 10 i
G-2 2002 40.7 81.5 10 i
G-3 2002 41.0 82.0 10 iii
32 1909_07
Pre-A 180 1045
Nuc 1246 20.0 24.9 60 995 i
G-1 1246 54.3 67.7 30 i
G-2 1246 58.8 73.3 30 iii
33 1910_02
Pre-A 240 1045
Nuc 1247 20.0 24.9 61 970 i
G-1 1247 43.3 54.0 63 i
G-2 1247 49.7 62.0 60 iii
34 2105_05
Pre-A 180 1045
Nuc 1042 10.0 10.4 5 i
G-1 11 ii
G-2 14 iii
55} 2105_06
Pre-A 180 1045
Nuc 716 7.1 5.1 5 i
G-1 5 ii
G-2 5 iii
36 2105_07
Pre-A 180 1045
Nuc 504 4.9 2.5 5 i
G-1 5 i
G-2 5 iii
37 2105_08
Pre-A 180 1045
Nuc 2271 5.0 114 5 i
G-1 5 i
G-2 5 iii
38 2105_09
Pre-A 180 1045
Nuc 571 19.8 11.3 5 i
G-1 5 ii
G-2 5 iii




Experiment # Step pressure (mba Temperature (°C) Samples
39 2105_10
Pre-A 180 1045
Nuc 356 14.4 5.1 3.25 i
G-1 1.75 ii
G-2 5 i
40 2105_11
Pre-A 180 1045
Nuc 251 10.3 2.6 3 i
G-1 2 ii
G-2 5 iii
41 2105_12
Pre-A 180 1045
Nuc 398 7.0 2.8 3.25 i
G-1 2 ii
G-2 5 i
42 2105_13
Pre-A 180 1045
Nuc 293 8.7 2.6 3 i
G-1 2 ii
G-2 2 i
43 2105_14
Pre-A 180 1045
Nuc 500 4.9 2.4 5 1005 i
G-1 5 ii
G-2 5 i
44 2105_15
Pre-A 180 1045
Nuc 507 5.0 2.5 5 1025 i
G-1 5 ii
G-2 5 i
45 2105_16
Pre-A 180 1045
Nuc 496 5 2.5 3 i
G-1 2 ii
G-2 2 iii
46 2001_02
Pre-A 300 1045
Nuc 330 300.0 99.0 10
G-1 1268 36.3 46.0 30 i
G-2 31 ii
47 1903_07
Pre-A 150
Nuc 2254 10.0 22.5 10 1045 i
G-1 90 ii
48 2105_04
Pre-A 180 1045
Nuc 1284 20.3 26.1 5
G-1 1284 36.5 46.9 23 i
G-2 7 ii
H2 35.6 15 i
49 2011_01
Pre-A 300 1045
Nuc 2997 40.3 120.8 40 i
G-1 1239 20.5 25.4 3
G-2 1239 36.2 44.9 16 ii
50 2001_06
Pre-A 180 1045 Cu samples on glass
Nuc 1258 36.1 45.3 10 1086 i
51 2001_01
Pre-A 240 1045
Nuc 300 147.0 44.1 100 i
52 1911 01
Pre-A 180 1045
Nuc 1361 20.0 27.2 3 1078
G-1 3380 36.0 121.7 10 i
G-2 3380 36.4 122.9 10 ii
G-3 3380 36.8 124.2 10 i
53 2007_03
Pre-A 300 1045
Nuc 323 200.0 64.5 3 1075
G-1 323 350.0 112.9 60 i
G-2 360 425.0 152.8 14.5h ii
G-3 360 450.0 161.8 120 i
54 2001_04
Pre-A 180 1045
Nuc 300 151.0 45.3 30 i
G-1 900 151.0 135.9 30 ii
G-2 500 151.0 75.5 30 iii
55 2002_09
Pre-A 135 1045
Nuc 375 150.0 56.3 5 1075 i
G-1 400.0 60
G-2 200.0 5
G-3 400.0 30
G-4 350.0 60 ii
G-5 50.0 5 i
56 1906_03
Pre-A 220
Nuc 1127 20.0 22.5 20 1045 i
G-1 3000 50.0 150.0 40 ii




Experiment # Step pressure (mba Temperature (°C) Samples

57 1906_05
Pre-A 220
Nuc 1127 20.0 22.5 20 1045
Etch-1 2 i Etch in 30 sccm/20 mbar Ar
Etch-2 3 ii Etch in 30 sccm/20 mbar Ar
58 1906_04
Pre-A 220
Nuc 1127 20.0 225 20 1045
Etch-1 20 i Etch in 30 sccm/20 mbar Ar
Etch-2 20 ii Etch in 30 sccm/20 mbar Ar
59 1809_03
Pre-A 210 1045
G-1 2000 20.0 40.0 180 i Cool sample in Ar gas
60 1907_08
Pre-A 120
Nuc 626 19.4 12.1 2 1045 i
G-1 1878 30.1 56.5 120 ii
61 1907_06
Pre-A 150
Si-Fill H2 300.0 60 1045
02-Pull Ar/02 30.0 10
G-2 1127 20.0 22.5 10
G-3 1127 30.0 34.0 20 i Addition of 10-3 mbar 02
G-4 20 ii
62 1907_07
Pre-A 150
Si-Fill H2 300.0 60 1045
02-Pull Ar/02 30.0 10
G-2 1127 20.0 225 10
Etch-1 1127 30.0 34.0 20 i
Etch-2 20 ii
63 1907_11
Pre-A 120
Nuc 1225 19.7 241 5 1045 i
G-1 1838 443 81.4 120 ii
Etch-1 10 i Etch in pure H2
64 1808_05
Pre-A 210 1045 i
65 1808_06
Pre-A 200 1045
H2 300.0 120 Si accumulation
Ox 2.0 90 i Si dragging to surface
66 1901_04
Pre-A 80
Si-Fill H2 300.0 60 1045 i
02-Pull Ar/02 20.0 60 ii 10-5 mbar 02
Si-Fill H2 300.0 60 i
67 1902_01
Pre-A 80
Si-Fill H2 300.0 90 1045 i
02-Pull Ar/02 20.0 60 ii 10-3 mbar 02
Si-Fill H2 300.0 60 iii
68 2011_08
Pre-A 210 1045
Nuc 660 10.0 6.6 90 i
02-Pull 20.4 60 750 ii Oxygen added by 20sscm Ar
69 1902_07
Pre-A 120
Si-Fill H2 300.0 60 1045
G-1 1127 20.0 22.5 120 i
02-Pull Ar 20.0 10 750 ii
70 2011 _07
Pre-A 270 1045
Si-Fill H2 300.0 60
G-1 1090 19.8 21.6 120 i
02-Pull 20.4 60 750 ii Oxygen added by 20sscm Ar
71 2011_09
Pre-A 300 1045
Si-Fill H2 300.0 60
G-1 281 10.0 2.8 90 i
0O2-Pull 21.0 60 750 ii Oxygen added by 20sscm Ar
72 1903_01
Pre-A 120
Nuc 338 100.0 33.8 5 1045 i
G-1 150 ii
73 1903_04
Pre-A 120
Nuc 338 85.0 28.7 90 1045 i
74 2010_04
Pre-A 210 1045
Nuc 25 14 0.035 60 945 i
75 2009_01
Pre-A 300 1045 i
Nuc 1519 35.3 53.6 60 970
G-1 25 60.0 1.5 60 ii




Experiment # Step pressure (mba Samples
76 2010_05
Pre-A 180 1045
Nuc 1239 20.0 24.8 10
G-1 1239 30.3 37.5 120
G-2 1239 20.1 24.9 60 i
77 2009_03
Pre-A 360 1045
Nuc 406 40.5 16.4 5 1058 i
G-1 55 ii
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